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SUMMARY 

This thesis consists of two parts. The first one deals with the 

development of a stabilized optical interferometer and its application 

to the measurement of magnetostriction. The second comprises a survey 

of the magnetostriction measurements performed with this 

interferometer. 

The research work described here emanated from experiments with an 

interferometer intended to detect and measure the amplitude of 

ultrasonic waves on the surface of materials. The amplitude of such 

surface waves is in the order of lo-lO m and guided by an article of 

Deferrari et all) an interferometer was built that could detect 

amplitudes as small as 10-11 m2). The detection limit appeared to be 

set by the influence of unwanted vibrations and temperature variations 

on the sensitivity and stability of the interferometer. As the 

theoretical detection limit appeared to be about lo-14 m3 ' 11 >, 
attempts were made to bridge this gap between theory and experiment. 

On the one side the influence of the vibrations from the building and 

from sound were decreased drastically by acoustically isolating the 

apparatus and by applying special constructions. On the other hand an 

electronic stabilization of the interferometer was developed. The main 

problem here was the transducer used to convert the electronic 

compensating signal into opticalpath-lengthvariations. A condenser 

microphone driven by an electrical signal instead of the usual 

acoustic source proved to be a suitable solution. It possesses both 

the necessary sensitivity as well as a diaphragm made of a flat, 

optically reflecting foil. Based on this transducer, the system 

described in chapter 1 was developed. The principle has been published 

in the Review of Scientific Instruments4). It had one severe drawback 

being the sensitivity to airborne sound inherent to a good microphone. 

Nevertheless all these measures resulted in a hundred fold increase 

of the sensitivity of the interferometer. Furthermore the duration of 

a measurement was not longer limited by thermal instabilities. 

Although the application of this interferometer to the measurement 

of surface waves was interesting, other possible applications were 

discussed. Three research topics were examined. These were 

electrostriction, magnetostriction and surface roughness. The last 
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resulted in the formation of an interfacultary study group on the 

measurement of stepheights on crystal surfaces. The basic idea was 

the modulation of the path-length of a laser beam when it scans a 

cleaved surface of a crystal exactly perpendicular to the direction 

of the laser beam. Members of the physical, mechanical and electrical 

engineering department are incorporated in this group
6
). 

From the remaining two possibilities the measurement of small 

magnetostrictive effects was chosen as it promised to be the biggest 

challenge. This decision resulted in the integration of a stabilized 

interferometer and an electromagnet needed to supply the necessary 

magnetic fields. The main problems encountered resulted from 

(i) vibrations of the electromagnet with the same frequency and the 

same magnetic field dependence as the quadratic magnetostriction 

india-and paramagnetic materials 

(ii) the attachment of a sample in the field of an electromagnet such 

that the magnetostriction of the supporting material has no 

influence 

(iii) the replacement of the condenser microphone by a piezoelectric 

transducer. 

The solution of these problems resulted in the construction of an 

interferometer as discussed in chapter 2 and as published in the 

Journal of Magnetism and Magnetic Materials7). A separate chapter is 

devoted to the calibration of the interferometer (chapter 3). This 

chapter includes a calibration procedure for the condenser microphone 

as published in the Review of Scientific Instruments5) . 

Turning to the second part of this thesis dealing with the 

applications of this interferometer the following subjects are 

distinguished. 

(i) The measurement of the magnetostriction of diamagnetic 

materials. The only room temperature measurements on these substances 

were made by Kapitza in high fields up to 30 tesla on the materials 

bismuth, antimony, graphite, gallium, tin, beryllium, magnesium, 

wolfram and rock salt. Only the first four materials showed detectable 

strictions. We measured the magnetostriction of single crystals of 

bismuth to proof the accuracy and reliability of our measuring set-up 

and to verify the quadratic dependence of the magnetostriction for 

small fields. The results are given in chapter 5 and were presented 
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at the third Soft Magnetic Materials ConferenceS). 

(ii) The measurement of the strains resulting from the action of 

combined ac and de magnetic fields on a conducting sample. This effect 

was thoroughly examined on copper, aluminium, gold and tin. It 

resulted in the calibration of the amplitude of the measured striction 

in a principally different manner including the values of the magnetic 

fields. The elastic properties of the material have to be known for 

this purpose. As both calibration methods lead to the same result the 

procedure can be reversed and used to measure the mechanical 

properties e.g. Young's modulus and Poisson's ratio of a conducting 

sample. This principle is published in Experimental Mechanics9) and 

discussed in chapter 4. 

(iii) The measu~ement of the anisotropy of the magnetostriction in 

antiferromagnetic materials above their Neel temperature. It appeared 

that the materials used in our experiments exhibited a relatively 

large magnetostriction. Measurements were made on the pseudo-one

dimensional antiferromagnetic salts CsMnCls.2H20, CsFeCls.2H20, 

RbFeCl3.2H20, RbCoCl3.2H20 and CsMnBrs.2H20 and on the materials MnF2, 

RbMnF3, Mn301+ and MnO. 

A possible physical explanation of the magnetostriction of a material 

demands a knowledge of its elastic properties. An ultrasonic method 

was used to determine the elastic constants of CsMnCls.2H20· The 

results are presented in section 4 of chapter 6 and are submitted to 

the Journal of Applied Physics. This method was also used to verify 

the strains in conducting samples as discussed in chapter 4. 

(iv) The measurement of the magnetostriction of ferrimagnetic 

crystals. If only small single crystals of a material can be grown, 

classical methods like strain gauges are not applicable to measure 

its magnetostriction. We did measure the saturation magnetostriction 

Alll of single crystals of NiFe2-xAlx04 with dimensions varying 

between 0.75 and 2.6 mm. The results, given in chapter 5, are 

accepted for publication by the Journal of the Physics and Chemistry 

of 
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CHAPTER 1 

THE STABILIZED MICHELSON INTERFEROMETER 

1.1 Principles of measurements of small displacements 

Two competing methods to measure small displacements in the 

picometer range exist. The first is based on the of an 
I 

electrical capacitance resulting from a variation of dimensions; the 

second is based on the variation in optical distance traversed by a 

light beam in an interferometer. 

The first use of a capacitive transducer to measure small 

displacements was reported by Villey13 ) in 1910. In 1920 this was 

followed by the ultramicrometer of Whiddington14 ). Both methods used 

the resonance of an LC-network to determine the capacitance. An 

important development of this subject has been the transformer-ratio 

bridge and the three-terminal- capacitance introduced by 

Thompson15 ) in 1958 and realized by White16} in 1960. The latter 

reports a detection limit of 50 pm. Jones and Richards
17

) report a 

detection limit of 0.01 pm at audio frequencies and Pudalov and 

Khaikin18} report the same sensitivity at microwave frequencies. The 

stability of their apparatus, however, is only in the order of 10 pm. 

This is mainly due to the influence of thermal expansion. This implies 

that the accurate determination of static dilatations in the 0.01 pm 

range can only be realized at liquid helium temperature. A 

complication accompanying capacitive displacement measurements is the 

electrostatic force acting on the capacitor plates. This force arises 

from the voltage used in the determination of the value of the 

capacitance. As a further aspect it should be mentioned that the 

construction of an optimal capacitive transducer involves high demands 

on the materials used and on the mechanical construction, especially 

regarding the flatness and parallelism of the capacitor plates. 

We shall now shortly describe three applications of a capacitive 

method to the measurement of magnetostriction published during the 

last decade 

(i) •
20

•
21

) reports measurements of the magnetostriction of 

paramagnetic transition metals at low temperature in fields up to 

10 T. His dilatometer is capable of measuring length variations of 
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8 pm at liquid helium temperature. His samples are 40 mm long. He 

gives results on Ti, Zr, V, Nb, Ta, Mo, W, Ru, Rh, Pd, Ir and Pt and 

relates the paramagnetic magnetostriction to the volume dependence 

of the magnetic susceptibility. As the spin susceptibility of a metal 
22) --~ can be related to the Gruneisen constant y, defined by Y - d logV 

were e is the Debye temperature and V is the volume, he can make a 

comparison between his measured values and literature values of the 

Gruneisen constant. The agreement is reasonabl~ in a few cases. The 

discrepancy is caused by the fact that the author assumes isotropy for 

the volume striction and neglects the spin-orbit coupling, which may 

appreciably modify the spin susceptibility in the 4d and 5d group VIII 

transition metals23 ). 

(ii) O'Connor and Belson24) applied a capacitive method to measure 

the magnetostriction of some thirty types of polycrystalline ferrite 

memory cores. Their dilatometer was especially designed for ferrite 

cores with a thickness of 3 mm. It had a detection limit of about 

10 pm. 

(iii) 
25) Tsuya et al measured the saturation magnetostriction 

constants A100 and A111 of YIG and -xAlx single crystals. Their 

dilatometer had a detection limit of 10 pm. They used spherical 

samples with a diameter varying between 0.5 and 10 mm. 

The majority of optical methods used to determine small displace

ments are based on Michelson interferometers26) • The applications of 
27) Fizeau, Twyman-Green and Fabry-Perot types are few in number. 

Although the Fabry-Perot interferometer has a higher sensitivity 

resulting from the use of multiple interference, due to the 

difficulties in aligning and due to the complicated shape of its 

transmission pattern this type has found only limited ~pplication. 

The early applications of the Michelson interferometer concern the 

measurement of static lengths and displacements, such as the length 

of the standard meter. In this context we should mention the 

application in spectroscopy for the determination of the wavelength 

of spectral lines. 

Since 1960 Michelson interferometers are also applied to 

measurements on ultrasonic waves and vibrations. In all applications 

we can distinguish between the heterodyne and the homodyne 

techniques. In the heterodyne technique the frequency of the laser 
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beam is modulated usually by a Bragg cell28 ' 29 ' 30 ). This technique is 

frequently used to visualize the ultrasonic beam, while the homodyne 

techniques are used to determine the amplitude of the vibration of 

one of the mirrors31 '
32

'
33

'
34

). A highly interesting set-up for the 

measurement of small vibrational amplitudes of a reflecting sample 

surZace is reported by Vilkomerson34 ). It uses optical stabilization 

of the interference pattern. In one arm of the interferometer the 

linearly polarized light of the laser is converted into circularly 

polarized light by means of a A/8-plate. The two resulting inter

ference patterns in the output beam are polarized perpendicularly and 

are ~/2 out of phase. A Wollaston prism splits the two interference 

patterns, the luminous intensities of which are detected by tv1o 

photodiodes. Squaring and summation of the signal output of the 

photodiodes results in a constant sensitivity, independent of large 

quasi-static variations in optical-path differences caused by ambient 

disturbances. Experiments on this interferometer are in progress in 

our department but fall outside the scope of this thesis. A calcula

tion of the attainable signal to noise ratio is given in section 1.3. 

1.2 The electronic stabilization of a Michelson interferometer 

We use a Michelson interferometer in a homodyne system to 

determine vibrational amplitudes considerably smaller than the 

wavelength of the laser light. It is important to ensure that the 

Figure 1.1 The luminous intensity J of the interference pattern as 

a function of the mirror displacement X 
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mean path-length difference between the two beams does not vary too 

much during the measurement. This is illustrated in figure 1.1, giving 

the luminous intensity in a point of the interference pattern as a 

function of the path-length difference 2X. Point A in this figure is 

the optimal working-point. Here the sensitivity for ac modulation of 

the path-length, being proportional to the slope of the curve, has a 

maximum. A control system is used to keep the interferometer in the 

working point A. The circuit diagram is given"in figures 1.2 and 

1.3. We shall now describe this system. 

(toV;in fig 1.3) 
notch 
resonance 

Ito lock-in> 

Figure 1.2 The circuit of the photodiode amplifier and the selective 

amplifier of the control system 

c.m.: con de 1\ser microphone 

Figure 1.3 The circuit of the level amplifier and the condenser 

microphone (c.m.) in the control circuit 
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One of the mirrors of the interferometer is the diaphragm of the 

condenser microphone and the other is mounted on the sample and 

vibrates with the frequency f
0

. The light intensity in point A 

corresponds to a photodiode current IA. As can be seen in the 

electronic circuit diagram in figure 1.2, the actual photodiode 

current is compared with a reference current (provided by R1) ·, 

that is equal to IA. In this way any deviation from the working 

point A gives a difference signal v0 at the output of the 

preamplifier. The component of v 0 with the frequency f 0 of the ac 

modulation is filtered by the selective amplifier and fed to a 

lock-in amplifier. The remaining signal at the notch output of the 

selective ampli~ier is the control signal Vi. It is amplified by 

the level amplifier shown in figure 1.3 and it is used to provide 

a displacement of the diaphragm of the condenser microphone, that 

compensates the original deviation from the optimal working point. 

The phase of the photodiode voltage change relative to the phase 

of the path-length variations depends on the sign of the slope of 

the interference pattern. This implies that always slopes with the 

same sign in the interference pattern are achieved, as the opposite 

slope presents an unstable part of the control characteristic. 

In the photodiode preamplifier use is made of the constant-current 

source characteristic of the photodiode
35

). This enables the 

operational amplifier to function as a current-to-voltage converter. 

The photodiode is used in the photovoltaic region. Due to the low 

input impedance of the operational amplifier (Ri = Rf/A, where Ri 

is the input impedance, Rf is the feedbackresistor and A is the 

openloop gain) the extremely good linearity of a photodiode (9 decades 

with maximum-deviation of 1%) in the photoconductive region is 

preserved. 

In our first set-up a condenser microphone was used to convert the 

control signal into an optical path-length. In the interferometer for 

magnetostriction measurements it was replaced by piezoelectric 

transducers, as described in chapter 2. The high sensitivity of a 

condenser microphone is a special advantage. Besides, the nickel 

membrane, the movable plate of the condenser, can serve as a mirror. 

To increase its reflectivity it was covered by a layer of aluminium 

(0.2 ~m) which increased the reflectivity from 0.66 to 0.83. Three 
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different functions of the condenser microphone can be distinguished. 

Firstly the output voltage vu from the control system is converted 

into an optical path-length. Secondly the bias voltage VB of the 

condenser microphone can be used in adjusting the interference pattern 

and subsequently in approaching the working point A. This prevents 

the control amplifiers from working near saturation. Thirdly a 

calibration voltage Veal can be applied to the condenser microphone. 

For this we use an ac voltage of the same frequency as the length 

modulation of the sample. If the conversion factor of the condenser 

microphone is known, Veal results in a well-defined path-length 

modulation so that we cari use a substitution method for calibrating 

the unknown amplitudes. The calibration of the interferometer and the 

determination of the conversion factor of the condenser microphone 

are given in chapter 3. 

1. 3. CONTRIBUTION TO THE INTERFEROMETRIC MEASUREMENT OF SUB-ANGSTROM 

VIBRATIONS 

Article published in the Review of Scientific Instruments. 

Th. Kwaaitaal 

Eindhoven University of Technology, Department of Electrical Engineering, Eindhoven, 

A Michelson interferometer is described for the measurement of low-frequency vibrational amplitudes in 
the sub-angstrom range (down to 10-3 A) as a function of temperature. For this purpose a temperature 
stabilizing circuit has been developed. The use of a condensor microphone as an electromechanical 
feedback transducer opens up the possibility to relate the amplitude measurements to the wavelength of 
light. By these means the accuracy, reliability, and versatility of the interferometer are considerably 
improved and the draw-backs of existing set ups are effectively eliminated. 

INTRODUCTION 

The interferometric measurement of small mechanical dis
placements based on the method described by Michelson1 

and refined by Kennedy2 is restricted to the measurement 
of static displacements down to about 200 A. 2 

Considerable improvement of the sensitivity is obtained 
by using a photodiode as a detector. This photodiode has a 
small aperture and converts the optical signal into an 
electronic signal. If in addition modulation techniques and 
lock-in detection are applied to eliminate a large fraction of 
the acoustic and thermal noise, a detection limit of 0.01 A 
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can be achieved.3 The theoretical limit is given by Sizgoric 
and Gundjian3 as being 10-4 .A. This value is based on the 
assumption that the shot noise in the photodiode is the 
limiting factor and they ascribe the discrepancy between 
the theoretical and practical limit of sensitivity to environ
mental acoustic noise. The mechanical vibration is usually 
controlled by an electrical ac signal. As an additional 
feature of the above mentioned techniques, the phase 
difference between the electrical control signal and the 
mechanical vibrations can be measured. 

The stability of the set up can be improved considerably 
by adding a temperature stabilizing circuit as described by 
V. L. Vlasov and A. N. Medvedev.4 Their method is based 
on the use of two separate circuits, one for the stabilization 
with the aid of an additional modulation and one for the 
measurement. In the stabilizing circuit they use a piezo
electric crystal for the electromechanical feedback. They 
report a sensitivity of 3 .A. The small dynamic range of the 
stabilizing circuit sets a severe limit to the acceptable tem
perature variations. 

The amplitude calibration of the apparatus may be 
performed by replacing the vibrating sample with a quartz 
crystal with a known piezoelectric constant.3 The mounting 
of the quartz crystal, however, is a matter of great skill and 
it is difficult to check if the effective piezoelectric constant 
equals the value given in literature. 

In the present paper a set up is described, in which the 
two above mentioned difficulties are solved by the use of 
a condensor microphone as an electromechanical transducer 
in the stabilizing circuit. 

EXPERIMENTAL SET UP 

The experimental set up of the interferometer is shown 
in Fig. 1. The light beam of frequency fo (He-Ne laser 
Spectra Physics, model 120, X=6328 .A) is divided at a 
semireflecting surface in two equal beams at right angles. 
The first beam is directed to the sample, having a reflective 
surface. The second beam is directed to the reflecting 
membrane of a condenser microphone (Brilel and Kjrer, 
type 4144). The two reflected beams recombine at the 
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semireflecting surface and produce an interference pattern. 
The light intensity at any point of the interference pattern 
is a function of the difference in optical path length between 
the two beams. The light intensity is measured by means of 
a photodiode (Hewlett-Packard HP 4220) in combination 
with an aperture, the diameter of which is small with 
respect to the space period of the interference fringes. 

The amplified output of the photodiode passes a _selective 
amplifier (Princeton Applied Research model 210) and a 
lock-in detector (PAR, model 220). The output of the lock-in 
detector is a definite measure of the vibrational amplitude 
of the sample and is recorded on a strip chart recorder. 
In addition, the output of the photodiode is fed through a 
low-pass filter (T=0.01 sec) to a differential amplifier where 
it is compared with a de reference voltage. 

FIG. 1. Con~uration of the interferometer for the measurement of 
sub-angstom v1brations with frequencies of 100Hz-100kHz. 

The output of the differential amplifier is used to control 
the position of the condensor microphone diaphragm. The 
microphone has a normal bias voltage of 200 V. In this way 
a change in the optical path length difference between the 
two components of the optical beam, caused by any low 
frequency disturbance, is equalized by a compensating 
change in the position of the microphone membrane. The 
result is that the position of the interference pattern relative 
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FIG. 2(a). Recorded output of lock-in amplifier V,00 as a function of 
actuating voltage V. for three different x-cut quartz samples. 

to the photodiode aperture is controlled by the value of the 
de reference voltage. On the other hand, the output of the 
differential amplifier is fed to a level discriminator. The 
output of this discriminator actuates a light chopper which 
interrupts the laser beam for a short moment, with the 
result that overloading of the differential amplifier is 
prevented. 

The use of a condensor microphone with its large sensi· 
tivity '(about 100 times larger than PZT or BaTi03) has one 
disadvantage: each acoustic signal reaching the microphone 
affects the position of its membrane. To prevent an un
wanted modulation of the optical path length difference, 
the microphone is mounted in an acoustically isolated box. 
The light beam reaches the microphone via a small glass 
window in this box. The sample is mounted in a small 
furnace when measuring the vibrational amplitudes as a 
function of temperature. 
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EXPERIMENTS AND RESULTS 

The mechanical vibration of the sample is usually con
trolled by an electrical ac signal from the signal generator. 
In this case the sample consists of a piezoelectric or mag
netostrictive material. The measurement of the vibrations 
of X-cut quartz crystals will be described. The recorded out
put voltage of the lock-in amplifier as a function of the 
actuating voltage of the signal generator is shown in Fig. 
2(a). The recorder output is calibrated in angstroms by 
means of the condensor microphone. The sensitivity of the 
microphone is first related to the wavelength of the utilized 
light, by first disconnecting the stabilizing circuit and then 
measuring the change in bias voltage of the microphone 
(nominal200 V), that shifts the interference pattern exactly 
one fringe on the photodiode aperture. This can be done 
rather accurately by monitoring the output of the differ
ential amplifier. In this way we found a sensitivity of 368 
±4 !/V (8.6 V =3164 A). This static calibration turned 
out to be useful for dynamic vibrations below 1()4 Hz. 

Since the microphone is de biased, we assume that it 
will behave linearly for very small ac signals. We can 
calibrate the recorded signal for each sample by making 
use of this data. This is profitably done with the aid of the 
reference voltage input of the differential amplifier. An ac 
signal of suitable amplitude and frequency is fed to this 
input. The ac voltage at the condensor microphone and the 
resulting recorder output are measured. In this way the 
recorded signal can be translated into a displacement. The 
latter procedure must be repeated for each sample and for 
each alignment of the optical system. This is the only way 
in which errors introduced for instance by differences in the 
reflectivity of the mirrored surfaces of the different samples 
or by the misalignment of the optical system can be elimi
nated. The r~ult of the calibrations of some quartz samples 
is shown in Fig. 2(b). 

The temperature stabilization of the interferometer con
sists of two parts. The first part of the stabilizing circuit, 
consisting of the differential amplifier, the low-pass filter 
and the condensor microphone, opens up the possibility 
to use the interferometer in normal laboratory environment 
where temperature fluctuations are in the order of 1 °C/h. 
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FIG. 2(b). Amplitude of the vibration of the three samples of Fig. 2(a) 
as a function of the actuating voltage V., calibrated by means of the 
condensor microphone. The dotted line corresponds to the theoretical 
response of a freely vibrating X-cut quartz (piezoelectric constant 
d=2.27XlQ-12 m/V). These measurements were made at a frequency 
of 1000 Hz and with a time constant of the lock-in amplifier of 3 sec. 

The temperature range is limited by the sensitivity of the 
condensor microphone and the dynamic range of the differ
ential amplifier. In our set up this range amounts to about 
2°C. The second part of the stabilizing circuit comes into 
action when the differential amplifier tends to be overloaded, 
i.e., when the sample temperature is raised with the intention 
to measure the temperature dependence of a physical 
quantity. This tendency towards overloading is detect~ 
by a discriminator giving an output signal if the differential 
amplifier output increases or decreases beyond a critical 
value of for instance 90% the maximum or minimum out
put voltage. The output signal of the discriminator actuates 
a light chopper that interrupts one of the light beams of the 
interferometer during a short moment. Although a de
creasing or increasing differeatial amplifier output needs 
a decreasing or increasing light intensity on the photodiode, 
each disturbance of the lightbeam is sufficient to bring the 
differential amplifier output voltage one or two times 8.6 V 
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back to zero output. In this way the increase of the path 
length difference is compensated in discrete steps of half 
wavelengths of the laser light. The recorded signal of a 
vibrational amplitude of 0.1 A during an increase of the 
temperature of about 20°C is shown in Fig. 3. 

DISCUSSION 

From the measurement in Figs. 2 (a)-(b), the sensitivity 
of the set up can be estimated to be 8 X to-4 A for a signal~ 
to-noise ratio of 1. The theoretical sensitivity should be 
10-4 A, according to the theory of Sizgoric and Gundjian. 
In our case, the discrepancy between the theoretical and 
practical values of sensitivity is caused by the amplitude 
modulation of the laser beam by the current through the 
gas discharge in the laser tube. Although this current is 

~ 
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FIG. 3. Recorded signal of a 0.1 A amplitude vibration during an 
increase of temperature of about 20°C. This increase of temperature IS 
proportional to time. Points A and B are disturbances resulting from 
the actuation of the light chopper. At points A the differential amplifier 
output jumps 8.6 V and at points B tt jumps 17.2 V. Vertical scale is 
equal to the one in Fig. 2 (a) except for a magnification factor of the 
amplifiers. 

stabilized within 0.01 %, the ripple on this current is in this 
case large enough to set a limit to the sensitivity. Measure
ments of the photodiode noise predicts that the theoretical 
sensitivity can be met within about a factor of two, which 
can be attributed to the effective temperature of the photo
diode not being equal to room temperature and to depar
tures. from the equilibrium situation. For low frequencies 
(below 500-1000 Hz) 1/ j-noise due to the high average 
light level may be the limiting factor for the sensitivity. 
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Abstract: The noise limitations of two types of stabilized Michelson 

interferometers are analysed. These interferometers are suitable for 

the measurement of vibrational amplitudes in the picometre and 

femtometre range. Formulae are derived for the attainable signal-to-

noise ratio, assuming that the shot noise of the photodiode sets the 

fundamental limitation. Measurements on several He-Ne lasers show that 

~ood agreement between theory and experiment is possible. The 

theoretical analysis suggests possibilities for further optimization. 

I. Introduction 

Michelson interferometers can be used to measure vibrational 

amplitudes down to about I0- 14 m and for this purpose it is 

necessary to stabilize the sensitivity. We will concern ourselves 

with two types of stabilized interferometers. The first is stabilized 

by means of an electronic control system, the second by a special 

optical arrangement. A brief description follows, based on detailed 

descriptions of both principles by Kwaaitaal (1974) and Vilkomerson 

(1976). 
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In the electronically stabilized interferometer, as shown in figure 

l,an interference pattern is produced and its luminous intensity is 

detected by a photodiode. The sample length is varied by an a.c. signal. 

This variation is much less than the wavelength of the He-Ne laser 

light. The length variation gives an intensity variation which is 

detected by the photodiode. The sensitivity to this variation depends 

on the position in the curve of luminous intensity versus path-length 

difference (figure 2). This position can be varied by the d.c. level 

shift on the piezo electric path-length modulator. This position will 

also vary as a result of temperature changes and acoustic perturbations. 

The information on the optimum position is derived from the mean 

current through the photodiode. Comparison with a reference current 

produces an error signal that can be filtered, amplified and fed·to 

the path-length modulator to effectively stabilize the luminous intensity 

at one point. 

mirror I 

optic.al p.athlength modul.ator 

photodiode 

Figure 1: Schematic diagram of the electronically stabilized interfero

meter. 
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J 

Figure 2: The dependence of the luminous intensity J on the mirror 

displacement X, 

The principle of the optically stabilized interferometer is shown in 

figure 3. The A/8 plate introduces an optical path-length difference of 

A/4 between two perpendicularly polarized components of the laser beam 

in one arm of the interferometer. The angle between the polarization 

direction of the laser source and the optical axes of the A/8 plate is 45°. 

This gives two interference patterns. which are in. quadrature c£ phase. 

These two patterns are separated by the polarizing beam-splitter (a 

Wollaston prism) and detected by the two photodiodes. Due to the A/4 

phase shift in one polarisation direction the ac signals from the 

sample vibrations are ~/2 out of phase in the photodiode currents. 

That means that one a.c. photodiode signal (x) is a sine function of 

the variation of the mean path-length difference while the other 

signal (y) exibits a cosine like variation. 

This implies that the operation z (x2+y2) 112 leads to a constant 

sensitivity independent of the static optical path-length difference. 

The arithmetical operation is performed by a vector computer which is 

part of the double lock-in analyser used in our experiments. 

The sensitivity of both interferometers is determined by a number of 

noise sources. We distinguish between shot noise in the photodiode 

current, electronic noise, (thermal noise in resistors and excess 

noise in integrated circuits), noise of mechanical origin an~ 

noise originating from the laser, such as plasma noise and mode 

interference noise. It will be shown that shot noise sets the rrain 
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limitation on the sensitivity. As a consequence the signal to noise 

ratio will be calculated on the assumption that shot noise is the main 

noise source. 

2. Theory 

Here we shall derive expressions for the signal-to-noise ratio. We 

assume that the separation of adjacent fringes in the interference 

pattern is much larger than the field of view, i.e. the diameter of 

the laser beam. This implies a low order of interference (Born and Wolf 

1959) so that the light can be focused on the surface of 

the photodiode. This assumption can readily be confirmed experimentally. 

The light ,of power P,impinging on the pli6todiode can now be expressed 

polarizing 
beam~pl1 t ter 

Figure 3: Schematic diagram of the optically stabilized interferometer. 
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as a function of the phase difference between the two arms of the 

interferometer (Born and Wolf 1959) 

I P = 2 a P
0 

(l+Csin$) (I) 

where P
0 

is the power of the laser source in watts, a the attenuation 

factor of this laser power due to the reflections at the glass-air 

interfaces, etc. and C is a contrast factor accounting for the 

inequality of the power in the two arms. The factor i is.introduced 

because one half of the laser power is returned to the laser by the 

beam-splitter.In the general case of static and dynamic displacements 

of a mirror of the interferometer, we can write 

2(X+x) , 2, 
). 

where X is a static and x a dynamic displacement of a mirror. The 

(2) 

static displacement can also be expressed as the difference between 

the lengths L 1 and L2 of the two arms of the interferometer from the 

light separating surface of the beam-splitter to the surface of the 

reflecting mirrors. The optical path lengths of the two arms are 2L
1 

and 2L2• As it is of no consequence whether X is a multiple of A/2 

larger or smaller, within the above mentioned demand on the fringe 

separation we may write X = L2-L1 ~ nA/2. If we confine ourselves to 

harmonic modulations of the sample displacement, we can put 

X = xsin2rrft (3) 

The photodiode current can be written as 

I = .!JS P = .!JS _!_ a P
0 

{1 +Csin 4~ (X+x)} hv hv 2 A 

.!IS_!_ " p { . 4rrX 4rrx 4rrX . 4rrx} hv 2 0 
I+Cs1n -A- cos -A-+ Ccos -A- s1n -A- (4) 

where n is the quantum efficiency of the photodiode expressed as the 

number of electrons per photon; q is the charge of an electron, h is 

Planck's constant and v is the frequency of the laser light. If 

4rrx 
~ << I, thus for amplitudes smaller than about I nm, equation (4) 

reduces to 

{ 
. 4rrX 4rrx 4rrX} I+Cs1n -A-+-).- Gcos -A- (5) 

26 



Starting from this expression we can calculate the signal-to-noise 

ratio for both types of interferometer assuming the shot noise of the 

photodiode to be the main noise source. 

In this case the information on the amplitude of the displacements 

Is is contained in the third term of equation (5), i.e. 

I = .!l9. .!. a P !!.!!!. Ccos 4"X 
s hv 2 o l X 

(6) 

The first and second terms of equation (5) determine the mean current 

<I> from which the shot noise is derived. 

·2 2 f 2 f .!l9. I P {1+Csin 
4~X} <1 > = q<I> A = qA hv 2 a o h 

(7) 

where Af is the bandwidth considered. 

Now we can define the signal-to-noise ratio S/N as 

= 21fx N -:! cos l 112 L I cz 2 4"x ~· 112 

A e 1+Csin 4~X 
(8) 

naP 
0 • 

where Ne = ZhVAf 1s the number of electrons generated in the photo-

diode in the measuring time. The interpretation of this result is 

facilitated by figure 4, which gives the m•an photodiode current <I> and 

the signal-to-noise ratio as a function of the displacement X. The 

signal-to-noise ratio turns out to be dependent on the position X in 

the interference pattern. By making the assumption that 4"x << 1, a 
J.. 

singularity arises 'in the mathematical formula (B) at X = 3),/8 if 

C = I. This singularity has no physical meaning and disappears ~hen 

Bessel function expansions are used in a more rigorous treatment. There 

is no need for such treatment, as in practice the contrast factor C is 

alwavs less than unity. 

In the case of the optically stabilized interferometer the signals 

on the two photodiodes are ~12 out of phase, thus for the one photo-

diode, the phase difference between the two beams, in accordance with 
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equation (2) is 

(9a) 

while for the other photodiode 

(X+x)+w/2 • 4w (X+x+ l) 
71 8 

(9b) 

From this it follows that the currents 1
1 

and 12 through photodiode 

and 2 respectively are 

z 

l 

X 
Figure 4: The mean photodiode current and signal-to-noise ratio as a 
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function of path-length difference from equations (5) and 

(8), The upper part of the figure gives 

y 

Z m 

<I> l . 4wX 
!lS. • l t> P • +CSln -,-
hv 2 o 

and 

The lower part of the figure gives 

S/N [C2cos2 ~]1/2 
2w2 N 1/2 • 1 C . 4wX 
T e + nn -~.-

Curves a, band c correspond to C • 1.0, 0.9 and 0.8, 

respectively. 



II • .!l9.!<lp 
hll 4 0 

{ . 411X 4lrX 41TX} I+CsLn --A- + --A- Ccos --A- (lOa) 

12 "'.!!9.! <:£ p 
hv 4 o 

{ 411X 41!x • 41TX} I+Ccos --A- - --A- Cs1n -;r- (lOb) 

The information signals 1
81 

and I
92 

on photodiode I and 2 respectively 

are 
41!X 

Ccos --;.-

I • - .!!9. ! <:< P !!!.!. Csin 411
X 

s2 hv 4 o A A 

(lis) 

( 1 !b) 

The noise currents <i~> 112 and <'2 1/2 ].2> • generated in the two photo-

diodes are given by 

.2 
<1)> • 2q<I 1>t.f • 2qAf ~* <:< P0 

{ . 411X} I+Cs1.n --A- (12a) 

and 

<'2> 1.2 2q<l2>llf = 2qllf .!!9.! <:£ p 
hv 4 o 

{ 41TXt I+Ccos --A-} (12b) 

To obtain a constant ae signal current independent of the 

displacement X,the operation z = (x2+y2) 112 is performed on the two 

signal currents and thus on the two noise currents. We can therefore 

define a signal-to-noise ratio 

!<12+12 >11/2 
sl s2. N >,. \--;--...:::C;....2_-;--;-;---\I/2 (13) 

e I + 1 /:2 CsL'n (4~X + 1T/4) 2 A 

To interpret this result we plot in figure 5 the mean photodiode 

currents <I 1> and <I2> and the signal-to-noise ratio as a function of 

the displacement X. From this figure we see that the signal-

to-noise ratio depends on the momentary value of the displacement X. If 

we take the contrast factor C • 1 we find for the maximum and minimum 

signal-to-noise ratio 

~} = 1.8 ~!12 
at 

4~X = 51f/4 and {M . = 0. 77 -4<!12 
at 

4~x = n/4 
max mn 

Comparison with the electronically stabilized interferometer having 

a theoretical maximum 
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z l 1.5 

Figure 5: The mean photodiode currents and signal-to-noise ratio as a 
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function of path-length difference from equations {10) and 

(13). The upper part of the figure gives 

and the lower part 

z = S/N 
:!!}! N 1/2 

A e 

4rrX 1+Ccos -A-

and 

Curves a, band c correspond to C • 1.0, 0.9 and 0.8, 

respectively. 



tSl • 2 • 8 1rx Nl/2 
(N'(max -r e 

shows that the decrease of the signal-t~-noise ratio is not dramatic. 

Electronic stabilization of the optically stabilized interfere-

meter at its-point of maximum signal-to-noise ratio is a distinct 

possibility. This leads to a third category described in the following 

section. 

The electronic stabilization at the point of maximum signal-to-noise 

ratio is easily realized with the aid of an extra modulating signal of 

suitable frequency and amplitude. The two signals on the photodiodes 

resulting from this modulation have opposite phases and at the op.timal 

working point the are equal in amplitude and can thus be used to make 

a control signal that compensates deviations from the optimal working 

point. 

In so doing the operation z • (x2
+y2) 112 on the photodiode signals 

and the condition w = $ 1-$2 • -lf/2 are no longer essential. If we keep 

~ • -lf/2, we can subtract the two photodiode signals (subtract because 

of opposition of phase). This leads to 

\<(>,,-•,,>'· 
1/2 

<(> -· >'• \"' s sl s2 N. 
<(i,-i2)2> .2 .2 -

<LI + 1 2> 

c 2sin2 41TX 1r I/2 
x1ri2N1/2 T+4 

+.!. 12 .!:!!! + !. 
(l4) . 

A e Csin 2 A 4 

The graphical representation of this function, together with the 

behaviour of the photodiode currents is given in figure 6. We see that 

a maximum value of the signal-to-noise ratio equal to 

(~)ma: 2.6 "~ N~/2 

is reached for C • I and 4~X • 51f/4. This result is not surprising 

considering the fact that the operation z • (x2+y2) 1/ 2 gives z ~ xr2 

for x • -y while the operation z • x-y then gives z = 2x. 
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Figure 6: The mean photodiode currents and the signal-to-noise ratio as 
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a function of path length difference from equations (10) and 

(14). The upper part of the figure gives 

Yz = __ .;;....,. __ 

Cl P
0 

and the lower part 

z = S/N [. !! N 1/2 
!. e 

47TX 
1+Ccos -~.-

Curves a, band c correspond to C = 1.0, 0.9 and 0.8, 

respectively. 



A further, though slight,improvement is made if also the condition 

that 1/1 -11/2. is dropped. The general expression for the signal-to-

noise ratio now becomes 

\ 

2 1/2 
! . <(Is1-1s2) > 

N <ii + i~> 

\ 

2 . 2 411X .!/!_ • 2 .!/!_ 
1211~1/2 c nn -,_- + 2 s~n 2 

A e 1+Csin hX +.'!!.cos .'!!. 
X 2 2 

1/2. 

This function has a maximum value 

if C ~ !.This value is obtained. for 1/1 

411X 

11/3 at 4nX ~ 411/3 and for 
A 

~ • 511/3 at ~ = 511/3. 

(I 5) 

The graphical representation of the function is given in figure 7. The 

result is equal to the case of electronical stabilisation. This is to 

be expected because dividing the laser light between two halves of one 

photodiode or between two photodiodes must give equal results. 

3. Experiments and results 

Some experiments were performed to confirm the assumption that the 

shot noise of the photodiode was the principal limitation to the 

detection limit. ?he noise spectra of (i) the electronic noise, (ii) 

the photodiode shot noise, (iii) the laser noise, (iv) the mechanical 

noise were determined. 

The spectra are measured by means of the set-up shown in figure 8. 

The light from the laser source is detected by a photodiode (United 

Detector Technology type PIN SD), The photodiode current is converted 

to a voltage by a current amplifier shown in figure 8. The signal and 

noise are measured by a Brookdeal lock-in analyser (type 9505) provided 

with a noise measurement plug-in unit,type 5049. A PAR model 189 

selective amplifier is incorporated to prevent faulty measurements due to 

overloading, etc. As a reference signal source an all-purpose function 

generator (HP type 3312A) is used. The signal from the lock-in is 

recorded on an xt recorder. 
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Figure 7: The mean photodiode currents and the signal-to-noise ratio 
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as a function of path-length difference from equations (10) 

and (15). The upper part of the figure gives 

yl - .!!9. • .!." p 
hv 2 o 

.!!9. • .!. " p hv 2 o 

and the lower part 

z -

1+Csin (curve a) and 

l+Csin (4~X + ~) 

Curve b and c correspond to w • n/3 and ~ = 5n/3 

respectively. All curves are drawn for C = 1.0 



(i) The noise spectrum of the photodiode and preamplifier is given in 

figure 9. For frequencies below 2 kHz the spectrum is dominated by excess 

noise. At the high-frequency part of the spectrum a discrepancy occurred 

between theory and experiments. The theoretical noise is the sum of the 

thermal noise of the feeJback resistor (25.3xiO-gVHz-I/Z) end the noise of 

the i.e. amplifier (23.7xi0-9VHz-l/Z) end thus equals 35x10-9vaz- 112• 

If the photodiode is not connected to the amplifier a noise voltage 

of 36xto-9VHz-J/Z, in excellent agreement with theory is measured. 

We have no explanation for the increase of the noise when the photo-

diode is connected. This point is, however of minor importance compared 

to other noise sources, i.e. laser and shot noise. 

(ii) The noise spectrum resulting from an incandescent lamp supplied from 

a d.c. source is given in figure 10. To obtain a normalized quantity 

independent of the luminous intensity of the source the squared noise 

voltage per Hz was divided by the photodiode output voltage difference 

corresponding to the total luminous intensity. In the white part 

of the spectrum the agreement between measured and expected shot 

noise is excellent. The expected value is calculated using the shot 

noise formula 

<i2> = 2qii'If 
n 

where <i2
> is the effective value of the shot noise current squared, 

n 

q the electronic charge, I the photodiode current and Af the 

bandwidth of the measuring system. The contribution of the electronic 

circuitry is about 1% and thus negligible. This means that an 

pre amp li tier 

Figure 8: Dchematic diagram of the set-up to measure the noise spectra. 
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interferometer with an incandescent lamp as a light source will show 

a sensitivity determined by the shot noise if the mechanical noise 

contribution can be neglected as discussed in (iv). In the low 

frequency region below 1kHz the spectrum is excess-noise dominated 

with an f-l.? dependence. 

(iii) The analysis of the laser contribution to the total noise needs 

explanation. 

In literature (Levine AK and de Maria AJ 1976) several noise 

contributions are mentioned with spontaneous emission noise giving 

the ultimate limit for the amplitude stability, In practice, certain 

externally controllable factors determine the attainable stability. 

These are mode interference, transition competition, plasma effects 

and environmental disturbances. The amplitude stability is also 

affected by irregularities and hum on the discharge current through 

the laser. 
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Figure 9: The noise spectrum of the photodiode and preamplifier. 
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In multimode lasers, mode interference is a superposition of a 

swept.frequency distorted sine wave on the mean laser intensity. The 

frequency varies between several kHz and one or two MHz, The duration of 

the sweep and its repetition rate depends on the temperature change 

of the plasma tube. If the laser has reached working temperature 

after a warming-up period and the environmental temperature is 

reasonably constant,the repetition rate may be as low as one sweep in 

ten minutes. As normal measurements can be made within one minute this 

noise source is of no importance, although its momentary amplitude is 

much higher (in the order of 20 dB or more than the other noise sources). 

In single-frequency lasers mode interference is absent. 

Transition competition originates from the existence of several 

possible transitions in a He-Ne discharge. If one transition is 

selected by the choice of the Brewster window,this effect is unimportant 

~lasma effects include all discharge-induced perturbations that vary 

the population of the energy levels. It appears to be the most important 

noise source in the lasers examined. Radio frequency excitation is the 

best way to reduce this kind of noise, This, however, introduces other 

1 
10 

Figure JO:Curve a gives the noise spectrum of the N.E.C, laser. The 

spectrum of ne incandescent lamp is incorporated for 

comparision (curve b). 

I !Hz) 

5 
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problems, such as shortening the life of the laser tube, impedance-

matching problems and radiation effects. The three different types of 

spectra of plasma noise are given by Bellisio et.al. (1964). The first 

type is a spectrum with high noise in the 0-70 kHz region, and some 

excess noise above the photodiode shot noise at higher frequencies. A 

second type can occur uith sharp spikes and apparently no excess noise 

between the spikes. The third spectrum is a flat spectrum that is shot-

noise dominated. The occurrence of the first or second spectrum is 

determined by the discharge current amplitude, or by a capacitive 

loading of the discharge circuit. A transition between these two 

operations can always be effected. As the second spectrum shows no 

exces~noise in the region between the spikes, appropriate choice of the 

1 

10'7 
r-----------------------------------------------~~ 

2 

IHrl 

Figure II:The noise spectrum of the optically stabilized interferometer 

Curve a corresponds to the maximum in the signal-to-noise ratio 

and curve b to the minimum. 

38 



frequency of the vibrational amplitudes will prevent plasma noise 

from influencing the signal-to-noise ratio. 

Environmental disturbances include all external processes that 

alter the passive optical characteristics. They can be of thermal or 

mechanical origin. Owing to the rigid construction of our lasers 

this kind of noise is negligible. 

We measured the noise spectra of five commercially available He-Ne 

lasers. Without special precautions, none of the lasers met the 

shot. noise limit set by the photodiodes over the entire frequency 

range. The spectra of the three multimode lasers had to be measured 

during time intervals in which no mode interference occurred. After 

thermal isolation, the Nippon Electric Company laser model GLG 2034 

showed a spectrum which agreed well with the expected shot noise. The 

use of a well stabilized laser supply to get rid of hum would make 

reliable measurement of this spectrum possible in the range below 

about I kHz. This spectrum is shown in figure 10. One of the single· 

mode lasers also showed a spectrum that was mainly determined by 

shot noise in the high frequency range. Hum in the laser current 

prevented reliable measurement at frequencies below lO kHz. 

(iv) The noise spectrum of the optically stabilized interferometer is 

given in figure ll. From equation (13) it followed that the signal-to

noise ratio had maxima and minima depending on the momentary value 

of the displacement X. In figure II, curve a gives the spectrum of 

the maximum signal-to-noise ratio and curve b that of the 

minimum~ 

4. Discussion and conclusions 

The noise spectra show that the signal-to-noise ratio decreases 

seriously at frequencies below I kHz due to excess noise. If we confine 

ourselves to frequencies from I kHz to 100 kHz the spectra show that 

electronic noise is nigligible at the illuminance used in the 

experiments. These levels correspond to photodiode currents in 

the order of 100 pA. Furthermore,it follows from figure.lO that a low 

noise laser meets the theoretical shot-noise limit to within a factor 

of two. 



Figure 11 shows that environmental noise does not reduce the signal

to-noise ratio. This spectrum was measured during daytime in a quiet 

laboratory room with closed doors and windows. The satisfactory result 

was due to the rigi~ and compact construction of the interferometer 

The spectrum of the electronically stabilized interferometer showed 

similar behaviour. At frequencies above 1 kHz the spectrum was not 

influenced by mechanical disturbances and acoustic noise. 

From the measured spectra it follows that it is realistic to take 

the shot noise as the limiting factor for the sensitivity of the 

interferometer. If the application of the interferometer requires a 

constant and reliable detection limit it is necessary to avoid the 

mode beating effect and to use a single mode laser. The higher power of 

a multimode laser will increase the detection limit except during short 

periods at which sensitivity is seriously reduced by mode interference. 

The modulation frequencies must preferably be chosen above 1 kHz. 
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CHAPTER 2 

TI:lE SYSTEM FOR MAGNETOSTRICTION MEASUREMENT 

2.1 General considerations 

As the interferometer described in this chapter is designed for 

the measurement of longitudinal strictions, the theory in this section 

will be restricted to longitudinal effects. 

The main experimental problem is the measurement of the relation 

between the striction AM(=ht} and the magnetization M, if this AM is 
~ T 

obscured by thermal strictions A . This means that a straightforward 

measurement of the dimensions of a sample gives a striction 

(1) 

To illustrate the effect of thermal expansion we shall give two 

examples. As a first example we consider the saturation striction As 

of polycrystalline nickel which amounts to -43 x 10-6. the thermal 

expansion coefficient of nickel is 13.3 x 10-6K-1• This means that an 

accuracy of about 2% of the striction requires a temperature stability 

within 65 mK. This is within easy reach of standard measurement 

procedures. As a second example let us take the striction of bismuth. 

For bismuth the magnetostriction constant m -defined by AM= ima2 , 

where His the magnetic fieldstrength- is about 100 x 1o-2lm2A-2 (see 

Figure 2.1 The arrangement of the sample in the fields of the 

electromagnet and the modulation coils 
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chapter 5, Table 5.2). This means that a field of 2T results in a 

striction AM= 1.3 x 10-7. To measure this strain with an accuracy of 

one percent the temperature should be kept constant within 10-4K as 

the thermal expansion coefficient of bismuth is 13 x 10-6 • This 

temperature stability is difficult to realize. 

The application of a modulation method can solve this problem. 

By this method the sample is placed in the airgap of an electro

magnet, equipped with modulating coils as shown in figure 2.1. 

During the measurement the field H
0 

of the electromagnet is slowly 

increased, while the amplitude H
1 

of the ac field H1 from the 

modulating coils is kept constant. The result is that the sample 

exhibits a striction A
0 

due to the de field H
0 

together with a 

striction A
1 

having the same frequency as H
1

• This is shown in 

figure 2.2a for an arbitrary relation between striction and field

strength. If furthermore H
1 

is small compared to H
0

, we may use that 

Figure 2.2 a: The relation 

dependence of >. 

b: The relation 

dA = dAM = 
dH dH 

--H 

between 

on H 

between 

~1 and Hl for an arbitrary 

Al and H for the curve given in 

(3) 

a. 

With our stabilized interferometer A1 can be measured with 

sufficient sensitivity and accuracy. Standard methods like induction 

coils and Hall-effect meters can be used to determine the amplitude 

H1 of the field. 
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We must realize that we measure the field outside the sample; this 

has consequences for the integration of the quantity A1/H1 for ferro

magnetic samples. With dia- or paramagnetic materials the fields in 

and outside the sample are equal and we can integrate equation (3) to 
find the dependence of A on H or M 

Ho 

J 
~1 a; dH (4) 

0 

where M0 is the value of the magnetization corresponding to a0• The 

value of the integral corresponds to the shaded area under the curve 

in figure 2.2b. 

In the case of ferro- and ferrimagnetic materials the demagnetizing 

field ~ must be considered. The field ai inside and the field au 

outside a sample are related by 

(5) 

where N is the demagnetizing factor that depends on the dimensions of 

the sample. From equation (5) it follows that 

au= {1 + N(pr- 1)} ai 

We shall discuss the demagnetizing factor N and the permeability 

p in this relation. For ellipsoids and cylinders N is given by 
r 36) 37) 

Stoner and Bozorth We shall restrict to the limiting cases: 

(6) 

the long slender cylinder with N = 0 in the direction of the axis and 

-Ho 

Figure 2.3 The normal and reversible permeability as functions of 

the magnetic field H0 
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the flat thin plate with N ~ 1 in the direction perpendicular to the 

plate surface. Unfortunately neither of these extremes can be approximated 

in our interferometer. Due to the limited space in the airgap of the 

electromagnet the length of samples is limited to about 10 mm, while 

the minimum diameter of the sample is limited to about 3 mm to 

maintain the possibility to glue a mirror on this surface. 

In the first approximation, the long slender cylinder, we can 

reach m 3.3, where m is the ratio of long axis and diameter. The 

general expression for the demagnetizing factor N of a prolate 

spheroid in the direction of the long axis is36
) 

N 1 { m ----- ------ ln(m + 
m2-l ~ 

If m 3.3, the demagnetizing factor N = 0.10 for an ellipsoid and 

for a cylinder, depending on the value of the relative permeability 

increasing from 5 to oo, N varies from 0.05 to 0.07. 

The second case, the thin flat plate perpendicular to the field, 

can be approximated by an oblate spheroid, with its polar axis 

parallel to the field. The general expression for the demagnetizing 

factor of such spheroid is36l 

N 1 { m 
1 

_ mZ 1 - --- arccos 
~ 

The value m 0.1, corresponding with a plate 5 mm in diameter and 

0.5 mm in thickness is easily attainable. We restricted our experi

ments to values of m ~ 0.1, since very thin samples cannot freely 

contract in transverse direction, due to the clamping at one end. 

(7) 

Next we consider the influence of the permeability ~r (equation 6). 

The conversion factor between the fields in and outside the sample is 

different for de and ac fields. With de fields we must use the normal 

permeability38) 

11rn 

and for ac fields the reversible permeability 
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1-1rr 
= "• [ 

where a0 is the de magnetic induction and a1 is the amplitude of the 

ac magnetic induction. The typical dependence of p and l-lrr on the 
39) rn 

fieldstrength H
0

i in the sample is shown in figure 2.3. It is 

obvious that the difference between the two curves is not negligible. 

This implies that the integration procedure given in equation (4) 

cannot be used straightforwardly with ferromagnetics. Corrections for 

the differences between 1-1rn and l-lrr have to be accounted for. For 

this we used a Burrough's computer40). 

2.2 Considerations on the design of the interferometer 

The application of the stabilized Michelson interferometer to the 

measurement of magnetostriction demands the combination of the 

interferometer with an electromagnet. The problems posed by this 

integration are: 

1) The lack of space in the airgap of the electromagnet. 

2) The magnetostriction of the sample support. 

3) The forces on the magnet poles due to the combined ac and de fields. 

4) The forces due to inhomogeneous fields. 

As we restricted ourselves to the measurements of longitudinal 

magnetostrictive effects, the directions of the fields and the 

striction are equal. Due to the limited space between the poles of 

Figure 2.4 Principle of the construction used to support the sample 

in the airgap of the electromagnet 
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the electromagnet we decided to use an axial hole through one of the 

poles to let the laser beam pass to the sample. 

As the sample had somehow to be supported in the airgap, and each 

material in principle exhibits magnetostriction it was necessary to 

take precautions to eliminate the influence of the magnetostriction 

of the support on the measurement. To this end the constructibn shown 

in figure 2.4 was used. One mirror of the interferometer is 

positioned on the support, the other on the sample. We assume that 

the displacements of points P and Q are equal. Measurements of 

strictions without samples did confirm this assumption. This involves 

not only that the magnetostriction of the support has no influence, 

but also that vibrations of the support resulting from magnet 

vibrations and the like have considerably less influence on the 

interferometer. 

The construction of the support has to be considered in more 

detail. For the sake of the alignment of the interferometer it is 

necessary that the two mirrors can be rotated in two directions to 

ensure that the laser beams are reflected in the right direction. 

Designs were made in cooperation with the "Vakgroep Constructies en 

Mechanismen" of the department of Mechanical Engineering of our 

University41 ). The first design was directed to a sample holder with 

minimum thickness and with the possibility to align the samples when 

they were positioned between the poles of the electromagnet. The 

construction is shown in figure 2.5. With this construction of the 

sample holder a pole distance as small as 16 rom was realized. The 

attainable de magnetic induction was 2.5 T. The results were 

excellent for strictions larger then about 5 pm. In the subpicometer 

range the remaining difference in the displacement of the points P 

and Q could not be neglected. The main reason was the elasticity of 

the positioning rods C, c•, D and D' in figure 2.5 and the slit E 

between the two samples. To overcome these difficulties a second 

design was made. For this design it was necessary to make a hoist for 

the electromagnet. The overall view of this new construction is given 

in photograph 2.1. In the lower position of the electromagnet the 

sample holder and support are freely accessible. This makes the 

construction of the sample holder much simpler. The sample holder 

itself and the support are shown in figure 2.6 and 2.7. The rigidity 
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Figure 2.5 The sample holder consists of two plates P and P' glued 

together on the areas F, indicated by the dotted lines. 

The mirrors and the samples are positioned in A and A'. 

The rotations of the sample in A and A' around the x and 

y axes are caused by turning respectively the screws c 0 
and o0 for the sample in A and the screws c0 and o0 for 

the sample in A'. The displacements of the screws are 

transmitted to the samples by means of the levers C, C', 

D and D'. 
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0 0 

c 

o E e• o' 

Figure 2.6 The sample holder consists of a plate C in which two 

balls A and A' are clamped by means of the semicircular 

glands D and D' and the screws Band B'. The samples are 

positioned in the holes E and E' in the balls. The balls 

are rotated by a stick (not shown) that fits in the holes 

F and F' in the balls. When the proper orientation of 

the sample is reached, the screws B and B' are fastened. 

of this construction proved to be satisfactory. 

Although the construction given in figure 2.4 eliminates a great 

part of the magnetostriction of the support, it was necessary to 

select carefully the constructing material of the support. In the 

first place the excitation of eddy currents eliminates the applica

bility of conducting materials. Secondly the material must be quite 
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pure as to ferromagnetic materials. This eliminates most stony 

materials and even wood. Brick and concrete possess some percents of 

iron. Materials that proved to be satisfactory are quartz glass, 

Pyrex glass and some synthetic insulating materials. It is a drawback 

of these materials that their value of Young's modulus is quite low 

and thus that a rigid construction is not easily attainable. From 

these considerations we decided to take Perspex for the support and 

Pyrex glass and Araldite for the sample holder. 

The rigidity of the sample holder and the support is also quite 

important in view of the reduction of the influence of the magnet 

vibrations. The modulating coils are rigidly mounted on the shallow 

faces of the poles of the electromagnet. This causes time dependent 

forces acting on the pole pieces resulting in vibrations of the 

armature with the modulating frequency. Moreover eddy currents in the 

poles give rise to vibrations of the electromagnet. The amplitudes 

of these vibrations have the same dependence of the amplitudes of the 

de and ac field as the quadratic magnetostriction in para- and 

diamagnetic materials. Besides they have the same frequency as the ac 

field and might therefore be abusively mistaken for magnetostriction. 

am~ 

0 0 0 0 

0 0 0 0 

Figure 2.7 The sample support consists of a Perspex bar. The sample 

holders of figure 2.5 and 2.6 fit in the circular recess 

in the center. The position of the sample support in the 

interferometer is shown in figure 1 of section 2.3 
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The only way to distinguish between them is the frequency dependence 

of the effect as the magnetostriction is frequency-independent in the 

range considered, while the vibrations of the poles are influenced 

by mechanical resonances in the construction of the electromagnet. 

The amplitude of the poles is in the order of 100 A for maximum 

fields. It is thus necessary to isolate these vibrations from the 

interferometer. There are two ways for the vibrations to reach the 

interferometer: (i) by the air between the sample holder and the 

poles and (ii) by way of the frames and supports of electromagnet and 

interferometer. The first possibility can only be reduced by 

increasing the rigidity of the sample support. To decrease the 

vibration transport in the supports two vibration-isolating devices 

were incorporated in the system, one isolating the electromagnet and 

the other the interferometer from the floor of the building. The best 

results were obtained by inner tubes of bicycles as vibration 

isolators. At the modulating frequency of 66Hz the influence of the 

vibrations was usually below the detection limit. 

Another important point for consideration is the homogeneity of 

the magnetic fields. A sample in an inhomogeneous field is subjected 

to a force, that is proportional to the susceptibility x of the 

material. If the sample is clamped at one end, tl1is force will cause 

a strain. We shall now make an estimate of this strain. The force dF 

y y 

Figure 2.8 The position of the sample with respect to the pole 

pieces of the electromagnet and to the modulating coils 

X 
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in the x-direction on an infinitesimal small isotropic sample in a 

non-uniform field is given by
42

) 

( 101 

where dv is the volume of the sample and x its susceptibility. We 

consider a cylindrical sample placed in the field of the electromagnet 

and the modulating coils as shown in figure 2.8. The force acting 

at a cross section with area A at a distance x from the free end is 

.x (11) 

The resulting strain is given by 

A(x) (12) 

where E is Young's modulus of the sample. Integration over the whole 

length ~ of the sample gives 

(13) 

As the field is a superposition of the fields H0 and H1 and only terms 

with the modulating frequency are measured we find 

(14) 

aH 
0 if we assume that and ~ are constant over the sample length. 

For estimating purposes we take typical values of E ~ 101 1Nm-2 , 

H0 = 106Am- 1, H1 = 10+3Am-l and~= lo-2 m. We measured a value of 

aH0 aH 1 ~ = 106Am-2 and ax= 10 3Am-2 at the position of the sample. The 

large inhomogeneity is caused by the axial hole .in the pole piece of 

the electromagnet needed to let the laser beam pass to the sample. 

For the resulting striction we get 

( 15) 

We conclude that in dia- and paramagnetic materials with 
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10-6 < x < 10-2 the striction caused by field inhomogeneities are 

below the detection limit (A~ 10-12 ). In the case of values of 

x > 10-2 as in ferro- and ferrimagnetic materials <x >> 1) the value 

of Ail can easily be of the same order of magnitude as the real 

magnetostriction of the material. 

2. 3. THE MEASUREMENT OF SMALL MAGNETOSTRicriVE EFFEcrS BY AN 

INTERFEROMETRIC METHOD 

Article published in the Journal of Magnetism and Magnetic Materials. 

Th. KW AAIT AJ\L 
Department of Electrical Engineering, Eindhoven University of Technology, Eindho1·en. 

A new method is developed to measure small magnetostrictive effects. It is based on the 
assumption that the thermal expansion of a material is independent of its magnetization. 
Using ac modulation of the magnetk field, a stabilized Michelson interferometer detects 
the small vibrational amplitudes caused by the magnetostriction. A sensitivity to strictions 
al/1 as small as 5 X 10-11 is obtained. Results of striction measurements on bismuth arc 

presented. 

1. Introduction 

In ferromagnetic, ferrimagnetic, and antiferromag· 
netic materials magnetostriction is, in general, a rela
tively large effect that is readily observed in magnetic 
fields of 1-2 T using standard measuring techniques 
such as strain gauges. In dia- and paramagnetic materi
als, however, this effect is considerably smaller. For 
the study of magnetic materials, the relation between 
the striction AM(= f:!.l/1) of a material and its magnetiza
tion M is of considerable interest. Unfortunately, the 
measurement of this effect is, in general, hindered by 
the fact that the thermal expansion AT is of the same 
magnitude or even considerably higher than the value 
of the magnetostriction. A straightforward measure
ment of the dimensions of the sample thus gives a 
striction A = AM + AT. 

This problem, posed by the influence of the tem
perature, was first solved by Kapitza in 1931 [1]. He 
used a large_ field of 30 T to increase the value of AM 
resulting from the quadratic magnetostrictive effect 
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in diamagnetic substances. Furthermore, he applied 
this field for a fraction of a second only, thus pre
venting AT from becoming comparable to AM. 

Other solutions using the same approach, i.e., in· 
creasing AM and decreasing AT, have been given in 
1934 by Wolf and Goetz [2], who repeated and ex· 
tended the experiments of Kapitza with long samples 
and moderate fields, and by Fawcett [3] in 1970, 

who performed the measurements at cryogenic tern· 
peratures and large fields with a capacitance dilato· 
meter. 

2. Basic approach 

We take a different approach to the problem by 
assuming that AT is independent of M, i.e. dA T /dM 
0, leading to dA/cLilJ == d'A M /dM which, as we will show, 
can be measured with the required accuracy and sensi· 
tivity, not only in the fields usually encountered, but 
also at room temperature. It can, using integrating 
methods, lead to the determination of AM as a func
tion of M. For this purpose, we use an electromagnet 
equipped with modulating coils. By so doing, an ac 
field of suitable frequency H1 can be superimposed 
on the de field 110 of the electromagnet. Apart from 
the striction Ao due to the de field H0 , the sample 
will exhibit astriction A1 resulting from the ac field 
H1• We must now fulf111 two requirements. First, the 
value of II 1 must be small compared to H 0 , and sec· 
ondly, the frequency of the modulating field must be 
suitably chosen. Under these restrictions we may 
identify A1 with dA and H 1 with dH, so that 

(1) 

In the case of dia- or paramagnetic materials we may, 
in general, write dA/dH xdA/dM. With ferromagne· 

tic materials, this conversion must include the depend· 
ence of x on shape and direction of the sample. Inte
grating this quantity gives 

M2 

AM == (1/x) J (AtfHt)dM. (2) 
. Ml 

54 



Taking M 1 ~ zero and M2 as the maximum applied 
field, we find XM as a function of M. The quantity 
H 1 can easily be measured with the required accuracy. 
For the measurement of the quantity AJ> we use a 
stabilized Michelson interferometer, with which the 
measurement of vibrational amplitudes as small as 
8 X 10-14m has already been reported [4, 5]. This 
sensitivity will be seen to be adequate for the mea
surement of the magnetostriction ofdia- and paramag
netic materials in the fields usually encountered. Its 
application to the measurement of magnetostriction 
poses two problems. 

First, the sample must be positioned on a support 
in the airgap of an electromagnet. This support will 
also have a magnetostrictive effect. Precautions must 
be taken to prevent the magnetostriction of the sup· 
port from being measured as well. Secondly, the vi
bration of the electromagnet due to the Lorentz force 
on the current through the modulating coils may 
lead to misinterpretation of the measured signals. The 
solutions of these problems are obtained by modifi· 
cation of the optical system in the interferometer. 
This involves a new concept of the electromechanical 
transducer required in such an interferometer for the 
stabilization of the interference pattern. 

3. Measuring set-up 

The overall view of the measurement set-up is 
shown in fig. 1 , while the details of the path-length 
modulator are shown in fig. 2. 

The optical system is a modified Michelson inter
ferometer. The light beam of a helium-neon laser is 
filtered by a spatial filter (lens-pinhole-lens combi
nation) and passed through a K6sters prism. There it 

is divided into two parallel beams of equal intensity. 
These two beams enter the optical path-length modu
lator that replaces the electromechanical transducer 
already mentiQned [4]. It consists of four transducers, 
each equipped with a roof-top prism as shown in fig. 
2. These prisms reflect the two beams which, upon 
emerging from the modulator, pass through an axial 
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interf~rometer 
support 

1---------1.20 m __ . _____ _....., 

stone table 

Fig. 1. Configuration of the interferometer for the measure
ment of magnetostriction and its electronic circuit. 

hole in the electromagnet onto two mirrors. One of 
these mirrors is glued to the sample, while the other 
is mounted on the sample support. The reflected 
beams return along the same path through the modu
lator to the beam-splitting surface in the Kosters 
prism where they are both split into equal parts, re
sulting in a superposition of two beams returning to 
the laser and a superposition of two beams directed 
to the photodiode that detects the resulting inter
ference pattern. 

As shown in fig. I, the optical parts of the inter· 
ferometer are positioned on a stone table, except for 
the two mirrors in the electromagnet airgap that are 
supported by a Perspex bar whose ends are fixed to 
the stone table. Because of the lack of space in the 
airgap of the electromagnet and the low elastic modu
lus of Perspex, the rigidity of this support is low. The 
assumption that the mirror on the sample exhibits the 
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vibration of the sample is no longer valid because the 
support may also show part of the vibrations of the 
sample. By our arrangement of the optical system, 
however, we measure the effective vibration of the 
sample itself, because vibrations of the support now 
.occur with equal amplitude and phase in both arms of 
the interferometer, thus not affecting the interference 
pattern. In the above-mentioned stabilized interfero
meter, one mirror is positioned on an electromechan
ical transducer, and is, in fact, the diaphragm of a 
condenser microphone. To place such an electrome-

a 

b 

Fig. 2. (a) The path-length modulator and the Kosters prism. 
The shallow faces of the prisms prevent reflections at the 
air-glass interfaces from disturbing the interference pattern. 
(b) The arrangement of the piezoelectric plates in the e~ctro
mechanical transducers. The arrows in the plates indicate the 
poling direction of the ceramic. 
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chanica! transducer in the airgap of an electromagnet 
is very difficult because of the lack of space. It is un
desirable because magnetic fields could affect the oper-. 
ation of such a transducer due to currents induced in 
its metallic parts. Hence, the optical path-length modu
lator was designed to replace the condenser micro
phone. 

J 

1 

Fig. 3. The light intensity of the interference pattern as a 
function of the optical path-length difference. The mean light 
intensity on the photodiode must be kept at point A to ob· 
tain a constant and maximum sensitivity for path-length fluc
tuations. 

To explain the operation of the path-length modula
tor we should define the three functions combined in 
the microphone previously used. Its first function was 
to adjust the optimum working point (A in fig. 3) of 
the interference pattern by varying the mean bias vol
tage. The second was to keep the interferometer at this 
point by adding to the mean bias voltage a compensat
ing voltage, proportional to the deviation of the light 
intensity from this point. The third was to feed an ac 
voltage with the frequency of the measuring signal to 
the microphone for calibration of the said signals. The 
three functions must be appropriately assigned to the 
four new electromechanical transducers. If we want 
to use piezoelectric ceramics, the main considerations 
are the difference in sensitivity between the condenser 
microphone (about 400 A/V) and a piezoelectric plate 
(i.e. 3.6 A/V for PZT 5) and the hysteresis effect exhib
ited by ferroelectric ceramics. A sensitivity of 3.6 A/V 
is insufficient for the first two functions, as it requires 
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a voltage swing in the order of 1000 V to cover the 
whole control range. To this end, we use as an electro
mechanical transducer a stack of ten piezoelectric pla· 
tes, mechanically connected in series, and electrically 
in parallel. This leads to a te.nfold increase in sensitiv· 
ity at the expense of the useful frequency range which,. 
however, still remains wide enough for our purposes. 
One of the four transducers is used to adjust the opti· 
mum working point on the interference pattern. It is 
driven by a de voltage, adjustable between 0 and 200 V, 
thus covering about ten fringes of the interference pat· 
tern. Two transducers are used for stabilizing purposes, 
resulting in a sensitivity of 120 A/V. To overcome the 

remaining difference in sensitivity, a high-level ampli
fier is incorporated in the feedback circuit. The last 
transducer, used for calibration of the measured sig
nals, is itself calibrated once and for all with the aid of 
a condenser microphone [6]. It is used, with small ac 
voltages only to prevent hysteresis from affecting the 
calibration. Temperature and ageing have no noticeable 
influence on this calibration. 

3.1. Electronic part 

The electronic part of the measuring set-up is con
ventional in design (see fig. 1 ). The signal of the photo
diode passes through a preamplifier to a selective ampli· 
fier. The notch output signal contains the information 
on the deviation of the mean light intensity of the in
terference pattern. The notch signal passes a second 
notch filter and the high-level amplifier that drives two 
of the transducers in the path-length modulator, thus 
stabilizing the interference pattern. The resonance out· 
put of the selective amplifier contains the ac signal re
sulting from the modulation of the striction by mo
dulating the magnetic field. This signal is demodulated 
by a lock-in amplifier and recorded on paper strip. The 
reference signal of the lock-in amplifier is amplified by 
a power amplifier driving the modulating coils. The ref· 
erence signal is used also for calibration. To this end 
we measure the amplitude of the fraction of the signal 
fed to the calibrated transducer. A well-defined path· 
length modulation is thus introduced, resulting. in a 
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signal on the recorder that can be compared with the 
signals from unknown path-length modulations caused 
by magnetostrictive effects. Attention must be paid to 
the fact than an amplitude of the calibrated transducer 
gives rise to a recorder signal twice as large as the sig
nal resulting from the same amplitude of the vibrating 
sample. This is due to the fact that the light beam is 
reflected once by the sample and twice by the prism 
on the transducer. 

4. Experiments and results 

To illustrate the possibilities of the instrument, the 
measurement of the magnetostriction of a bismuth single 
crystal will be described and the results compared with 
those ofKapitza [1] and Wolf and Goetz [2]. 

From theory (I], the diamagnetic striction and 

---•H 
Fig. 4. Plot of the ac component of the striction A. 1 as a func
tion of the de magnetic field for bismuth. The length of the 
sample is 10.5 mm. The modulating field H 1 = 9.3 X 103 A/m. 
The rms error is indicated by the small vertical line. 

60 



the field strength are related by 

X0 ==! mH~, (3) 

m being a magnetostrictive parameter characteristic 
of the materiaL From eq. (3), it follows that 

dX0 /dH0 == mHo . (4) 

As the amplitude of the applied modulating field is 
small compared to the magnetic field of the electro· 
magnet, we use relation (1 ), so that 

(5) 

The bismuth samples used were three single crys
tals in the form of rods 10 mm in length and 6 mm 
in diameter. They were obtained from Highways 
International and had a purity specification of 5 N. 
The measurements were made in the direction of the 
rod axis, normal to the trigonal axis thus giving m 33. 

The measurement consisted in making a plot on a 
recorder of the stricti on A. 1 as a function of the field 
strength H0 with a constant and suitable value of the 
modulating field H 1• The result was a perfectly 
straight line, at an angle arctan m to the H-axis (fig. 
4). The H0 -axis was calibrated with a Hall-effect gauss
meter, while the X 1 axis was calibrated with the aid of 
the calibrated transducer. 

To examine the reproducibility of the measure
ments, we made five plots of one sample with different 
adjustment~ of the interference.pattern. The result 
was a value of (m 33> = -91.6 X w-21 m2 A - 2 . The 
rms error determined from these five measurements 
is ((m33- (m33))2) 112 = 1.7 X 10-21 m2 A - 2• Similar 
results were obtained with two other samples. For 
comparison, we mention the values found by Kapitza 
and Wolf and Goetz, that is m33 = -101 X 10-21 m2 

A - 2 and m33 = -90 X 10-21 m2 A - 2, respectively, 
at T= 25°C. 

Our results agree very well with these figures. In 
comparison with Kapitza, our method has the ad· 
vantage of being able to use ordinary fields and small 
samples. Additional advantages of our set-up are the 
electromechanical calibration, compared to Kapitza's 
thermal-expansion method, and the possibility of 
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varying the modulating frequency and thus of exam· 
ining the frequency response of the magnetostriction. 
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CHAPTER 3 THE CALIBRATION OF THE INTERFEROMETER 

3.1 Transducers and their sensitivity 

The amplitude of unknown sample vibrations is determined as 

follows. A vibration of an unknown sample causes a modulation of the 

optical path-length in one arm of the interferometer. Subsequently a 

vibration of a calibrated sample causes a well-defined modulation of 

the optical path-length. The amplitude of the unknown sample 

vibration is determined by comparison of the two signals on the 

recorder at the output of the measuring system. The great advantage of 

such substitution method is that, because both signals pass the same 

circuits, all changes in phase and amplitude are essentially equal and 

are thus eliminated. 

As tothechoice and calibration of the reference sample we consider 

the next three possibilities. All three of them have been used in 

practice. 

(i) The condenser microphone43). In the first design of the inter

ferometer the condenser microphone was not only used as an electro

mechanical transducer in the stabilization circuit to transform the 

control voltage in an optical path-length, but also to introduce a 

calibration signal in the optical system. The high sensitivity, 
dx 

defined as St = dv' where dx is the displacement of the diaphraghm 

resulting from a variation dv in the applied voltage, and the constant 

and accurately known physical properties of a condenser microphone are 

of great advantage to this application. There are, however, several 

severe drawbacks. We mention the high sensitivity as to airborn sound 

and especially the fact that its sensitivity is a steeply varying 

function of its bias voltage. By the nature of its function as a 

transducer in a control system this bias voltage is varying 

continuously. Although this problem was solved mainly by a special 

calibration procedure as described in section 3.2 the drawbacks were 

such that another solution was used in the set-up for magnetostriction 

measurements. 

(ii) The stacked transducer. The piezoelectric ceramics, viz. the 

lead zirconate titanates44 ), are a class of materials very well suited 

to serve as calibrated sample. These materials are commercially 

available in many qualities and shapes. In comparison to the condenser 

63 
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dx microphone their sensitivity, defined as st = dv' where dx is the 

variation in thickness of the transducer and dv is the variation 

in the applied voltage, is about a factor of hundred less. This 

disadvantage is overcome by making a stack of ten plates of this 

material, connected mechanically in series and electrically in 

parallel. By this means the sensitivity is increased by a factor of 

ten. A second disadvantage is the ferroelectricity of this material. 

It implies that its sensitivity is a function of the amplitude of the 

signal and of an eventual bias voltage. Ageing can also influence the 

sensitivity. 

(iii) The quartz crysta1
45

). Crystalline quartz is a very stable 

material, especially in view of its piezoelectric properties. It is 

not ferroelectric. These properties would make it an ideal material 

for calibration purposes, were it not that its sensitivity is 200 

times less than the piezoelectric ceramics. With quartz an r.m.s. 

signal of 48 400 V would be needed to modulate the optical path by 

one wavelength. This roughly limits its calibration range to signals 

below 10- 10m. 

The accurate determination of the sensitivity of the stacked 

transducers was accomplished by combining two measurements. First the 

sensitivity was compared with the sensitivity of quartz in the range 

below about 10-am. The sensitivity st of an X-cut quartz transducer 

is equal to the piezoelectric constant d 11 = 2.31 x 10-12 mv-1. Equal 

path-length variations were obtained with 1.00 Von the quartz crystal 

and with 0.287 mV on the stacked transducer. This gives 

s 0 161 x 10-10 mv-1, where the "optical" sensitivity is defined by 
dl 

So dv' where dl is the variation in the optical path-length 

(expressed in meters) resulting from a variation dv in the applied 

voltage.* 

We determined the linearity of the stacked transducer by measuring the 

photodiode signal vp as a function of the transducer voltage vt. The 

result is given in Table 3.1 and shows that the linearity extends to 

We remark that the ratio s 0/st depends on the position of the 

transducer in the optical system. For the condenser microphone s 0;st 

equals two, whereas for the transducers in the path-length modulator 

So/St equals four. 
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vt = 1.2 v. If the values of vp are corrected for the non-linearity 

of the luminous intensity versus path-length curve (figure 3.1) it 

Table 3. 1 

vt(volts) v {volts) 
p vp/vt 

4.74 2.59 0.546 

2.40 1.41 0.586 

1.20 0.730 0.608 

0.96 0.58 0.604 

0.48 0.292 0.608 

0.245 0.148 0.602 

0.096 0.058 0.604 

0.047 0.028 0.604 

4.7x10- 3 3X10-g 0.596 

0.47X10- 3 0.28X10- 3 0.598 

0.094X1Q-g 0.0565x10-3 0.601 

Relation between photodiode signal v 
p 

and transducer voltage vt for stacked 

transducers at a frequency of 66 cs. 

J 

l 

Figure 3.1 The luminous intensity J of the interference pattern as 

a function of the mirror displacement X 
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appears that the linearity is better than + 1% for all values in the 

table. The second measurement of the sensitivity was accomplished by 

determining the ac voltage necessary to modulate the optical path by 

one or a multiple of one wave-length of the laser light. A very 

accurate adjustment of the displacement is achieved if the signal of 

the photodiode is observed on an oscilloscope and the extrema A and B 

as shown in figure 3.2 are brought at the same level on the screen. 

Accuracy may be increased at wish by increasing the amplification in 

the vertical channel. In fact the instability of the interference 

pattern (this calibration is accomplished in the unstabilized mode) 

is the limit for the accuracy, which in all circumstances is better 

than 0.5%. The results are shown in Table 3.2, giving the peak to 

peak values v of the voltages, necessary to produce a path-length pp 

Figure 3.2 An example of the construction of the signal. V d on the 
p .. 
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photodiode resulting from a large path-length modulating 

voltage Vm on the transducer. As V d is proportional 
p •• 

to the luminous intensity J and the transducer 

displacement is proportional to Vm the conversion is 

defined by the relation between the luminous intensity 

and the transducer displacement 



variation of multiples p of a wavelength. The figures show a non

linear relation between voltage and displacement. From the measurement 

at p = 1 we find s 0 = 158 x 10-10 mv-1,in good agreement with the 

Table 3.2 

5 

j 

10 

2 

0 
10 

5 

2 

-· 10 
101 

2 

v (volt) v pp (volt) p(A) x(l0- 6 m) 

14.12 39.94 1 0.6328 

26.6 75.24 2 1.2656 

37.85 107.1 3 1.8984 

48.3 136.6 4 2.5312 

Transducer voltage v as a function 

of optical path-length x for large 

signals, 

1 0~ . 5 10
1 10" 

--- f <Hz) 

5 

Figure 3.3 The frequency dependence Sf of the sensitivity of the 

stacked transducer 

67 



value 161 x 10-10 mv-1 determined with the quartz crystal. we can 

represent the results by the relation 

p = 2.504 x 10-2v + 1.116 x 10-3v2 - 3.321 x 10-Sv3 + 
pp 

+ 3.250 x 10-7v4 - 1:025 x 10-gvs 

if we assume that the linear range holds until p = 1. 

There is another, although somewhat less accurate way to determine 

the value of the sensitivity so of the stacked transducer. This uses 

the difference in the de voltage V on the photodiode between maximum 

and minimum in the luminous intensity of the interference pattern. 

This difference corresponds to a path-length L equal to A/4. The 

relation with the sensitivity So for small signals is given by 

2 L 
1T v 

where the factor of 2/'IT results from the difference in slope of the 

Table 3.3 
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f(Hz) c 
sf 

f(Hz} 
sf 

=-- c = --
Sss sss 

10 1.01 6.15 k 1.37 

20 1.01 6.4 k 1.01 

66 1.00 7.6 k 1.35 

100 1.00 7.82 k 1.06 

200 0.99 10.35 k 1.60 

500 0.99 10.86 k 0.91 

1000 0.98 15.5 k 2.70 

2k 0.98 15.8 k 2.30 

3k 1.00 18.5 k 23.8 

4k 1.03 25.5 kk 2.10 

5k 1.08 34.2 k 5.46 

Sensitivity of stacked transducer 

relative to value at 66 Hz. 

Extrema 
in figure 3 

max. 1 

min. 1 

max. 2 

min. 2 

max. 3 

min. 3 

max. 4 

min. 4 

max. 5 

min. 5 

max. 6 



displacement versus luminous intensity curve for a \/4 and for small 

displacements (see figure 3.1). For the stacked transducer in the 

path-length modulator we obtained V = 6.3 V, resulting in 

s0 = 160 x 10-10 mv-1. 

All calibrations mentioned are performed at a frequency of 66 Hz. 

The dependence of the sensitivity of the stacked transducer on the 

frequency is given in figure 3.3. The sensitivity of the quartz 

crystal exhibits a similar response. The sensitivity of both types of 

transducer at specific frequencies is given in Table 3.3 and 3.4. 

f(Hz) c 
sf 

f(Hz) 
sf 

= -- c = --
s66 s66 

Table 3.4 

34 1.00 1186 

66 1.00 2008 

113 1.01 3006 

156 1.01 3548 

215 1.01 4070 

508 1.02 

Sensitivity of Quartz transducer 

relative to value at 66 Hz. 

1.02 

1.02 

1.02 

1.01 

1.00 

3.2. IMPROVEMENT IN THE INTERFEROMETRIC MEASUREMENT OF SUBANGSTROM 

VIBRATIONS 

Article published in the Review of Scientific Instruments. 

W. M. J. Haesen and Th. Kwaaitaal 

Department of Electrical Engineering, Eindhoven University of Technology, Eindhoven, 

Improvements in the calibration of a condenser-microphone-stabilized Michelson 
interferometer for the measurement of subangstrom vibrations are described. 
They consist of the elimination of errors caused by the fact that the sensitivity of 
the microphone is dependent on its bias voltage, and a new design of the 
stabilizing circuit. 
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INTRODUCTION 

In a previous paper,! a method of measuring the ampli
tude of mechanical vibrations in the subangstrom range 
was described. This method involves a Michelson 
interferometer in which one mirror is so positioned that 
it produces the mechanical vibration to be measured. 
The measurement involves detecting the resulting in
tensity modulation of the interference pattern by means 
of a photodiode and a lock-in amplifier system. Disturb
ing intensity variations due to temperature changes, 
unwanted vibrations, etc. are greatly reduced by a feed
back of the resulting signals on the photodiode via a con
denser microphone, which is used as an electromechan
ical transducer, its membrane being the second mirror 
on the interferometer. 

The use of a condenser microphone, which is known 
to have high sensitivity and reproducible physical 
properties, opens up the possibility of relating the 
amplitude of these small vibrations to the wavelength 
of the laser light. To this end the voltage change 
across the condenser microphone, which shifts the inter
ference pattern exactly one fringe, is measured. The 
resulting static electromechanical constant can, with 
several precautions, be used for very small as well as 
dynamic displacements. In this manner the signal result
ing from an unknown mechanical vibration may be 
compared to the known vibration of the microphone 
diaphragm. In principle it is possible to carry out the 
measurement of the unknown as well as the known vibra
tion under equal circumstances, for instance by meas
uring the two signals alternately during a short time, 
fixed by the time constant of the detecting system. 

Thus the only possible sources of error are in the 
inaccuracies with which (i) the amplitude of both 
signals can be made equal, (ii) the applied ac voltage 
on the condenser microphone can be measured, and 
(iii) the sensitivity of the condenser microphone can 
be determined. This last contribution is the major source 
of errors owing to the fact that sensitivity is a func
tion of the varying bias voltage of the condenser 
microphone. This voltage is the sum of a constant 
battery voltage and the varying compensating voltage 
from the stabilizing circuit. To account for this effect, 
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we could measure the mean value of the bias voltage 
during calibration. This, however, is neither an elegant 
nor an accurate method. 

CALIBRATION 

We have developed an improved calibration procedure 
based on the measurement of dynamic sensitivity S as a 
function of voltage V. This function is determined once 
for any particular microphone. Each calibration of the 
measuring system then consists of the measurement of 
the photodiode current 1 caused by a suitable ac 
voltage Vc across the microphone at one value of its 
bias voltage V. 

We shall first derive the relation between a small 
displacement x and the photodiode current i. Then we 
shall derive an expression for the sensitivity S as a 
function of the voltage V. With the aid of this expres
sion we can find the proportionality factor in the first 
relation. 

The light intensity J of the interference pattern as a 
function of the path-length difference between the two 
beams is given by2·a 

J = Y.l(k1 + k2)Jo 

+ t-2(k1 - k2)J0 sin(27T/A)2(X + x), (1) 

where Jo is the intensity of the laser source, k1 and k2 

(0 < k1, k2 < 1) are constants depending upon the 
quality of the beamsplitter, the reflectivity of the mirrors 
and the order of the interference pattern (number of 
fringes); A is the wavelength of the laser light; X is 
the static and x the dynamic path-length difference 
between the two beams (see Fig. l). 

By varying the battery voltage Vb and thus the posi
tion of the diaphragm of the microphone, it is possible 
to satisfy the condition 

(2) 

where n is an integer. In the stabilized mode the adjusted 
value of X did not vary by more than 0.002A during 
15 min. 

In this case the light intensity is 

J = Y.l(kt + k2)Jo + Y.l(k1 - k2)Jo sin(47T I A)x, (3) 
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FIG. I. The light intensity of the interference pattern as a func
tion of the optical path-length difference. 

and thus the current /' through the photodiode is 
given by 

I' = I + i = Kj0Y2(k1 + k2) 

+ KJolh (k1 - k2) sin( 47T I A.)x, ( 4) 

where K is a conversion factor, I = Y2Kj0(k1 + k2) is the 
de, and i = Y2Kj0(k1 - k2) sin(47TIA.)x the ac com
ponent of the photodiode current. From Eq. (4) we also 
find that at maximum light intensity 

It= Kk1Jo 

and at minimum light intensity 

ld = Kk2Jo-

(5a) 

(5b) 

Unlike the constants K, k1 and k2 the currents It 
and Id can be measured directly, so we use Eqs. (5a) 
and (5b) to eliminate these constants in Eq. (4), 

I' = I + i = lh(It + /d) + lh(It - /d) sin(47T I A.)x. (6) 

The de component/ = lh(It + /d) can be compensated 
by a bias current through the photodiode. The system 
will stabilize at the resulting "zero level," and the 
remainder of Eq. (6) is the ac term 

(7) 

The amplitudes of the vibrations x, which we want to 
determine, are very small in comparison with A.I47T 
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(in our measurements x """0.002A./ 417'); hence, Eq. (7) 
becomes 

(8) 

If we add a small ac voltage Vc = Vc sin(21T ft) to the 
de bias of the condenser microphone, there will result 
a vibration of the condenser microphone diaphragm of 
Xc ~ ic sin(21T ft + <(>), <(>being the phase shift between 
voltage and displacement. We have to fulfil the 
requirement (see Fig. 1) ic ~ A./8 [in our measure
ments ic""" (l/SOO)(A./8)]. We find 

i = ~(It- ld)(41TXc/A.) 

with rms value 

l = ~Uc- Jd)(41T/A.)(xc/v'2). (9) 

It is obvious that Xc and hence Xc depend on the 
sensitivity of the condenser microphone S, defined by 

(10) 

where we assume vc ~ V (in our measurement 
vc ""' 10-5 V). 

The plot of the sensitivity S as a function of the 
voltage V may be determined as follows. We increase 
the temperature of the sample. In order to satisfy Eq. 
(2) we have to decrease the battery voltage V0 • To that 
end the de photodiode current I, which has to be zero, 
is monitored on an X-T recorder. In this way it is possible 
to keep the system at its .. zero level" mentioned above. 
(This X-T recorder is also used for the measurement 
of the currents 11 and Id and for the compensation of I 
by the bias current through the photodiode.) 

If we now keep Vc constant and plot the rms value 
las a function of V = V0 (180 V < V0 < 200 V) on an 
X-Y recorder, we find a straight line (Fig. 2). 

The expression of this line reads 

z = z1 + [(l2 - z1)/(V2 - V1)](V- V1). (11) 

Using expressions (9) and (10) and (11) we find 

S = - - i1 + 12 
-

11 (V - V1) • 
·2 . A v2[ " "' ] 

It ld 417' Vc V2 V1 
(12) 
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DISCUSSION 

For our condenser microphone (Bruel and Kjaer, type 
4145) we foundS= 4.0(V- 94) AN, which is in good 
agreement with Kwaaitaal.1 We carry out the calibra
tion by first adjusting the sensitivity of the system such 
that the current 18 caused by a sample vibration 
X 8 = X8 sin(21T ft) gives a suitable deflection of the re
corder pen. Then we adjust the voltage Vc such that it 
causes the same deflection. At the same time we meas
ure the voltage V. The amplitude x8 is now simply given 
by X8 = Svc. A series of 20 measurements of the same 
amplitude of about 1 A under different conditions 
resulted in distribution of the measuring points in an 
interval of ±2% from the mean value. After comparing 
this result with the laser specifications we concluded 
that the fluctuations in the power output of the laser 
were partly responsible for this distribution. 

I 

r 

v, 

-v 
FIG. 2. A plot of the photodiode current 1 as a function of the 
condenser microphone voltage V. 

An important advantage of this method is that calibra
tion may be carried out at the same frequency and the 
same amplitudes as the sample vibration. This means 
that the use of calibration towards higher frequencies 
is in principle no longer limited to the linear part of the 
frequency characteristics of the microphone and the 
electronic circuitry. One should realize that the sen
sitivity then becomes a function of the frequency. 
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resonance 
output 

battery 
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reference 
out put 

r,-;---.--J.-, 

FIG. 3. The new configuration of the interferometer. 

We would like to make a final remark. The fulfilment 
of the condition stated in Eq. (2) and the compensa
tion of the de component lh(/1 + ld) of the photodiode 
current compelled us to improve the stabilizing circuit. 
Originally it was designed according to the concept that 
low-frequency disturbances have to be compensated for 
by means of negative feedback via a low-pass filter. 

The new concept is to compensate for all frequencies 
except the frequency f of the signal that we want to 
measure. This is accomplished by making use of the 
notch available on the selective amplifier (PAR model 
210). The new configuration is presented in Fig. 3. In 
this way oscillations of the feedback system caused by 
frequency-dependent phase-shifts in the low-pass filter 
are considerably suppressed. 

We define a feedback factor {3 by 

{3 = 20 log [Vtf(Vt - Vc)], 

where Vt is a disturbing voltage and Vc is the resulting 
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voltage change at the output of the selective amplifiers. 
In our setup we use {3 = 26 dB, being a value at which 
no tendency to oscillations are observed and the result 
mentioned below Eq. (2) is obtained. 
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CHAPTER 4 STRICTIONS RESULTING FROM EDDY CURRENTS 

4.1 Introduction 

In conducting materials a second cause of strictions appears if 

the magnetostriction is measured by the modulation method described 

in chapter 2. In this class of materials the combined action of a 

de and an ac magnetic field gives rise to a striction of a sample 

that, in the case of good conductors, can be larger than the real 

magnetostriction. The origin of this striction can be explained as 

follows. According to the law of electromagnetic induction the ac 

magnetic field produces an e.m.f. of induction in the sample. 

According to Ohm's law a current is generated. The de magnetic field 

together with this current result in a Lorentz force acting on the 

sample. According to Hooke's law the sample will be strained. 

It is this striction that we want to compare with the strictions 

caused by the magnetostriction. The magnitude of the eddy-current 

striction can be calculated by means of the equations (8)-(13) of 

section 2 of this chapter. As discussed in this section the agreement 

between the calculated striction and the experimental result is very 

good. This means that an accurate prediction of the magnitude of the 

effect in a certain material under certain circumstances is possible. 

In the case of non-ferromagnetic conductors the eddy-current 

striction is one or two orders of magnitude larger than the real 

magnetostriction. This follows from acomparison of measured data 

on magnetostriction coefficients of Chandrasekhar and Fawcett46 ) with 

the calculated striction. They measured the magnetostriction of 

transition metals by acapacitivemethod. From their data on the 

magnetostriction constant m we calculated the striction to be expected 

from a sample 10 mm in length and 5 mm in diameter in a de field of 

0.581 T and an ac field of 0.0145 T (See Table I in section 2: pole 

position 1) • From equation 9 of section 2 we calculated the eddy

current striction to be expected for the same samples in the same 

fields at a frequency of 66 Hz. The values of Young's modulus, 

Poisson's constant and the resistivity were taken from Landolt

Bornstein
47

) and the Handbook of Chemistry and Physics481 • The results 

are given in table 4.1. From this table it follows that only for 

platinum and palladium adeterminationof the real striction might be 
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possible as it amounts to about 10% of the eddy-current striation. 

For these materials an accurate measurement of the phase between 

field and striction and an optimalization of the dimensions of the 

sample is necessary. 

We performed some measurements on eddy-current strictions in 

cylinders of copper gold, tin and aluminium. We compared the measured 

striction calibrated with the transducer, with.the striation eXpected 

from equations 12 and 13 in section 2 of this chapter. As the 

agreement between the two strictions is good, the measured values 

of the magnetic fields and the sensitivity of the transducer are 

probably good as the inaccuracy of the measured values of the length 

and diameter of the sample and of the freq'+ency is very small. 

This good agreement between experiment and theory inspired us to 

Table 4.1 
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oB1 
t\l=mH 1a01 t\1=-~ s0 - b21 

m(in 1o-21m2A-2) 4pE llt 

(in to-15m) (in 10-12m> 

Ti -0.22 - 12 1.7 

Zr -1.2 - 64 2.9 

v 1.3 71 2.0 

Nb 1.1 61 3.8 

Ta 0.39 21 3.3 

Mo 2.2 119 3.9 

w 0.58 31 2.8 

Rv -0.28 - 15 1.6 

Rh 2.2 12 3.4 

Pd -7.9 -420 6.6 

Ir 0.76 40 2.0 

Pt -6.3 -340 3.6 

Comparison of real striction and eddy current 

strictions in some transition metals (calculated} 



design a new method to determine Young's modulus and Poisson's ratio 

of small pieces of conducting materials. This new method is described 

in the paper given in the next section. 

4.2. DETERMINATION OF YOUNG'S MODULUS OR POISSON'S RATIO 

USING EDDY CURRENTS 

Article accepted for publication by Experimental Mechanics. 

Young's modulus or Poisson's ratio of a small conducting specimen can be 

determined by a new method using the strains caused by eddy currents in a 

magnetic field. 

Th. Kwaaitaal, 

Eindhoven University of Technology, 

Department of Electrical Engineering, 

P.O. Box 513, 

Eindhoven, The Netherlands. 

Abstract 

A.J.G. Schoofs, 

Eindhoven University of Technology, 

Department of Mechanical Engineering, 

P.O. Box 513, 

Eindhoven, The Netherlands. 

Combined a-c and d-e magnetic fields cause strains in a conducting sample. 

The amplitude of this strain is dependent on the value of Young's moduius 

and Poisson's ratio. The strain amplitude, being in the order of 10 pm, can 

be measured with a stabilised Michelson interferometer, described elsewhere1 ' 2 ' 

An expression is derived, relating the axial strain in cylindrical samples 

to the magnetic field quantities, the elastic properties and the electrical 

resistivity of the sample. 

The finite-element method is used to treat mare complicated configurations. 

Samples of aluminium, copper, gold and tin are used far comparing the 

measured and calculated results. To this end the elastic properties of the 

capper samples were also determined from measurement of the ultrasonic wave 

velocity. The agreement between both methods is very satisfactory. 
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List of symb<?ls 

a,b 

E 

E 

F 

G 

H 

J 

1 

t 

u,v,w 

y 

11 

p 

r,e,z 

inner and outside radii (ml 

magnetic induction {T) 

Young's modulus (Pa) 

field strength (Vm- 1) 

body force (Nm-3) 

= shear modulus (Pal 

= magnetic field strength (Am-
1) 

current density (Am -
2) 

sample length (ml 

time coordinate (s) 

displacements in r, e and z-directions, respectively (m) 

longitudinal and transverse wave velocity (ms-l) 

shear strain 

strain 

Poisson • s ratio 

electrical resistivity (Om) 

= mass density (kgm-3) 

= stress (Pa) 

= shear stress (Pa) 

=circular frequency (rad s-l) 

as subscripts designate radial, circumferential and longitudinal 

directions, respectively 
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Introduction 

The method described in this paper arose from a procedure used to 

calibrate the amplitude of picometer vibrations measured with a stabilised 

Michelson interferometer, Such an interferometer is electronically stabilised 

against drift of thermal origin and can be used to measure vibrational 

amPlitudes as small as 0.08 pm
1

• Usually the amplitude of such vibrations is 

determined by comparison with that of vibrations exhibited by a calibrated 

piezoelectric crystal. Measurement of magnetostrictive effects, however, 

entails calibration, including the a-c and d-e magnetic fields needed in 

this case. Although these fields may be measured by other methods, i.e. the 

Hall effect and the voltage induced in a coil, an alternative method of 

measurement is valuable as it gives an indication of possible systematic 

errors. Such calibration, including the magnetic fields, is found by the use 

of a conducting sample in which eddy currents are generated by the a-c 

component of the magnetic field. The d-e component of this field exhibits a 

Lorentz force on these currents. This force causes an a-c deformation of the 

sample, the magnitude of which depends on its elastic properties. In the case 

of common values of magnetic field strength, elastic properties and electrical 

conductivities of the sample, this deformation can be measured with sufficient 

accuracy. As it proves that the two methods give the same results and 

consequently, that systematic errors are negligible, the procedure can be 

reversed and used to determine the elastic properties of the sample. 

The well-known method of determining the elastic properties of solids by 

measuring the velocity of ultrasonic waves was used in our experiment. 

In the first section of this paper an expression will be derived for the 

axial displacement of a cylindrical sample in an axial a-c and d-e magnetic 

field. The second section is devoted to the comparison of calculated and 

measured displacements. 

The influence of the skin effect will then be discussed since it attempts 

to disturb the eddy-current distribution in the sample. Finally the merits 

of the method will be discussed. 

It is assumed that the principle of the magnetostriction measurement with 

the stabilised interferometer is known. Details can be found in reference 2. 
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The displacement of a cylinder in an axial magnetic field 

The geometrical configuration of the sample in the field is given in 

figure 1. cylinder coordinates are used as indicated in the figure. In 

calculating the displacement in the z-direction an'infinitesimal element 

of the cylinder indicated in figure 2 is considered. An eXpression for the 

body force F on this element is derived and then the system of ~ations 

formed by 

1. the equilibrium equations, 

2. the strain-displacement relations, 

3. the constitutive equations 

is solved. 

To find an eXpression for the body force, the integral form of the law of 

electromagnetic induction is applied to the circular circuit, with radius r 

drawn about the center axis of the cylinder and shown as a shaded area in 

figure 1. 

211 

f (1) 

0 

Here ~ is the circumferential field strenqth induce(! by the axial a-c 

mirror 

Figure 1: The position and suspension of the sample relative to the magnetic 

fields. 
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magnetic induction s 1• Inside the circle (r < r 0} the field strength equals 

(2) 

and thus the current density J6 is given by 

(3} 

where P is the resistivity of the sample. The Lorentz force Fr on an 

element with volume rdrd6dz, resulting from the action of the d-e magnetic 

field B on the current is 
0 

and thus 

l' 
r 

while F8 and Fz are both zero. 

(4) 

The relevant equations of equilibrium in cylinder coordinates can in the 

case of axial symmetry, be written as 

Figure 2: Infinitesimal element of the cylindrical sample and the relevant 

forces. 
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ac ac c -c 
_!!.+__.!!.+~ +F =0 

r z r r 

aa a 
+__!!!.+~=0 

r z r 

Hooke's law is written as 

E rr tt zz 
,.l{a -V(C! +O )} 

"tt i {0 tt -v (arr+0 zz)} 

a rz 

while the strain-displacement relations are 

= ::r •rz = t~:~ + ·:~) 

(5) 

(6) 

ur 1 aut 
•tt • -r + r- Ta <7> 

au 
e • _z_ 
zz az 

In these equations a ij and e ij are respectively the stress and the strain 

acting on the plane i in the direction j. The displacements in the radial, 

tangential and axial directions are indicated by ur, ut>and uz respectively. 

Solving the equations, assuming a plane strain situation the displacement 

in the axial direction is 

(8) 

for the case of a hollow cylinder with inner and outer radius a and b, 

respectively. 

For a solid cylinder the displacement is 

(9) 

In the the case of plane stress the displacement of .a hollow cylinder is 

(10) 

and for the solid-cylinder 

(11) 

Assuming that the mirror glued to the sample shows the mean displacement 

over the surface, eq. (10) gives 
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211 b 
f f u rdrde 

~ + :~) b2
1 

z 
<u > 0 a ..2._ B (12) 

z 2n b 4pE o 

f J rdrd6 
0 a 

and, for the solid cylinder, 

- _v_B 
oB

1 b2l (13) <u > Tt z 4pE o 

L0~-----------------------------1 

1.0 
r 
b 

Figure 3: Plot of the ratio of the axial displacement uz and the mean displace

ment <uz> as a function of radius r. curves 1 ,2 and 3 refJir to 

eq. (14) with different values of a/b, i.e. 0.0, 0.5 and 0.8. 

curve 4 gives the results of a finite-element calculation for a solid 

cylinder. curve 5 is the curve for constant strain. In all cases 

Poisson's ratio equals 0.35. 
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FOr evaluating the depen4ence of ~z on r in the plane stress condition 

a plot of the factor 

I 
2 v+1 r2 

~z v+3 V+3~ 
<U'>•T 1 - 2 

z 1 + .!!... 
b2 

(14) 

in eq. (10) and (12) is made as a function of r/b for different val~s of 

a/b (figure 3). 

Experimental evaluation of the formulas 

To verify the form~as the displacements ~~~ are measured of four different 

metals in four different configurations and at ten different values of the 

product B
0

B1. 

The materials used were copper, 90ld, tin and aluminium. The four different 

configurations are shown in fi9Qre 4. Standard dimensions were length 1 = 10 llll!1 

outer diameter b = S mm, inner diameter a • 4 mm, height of stud or rim 

12 = 1 mm, thickness mirror d " 1 mm. Apart from the displacements, the a-c 

and d-e magnetic fields, the values of Young's mod~us and Poisson's ratio 

and the electrical resistivity were measured, The axial displacement is 

I 

-$-
I e -· ·-

1 -

I 

® - -, 

I 

Figure 4: Configurations of the different samples with mirrors 

a: solid cylinder; b: hollow cylinder: 

c: solid cylin4er with rim: d: solid cylinder with stud. 
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calculated from these last five figures and the dimensions of the sample and 

compared to the measured value. 

The value of the d-e field was determined by a Hall-effect gaussroeter. 

The value of the a-c field was determined by placing a coil of the same 

dimensions as the sample in place of the sample and measuring the induced 

voltage with a lock-in amplifier. 

Ten different values of the product where obtained by changing the 

distance between the poles of the electromagnet used at constant a-c and 

d-e current.The resulting values of B
0 

and s
1 

are given in Table !.Position 

1 of the poles corresponds to a pole distance of 34 mm. The decrease in 

Table I: Values of magnetic induction as a function of pole distance. 

I Position Bl(T) 
POles 

B
0

(T} I 2 
B0Bi { tT j 

1 o.,0145 0.581 8.42X 1 o-3 
2 0.0149 0.599 8.93 .. 
3 0.0154 0.617 9.50 II 

4 0.0159 0.638 10.1 .. 
5 0.0165 0.660 10.9 n 

6 0.0170 0.681 11.6 " 
7 0.0176 o. 706 12.4 " 
a 0.0182 o. 731' 13.3 

n 

" 9 0.0188 I 0.758 14.3 
" 10 0.0195 

I 
0.788 15.4 n 

11 0.0201 0.819' 16.5 If 

distance from one position to the next is 1 mm. The frequency of the a-c 

field is 66 Hz. 

The value of Young's modulus and Poisson's ratio for,copper were determined 

by the ultrasonic pulse-echo-overlap method. This was done because quite 

considerable differences are found in literature on values of Young's modulus. 

The sample used for this measurement was a copper cylinder lathed from 

the same piece of material as the sample used for the displacement measurement. 

It was 49.5 mm in length and 30 mm in diameter. 

The frequency of the longitudinal waves was 2.3 MHz and their velocity was 

4760 ms- 1• The frequency of the transverse waves was 4,2MHz and their 

velocity 2260 ms- 1• Young's modulus and Poisson's ratio were calculated using 

the formulas 

E (15) 
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Table II: Co!!lParison of calculated and · measu:red displacement. of a 

coppe:r cylinde:r as a function of pole distance. 

I axial disJ2l&eement (li!!!!) 

position measu:red calculated :ratio 
poles 

1 8.05 9.27 1.03 
2 8.53 9.77 1.03 
3 9.01 9.33 1.04 
4 9.68 9.92 1.02 
5 10.4 10.7 1.03 
6 11.1 11.4 1.03 
7 12.0 12.2 1.02 
8 12.6 13.1 1.04 
9 13.7 14.0 1.03 

10 14.9 15.1 1.02 

whe:re pm is the mass density of the solid. The accuracy in Young's modulus 

due to e:r:ro:rs in the dete:rmination of sample length, specific mass and 

travel time of the waves was estimated to be better than 0.5 pe:rcent, 

The electrical resistivity was dete:rmined by a four-point p:robe method. The 

values found did not differ f:rom those in literatu:re. 

The dependence of the :results on the pole distance is given in Table II 

for the copper sample with the stud removed as shown in figu:re 3d. The length 

of this sample was 9.04 llllll. The values of p, E and " a:re as given in Table 

III. The results for other samples are given fo:r the value of B
0

B1, 

co:rresponding to position 1 of the poles. 

The measured displacements of copper, gold, tin and alUlllinium samples of 

configuration 4a are cOJ!lPared with the values calculated from eq. (9) 

or (13). The :results are tabulated in Table III. 

The dependence of uz on the frequency Of the modulating field was 

examined by repating the measurements at a frequency of 33 and 132 Hz. The 

:results are shown in figure 5. They are measured fo:r a single crystal of 

copper with the configuration shown in figure 4a and with the <111> axis 

oriented along the axis of the cylinder. These figures apply to position 

of the pole distance of the electromagnet. 
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Table III' c~ariaon of calculated and measured·displacement of solid 

cylinders of differing materials. 

~ia\ 4bi;>1acement <pmJ 

0 E " measured calculated ratio 

(10-s 11m) (1o10Nm-2) I 

cu 1.67 12.4 0.35. 9.16 9.35 1.02 
Au 2.19 7.9 0.42 6.07 4.77 0.94 
sn 11.5 5.0 0.33 3.40 3.13 0.92 
Al 2.65 7.02 0.34 10.5 10.0 0.95 

If experiments on configuration 4b are compared tc calculations according 

to eq. (12), the agreement is not good. The same applies to experiments 

on configuration 4c and 4d compared to calculations according to eq. (11). 

In the calculations it is assumed that, in configuration 4c, the mean 

displacement of the rim of the cylinder will be measured and the same 

assumption applies to the mean displacement of the central part of the 

cylinder in configuration 4d. 

1 5 

~ 

;; 
v 

~ 1 0 
v 
~ 

0. . 
" . 
:; 

so 100 
frtquency (Hl) 

Figure 5: Frequency dependence of the axial displacement uz of a cylindrical 

single crystal of copper. 

I SO 
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ln the case of configuration 4b the discrepancy is mainly due to the 

elastic properties of the mirror, while in configurations 4d the 

assumptions of plain strain or plain stress are the main origins of 

discrepancy between calculation and measurement. To overcome this difficulty 

a finite-element calculation is made of the displacement uz as a function of 

the radius r of the solid cylinder of configuration 4a. The results are 

shown in figure 3 and Table IV. The displacement in the case of ccnfiguration 

4b is also calculated by the finite-element method. In this "analysis the 

elastic properties of the mirror are also taken into account. 

These are: E = 6xlo-10 Nm-2 and v = 0.24 

The results are shown in Table IV. 

Table IV: Comparison of calculated and measured displacement of copper in 

different configurations. 

axial displacement (pm) 

Configuration measured calculated 

4b 24.1 24.07 
4c 9.37 9.42 
4d 11.3 11.58 

Influence of the skin effect 

The skin effect is the limitation of the penetration of electromagnetic 

waves in a conducting material. As s result the field strength and thus 

the currents induced in the cylindrical sample will not show a linear 

dependence on radius r. 

In many cases the skin effect is expressed in terms of the skin depth d, 

giving the decay of an electromagnetic wave to its 

penetrates a conducting medium
3

• The skin depth d 

e-1 value where it 

-~ for copper at a ~~. 
frequency of 66 Hz equals 14 mm. As the dimensions of the sample are in the 

same order of magnitude an accurate calculation is necessary. The nonlinearity 

in the field strength E8 will be determinee by calculating the" deviation of 

E6 at the surface of the cylinder from its value found in eq. (2) 

Maxwell's equations read: 
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'7xii E 
<) 

II.E 0 

(17) 

vxii aii ll.ii 0 - 3t 

The divergence ofE and Hare chosen as zero because a solution is sought 

inside a homogeneous conductor having no free electric or magnetic 

charges. 

Cylinder coordinates are used as defined in f!gure l.The r-, e- and z-

components of the Maxwell equations in cylinder coordinates are: 

l 
aa

6 
E 

l 
i)E aE

6 r z 
r az= p r Ta- az= -\1 

a a a a i)E 3E iia0 
......!._ z 

az ~= _..x:. 
- ...J. 08) 

az ar -\1 -vt 
1 { a - ":~} = 

E 

~ {~! -a:~}= 2. (rE
6

1 -;: a;; p 

From symmetry we find = 0 and, if ~e neglect the influence of the finite 

a 
length of the sample,we can state a1i 0. The set of equations reduce to 

E 0 H = 0 r r 

ae Ee ae
6 z + (18a) -Tr= ll Tt 

-2. (rE ) 
aH a 

{rHel 
z 

r ar p r ar e -!1 Tt 

In order to find the dependence of E
6 

on Hz the second and sixth equation 

are combined. Eliminating E6 and assuming a purely sinusoidal behaviour of 

the field stren,th leads to the lifferential equation 

1 3Hz jw11H 
+ - -- - __ z_ = 0 and if we put p 2 

r ar p 

2 
a az 1 
--+-

2 r 
ar r 

This is a zero-order Bessel. function with argument pr, so that the general 

solution is 

(19) 
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(20) 

The inteqration constant C may be found from the consideration that Hz • H1 

if r • r
0

, so that 

H1 -cJ 
0 

(pr 
0

1 and thu"' 

Jo(pr)-

Hz • 111 Jo(prol 

and 

Jl (pr! 
Ee •- PP Jo(prol 

(19a) 

(20a) 

Expectinq small values for the argument pr, a power-series expansion 

3 for J
0

(pr) and J 1 (pr) can be used 

2 4 
J

0 
(pr) = 1 JF!.L + JF!.L -

4 64 

Jl(pr) = l?f {1- (p~l2 + (l~;4- ...... } 

EA can now be written as 

E • -e 

If only the zero-order terms of this expansion are taken, then 

as expected. 

Usinq numerical values: 

-1 

"' . 21tX66rads 

4-rrx1Q-? As V-l -1 
]J " m 

-a 
p 1.67x10 Om 

-3 
r 2.Sx1Q m 

0 

the value of Ee at r = r
0 

becomes_ 
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jw~r~at {~+j0.0244-t.9s~to.-4 } 
2 1+jU.0.488-5.94'xtO. 4 

From this result it can be concluded that the skin effect is of no influence 

on the previous comparison between measured and calculated values. 

Discussion and conclusion 

From the foregoing sections it follows that the interferometric measurement 

of strains resulting from eddy currents offers a new way to determine the 

elastic properties of conductive materials. Although the ultrasonic-velocity 

method of measuring elastic properties is very well established and a great 

deal of work has been done to refine and optimize it, a comparison of this new 

method with the ultrasonic one is made as both of them have the advantage 

that only small pieces of materials in the order of 10-6 m3 are needed-.It must 

be admitted that the absolute accuracy obtainable with the ultrasonic method 

is much better. It will be quite difficult to increase the accuracy of the 

new method to better than 1 percent due to the number and accuracy of the 

variables involved. A second drawback of the new method is that it measures 

the quotient of Poisson's ratio and Young's modulus. This may be overcome by 

looking for a configuration where these constants appear in different 

combinations in the formulas. From the plain-strain calculation it follows that 

for a solid cylinder the radial displacement 

( l+v) (l-2v) 
8(1-v)l'! 5o 

implying that a-measurement of ur gives a second independent relation between 

~ and E. This, however, is not satisfactory because the plain-strain 

calculation is an approximation. From the finite-element method it was found 

that the radial displacement ur at the free end of the solid cylinder is 

proportional to 1/Vl'!. Both Poisson's ratio and Young's modulus can be 

determined in this way • 

The main advantage of the new method is that the demands on flatness surface 

are quite low. 
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While the surfaces of the ultraSJOnic: sample have to be flat and parallel 

to within at least one tenth of the ultrasonic wavelength, which equals 

15 pm for 30 MHz longitudinal waVes in copper, the new method demands only 

that the dimensions of the sample can be determined to an accuracy of about 

percent. 

A second advantage of the new method compared to the ultrasonic one, is in 

the use of l,.ow frequencies. Although in general no dispersion takes place, the 

difficulties encountered with the ultrasonic method should be mentioned-in the 

case of ferrites, where the movement of Bloch walls affects the elastic: 

properties, these walls being too slow to respond to the ultrasonic signals. 

A general conclusion is that the new method can be used in those special 

cases where the ultrasonic method is not applicable. 
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CHAPTER 5 MEASUREMENTS ON BISMUTH, NICKEL ALUMINIUM FERRITES 

AND MISCELLANEOUS MATERIALS 

5.1 Measurements on bismuth 

Bismuth was taken as a suitable material for striation measurements. 

It is diamagnetic and has a relatively large magnetostriction. This 

was discovered by Kapitza in 193449- 54 ). He applied a field as large 

as 30 tesla during a short time to cope with thermal expansion. 

Kapitza's results together with the availability of large single 

crystals make it an attractive material for testing the interferometer. 

A survey of the properties of bismuth is given in Table 5.1. As 

bismuth has a trigonal crystal structure and the magnetostriction in 

diamagnetic substances is a quadratic effect, there are only two 

independent magnetostrictive constants, m11 in the direction 

perpendicular to the trigonal axis and m33 parallel to the trigonal 

axis57
). The values of the magnetostrictive constants were given by 

Kapitza as a function of temperature by the relations 

where T is the absolute temperature in K. The accuracy was reported to 

be 6 

Wolf 

to 8%. The measurements of Kapitza were repeated and extended by 
58) and Goetz for pure and alloyed bismuth. They report values of 

-111 x 1o-2lm2A-z and m33 = 90 x 10-2lm2A- 2 for pure bismuth 

at a temperature of 298 K. They quote an uncertainty of 10% for these 

values. 

Our measurements were performed on six different single crystals 

of bismuth. Three crystals, labelled I, II and III with the trigonal 

axis parallel to the rod axis and three crystals, labelled IV, V and 

VI with the trigonal axis perpendicular to the rod axis. A survey of 

the dimensions and magnetostrictive constants measured are given in 

Table 5.2. A comparison of the results of Kapitza,Wolf and Goetz and 

the present work is given in Table 5.3. 

The differences in the results shown there cannot fully be 

explained by the inaccuracy of the measurements. Three possible 
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sources must be considered: {i) the quality of the single crystals, 

(ii) the influence of eddy currents and {iii) the differences in 

fieldstrength used by different experimenters. 

(i) our crystals were provided by Highways International (P.O.Box 

143, 3740 AD BAARN, the Netherlands). The purity specification is 

4 N and the crystal axes are within ~ 4% parallel to the cylinder 

axis. The perfection of the single crystals was confirmed by visual 

inspection, showing dim and bright stripes on the cUrved surface of 

the cylinder, and by the Laue back-reflection photographs taken to 

examine the exact position of the axis, showing bright sharp spots. 

(ii) In view of the value of the conductivity of bismuth we must 

consider the effect of eddy currents. We shall apply the equation 

Atomic Number 

Atomic Weight 

Mass Density 

Space group 

structure 

Melting point 

Electrical resistivity 

Modulus of elasticity 

Elastic constants 

Poisson's constant 

Magnetic susceptibility 

Coefficient of thermal expansion 

z = 83 

209 

9800 kgm-3 
- 5 R3m (D3d) 

trigonal {rhombohedral) 

a = 0.454590 nm 

c = 1,186225 nm 

544,3 K 

115 X 10-8 Qm (T 

3.42 X 1010 Nm-2 

6.28 X 10 10 

3.50 x wlo 

c13 2,11 X tolo 

C}lf 0.41 X 101o 

C33 4.40 X 101'0 

Cqq 1.08 x aplO 

c66 1. 39 X 101o 

v = o. 33 

Xm = -200 x 10-6 

a = 12.4 X 10-6K-l 

293 K) 

Nm-2 

Nm-2 

Nm-2 

Nm-2 

Nm-2 

Table 5.1 Some Properties of Bismuth (T 300 K)55,56) 
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for the axial elongation uz of a solid cylinder in the axial fields 

Bo and a 1 {see section 4.2). Although this formula is derived for a 

polycrystalline material it will appear that the correction to be 

made is such that no accurate knowledge of this effect is necessary. 

The striction of crystal II was measured as a function of the 

separation of the poles of the electromagnet (see section 4.2). 

The values of the ac and de fields are as given in the Table of 

section 4.2. Table 5,4 gives the results of the measured values 

of the striations and the calculated values of the eddy currents 

striations. Although the eddy current striations amount to 15% of 

the measured values of the striation, the difference between measured 

striction and real striation is less than about 1%, due to the fact 

that the eddy current striction is 90° out of phase with the real 

striction {see figure 5.1). 

We measured the value of the phase shift ~ at crystal no.4. This 

crystal was used in another experiment in which it was bended along 

its cylinder axis. After this experiment the measured striation was 

decreased by about a factor of two while Laue photographs showed 

blurred spots indicating deviations from crystallinity. The angle ~ 

in figure 5.1 was calculated for the fields given for pole position 

11 in table II of section 4.2. This resulted in a value of~= 14°, 

while the measured angle was 11°. It appeared that the difference 

could mainly be attributed to the magnetoresistance of bismuth. 

Consideration of this effect leads to a value of ~ 11.6_0
, being in 

good agreement with the measured value. 

I 

II 

III 

IV 

v 
VI 

Table 5.2 

l{mm) 1> (mm) .m11 .m33 

(10-2l.m2A -2) ~0 -2l.m2A-2) 

10.7 5.8 - 84 

11.0 5.8 - 78 

11.0 5.8 - 77 

7.5 5.8 -92 -
10.8 5.8 -86 -
11.2 5.8 -90 -
Sample dimensions and observed magnetostriction 

constants of single crystals of bismuth 
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(iii) As a third explanation for the differences in the results 

found by Kapitza, Wolf and Goetz and our experiments the deviation 

from an exact quadratic relation between field and striation must be 

considered. The measurements of Kapitza were made at a maximum 

induction,of 30 tesla, while his lowest induction, giving a 

significant striction,is about ltesla. Wolf and Goetz used fields 

from about 1.5 to 2.6 tesla, while our measurements were performed at 

fields from 0 to 2 tesla. Especially the tendency of the magneto

striation constant m33 to decrease with decreasing fieldstrength 

indicates a deviation of the exact quadratic relationship between 

field and striation at large values of the field. Deviations of the 

square law relation were found by Kapitza for the magnetostriction 

constant m11 at low temperatures (<160 K) and high fields (>10 Tl. In 

our measurements the linear behaviour of A1 against Ho indicates a 

quadratic relationship within 2% between A and H for fields below 

1 T, in the range from 1 T to 2.3 T within 5%. 

I 

I 

I 
I 
I 
I 

~~--------~AM 

Figure 5.1 The phase relationship between the magnetostriction AM, 

the eddy current striation AE.C. and the measured 

striation Am 

roll m B 
33 

( 10-2lm2A-2 ( 10-21m2A-2 J (T) 

Kapitza 

Wolf & 
Goetz 

present 
work 

Table 5. 3 

98 

-110 101 30 T 

-111 90 ~ 2 T 

- 90 80 < 1.5 T 

Comparison of magnetostriction constants 

found by different experiments 



position 
of poles 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

Table 5.4 

striction eddy current 
measured L'.l striction wu 
(1o-I2m) oo-I2mJ 

4.6 0.67 

5.0 0.71 

5.3 0.75 

5.6 0.80 

6.0 0.86 

6.4 0.92 

6.9 0.98 

7.4 1.05 

8.1 1.13 

8.7 1.12 

Measured striction and eddy current striction of 

single crystal of bismuth (no.2) as a function of 

the distance of the poles of the electromagnet 

5.2. THE MEASUREMENT OF SMALL MAGNETOSTRICTIVE EFFECTS 

Conference proceedings SMM 3, Bratislava 1977. 

The measurement of small magneto~t~ictive effects. 

Th. Kwaaitaal and W.M.M.M. van de Eijnden, 

Eindhoven University of Technology, 

Department of Electrical Engineering, 

Eindhoven, Netherlands. 

A survey is given of some cases in which magnetostriction can be 

measured with a new dynamic method. 

By this method, published elsewhere1•2 •3) the sample is placed in 

a magnetic field H
0 

whose induction is slowly increased from 0-2 1esla. 

On this field is superposed a small ac modulating field H1 of the order of 

1000 Am- 1• Two strictions will arise out of these fields, a slowly changing 

A
0 

corresponding to the field H
0 

and an ac striction A1, corresponding to 

the ac modulating field a 1• This situation is presented in figure 1. In the 

case of paramagnetic magnetostriction it is difficult to measure A
0 

as in 

general it is much smaller than the change in dimensions AT due to normal 

temperature fluctuations. As an example we mention that the A
0 

of gold in 

a magnetic field of 1T is as large as its AT resulting from a temperature 
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-6 change of 7X10 K. To avoid this difficulty we measure ~~ and it is easy 

t9 prove that ~ 1;a 1 equals the derivative of the ).0-H0 curve so that, upon 

integration of this quantity, the original curve is restored. The 

t. 
1 

mod.coils 

Figure I: a) The sample between the poles of the electromagnet and the 

modulation coils. 

bl The relation between !1.
0 

and H
0 

and between A1 and a 1• 

TABLE 1 

The de and ac magnetostriction 1.: and ~ ~, the stric:tion A EC due to eddy 

currents. The 1-
8 is due to inhomogeneous fields and the 'magnetostriction 

2). 0 constant m ; - 2-
H 

0 

cu Bi (.Lc-axis) Ni .<111> MnF2 

AM 48X1Q 12 -o.usx1o - 6 -31><10-0 \! 0.177"10-6 
0 

AM 0,48X10-12 -l1,5X10-10 +27xto- 10 (! 
18"10-10 

I 
92XI0-IO 5,4X1Q-lQ 14X1Q-!Q -----

As ----- ----- 39xto-10 2.4X1Q-lQ 

m 0.03SX10-~I (4 ' -91x1o-:a (31 ----- 68XIQ-21 

measurement of A. 1 is done with a Michelson interferometer. It is stabilised 

against temperature changes and acoustic vibrations, except those with the 

frequency f 1 of the modulating field. This results in a sensitivity to 

vibrational amplitudes of frequency f 1 as low as 10-13 m. This is sufficient 

to determine magnetostriction in various types of materials. 

We must,however, be careful in interpreting ac magnetic measurements. 

Vibrations of samples by ac magnetic fields can also result from two other 
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sources, eddy currents and inhomogeneous fields. The strictions ~EC caused 

by eddy currents are troublesome in materials with a high conductivity and 

the striations ,s caused by inhomogeneous fields can play a role in 

materials of high susceptibility. 

As examples we present the results for some characteristic materials 

in Table 1. These figures are related to a cylindrical sample 10 mm in length 

and 5 mm in diameter. The inhomogeneities are assumed to be 5% for both ac 

and de fields. The temperature is 300 K, the frequency of the ac field 66 Hz 

and the values of the de and ac fields are 2T and 10-
2
T, respectively. 

The figures for copper show that there is no chance to detect the 

true magnetostriction A~ in copper •. Due to the high conductivity of copper 
• M M 

is very large. For the calculation of A and A
1 

we used the value of m 
4) 

0 EC . 
given by Fawcett • The indicated values of A were calculated using the 

formulae 

2 2 
Ec 1!fl\loH1Hor " 

A a ' 
J 2pY 

where \10 is the permeability of free space 

r is the radius of the sample 

p is the electrical resistivity 

y is the elastic modulus and 

\) is Poisson's constant 

In spite of the indicated data for bismuth an accurate 

determination of AJ.! is possible. In the first place the experimental 

(1) 

values of A EC are lower, in the second the diameter of the sample can be 

decreased and last, but not least, the AEC is 90° out of phase with A7. This 

opens up the possibility of discriminating by using a phase-sensitive 

detector. The agreement between our measured values of AM for Bi and those 

given in literature3
) is excellent. 

The data for nickel indicate the possibility of measuring the 

forced magnetostriction of nickel. The values of A~ and AM are given by 
5) s 0 

Fawcett • The A is calculated using the formulae 

AS = l ....l(._ (1-g g ) BoHl 
Y t+x o 1 

(2) 

where x is the susceptibility, and g
0 

and g1 are the ratio of the fields at 

the top and the bottom of the cylindrical sample. For estimating purposes 

the value of x has been taken as 1 and g
0 

and g1 are taken to be 0.95. 

Careful designing of the magnetic system may decrease the value of ls by a 

factor of 10 or more. For the value of lEe the same arguments count as in 

the case of bismuth. 
M M The data for MnF2 show a measured value of A1 and thus of A

0 
and 

m. The influence of As is negligible. In this insulator the value of x at 

room temperature is 11.6X10-3• 
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We may conclude that this method is eminently suitable for the 

measurement of paramagnetic materials with low conductivity and normal to 

low susceptibility. 
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5.3. THE MAGNETOSTRICTION OF ALUMINIUM SUBSTITUTED NICKEL FERRITES 
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Abstract:The room temperature magnetostriction constant x111 of the system 

NiFe2_xAlxo4 is determined for 0 < x < 0.3. An unconventional system is used 

for the magnetostriction measurements. The growth, composition and saturation 

magnetization of the crystals are discussed. The values of x = 0 are in good 

agreement with those given in the literature. The saturation magnetostriction 

decreases with increasing aluminum content~ 

Introduction 

In a recent article [1] it has been shown that in monocrystalline 

Ni(Fe,Al) 2o4 films, grown in tension by liquid phase epitaxy (LPE) on 
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(lll)-ZnGa
2
o4 substrates, a stress-induced uniaxial anisotropy is present. 

This uniaxial anisotropy K~ results from the stress a in the film and from 

the rnagnetostriction constant 1111 of the film: K~ • -3/2A111a. In order to 

calculate K~ for films with different values of a we must know Alll as a 

function of the aluminum content of NiFe
2

_xAlxo4 • So far only data on 

A
100 

and A
111 

for pure NiFe2o 4 [2] are known from literature while only 

qualitative information is available for the aluminum substituted nickel 

ferrites as regards the saturation magnetostriction constants [3]. In this 

article the room-temperature magnetostriction constant A111 is determined 

as a function of the aluminum content in NiFe2_xAlxo4 single crystals, using 

an interferometric method [4]. 

The growth of nickel ferrite-aluminate single crystals 

Single crystals were grown from a Pb0-B2o 3 flux by slow cooling. The 

melt composition 1 PbD-0.32 B2o
3
-0.23 NiFe2_xAlxo4 (moles), contains 

considerably more than the one used by Rybal'skaya et.al. [5] for the 

growth of pure NiFe
2
o

4
, that is 1 Pb0-0.07 B

2
o

3
-0.23 NiFe2o4 (moles). The 

saturation temperature of this melt is reported to be 1250°c. We have 

chosen a higher s
2
o

3
.content in order to reduce the evaporation of PbO and 

to diminish the corrosion of the platinum crucibles. We have used melts 

with compositions of x • 0, 0.15, 0.30 and 0.45 in 25ml platinum crucibles. 

By cooling these melts from 1300 to B00°C at a rate of 2°C/hr and after 

f-tt:LT LAlJ crystal abulk a 
surface 

magnetization 

(atoms Al per form .. unit) (nm) 103 Am -l (Gauss) 

A 0 0 0.!:!335 0.8336 229 

B 0.15 0.09 0.8321 0.8324 201 

c 0.30 0.22 0.8303 0.8306 145 

D 0.45 0.38 0.8284 93 

E 0.60 0.29 0.8296 0.8300 120 

Table I: Data on composition, lattice constant and magnetization for 

NiFe2_xAlxo4 single crystals grown from a Pbo-B2o
3 

flux (A-D) 

and from a Pb
2

P
2

o
7 

flux (E). 

l 

i 
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leaching away flux residues in a mixture of hot dilute acetic acid and nitric 

acid, octahedrally shaped crystals up to 4 mm in dimension along the edge 

(x 0) were obtained. Since the dimensions of the crystals obtained from 

the melt with x = 0.45 were less than 1 mm we have also grown crystals from 

a Pb2P2o7 flux using the same growth procedure. A melt composition of 

0.4 Pb2P2o7-0.6 NiFe 1• 4Al0 •6o4 was used. Single crystals with dimensions up 

to 3 mm were obtained. 

Analysis of the single crystals 

The composition, lattice constant and saturation magnetization of the 

nickel ferrite-aluminate crystals were analysed. The results are presented 

in Table I. 

The compositions were determined by electron microprobe analyses. The 

concentrations were calculated with the aid of a computing program using the 

measured intensities of pure Ni, Fe, Al and Pb as standards. On comparing 

the results thus obtained with sintered internal standards of NiFe2_xAlxo4 

with x 0.0, 0.5 and 1.0 the degree of accuracy was found to be better than 

0.02 atoms per formula unit. 

The crystals proved to be stoichiometric nickel ferrite-aluminate within 

the accuracy limit. The aluminum concentrations in the crystals are lower 

than expected from the Al2o 3:Fe2o 3 ratio in the melt. The largest deviation 

is found for the Pb2P2o7 flux. The Al2o 3:Fe2o 3 ratio in the melt is about 

twice as high as the ratio in the crystals. The Pb content of the crystals 

proved to be lower than 0.02 atoms per formula unit. Microprobe analyses 

showed no concentration gradients in the crystals, despite the fact that the 

Al2o
3

:Fe2o3 ratio of the melt increases during growth. A decrease of the 

segregation coefficient for Al, defined as the mole ratio 

kAl [Al/ (Al+Fe)] crysta0Al/ (Al+Fe)] melt 

with decreasing temperature and/or diffusion of Fe and Al in the growing 

crystal can explain the absence of concentration gradients. 

The lattice constants of the single crystals were determined by x-ray 

diffractometry, measuring the Bragg angles either from planes parallel to 

the (111) facet face, and giving a surface lattice constant, and from 
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powdered samples, this resulting in a bulk lattice constant. Using a Sio2 
0 

standard the obtained accuracy was about 0.2 pm (0.002 A). 

Whereas the bulk and surface lattice constants for pure NiFe2o4 are about 

the same, the surface lattice constants for the nickel-Cerrite aluminates are 

up to 0.4 pm higher than the bulk lattice constants. This means that the 

Al·content on the surface can be up to 0.03 atoms per formula unit higher 

than in the bulk although a slightly higher Pb content on the surface can 

also be responsible for this. From literature it is known that Pb 

incorporation is higher at lower temperatures [6], resulting in a Pb 

concentration gradient in the crystals. The relation between Al content and 

bulk lattice constants is plotted in figure 1. The straight line represents 

the Vegard relation in the NiFe2_xAlxo4 system [7]. 

The saturation magnetization M
5 

of the crystals is determined using a 

0.834 

........ 
E 
s 0.832 

.... 
c 
(If .... 
Ill 
c 
0 
u 0.830 
Q) 

u 
..... ..... 
(If 

0 0.10 020 0.30 0.40 -atoms Al per formula 
X . 
u nr t 

Figure 1: Bulk lattice constant vs. aluminium content x in NiFe
2

_xAlxo
4

• 

Straight line represents results of Schulkes and Blasse [7]. 
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Faraday balance. The variation in M
6 

within a batch of single crystals grown 

from the same melt is of the same order as the accuracy obtained, this being 

about~ 5x1o 3 Am-1 (+ 5 Gauss). The relation between M and Al content is 
- s 

plotted in figure 2. The results are somewhat lower than the values calculated 

from the data of Blasse and Gorter [8] using x-ray densities. For pure 

5 -1 
NiFe2o4 we find 2.29x10 Am (229 Gauss), which is very close to the 

2.35xto5 Am-1 (235 Gauss), obtained for LPE-grown nickel ferrite films on 

(111)-MgO substrates. For polycrystalline NiFe
2
o4 , sintered at 1250°C in 

oxygen, we find 2.65x105 Am-l (265 Gauss) a little higher than reported by 

Blasse and Gorter, that is 2.58xto5 Am-l (258 Gauss). 

Magnetostriction measurements 

The standard strain gauge technics used in magnetostriction measurements 

are not applicable here, owing tc the small dimensions 6f the ferrite 

xlO 
5 

........ 2.5 II) 

II) 

'E ::J 
ro 
~ s 
c c 
0 0 
..... ..... 
ro ro 
N N 

+ 1.5 ..... 
QJ 
c 

+ O"l ro 
1.0 E 

c -P c 
0 0 

->.J ..... ro ro 
L.. 0.5 L.. 
::J ::J ..... ...... ro n:J 
II) II) 

0 0.10 0.20 0.30 0.40 
-x 

atoms Al per formula unit 

Figure 2: Saturation magnetization vs. aluminium content x in NiFe
2

_xAlxo
4

• 

Straight line represents results of Blasse and Gorter [8]. 
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crystals available. An unccnventional magnetostriction-measuring system [4] 

was used for the striction measurements. As this system is treated in detail 

in reference [4], we confine ourselves to a brief description of the principle. 

In this method the sample is placed in a magnetic field H0 , the induction 

being slowly increased from 0 to 2 Tesla. A small a.c. modulating field H1 

of the order of 100 Am-l is superposed on this field. The frequency f
1 

of 

the modulating field is of the order of 100 Hz. Two striations will arise 

out of these fields, a slowly changing A
0 

corresponding to the field H
0

,and 

an a.c. striction ~ 1 corresponding to the field H1. This situation is presented 

in figures 3a and 3b. We now measure Al as a function of H
0 

with constant 

amplitude of H1 and it is easy to show that A1/H 1 equals the derivative of 

the \
0 

-H
0 

curve so that, upon integrat.ion of this quantity with respect to H
0 

the original curve is restored. The measurement of Al is done with a 

Michelson interferometer. Its sensitivity is stabilized against temperature 

changes and acoustic vibrations, except those with the frequency f 1 of the 

modulating field. This results in a sensitivity to vibrational amplitudes 

-14 of frequency f 1 as low as 10 m. This is sufficient to determine magneto-

striction in very small samples. 

A. 

Ho f - AI pole D pole -HI 

Figure 3a:The arrangement of the sample between the poles of the electro-

magnet and the modulation coils. 

Figure 3b:The relation between the striation A0 and Al and the fields H
0 

and 

H1 •respectively. 

107 



We must, however, be careful when interpreting the strictions measured by 

this method. Three problems can arise. 

(i) As we measure the change in dimensions going from zero field upwards 

until the sample is saturated, and stating that the accompanying striction 

is identical with the saturation striction Xs(or x100 , x111 , etc. in the case 

of crystals} we assume that the sample is in an ideal demagnetized state if 

it is put between the poles of the magnet. We did, in fact, take some 

precautions to ensure this assumption to be correct. The striction of the as 

grown crystals was determined the first time they were put into the magnetic 

field. There was a tendency of the measured striction to be lower at the 

second and third measurements. After the magnetic field H
0 

was run several 

times we tried to demagnetize the samples with an a.c. field that slowly 

decreased in amplitude. This brought the measured striction back to a higher 

value but in general not to the value found from the first measurement. 

(ii} A second complication arises from the difference in field strength Hi 

inside and Hu outside the sample, due to the magnetic poles formed at the 

surface on magnetisation of the sample. The relation between the two fields 

is [9] 

where N is the demagnetizing factor and vr the relative magnetic permeability 

of the sample. The relative permeability ~r is different for the two fields. 

In the case of the d.c. field we must use the normal permeability, defined 

permeability llrr 

and in the case of the a.c. field the reversible 

..! (BH1 ) B H must be used. During measurement the values 
Po 1 O' 0 

of the fields outside the sample are measured, but the striction is determined 

by the fields inside the sample. As the shape of the depenae,nce of 11rn and 

Prr on the field strength is different, the calculation of the integral 

f ~ dH must include a correction for this effect. In the case of the 
H1 o 

samples used the demagnetizing factor N is about 0.2, and the value of llrn 

and Prr is rather small. As a result, the correction was estimated to be 

less than 10% for all crystals. 

(iii) A third complication can arise from the homogeneity of the magnetic 

fields. A material in an inhomogeneous field is subjected to a force, 

proportional to the susceptibility X of the material. The force F in the 
X 
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x-direction on a small crystal in a non-uniform field H is given by 

F 
X 

whereas v is the volume of the sample and X its susceptibility. In the 

configuration shown in figure 3a, only an off-axis position of the sample 

gives rise to a relevant force on the sample. For this case it can be 

derived [ 10] that the elongation u resulting from the force F will be 
X 

<lH
0 

cH
1 where -aK and -aK are assumed constant over the sample length 1, and E is 

the Young's modulus of the 

field gradients of 106 and 

sample. We calculated 

3 -2 aao 
10 Am for -aK and 

this elongation assuming 

respectively; a value 

of the susceptibility of X= 10, the Young's modulus value as 10 11 Nm- 2 

6 -1 4 -1 a sample length of 1 mm and field strength H
0 

10 Am and H1 = 10 Am , 

and found u = 1.2x1o-13 ~and the corresponding striction A = 1.2x1o-10 • 

lt is obvious that this effect is negligible for our samples, but in 

materials with a high permeability and a low magnetostriction it could have 

an influence on the measurements. 

The results of the magnetostriction measurements are given in Table II 

Composition x magnetostriction mean value of ).111 standard 

constant A 
111 <1.111> deviation CJ 

0.0 23.3 21.9 1.4 

20.5 

0.10 21.0 20.9 0.7 

22.0 

19.9 

' 20.3 

21.3 

0.23 17.9 17.4 0.5 

16.9 

0.28 16.2 16.1 0.3 

15.7 

15.9 

I 
16.5 

Table ll: Results of magnetostriction measurements of NiFe
2

_xAlxo
4

• 
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and in figure 4. The mean value of >. 111 was calculated from the values found 

from different samples of each compositon. The standard deviation a is 

tabulated to give an impression of the spread of the results. 

Conclusions 

Homogeneous NiFe2_xAlxo
4 

single crystals (0 S x ~ 0.38) are obtained 

from a Pb0-B
2
o3 and from a Pb2P2o; flux by slow cooling. 

The lattice constants,. saturation magnetization and magnetostriction 

constant (A 111 l decrease with increasing aluminum content. For pure 

N1Fe2o4 very good agreement is found with the value (-21.6xlo-6 ) given in 

literature [2]. This proves that laser interferometry is well suited for 

magnetostriction measurements in the case of small ferro- and ferrimagnetic 

crystals. In most experiments it is possible to cope with the complications 

arising from sample shape, demagnetized state and from the two kinds of 

permeability. 

-6 
xlO 
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c 
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,_ 
+' 
Vl 
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..... 
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0 
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Figure 4: The saturation magnetostriction A111 vs. aluminium content x in 
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Since the decrease of All! is less than that of Ms with increasing 

aluminum content, monocrystalline (111)-NiFe
2

_xAlx0
4 

films grown in tension 

upon a suitable substrate [1] will have a stress-induced anisotropy energy 

exceeding the demagnetization energy. By using an external magnetic field 

perpendicular to the film plane, stable isolated cylindrical domains 

(bubbles) can be generated in these films. Details on this subject will be 

published separately. 
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CHAPTER 6 

THE MAGNETOSTRICTION OF PARAMAGNETIC COMPOUNDS 

6.1 General considerations 

Antiferromagnetics and ferromagnetics are interesting materials 

in view of their magnetostrictive behaviour. As is well-known their 

magnetostriction is of the same order of magnitude. Above the Nee! 

or CUrie temperature we get the paramagnetic magnetostriction, 

which is several orders of magnitude smaller. The sensitivity of 

the classical methods for magnetostriction measurements like strain 

gauges is too low for the measurement of paramagnetic strictions. 

On the contrary the interferometer as described in chapter 2 can be 

used for this purpose. The effect of eddy currents is not relevant 

here as the paramagnetic materials used are insulators. 

The measurements were performed at room temperature on materials 

that become antiferromagnetic at lower temperatures. We measured 

0 rra·0·-·-·-·0·-·~ 
~ ! 

0 

I I 
I 

I 
I 

0 L-·-·0-·-·-·-·0· • ......i 0 

Ocs Qo ~ Mn 

Figure 6.1. The crystallographic structure of RbMnc1 3.2a2o 
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the longitudinal magnetostriction in the main crystallographic 

directions. 

All measurements showed a proportionality between the ac

striction A1 and both the applied ac and de field H
0 

and H1. This 

implies that the paramagnetic magnetostriction has a quadratic 

field dependence. Therefore we give all results in terms of the 

magnetostriction constant m. 

For a possible interpretation of the measured magnetostriction 

constants one needs the values of the elastic constants of the 

material. As the elastic constants of the substances mentioned in 

section 2 of this chapter are not known, we set up measurements in 

this field and started with the determination of the elastic 

constants of CsMnC1 3.2H2o. The results are given in section 4 of 

this chapter. 

6.2 The magnetostriction of the salts RbFeCl3.2H20, CsFeCl3.2H20, 

CsMnCl32H20, CsMnBr3.2H20, CsCoCl3.2H20 and RbCoCl3.2H20 at 

room temperature 

The crystallographic structure of RbCoC1 3.2H2o is monoclinic 

with space group Cc or C2/c with 4 molecules in a unit cell. The 

other five substances are members of the isomeric compounds 

fu~B 3 .2H20 with A=Cs, Rb; M=Mn, Fe, Co, and B=Cl, Br. Their 

crystallographic structure is orthorhombic with space group Pcca 

a (10 -lOm) b (10- 10m) c (10- 10m) s ref. 

RbFec1
3

.2H
2

0 8.8708 6.8848 11. 1864 

CsFeC1
3

.2H
2
0 8.9809 7.2132 11.3867 

CsMnC1
3

.2H
2
o 9.060 7.285 11.455 [60] 

CsMnBr
3

.2H
2
o 9.61 7.49 11.94 [62] 

CsCoC1
3

• 2H
2
0 8.914 7.174 11.360 [63] 

RbCoC1
3

.2H
2
o 15.714 5.619 8.743 118°37 [64] 

Table 6.1 The unit cell dimensions of some 

antiferromagnets at room temperature 
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and 4 molecules in a unit ce1160- 62 ). Their crystallographic 

structure is shown schematically in figure 6.1. The unit cell 

dimensions are given in Table 6.1. 

The magnetostriction measurements were performed on crystals 

kindly placed at our disposal by dr.ir. W.J.M. de Jonge of the 

Physics Department of this university. The dimensions of the 

crystals, the magnetostriction constants and the unit-cell 

dimensions are given in tables 6.1 to 6.7. All measurements were 

performed with an induction of the de-field up to 1.45 T. The rms 

value of the ac-field was always 14.5 mT. The frequency of the 

modulating field was 66 Hz, unless stated otherwise. 

In table 6.2 the results on RbFeC1 3 .2H20 are given. Four crystals 

(A to D) were used. As a check two measurements were also performed 

at 33 Hz. No difference in the results was found. For the determi

nation of the influence of the clamping of the crystal a second 

measurement was performed on crystal A after it had been shortened. 

However, no influence could be detected within the accuracy of the 

measurements. As an extra check crystal D was measured along the 

bisector of the b- and c-axis. From the values found for the b- and 

c-direction the expected value of m in that direction is 

100 X 10-2 The measured value of 98 x to-21m2A- 2 is within the 

accuracy of the measurements (±3%) • 

I sample 

A 

A 

B 

c 
D 

c 
c 
D 

Table 6.2 
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direction length. in magnetostriction 
of measuring -21 2 -2 

measurement direction (mm.I constant 1!1 (10 1!1 A I 

a-axis 7.4 73* 

a-axis 3.9 68 

a-axis 7.1 78* 

b-axis 5.5 143 

b-a:ds 4.5 142 

c-axis 2.6 79 

c-axis 2.6 79 

c-axis 6.1 77 

Magnetostriction constants of RbFeCl3.2HzO 

The measurements indicated with an asteris.k 

were also performed at a frequency of 33 Hz. 



direction length in magnetostriction 
sample of measuring 

m(l0-21m2A-2 ) measurement direction (mm} constant 

A a-axis 5.0 76 

B a-axis 7.6 68 

A b-axis 5.3 154 

c b-axis 6.3 159 

D c-axis 6.5 78 

Table 6.3 Magnetostriction constants of CsFeCl3.2H20 

Table 6.3 gives the results on CsFeCl 3 .2H2o. As the thickness 

of the crystals along the c-direction was small, we constructed 

sample D from a stack of three crystals each about 2.2 mm thick. 

To examine the influence of the stacking another sample was made 

of a part of sample A (5.1 mm long) in the b-direction and a part 

of sample D (2.2 mm long} in the c-direction. From the data in 

Table 6.3 a magnetostriction constant m= 133 x 1o-2lm2A-2 was 

calculated. This compares well with the measured value of 

138 X 10-2 lm2A-2 • 

The results on CsMnC13 .2H2o are given in Table 6.4. The data on 

sample A and B are mean values over several measurements under 

different conditions, (different time constant of the lock-in 

amplifier etc). The dispersion in the measurements was smaller than 

the accuracy of the interferometer. Sample E was a stack of 

crystals B, C and D with thickness of resp. 2.8, 1.0 and 3.5 mm in 

the c-direction. 

direction length in magnetostriction 
[sample of measuring 

m(10-21m2A-2) measurement direction (mm} constant 

A a-axis 8.8 45 

B b-axis 6.8 46 

c c-axis 4.1 34 

D c-axis 3.5 33 

E c-as is 7.3 33 

Table 6.4 Magnetostriction constants of CsMnCl3.2H2o 
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direction length in magnetostriction 
sample of measuring 

m{10-21m2A-2) measurement direction (mm) constant 

A a-axis 6.1 49 

B a-axis 5.5 44 

A b-axis 4.0 43 

A c-axis 3.2 33 

Table 6.5 Magnetostriction constants of CsMnBr 3.2a2o 

Table 6.5 gives the results on CsMnBr 3.2a2o. The data of only 

two crystals are given. Measurements on some other crystals, giving 

values in the same range, indicated that the reliability of the 

figures is good. These measurements are not included because the 

crystals showed small cracks. 

The results on CsCoC1 3.2H2o are given in Table 6.6. The data 

given in this table are mean values averaged over several measure

ments on the same crystal. 

Figure 6.2. The morphology of RbMnc1 3• 
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direction length in magnetostriction 
sample of measuring 

m(10-21m2A-2l measurement direction (mm) constant 

A a-axis 6.8 44 

B b-axis 8.2 55 

c c-axis 2.2 31 

Table 6.6 Magnetostriction constants of CsCoCls.2h2o 

The results on RbCoC1 3.2H2o are tabulated in Table 6.7. The 

morphology of the crystals is given in figure 6.2. In directions 

with small angle to the c-axes the magnetostriction proved to be 

strongly dependent on the direction. As a consequence the 

uncertainty in the positioning of the crystals caused discrepancies 

in the results. Some measurements with doubtfull results are 

omitted from the table. 

6.3 The magnetostriction of MnF2 , RbMnF3, Mn304 and MnO 

Of the materials MnF 2 , RbMnF 3 , Mn3o4 and MnO large crystals 

were available. 

The measurements on MnF2 were performed on two crystals,(A 

and B). Crystal A was selected from a standard package of MnF2 
(art.nr. 5935 Mangan (II)-fluorid Optipur) supplied by Merck 

(E. Merck Nederland B.V., Amsterdam). Laue photographs were taken 

to determine the crystallographic directions and to inspect the 

direction length in magnetostriction 
sample of measuring 

m ( (0 -21m2A -2) measurement directioh (mm) cons t-nt 

A a*-axis 5.3 65 

A b*-axis 3.4 100 

B b*-axis 4.5 98 

c c*-axis 3.3 -155 

D c*-axis 3.0 -152 

E c-axis 2.5 - 31 

F c-axis 5.7 - 26 

Table 6.7 Magnetostriction constants of RbCoCls.2HzO 
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a b c 

RbFec1
3

.2H
2
0 73 142 78 

CsFec1
3

.2H
2
0 72 157 78 

CsMnC1
3

.2H
2
0 45 46 33 

CsMnBr 
3

• 2H
2
0 46 43 33 

CsCoel
3

.2H
2
o 44 55 31 

a* b* c* c 

RbCoel
3

.2H
2
o 65 99 -154 -29 

Table 6.8 Survey of magnetostriction constants 

MnF2 ref. RbMnF3 ref. 

Molecular weight 92.93 196.40 

Mass density 3920 kgm-3 [69] 4300kgm-s [69] 

Space group P4/mnm [66] 

Structure tetragonal cubic 
(distorted rutile) (perofski te) 

Unit cell dimensions a=0.4873 nm [66] a:0,4241 nm [68] 
at room temperature 

c=0.33099 nm 

Melting point 1193 K [69] 1220 K [68] 

Neel point 72 K [69] 82 K [68] 

Magnetic moment 5.98]JB [69] 

Paramagnetic Curie e :-97.9 K [69] e :-190 K [69] 
temperature 

p p 

Elastic constants Cll:lQ,24XlQ10Nm-2 [69] cl 1:11.74Xt010Nm- 2 

c 12= 7.95xtol0Nm-2 012= 4.22xtolONm-2 

c 13= 7.07X101°Nm-2 Cl+l+= 3.193xto10Nm- 2 

c 33=16.95xto 10Nm-2 

C4'+= 3.185x1010Nm-2 

c 66= 7.20BxtolONm-2 

Table 6.9 Some Physical Properties of MnF2 and RbMnF 3 
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structures. Crystal B was kindly placed at our dispcsal by Prof.dr. 

N.J. Poulis of Leiden University. We divided it in two parts B1 
and 

Some physical properties of MnF2 are given in Table 6.9. The 

results of our measurements are given in Table 6.10. From this 

table we can compute the following mean values of m11 and m33 and 

their standard deviation cr 

0 

<m
3 

68.3 x 10-21m2A-2 o 3.0 x 1o-2lm2A-2 

RbMnF2: The measurements on RbMnF2 were performed on one crystal. 

It was kindly placed at our disposal by Prof.dr. N.J. Poulis of 

Leiden University. The physical properties of RbMnF3 are given in 

Table 6.9. Although it has a cubic structure the measurements were 

made in the <100>, <010> and <001> directions as indicated in 

sample measurement length in magnetostriction 
direction measuring constant m(1o-2lm2A-2) 

direction (lllill) 

A 001 5.0 66 

A 010 4.5 33 

A 100 3.5 27 

Bl 110 3.7 29 

Bl 001 4.3 67 

Bl 100 4.4 34 

Bl 001 4.3 64 

100 4.4 38 

Bz 001 4.3 74 

Bz 010 4.4 34 

Bz 100 4.4 37 

001 6.8 70 

Table 6.10 Measurements of magnetostriction constants of MnF2 
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measuring length in magnetostriction 
direction measuring constant m(1o-2lm2A-2) 

direction (mm) 

100 6.9 40.0 

100 6.9 44.3 

010 4.7 38.8 

010 4.7 35.7 

001 4.8 40.0 

Table 6.11 Measurements of magnetostriction constants of RbMnFg 

Table 6.11. For the mean value of the magnetostriction and the 

standard deviation we got 

Molecular weight 

Mass density 

Space group 

Structure 

Unit cell dimensions 
at room temperature 

Melting point 

Neel point 

Ferrimagnetic 
Curie temperature 

Elastic constants 
at room 

temperature 

a 

MnO 

70.94 

5365 kgm-3 

Fm3m-o5 
h 

cubic 
(NaCl) 

a=0.44433 

z•4 

2120 K 

120 K 

nm 

c 11=22.20x1o10Nm-2 

Cl2=10.99X10l0Nm-2 

c4 4= 7.83xto 10Nm-2 

228.8 

4840 kgm-3 

D~~ -14,/amd 
tetragonal 

Hausmannite) 

a=0.8128 nm 

c=0.9433 nm 

z=4 

1830 K 

42 K 

Table 6.12 Some Physical Properties of Mno and Mn304 
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The measurements on MnO were performed on one crystal purchased 

from Nakazumi Crystals Corporation (Sakae-machi, Ikeda-shi, Osaka-fu, 

Japan). Some physical properties of MnO and Mn 3o4 are tabulated in 

Table 6.12. our results for the magnetostriction constant are 

m
11

=49.5xto-2 lm2A-2 a 0.9xlo-21m2A-2 

Mn304: The measurements on Mn3o4 were performed on two poly

crystalline samples. They were kindly placed at our disposal by the 

solid state physics group of the Physics Department of the Eindhoven 

University of Technology. Our results for the magnetostriction 

constant m is 

6.4. THE DIAGONAL ELASTIC CONSTANTS OF CsMnC13.2HzO 

Article accepted for publication by the Journal of Applied Physics. 

Th. Kwaaitaal and F.A.J.A.Potters, 

Department of Electrical Engineering, 

Eindhoven University of Technology, 

Eindhoven, Netherlands. 

Abstract 

The six diagonal adiabatic elastic constants of the compound CsMnc1
3

.2a
2
o 

have been determined by an ultrasonic pulse echo technique. The ultrasonic 

velocities have been measured in the temperature range from SO 300 K. The 

thermal expansion coefficients have been determined in this temperature 

range to correct for changes in mass density and length of the 

ultrasonic path. The mass density has been determined from pyknometer 

measurements and from the lattice constants. The error in the elastic 

constants is at room temperature. 
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Introduction 

The study of the magnetostriction of CsMncl
3

.2H2o led to the acoustic 

determination of the adiabatic elastic constants of this compound!). At 

room tenperature at which the crystal is paramagnetic the magnetostriction 

shows anisotrepy. The elastic constants are needed to explain this 

anisotropy. 

The interest in CMC stems oriqinally from its interesting antiferromaqnetic 

properties. Below the Neel temperature Tn 4.89 K, it is a fairly qood 

exanple of a magnetic linear chain2• 3•4). The structure of CMC is described 

by the orthorhombic space qroup Pcca, with four formula units.per unit cellS). 

The crystalloqraphic arranqement is shown in fiqure 1. The nine elastic 

constants c .. for the orthorhombic crystal class can be represented 
~) 

schematically by the matrix 
6) 

ell c12 c13 0 0 0 

0 12 0 22 0
23 

0 0 0 

c .. c13 0 23 0 33 0 0 0 
l.J 

0 0 0 c44 0 0 

0 0 0 0 c55 0 

0 0 0 0 0 c66 

0 0·-·· 0 

0 L--0- --·0 

Ocs Qo ~ Mn 

Fiqure 1: The crystallographic arrangement of CsMnc13 .2a2o. 
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Tne diagonal elastic constants are related to the corresponding ultrasonic 

velocity v by the relation c = Pv2, where p is the mass density of the 

crystal. To determine the six diaqonal constants cii the ultrasonic 

velocities of longitudinal and transverse waves must be determined along 

the three crystallographic axes7). This involves nine possible measurements, 

resulting in three cross-checks for the shear moduli. The off-diagonal 

moduli c
12

, c
13 

and c23 can only be obtained from the velocities in three 

off-axis directions. The off-diagonal moduli have not been determined here, 

since we had no crystals of suitable dimensions. As the .velocity is determined 

from the time between two reflections of an ultrasonic wave-train, the length 

of the crystal in the travelling direction must be known. As no data on the 

coefficient of thermal expansion « of CMC are available, these coefficients 

were determined from the room temperature dimensions in order to find the 

travelling length at other temperatures. As the relation between velocity 

and elastic moduli comprises the mass density of the material this was deter

mined from pyknometer measurements and from the lattice ccnstants5) • 

Experimental details and results 

The velocity of sound in the crystal was determined by the pulse echo 

overlap method described by Papadakis8). X- and Y-cut quartz transducers with 

resonance frequencies of 10 and 15 MHZ and a diameter of 5 mm were used. The 

quartz transducers were bonded directly on the crystals. Salol (phenyl 

salicylate) was used bonding material in the temperature range of ~JO 

to 300 K: Dow Corning stopcock grease was used at temperatures between 80 

and 230 K for longitudinal waves and between 80 and 130 K for transverse 

waves. At temperatures from 130 to 230 K Nonacq stopcock grease was used for 

transverse waves. Some of the measurements for longitudinal and transverse 

waves between 80 and 140 K were performed with isopropyl alcohol. 

The transducers were driven by a wave train from a function generator. 

The amplitude of the signal was 18 V. The duration of the wave-train was about 

~sec and the amplitudes of the first two reflections were in the order of 

volt. A diagram showing the impedance matching network is given in figure 2. 

The crystals used for the measurements were kindly placed at our disposal 

by Dr. W.J.M. de Jonge of the Physics Department of this University. The 
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crystals were sawn and polished to the dimensions given in Table I. The 

surface flatness and parallelism was better than + pro across the crystal 

faces perpendicular to the direction of propagation. The accuracy of the room 

temperature thickness measurements was ~ 1 pm. Laue back-reflection photo-

graphs were taken to determine the position of the crystal faces relative 

to the crystallographic axes. The accuracy of the orientations was better 

than one degree of arc. 

To calculate the exact dimensions at other temperatures the coefficients 

of thermal expansion a must be known. The valu.,, of a in the direction of 

the three crystallographic axes were measured •<i th an inductive dilatometer. 

The results for a are given in Table II. The a=curacy is estimated to be 

about 10><10 - 2• The error in the elastic constant restclting from the 

inaccuracy in the sample dimensions is 3><10-3 at 80 L 

The mass density p of CMC was determined with a pyknometer. As the crystals 

are soluble in water they were immersed in trichloroethylene. The value of 

p = 2910 ! 12 kgm-3 was found. The mass density as determined from the lattice 

and the molecular weight was 2901 kgm-3• 

The temperature of the crystals was kept constant within 0.1 K. 

The room temperature velocity and elastic constants are given in Table I, 

together with data on the dimensions of the crystals used and the type and 

the frequency of the ultrasonic wave. The elastic constants c 44 and c66 were 

determined with two different crystals, because the first crystal broke up 

during cooling at a temperature of about 120 K. This was caused by the 

function 
generator 

I---------

oscillos_ 

cope 

Figure 2: The impedance matching network for the function generator, 

oscilloscope and transducer. To obtain maximum amplitude of the 

reflections the resistors and the coil must be as close as possible 

to the transducer. 
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difference in thermal expansion between the crystal and the transducer. The 

second crystal was used for determining c44 and c66 between 80 and 140 K. 

To prevent breaking isopropyl alcohol was used as a bond. The overlap range 

range showed no systematic errors. 

The temperature dependence of the elastic constants is given in figures 

3 and 4. The difference by a factor of two in the scale for c55 should be 

noted. It is found that a inversely proportional to c9) applies to 

CMC. 

dimensions jpropagation polarization exact length 
of crystals (direction direction in prop. dir. 
abc (mm) at 293 K (mm) 

l6.9X22,QX15.0 a a 16.921 

29.ox 6.2x1o.o b b 6.158 

17.QX22,QX 5.5 c c 6.587 

17.0X22,QX 5.5 c b 5.517 

15.Sx 6.2x 8.9 b c 6.182 

26.0xt6.ox 4.9 c a 4.855 

1s.sx s.sx16.0 b a 5.657 

4,5X25,QX16.5 a b 4.564 

room elastic frequency 
temperature _

1 
constant (Nm-2) (MIIz) 

velocity (ms ) 

4150.2 ell = 5,Q12X1Q)Q 15 

2890.7 022 = 2 .432x1o 10 15 

3395.8 033 = 3.356x1o10 15 

1404.0 0 44 = 5. 736xto9 15 

----- *) ----- *) 
10 

1672.6 0 55 = 8,141X1Q9 10 

1550.5 0
66 

6.996X)Q9 10 

----- *) ----- *) i 10 

Table l: Ultrasonic velocities, elastic constants and crystal dimensions at xoom 

temperature. The asterisks indicate the crystals on which measurements were 

performed only at low temperatures. 
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temperature thermal expansion 
range (K) coefficient 

a1 

93 113 1ox1o-6 

113 - 158 15X10-6 

158 - 188 20x10-6 

188 - 268 24Xl0-6 

268 - 293 2Sx10-6 

"2 

93 158 32X1Q-6 

158 - 293 52X1Q-6 

a3 

93 - 156 42><10-6 

156 - 293 sox1o-6 

Table II: The coefficient of thermal expansion of CsMnC1
3

.2H
2
o • 

' • ll: .'.! 
x1o 1i X1010 X1010 

' J r I 
"fe ~-

•e 'E 
:: ~ =~ ••• ~ I .. • 
0 (.) ,r ,.t. : b I 
5.5 2. 3. ... 

••• en . . . . . 
0 0 0 0 

• 0 c2; " • ... 
5.4 2. c, .. ••• 

0 •• •• • • 
0 • • • • •• • 0 .. 

l.1 • •• . "' 6 6 6 A 9 • . . 
' • 0 

&2 2 3.0 
.. 

•• 0 .. 
0 • 

• 0 

5.1 2{. 2.9 

. ~ 
eo 100 120 140 160 1.0 200 220 240 260 273 280 UO 

-TU<> 

Figure 3: The elastic constants ell' c 22 and c
33 

of CsMncl
3

• as a function 

of temperature. 
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Discussion 

The inaccuracy in the measurement of elastic constants can result from 

errors in (i) the time between two echos, (ii) the dimensions of the 

crystals, (iii) the temperature., (iv) the mass density and (v) the coefficient 

of thermal expansion of the crystals. 

(i) The accuracy of the time measurement depends on errors in the adjustment 

of the repetition frequency of the ultrasonic pulses and on the accuracy in 

the frequency measurement. The accuracy of the frequency counter is 3X1Q-G 

and the spread in the adjustment of the frequency is estimated to be less 

than Sxl0-6 

(ii) Errors in the crystal dimensions occur in the results owing to 

inaccuracy of the propagation path length and to correction of the mass 

density with temperature. Errors can arise because the propagation path-

length is not exactly equal to twice the thickness of the crystal. 

" 9,2 1. 
9 

X10
9 

XlO 
9 . . . .. 

4 

1 I • • • • . . . • 'Is 'l's . . 
z z . 

0 
. . 

X\0 

"' 7., 0 . • • "' ~ 0 0 
0 

6 6 c ss 
" " . ' . • . • .1 16 7.3 0 • • . • . • • . . . . . ce6 o 

• 0 • . . . 0 . • at. !.! . . 0 . 4 . . • . . . . . 4 

cu . .. 0 0 . 
9 t2 1.1 . 0 • . . . 0 • . . . . . 
8 1!11 10 . . 

71! 6,9 

• 

0 

. 

• 
. 
. • 
0 

0 

. 

80 100 12 0 11. 1 60 1 80 200 >20 240 260 21l 280 

. • 
0 • 

. 

lO 0 
-1(Kl 

Figure 4: The elastic constants c44 , c
55 

and c
66 

of CsMnc1
3

.2H
2
o as a function 

of temperature, 
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Differences can arise.from diffraction effects and from the thickness of the 

bond. Diffraction effects can be neglected because we find the same velocity 

from echoes 1 and 1+p,where p equals 1,2 or 38). The influence of the bond 

thickness was estimated from the divergency in the data obtained at the same 

temperature but different bonding materials. The mean deviation in seven 

measuring results was 2.4X10-
4

. According to Papadakis9) a minimum phase 

change of -3° is obtained with Salol as a bonding material, resulting in an 

-4 
error of about 2x10 • 

{iii) The temperature is measured to an accuracy of 0.5 K and the resulting 

inaccuracy in the elastic constant is less than Sx1o-6 • 

{iv) The accuracy in the determination of the mass density is 

4X10-3 and thus makes the largeQt contribution to the total error in the 

elastic constant. 

{v) The inaccuracy of 10x10-l in the determination of the coefficient of 

thermal expansion is of minor influence on the accuracy of the elastic 

conRt..ants. The maximum error at RO K i~ 2x1o-3 • 

From the foregoing considerations it follows that the total possible error 

in the elastic constants at ~oom temperature is sx1o-3 and ?xlo-3 at 80 K. 

We can compare the values of the elastic constants with the Debije 

temperatures in the theory of the lattice-heat capacity of pseudo low-

dimensional compounds described by Kopinga. Unfortunately, direct comparison 

is impossible because Kopinga assumes in-plane isotropic behavior. We can 

only conclude that the Debije temperatures and the anisotropy of the elastic 

constants show the expected relation. 
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6.5 Conclusions and discussion 

At present no physical theory on magnetostriction of crystalline 

solids is available that is suited to compare with our experimental 

results. Nevertheless we can make some remarks. 

(i) From the survey of our results (Table 6.8) it app~ars that the 

change of crystallographic structure from orthorhombic to monoclinic 

has a marked influence on the striction. 

(ii) Only minor differences occur when Rb is substituted for Cs in 

the compounds .2H2o. The substitution of Cl by Br in the 

compounds CsMnB3.2H20 has an equally small influence. On the 

contrary the data in the table show that the substitution of one of 
++ ++ ++ 

the magnetic ions Fe Mn and Co by one of the others has a 

marked influence. This enables us to predict some values of magneto

striction constants of salts that are isomorphic with AMB3.2H2o. So 
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aRbMncl 3.2H2o will behave like CsMnc13.2H2o. Similarly CsFeBr3.2a2o 
and RbFeBr 3 .2H2o would behave like CsFec13.2a2o. The structure of 

the last two compounds, however, has not been published in 

literature. The measurements on aRbMnc1 3.2a2o were not performed by 

us because no crystals of this salt were available. 

OUr values of the magnetostriction constants of MnF2 can be 

compared with one literature value given by Matolyak et a1. 70J. They 

measured the striction in the 011 direction as a function of 

magnetic field strength, field direction and temperature (between 

4.2 and 77 K). They used a capacitive dilatometer. The majority of 

their measurements is performed in the antiferromagnetic temperature 

range (below 72 K). They mention an isotropic striction A 4.0x 10-7 

at a field strength of 1.2x 106Am-l at a temperature of 77 K. They 

also verified the quadratic dependence of the striction on the field 

strength at this temperature. These data lead to a magnetostriction 

constant of m 560x 1o-21m2A-2. The difference with our value at 

room temperature can be attributed to the existence of some short

range interaction at 77 K. Their uncertainty in the striction 

measurements is estimated to be ± 2%. From the fact that the aniso

tropy of the striction found in the antiferromagnetic range 

disappears above the Neel temperature and reappears at room 

temperature we might conclude that two mechanisms are responsible for 

the striction. The first governs the magnetostriction in the anti

ferromagnetic range and the second is responsible for the paramagnetic 

striction at temperatures well above the Neel point. This is in 

accordance with the atomic magnetostriction as suggested by Kapitza. 

In view of the results found with the double salts it would be 

interesting to determine the magnetostriction of FeF2 and CoF2 having 

the same crystallographic structure as MnF2 • The Neel temperature of 

FeF2 is 79 K and that of CoF2 is 37 K. Attempts to obtain these 

materials in crystalline form failed however. 

Even more interesting are the materials MnBr2 , MnJ2 , FeBr2 , FeJ2 , 
. 73,73,74) and CoJ2 that all have the s~ple CdJ2 structure, (the 

Cd(OH) 2 structure). From the conclusions mentioned above it follows 

that MnBr 2 and MnJ2 should have equal magnetostriction constants. 

The sa~e holds fof the cry~tals FeBrz and FeJ2,and for the crystals 

CoBr2 and CoJz. 
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Toelichting bij de in dit proefschrift opgenomen artikelen 

Om te voldoen aan artikel 13 van het promotiereglement volgt 

hieronder een nadere aanduiding van de bijdragen van de merle-auteurs 

tot de in dit proefschrift opgenomen publikaties. 

Ir. B.J. Luymes werkte de theorie uit van de signaal- ruis

verhouding van de optisch gestabiliseerde interferometer in het 

artikel "The noise limitations of Michelson laser interferometers". 

Ir. G.A. van der Pijll verrichtte in het kader van zijn afstudeer

werk de meeste metingen die in dit artikel gepresenteerd zijn. 

Ir. W.M.J. Haesen had in het kader van zijn afstudeerwerk een 

belangrijk aandeel in de ontwikkeling van de theorie in het artikel 

"Improvement in the interferometric measurement of subangstrom 

vibrations". 

Ir. A.J.G. Schoofs voerde met behulp van de elementenmethode de 

berekeningen uit die nodig waren om de meetresultaten met de holle 

cylinder en de cylinder met rand en dop te kunnen verifieren in het 

artikel "Determination of Young's modulus or Poisson's ratio using 

eddy currents". 

Ing. W.M.M.M. van de Eijnden voerde de metingen uit die 

gepresenteerd zijn in het artikel "The measurement of small magneto

strictive effects" en in "The magnetostriction of Aluminium

substituted Nickelferrites". 

lr. P.J.M. van der Straten groeide en analyseerde de eenkristallen 

vermeld in het laatstgenoemde artikel en schreef de daarbij 

behorende tekst. 

Ir. F.A.J.A. Potters voerde in het kader van zijn afstudeerwerk 

alle metingen uit die gepresenteerd zijn in het artikel "The 

diagonal elastic constants of CsMnC1 3.2H2o. 
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Dankwoord 

Bij het beeindigen van dit proefschrift wil ik enkele woorden 

richten tot hen die aan dit proefschrift hebben bijgedragen. 

Hooggeleerde promotor, beste Hooge. Ik heb je streng weten

schappelijke instelling altijd gewaardeerd. Ze was een stimulans voor 

mij bij het uitvoeren van het onderzoek en het schrijven van dit 

proefschrift. 

Hooggeleerde copromoter, beste Poulis. Afgezien van je weten

schappelijke bijdrage, was je inzet bij het redigeren van een 

acceptabele tekst indrukwekkend. 

Hooggeleerde Zwikker. Gedurende de tijd dat ik in uw groep werkzaam 

was, is de kiem gelegd voor het onderzoek dat leidde tot dit proef

schrift. Uw visie op en benadering van de materiaalkunde is hierbij 

van groot belang geweest. 

Ing. W.M.M.M. van de Eijnden. Je hebt een groot aantal vooral 

mechanische problemen mee helpen oplossen. Tevens heb je een belang

rijke bijdrage geleverd bij het verzamelen van de meetgegevens en 

het vervaardigen van de tekeningen. Zender je voortreffelijke 

assistentie was het onderzoek veel minder vlot verlopen. 

Mevrouw H. van Zwet en mevrouw M. Verbeek verzorgden het typewerk. 

Jullie positieve en vriendelijke instelling heeft mij zeer aange

sproken.Mijn dank hiervoor. 

G.M. Timmermans en W.G.C. van Tuyl hebben verschillende essentiele 

onderdelen van de meetopstelling zeer vakkundig vervaardigd. 

J.W. Versteeg was onmisbaar bij het oplossen van een aantal 

optische problemen. 

Alle mede-auteurs ben ik erkentelijk voor de prettige en vrucht

bare samenwerking. 
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Stellingen 

behorende bij het proefschrift van Th. Kwaaitaal. 

1) Het verschil in benaderingswijze van een wetenschappelijk 

probleem door een afgestudeerde van een Universiteit of van een 

Technische Hogeschool wordt duidelijk gedemonstreerd door de twee 

oplossingen van het probleem van de meting van de weerstandsruis 

met een vierpuntsprobe door Kleinpenning en door Vandamme en 

Van Bokhoven. 

T.G.M. Kleinpenning, J. Appl. Phys. 48 (1977), 2946. 

L.K.J. Vandamme en W.M.G. van Bokhoven, Appl. Phys. 14 (1977) 

205. 

L.K.J. Vandamme en L.P.J. Kamp, J. Appl. Phys. 50 (1979), 340. 

T.G.M. Kleinpenning en L.K.J. Vandamme, J. Appl. Phys. 50 

(1979), 5547. 

L.K.J. Vandamme en A.H. de Kuyper, Electronics Letters, 

in press. 

2) De meeste definities en omschrijvingen van het begrip fase zijn 

ontoereikend bij het toepassen van de faseregel van Gibbs op 

systemen met magnetische fasen en op de supergeleidende fase. 

3) J. Janak en J. Novak beschrijven een pneumatische detector voor 

gaschromatografie. Het is onjuist dat zij deze detector bet 

pneumatisch analogon van een Wheatstone brug noemen. 

J. Janak en J. Novak in H.G. Struppe en H.P. Ang~le (uitgevers) 

Gas Chromatographic 1963, Akademie Verlag, Berlin 1964, 

pag. 99-104. 

G.H.W. Willems, J. Chromatography, (1977.,, 216. 

4) Volgens de filosofie van de klassieke homoeopathie is de 

bijwerking van allopatische (merendeels chemotherapeutische) 

geneesmiddelen in feite hun hoofdwerking. 

C.F.S. Hahnemann - Organon of medicine. 



5) Door stijlvergelijking met de van een jaartal voorzien oordjes 

van Philips II van Holland van de emissie 1574-1579, is het 

mogelijk een datering aan te brengen in de ongedateerde duiten 

van dezelfde emissie. 

H. Enno van Gelder en Marcel Hoc, "Les monnaies des Pays-Bas 

bourguignons et espagnols", J. Schulman, Amsterdam 1960. 

6) A. Cechetti, M. Poppi en F. Ronconi hebben gevonden dat de vorm 

van de kromme, die het verband aangeeft tussen de magnetostrictie 

en de magnetische veldsterkte, afhankelijk is van de frequentie 

van het aangelegde veld. 

De door hen hiervoor aangegeven verklaring dat bepaalde domeinen 

niet meer kunnen ontstaan bij hogere magnetisatiefrequenties, is 

niet correct. 

A. Cechetti, M. Poppi, F. Ronconi, Digests of the Intermag 

Conference 1975, pag. 23.4. 

7) De onderstaande opmerking van A. Wolf en A. Goetz over het meten 

van magnetostrictieve effecten met behulp van een interferometer 

wordt door het werk in dit proefschrift achterhaald. 

"It may be mentioned that an interferometer method could 

hardly be used for these experiments since the entire effect 

under investigation would have produced a shift of only 

one-tenth of a fringe in the visible region", 

A. WOlf and A. Goetz, Phys. Rev. (1934), 1095. 

8) Het is een voorbeeld van onzorgvuldig woordgebruik om elektrische 

energie de arbeidskracht der elektriciteit te noemen. 

(Van Dales Groot Woordenboek der Nederlands Taal) • 

. 9) De Nederlandse economie kan in positieve zin beinvloed worden door 

het bevorderen van bezigheden en levensgewoonten, zoals 

sportbeoefening en natuurlijke voeding, die de lichamelijke 

conditie verbeteren. 



10) In een artikel, genaamd "Linearity of 1/f noise mechanisms" tracht 

R.F. Voss het verband aan te geven tussen bepaalde statistische 

eigenschappen van ruis en de lineariteit van 1/f ruismechanismen. 

Zijn conclusie dat een enkele physische theorie niet alle typen 

ruismechanismen kan verklaren is erg onlogisch. 

R.F. Voss, Physical Review Letters (1978), 913. 
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