
 

Carrier concentration dependence of the magnetic properties
of Sn1-xMnxTe
Citation for published version (APA):
Eggenkamp, P. J. T. (1994). Carrier concentration dependence of the magnetic properties of Sn1-xMnxTe. [Phd
Thesis 1 (Research TU/e / Graduation TU/e), Applied Physics and Science Education]. Technische Universiteit
Eindhoven. https://doi.org/10.6100/IR422202

DOI:
10.6100/IR422202

Document status and date:
Published: 01/01/1994

Document Version:
Publisher’s PDF, also known as Version of Record (includes final page, issue and volume numbers)

Please check the document version of this publication:

• A submitted manuscript is the version of the article upon submission and before peer-review. There can be
important differences between the submitted version and the official published version of record. People
interested in the research are advised to contact the author for the final version of the publication, or visit the
DOI to the publisher's website.
• The final author version and the galley proof are versions of the publication after peer review.
• The final published version features the final layout of the paper including the volume, issue and page
numbers.
Link to publication

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

            • Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            • You may not further distribute the material or use it for any profit-making activity or commercial gain
            • You may freely distribute the URL identifying the publication in the public portal.

If the publication is distributed under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license above, please
follow below link for the End User Agreement:
www.tue.nl/taverne

Take down policy
If you believe that this document breaches copyright please contact us at:
openaccess@tue.nl
providing details and we will investigate your claim.

Download date: 24. May. 2023

https://doi.org/10.6100/IR422202
https://doi.org/10.6100/IR422202
https://research.tue.nl/en/publications/c8c4858b-ed3c-403c-8fc2-72654f94dd95




Carrier concentration dependenee of the 
magnetic properties of Sn1_xMnx Te. 

PROEFSCHRIFT 

ter verkrijging van de graad van doctor aan de 
Technische Universiteit Eindhoven 

op gezag van de Rector Magnificus, prof.dr. J.H. van Lint 
voor een commissie aangewezen door het College van 

Dekanen in het openbaar te verdedigen op 
dinsdag 6 september 1994 om 16.00 uur 

door 

Paulus Joannes Theodorus Eggenkamp 

geboren te Sint-Michielsgestel 



Dit proefschrift is goedgekeurd door de promotoren : 

prof.dr.ir. W.J.M. de Jonge 
prof.dr.ir. K. Kopinga 

Copromotor: dr.ir. H.J.M. Swagten 

CJP-GEGEVENS KONINKLIJKE BIBLIOTHEEK, DEN HAAG 

Eggenkamp, Paulus Joannes Theodorus 

Carrier concentration dependenee of the magnetic 

properties of Sn 1_,_Mn,. Te/ Paulus Joannes Theodorus 

Eggenkamp. - Eindhoven: Eindhoven University of 

Technology 

Proefschrift Eindhoven .. - Met lit. opg. - Met 

samenvatting in het Nederlands. 

ISBN 90-386-0024-0 

Trefw. : experimentele natuurkunde. 



Aan Karin 



Contents 

1 General introduetion 1 
1.1 Diluted magnetic semiconductors . . . . . 1 
1.2 The ferromagnetic-to-spin-glass transition 5 
1.3 Scope of the thesis . . . . . . . . . . . . . 8 

2 Magnetic ordering phenomena 9 
2.1 Introduetion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9 
2.2 Some notes on material treatment and experimental equipment . 9 
2.3 Results of magnetic measurements . 10 

2.3.1 Ferromagnetic regime . . . . . . 14 
2.3.2 Spin-glass regime . . . . . . . . 16 
2.3.3 The reentrant spin-glass regime 17 
2.3.4 A magnetic phase diagram . 21 

2.4 Calculation of the phase boundaries . . 22 
2.4.1 Geometrical model . . . . . . . 22 
2.4.2 Sherrington-Kirkpatrick and Sherrington-Southern models 23 
2.4.3 The mean free path of the carriers . 25 
2.4.4 Comparison with experiment . 28 

2.5 Thermodynamic calculations . . . . . . 29 
2.5.1 SK-model . . . . . . . . . . . . 31 
2.5.2 The distribution of interactions 33 

2.6 Conclusions . . . . . . . . . . . . . . . 37 

3 Frequency-dependence of the susceptibility 
3.1 Introduetion . . . . . . . . . . . . . . . . . 
3.2 Results ................... . 
3.3 Phenomenological description of the data . 
3.4 Dynamic sealing analysis . . . . . . . . 

3.4.1 Power-law sealing ....... . . 
3.4.2 Activated (Iogarithmic) sealing . 
3.4.3 Discussion of the sealing analyses 

3.5 Conclusions . . . . . . . . . . . . . . . . 

39 
39 
39 
44 
46 
46 
48 
50 
53 



4 Magnetic resonance study 
4.1 Introduetion ... . . 
4.2 Experimental ..... . 
4.3 Experimenta\ results .. 

4.3.1 High-temperature region 
4.3.2 Low-temperature region 

4.4 Discussion ...... . .... . 
4.4.1 High-temperature region 
4.4.2 Low-temperature region 

4.5 Conclusions .......... . 

5 Anisotropy of the magnetisation 
5.1 Introduetion .... . 
5.2 Theory ............. . 

5.2.1 Magnetisation ..... . 
5.2.2 Ferromagnetic resonance 
5.2.3 Crystalline anisotropy at finite temperatures 

5.3 Experimental results ...... . 
5:3.1 Magnetisation . . . . . . 
5.3.2 Ferromagnetic resonance 

5.4 Discussion . . . . . . . . . . 
5.5 Conclusions and suggestions 

Summary 

Samenvatting 

Bibliography 

List of publications 

Woord van dank 

Over de auteur 

55 
55 
57 
58 
59 
60 
63 
64 
71 
73 

75 
75 
75 
77 
80 
81 
82 
83 
85 
88 
91 

93 

95 

97 

103 

105 

107 



Chapter 1 

General introduetion 

1.1 Diluted magnetic semiconductors 

In this thesis, the results of a study of the magnetic properties of Sn 1_xMnx Tc 
will be presented. The magnetic behaviour of Sn1_xMnx Te depends not only 
on the concentration of manganese ions, but also on the density of free charge 
carriers. In this respect, Sn1 _xMnxTe and the related Pb1-x-ySnyMnx Te are 
unique compounds, since these are the only matcrials in which such an interplay 
between magnetic and electronic properties can be observed and studied. As we 
will discuss extensively later on, this behaviour is brought about by the unusual 
combination of an RKKY type of interaction between the magnetic ions, and the 
possibility to manipulate the carrier concentration over an appreciable range. 

Sn1 _xMnx Te is memher of a class of materials, called diluted magnetic semi
conductors (DMS). DMS are semiconductors, in which part of the cations are 
replaced by magnetic ions. Most of the research on DMS has been devoted to 
manganese incorporated in 11-VI semiconductors. These include matcrials like 
Cdt-xMnxTe, and Znt-xMnxSe [1 - 4]. Recently, the magnetic bèhaviour of other 
3d ions, like Fe, Co, or Cr, in these semiconductors has also been stuclied [5-8]. 
The most interesting feature of these DMS is the interplay of the semiconducting 
and magnetic properties, resulting in a. strong enhancement of the magnetie-field 
dependenee of the electronic properties of the semiconductor. The carrier con
centrations in these materials are very low ( < 1017 cm-3 ) -and a change of the 
carrier concentration has no effect ·on the magnetic behaviour of the materiaL 

Another class of DMS are the Mn-based IV-VI compounds, which i nel u des 
Sn1_xMnx Te. This class can be divided into two groups [9,10). The first group, 
containing Pb1_xMnxTe, Pb1_xMnxSe, as well as the quaternary compounds 
Pb1_"_ySnyMnxSe and Pb1_:r-ySnyMnx Te with ·a. high concentration of Pb, are 
characterised by a rela.tively low concentration of carriers (1017 -1019 cm-3 ) [11]. 
From a ma.gnetic point of view they are all paramagnets aboveT = 1 K [12,13]. 
Below 1 Ka spin-glass phase is reported in Pb1-xMn:rTe [14]. 

In a spin-glass state the moment-s (spins) of the magnetic ions are frozen 
in random directions. This ra.ndomness is due to the random distribution of 
the magnetic ions over the crystal la.ttice, and a competition of the interactions 
between the ions. This competition may be caused by the position of the ions, 



2 Chapter 1. General introduetion 

o e 
4 • Tc 

........, 
~ 
'--' 

(1)3 
1.... 
:J ....... 
0 
(i) 2 
Q_ 

E 
(l) 
I-

0 

2 5 2 

Carrier concentroti on [cm - 3 ] 

Figure 1.1: Curie- Weiss temperature (0} and Curie temperature (Fe) of 
Pb0 .25 Sn0 .12 Mn0 .03 Te at various carrier concentrations. The lines are a guide 
to the .eye. (After {!8]}. 

if an antiferromagnetic interaction is present in the material, or the presence of 
both ferromagnetic and antiferromagnetic interactions. The spins in a spin glass 
are frustrated, because not all the interactions eau be fulfilled simultaneously 
[15]. 

The secoud group of IV-VI DMS contains Sn1-xMnxTe, Gel-'xMnxTe, and the 
quaternary compounds Pb1_x-ySnyMnx Te and Pb1-:r-yGeyMnx Te with a low Pb 
content. They have a higher carrier concentration ( 1020 - 1022 cm-3 ) and exhibit 
a ferromagnetic phase transition at low temperatures [4,16, 17). 

Especially the compound Pb1-x-ySnyMnx Te, closely related to Snl-xMnx Te, 
is of our interest, as Story et al. [18] have shown that its magnetic behaviour 
strongly depends on the concentration of free carriers. In Fig. 1.1 the Curie
Weiss temperature (0) and the Curie temperature (Tc) of Pb0 .25Sn0.72Mn0.03Te, 
as reported by Story ct al., are shown versus the carrier concentration, p. The 
Curie-Wei ss temperature is proportional to the sum of all magnet ie interactions 
present in tlw materiaL A nonzero Curie-Weiss temperature indicates that a net 
interaction is present in the materiaL The Curie temperature is the transition 
temperature fora ferromagnet.. lt appears from the figure that a threshold carrier 
con centration Jlc :::::: :1 x I 020 cm-3 exists, separating a paramagnet ie (p < Pc, 
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Figure 1.2: Schematic representation of the RKKY-interaction strength as a junc
tion of the distance between magnetic ions. The vertical lines indicate the avail
able lattice positions for the magnetic ions. The distànce R 0 ex p- 1 13 represents 
the first switch from ferromagnetic to antiferromagnetic interactions. 

E> = Tc = 0) and a ferromagnetic (p > Pc, E> ~ Tc > 0) state. This sudden 
change of the magnetic nature was explained by Swagten et al. from the RKKY 
interaction and the band structure of Pb1_ySnyTe [19]. 

The RKKY interaction [20- 22] is an indirect interaction between the magnetic 
ions, which is mediated by the free charge carriers. The interaction strength can 
he written as 

where ~ is the Fermi wave number, m• the effective mass of the carriers, J.d 
the Mn ion-electron exchange integral, a0 the lattice constantt, N the number of 
valleys of the valenee band, which wil! he discussed soon, and R;i the distance 
between the magnetic ions. The RKKY interaction is plotted in Fig. 1.2. The 
strength of the RKKY interaction scales with the effective mass of the carriers. 

t ao will he used as the symbol for the lattice constant. throughout this thesis. It should not 
be confused with the Bohr-radius, which is generally represented by the symbol a0 . 
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Figure 1.3: A simpte model ofthe band structure of Pb1 -x-ySnyMn" Te. For sam
ples with a low carrier concentration only the band of light holes (L) is populated 
at low temperatures. The second valenee band (E) is only populated for p >Pc· 

Therefore the band structure of the compound is also of importance. This is 
shown. in. Fig. 1.3. The valenee band of Pb1 ~ySnyTe has two maxima. The first 
one is located at the L-point of the Brillouin zone (L-band), and the secoud one 
is ]ocated along the E-axis (E-band). The effective mass of the carriers in the 
L-band is much lower than that in theE-band (mi, ;:::j 0.05m. [23], mi; ;:::j 1.7m. 
(24]). lf p < Pc all free carriers are in the L-band, and the RKKY interaction is 
smal!. If p > Pc, the free carriers are present in both the L-band and the E-band. 
Both types of carries will mediate the interaction between the Mn-ions, but the 
effect of the E-band carriers is much larger, inducing the ferromagnetic state. 

Next to the effective mass of the carriers, the degeneracy of the valenee-band 
maxima is also important. The L-band is four-fold degenerate (NL = 4), whereas 
the E-band is twelve-fold degenerate (N,_ = 12). This is not only important as 
a prefactor of the interaction, but also in the determination of the Fermi wave 
vector from the carrier concentration, because all carriers are divided over these 
subbands (see also Sec. 2.4). 

The RKKY interaction is also responsible for the magnetic behaviour of 
canonical metallic spin glasses like CuM u. Because of tbe high carrier concentra
tions in these materials ( n ;:::j 1023 cm-3 ) tbe interaction rapidly oscillates between 
ferro- and antiferromagnetic as a function of the distance between two Mn-ions. 
The period of this oscillation is short compared to the average Mn-Mn distance. 
Due to the random position of the Mn-ions, the interaction will be ferromagnetic 
or antiferromagnetic at random. This causes a frustration of the spins, resulting 
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in a spin-glass state. 
Since the ferromagnetic state in Sn 1_rMn,. Te with p = 5 x 1020 crn-3 is also 

driven by the RKKY interaction, it was anticipated that a change of magnetic 
phase may he expected when the carrier conc<>ntration is increased from .5 x 
1020 cm-3 to 1023 cm-3 . In Pbt-x-ySnyMnx Te the concentration of carriers can 
he changed from 8 x 1019 to 2 x 1021 cm-3 by annealing the material in a proper 
atmosphere [25]. The change of the magnetic phase occurs in this regime of 
carrier concentrations and experimentally accessible manganese concentrations. 
This will he further elucidated in the next section. 

1.2 The ferromagnetic-to-spin-glass transition 

To introduce the subject of this thesis, we will now present some typical results 
of the increase of the carrier con centration as observed in Pb0 .26Sn0.72Mno.Q2 Te 
(p = 6.8 and 14 x 1020 cm-3 ) and Sn0.91Mn0 .03Te (p = 5.3 and 23 x 1020 cm-3 ). 

Figs. 1.4 and 1.5 show the magnetisation, ac susceptibility, and magnetic specific 
heat of these samples. These results have also been publisbed in Europhys. Lett. 
[26]. 

The data below p ~ 1021 cm-3 show the well-known characteristics of a fer
romagnetic transition: a sharp increase of the magnetisation and susceptibility 
at Tc, combined with a À-anomaly in the specific heat at the same temperature. 
Neutron-scattering results have confirmed the genuine ferromagnetic nature in 
this carrier concentration and composition range [25,27]. Moreover, 0 ~ Tc a.S 
expected for such a transition in the mean-field approximation. For carrier con
centrations above p ~ 1021 cm-3 , however, a completely different picture emerges 
from the data. The most obvious observation is that the ferromagnetic transition 
in M, x, and Cm at Tc~ 0 has disappeared. The magnetisation is strongly sup
pressed, while the lambda-anomaly in Cm is transformed into a broad rounded 
maximum, and the sharp peak in the ac susceptibility -is replaced by a cusp at 
much lower temperatures. It is important to note that, although the transition 
to the ferromagnetic state is suppressed when p is increased, the Curie-Weiss 
temperature 0 as a function of p displays no discontinuity, in accordance with 
the expectation for the RKKY interaction. This excludes a breakdown of the 
interaction strength as a cause of the change in magnetic behaviour. 

As mentioned above, in a diluted system, coupled by the RKKY interaction, 
a carrier-concentration-induced transition between a ferromagnetic state and a 
spin-glass state is conceivable. Fora more quantitative approach we wil I introduce 
a simple model based on the RKKY interaction. The oscillations of the RKKY 
interaction, as sketched in Fig. 1.2, have a periodicity proportional to ki 1 (or 
p-113 ), and the first switch from ferromagnetic to antiferromagnetic coupling 
occurs at a distance Ro oe p- 113 . A secoud distance which plays aroleis the mean 
distance between the Mn ions R.Mn, which is determined by the concentration x, 
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Figure 1.4: (a) Field-cooled magnetisation (J.toH = 1 mT), {b) ac susceptibility, 
and (c) magnetic specific heat of Pb0 .26 Sn0 .72 Mn0 .02 Te, for p = 6.8 x 10 20 cm- 3 

(o) and p = 14 x 10 20 cm- 3 (•). The arrow indicates the ferromagnetic tran
sition temperafure Tr for p = 6.8 x 10 20 cm- 3 . 
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and {c} magnetic specific heat of Sn0 .97 Mn0 .03 Te, for p = 5.3 x wto cm- 3 (o) 
and p = 23 x 10 20 cm- 3 (•) . The arrow indicates the ferromagnetic transition 
temperature Tc for p = 5. 3 x 10 20 cm- 3 . 



8 Chapter 1. General introduetion 

RMn ex: x-113 . If RMn <t: Ro the ferromagnetic interactions between the Mn ions 
outweigh the oscillatory behaviour, whereas for RMn ~ Ro competition might he 
expected, resulting in spin-glass behaviour. In the spirit of an earlier suggestion 
of Mauger and Escorne [28] one might intuitively expect a transition between 
these regimes when 

RMn = Ro, (1.2) 

and since RMn ex: x-113 and Ro ex: p-113 , it follows that 

xjp =constant. (1.3) 

This implies that the transition from ferromagnetism to a spin-glass state will 
occur at a higher carrier concentration, when the Mn concentration is increased. 
In the next chapter we will see that this is iudeed the case, and we will use 
this relation in a description of the boundary between the magnetic phases. The 
work described in this thesis is devoted to a further investigation of this phase 
boundary. 

1.3 Scope of the thesis 

To conclude this introduetion we will outline the contents of this thesis. In 
Chapter 2 we will show a representative selection of our data on samples of 
Sn1-xMnx Te with x ranging from 0.02 to 0.10 and p from 3 to 25 x 1020 cm-3 . 

These results will be used to compile a magnetic phase diagram. We will campare 
the experimental results to model calculations of the phase boundary and, more 
generally, the thermadynamie quantities. The calculations of the phase boundary 
will turn out to be in reasanabie agreement with the experimental results, but 
calculating the thermodynamic quantities will proveto be very diffi.cult. In order 
to corroborate our claims of the magnetic phases of the samples, we have exam
ined the dependenee of the ac susceptibility on the frequency of the applied field. 
These results will he discussed in Chapter 3. Chapters 4 and 5 wiJl deal with a dif
ferent aspect of the carrier-concentration dependenee of the magnetic properties 
of Sn1-xMnx Te. In Chapter 4 we will report on electron-paramagnetic-resonance 
experiments, which were performed to establish the exchange parameter Jsd· In 
this investigation an anisotropy in the low-temperature magnetisation was ob
served. This anisotropy is discussed further in Chapter 5. The thesis will he 
concluded with a summary of the major results and conclusions. 



Chapter 2 

Magnetic ordering phenomena 

Part ofthis chapter was publisbed in J. Appl. Phys. 75,5728 (1994) [29) . 

2.1 Introduetion 

In this chapter we wiJl consider the ferromagnetic-to-spin-glass transition in
duced by the carrier-concentration in more detail. In a recent publication we 
have focussed on neutron-scattering results and shown that in Sno.96Mno.o4 Te 
this phase transition occurs, and that an intermediate phase seems to exist [27]. 
This intermediate phase was interpreted as a reentrant spin-glass phase, which 
manifestsitself through two transitions. The lower-temperature transition is spin
glass-like, whereas the higher-temperature transition appears to be ferromagnetic. 
Earlier investigations by Escorne et al. [28,30,31] also showed three different mag
netic phases in Sn1_xMnxTe with low concentrations of manganese. They did, 
however, not recognise the carrier concentration as an important parameter in 
the system. 

We have experimentally investigated the magnetic behaviour of Snt-xMnx Te 
at higher manganese concentrations, using magnetisation, ac susceptibility, spe
cific heat and neutron-scattering measurements . With these results we can extend 
the x- p magnetic phase diagram to higher manganese concentrations. The sec
ond part of the chapter is devoted to model calculations, with which we hope to 
obtain a better insight in the mechanisms governing the phase transition. We 
will first focus on the phase diagram, and try to calculate the phase boundary 
using existing models. After this we will calculate the temperature dependenee 
of the magnetisation and specific heat, to campare them to our measurements . 

2.2 Some notes on material treatment and experimental 
equipment 

The crystals we used were grown using tbe Bridgman technique. As-grown 
crystals usually have a carrier concentration of approximately 10 x 1020 cm - 3 , as 
measured with the Hall-effect . Other carrier concentrations can he reached by 
annealing the sample in a proper atmosphere. The annealing procedure is not 

9 
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nicely tunable, and hence the other carrier concentrations that can be reached 
are either between 4 and 7 x 1020 cm-3 or between 20 and 24 x 1020 cm-3 • Some 
attempts have been made to change the annealing and growing procedure, but 
they were only partially successful. More details on the sample preparation and 
annealing are given by Vennix [25]. 

The magnetisation measurements were performed in a PAR 155 vibrating 
sample magnetometer. The temperature of the magnetometer was set between 
1.8 and 40 K. The small magnetic fields, usually 2 to 10 mT, were applied using a 
conventional Cu-solenoid. Some high-field measurements were performed, using 
a superconducting magnet. 

Ac-susceptibility measurements have been obtained in a home made mutual 
inductance bridge. Usually, the applied ac field had a magnitude of 1.6 p,T and 
a frequency of 913 Hz. Tbe magnitude of this field must be as small as 1.6 p,T 
to eosure that the susceptibility does not depend on the magnitude of the ac 
magnetic field. Temperatures ranged from 1.3 to 40 K. We were able to measure 
both the real (in phase, x') and imaginary (out of phase, x") componentsof the 
suscepti bility. 

The specific-heat experiments were obtained in a home made heat-pulse calori
meter, operated at temperatures between 1.5 and 15 K. Magnetic fields up to 3 
T could be applied. The sample specific heat was corrected for tbe specific heat 
of phonons and free carriers by subtrading the specific heat of SnTe, which was 
measured separately. Th is yields the magnetic specific beat (Cm = Ce"Periment -

CsnTe)· In _this procedure it is assumed tl1at the substitution of Sn by Mn does 
not change the contributions of the phonons and the free carriers [32]. 

The carrier concentrations of our samples were determined with the Hall
metbod at 77 K. Throughout this thesis, we will refer to apparent carrier concen
trations, whic:h were c:alculated from the Hall-voltage assuming a parabalie band 
structure. The possible influence of the band structure wil! he discussed in Sec. 
2.4. We have chosen a temperature of 77 K, because it was shown for SnTe that 
the apparent carrier concentration is constant below 100 K [23]. Furthermore, 
at low temperatures the Hall-voltage is influenced by the anomalous Hall-effect 
caused by the increasing magnetisation, complicating the interpretation [33]. 

2.3 Results of magnetic measurements 

To illustrat<> the carrier-concentration dependenee of the magnetic behaviour 
of Sn 1_xMn. Te, representative results of magnetisation, ac susceptibility, and 
specific:-heat experiments will be show11. The change of the magnetic phase is 
clearly observed in samples with x = 0.05, which wiJl therefore serve as our main 
guide in this survey. The results are shown in the Figures 2.1 (magnetisation), 2.2 
(susc<>ptibility), and 2.:.1 (magnetic specific heat). The discussion of the reentrant 
spin-glass reginH' willl)(' supported by neutron-scattering measurements. We will 
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Figure 2.3: Magnetic specific heat at various magnetic fields of Sn0 .95 Mn0 .05 Te 
with p = 5.2 x 10 20 cm- 3 (a), p = JO x 10 20 cm- 3 (b), and p 
24 x 10 20 cm- 3 {c). (o) J.LoH =0 T, {•) J.LoH =0.1 T, {D) p. 0 H =1 .0 T, 
and {•) p.oH =2.8 T. 
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now discuss each regime separately. 

2.3.1 Ferromagnetic regime 

The sample with p = 5.2 x 1020 cm-3 shows the typical behaviour of a fer
romagnet. The magnetisation as well as both components of the susceptibility 
dramatically increase at the Curie-temperature Tc = 6.0 ± 0.2 K. Furthermore, 
the magnetic specific heat shows a À-anomaly at the same temperature. The 
Curie-temperature was determined by the maximum slope of dM /dT or dx' /dT. 
This procedure is only accurate if the external field is small enough [34,35]. This 
is justified by the coincidence of the values obtained from the magnetisation 
measurement (1-loH = 2.0 mT) and the susceptibility measurement (1-loH = 1.6 
1-lT). At T > 8 K the magnetisation and in-phase susceptibility are described 
by the Curie-Weiss law x'= M/ H = C/(T- 0) [36]. As an example, the fits 
of the magnetisation data to the Curie-Weiss law are presented in Fig. 2.1 b. 
The Curie-Wei ss temperature is 0 = 6.9 ± 0.2 K. The manganese concentration, 
which can he determined from the Curie constant (C = (1.07 ± 0.06) x 10-s 
m3 K/kg) assuming g = 2.0 (see Ch. 4) and S = 5/2, was x = 4.9 ± 0.3%. The 
magnetisation which is reached at low temperatures is only 48% of the expected 
saturation magnetisation (5.75 Am2/kg for x= 0.05). As we wil! see later (Ch. 
5) the field of 2 mT is not large enough to produce a saturation. Moreover, even 
in high magnet ie fields, the saturation magnetisation is lower than expected [25]. 
We will get back to this point below. Like in other ferromagnetic systems, the 
initia! decrease of the magnetisation with temperature can he described by the 
excitation of spin waves. In a three-dimensional ferromagnet one expects [36,37) 

M(T) = I - AT3f2 
M(O) 

(2.1) 

Our sample follows this law up to T ~ 4 K. The proportionality constant is 
A= 2.17 x 10-2 K-312 • We have also determined this constant in samples with 
other manganese and carrier concentrations. A description of the magnetisa
tion with spin-wave theory was also reported by Galt}zka et al. for a sample of 
Ph0.20Sno.12Mno.os Te [34). lt turns out that A depends on both x and p, which is 
confirmed by theory [37]. 

The specifir-heat experiments have been performed also in external magnetic 
fields. These results are depicted in Fig. 2.3a. It appears that the À-anomaly 
now broadens and that the maximum shifts towards higher temperatures. This 
behaviour is also reported for other ferromagnetic systems [38] . From the spe
cific heat expt>rinwnts it is possible to calculate the entropy (S) of the magnetic 
systf'm, as 

c; = {""' Cm ]7' ' .Jo T < • (2.2) 
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In thermadynamie theory the total entropy should be Sth = xR ln(2S + 1 ), where 
x is the manganese concentration and R is the molar gas constant. With x = 
0.05 and S = 5/2 we obtain Sth = 0.745 Jjmo!K. The entropy gained in the 
experimental temperature region is Sexp = 0.51 Jjmo!K = 0.68Sth· In order to 
campare the experimental and theoretica! entropy, the specific-heat data have to 
be extrapolated to T = 0 K and T = oo. Towards T = oo, Cm ex: r-2 is taken, 
as predicted by high-temperature series expansions. This yields about 5% of Sth· 
For the extrapolation towards T = 0 K, two rnadeis can be distinguished. The 
con tribution of spin waves yields a specific heat proportional to T3J2 [36,37 ,39], 
whereas the Weiss-Mean-Field theory gives C = ;, exp(-t). The contribution 
from the spin wavescan be estimated from the magnetisation data, since it can be 
shown that forS= 5/2, C(T) = 4.8lxNAks[l- M(T)/M(O)]. This would yield 
C(T) = 0.0434 T 312 • This specific heat is too low to account for the observed 
specific heat at T > 1.5 K, si nee a fit of the lowest part of the specific-heat data 
gives C(T) = 0.066T312 . The sameeffect was observed in a sample with x = 
0.03, of which the specific heat was measured down to 150 mK [25]. These data 
could be fitted with a T 312 law up to 1 K, but the corresponding proportionality 
constant was also larger than that obtained from the magnetisation data by a 
factor of 1.5. This discrepancy may be caused by the fact that the material still 
contains antiferromagnetic interactions, even at this carrier concentration, giving 
rise to additional, spin-glass-like, features in the spin-wave spectrum, and hence 
a deviation of the specific heat at low temperatures from a ferromagnetic specific 
heat. 

The total entropy calculated using the extrapolations based on these roodels 
is lower than the theoretica! entropy, as we find values of 0.83 Sth (Weiss-Mean
Field model), and 0.90 Sth (spin wave model). In both models, approximately 
83% of the entropy is gained below Tc, consistent with calculations for a three
dimensional Heisenberg ferromagnet [40]. The entropy is clearly lower than the 
theoretica! value. The theoretica! value, however, contains the manganese con
centration. We measured the manganese concentration with electron probe micro 
analysis, which yielded 0.048 with a relative uncertainty of about 10%. It was 
also obtained from the high-temperature behaviour of the susceptibility and the 
magnetisation with a value of 0.049. This does, however, not explain the observed 
difference. 

The low values of the observed saturation magnetisation and entropy may 
be explained if, apart from the RKKY interaction, an antiferromagnetic nearest
neighbour exchange interaction (JN~h) is present. This must be strong enough 
to keep two Mn-ions, that are on nearest-neighbour positions, antiparallel, in 
spite of the applied field or temperature. In this case the magnetisation is not 
fully saturated, and the entropy of these pairs is only gained at temperatures 
above those covered in the experiment. lf this is the case, JN'Nch / ks should be at 
least 5 K. In 11-VI DMS JN'Nch/ks is about 7 K [4,41], but in Pb1_xMnxTe and 
Pb1_x-ySnyMnx Te the reported values are only about 1 K [9,13], which makes 
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this interpretation questionable. Another explanation involves the presence of 
Mn-ions that are only weakly coupled to the rest of the ions. These ions will 
behave paramagneticly down to very low temperatures, and do not contribute to 
the magnetisation. They also gain their entropy at very low temperatures, which 
is therefore not observed in our experiment. Unfortunately, we are not able to 
estimate the number of such isolated ions independently. 

Summarising, although we cannot explain all details of the experimental data, 
the present sample shows a number of features, supporting the condusion that it 
is a ferromagnet. 

2.3.2 Spin-glass regime 

The sample with p = 24 x 1020 cm-3 shows the characteristics of a spin glass. 
First of all, a cusp in x' at the freezing temperature Tc = 2.5 K is observed. 
Furthermore, the magnitude of the susceptibility at this cusp is much lower than 
the susceptibility of the ferromagnetic sample. A corresponding maximum in x" 
is observed at a slightly lower temperature. The magnetisation of this sample is 
also one order of magnitude smaller than the magnetisation of the ferromagnetic 
sample. In other spin-glass systems, however, a difference between the zero-field
cooled and field-caoled magnetisation is observed below the freezing temperature. 
In this sample we have not clearly observed such a cüfference in a field of 2.0 
mT. It was reported, however, that in Sn0.97Mn0 .03Te such a difference was only 
observed in fields below 1.0 mT, and not ___ in a field of 2.0 mT (42]. Therefore, 
our results do not contradiet the spin-glass behaviour of the sample. Both the 
magnetisation and the in-phase susceptibility measurements can he described by 
the Curie-Weiss law below 13 K. A deviation of the data from the Curie-Weiss 
law above approximately 5 x Tc was also observed in other spin glasses like CuMn 
[43] and is considered another signature of a spin glass. There is a slight difference 
between the Curie-Weiss temperatures and manganese concentrations obtained 
from the magnetisation and the susceptibility measurements (0M = 8.2 ± 0.2 K, 
ex = 8.8 ± 0.5 K, XM = 5.0 ± 0.2%, and Xx = 4.3 ± 0.4%). This is caused by a 
large inaccuracy in the high-temperature susceptibility measurements. 

In the specific heat we see just a broad maximum with no anomaly at all, 
whereas at low temperatures the specific heat rises linearly with the temperature. 
These effects were also observed in other spin glasses [15] . Like in CuMn [44], an 
external magnetic fields further broadens the maximum and shifts it to higher 
temperatures (Fig. 2.3c). The entropy was calculated using a linear extrapolation 
toT= 0 K, and is in agreement with the theoretica] value (Sexp = 0.96Sth) within 
the experimental accuracy. The entropy gain below Tc is only 0.41Sth, as was also 
observed in canonical spin-glass systems (15]. 
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Figure 2.4: Susceptibility of Sn0 .92 Mn 0 .0sTe with p = 24 x 10 20 cm- 3 . (•) x', 
(o)x". 

2.3.3 The reentrant spin-glass regime 

The behaviour of the sample with p = 10 x 1020 cm-3 is not as straightforward 
as the other two samples. First, the magnetisation decreases at low temperatures, 
aftera ferromagnet-like increase between 6 and 4 K. The ordering temperature Tc, 
as defined by the maximum slope of dM /dT, is 5.4 K. This is lower than the value 
of Tc for the ferromagnetic sample (6.0 K), whereas the Curie-Weiss temperature 
is about the same (0 = 7.8 ± 0.2 K). The maximum magnetisation is reached at 
2.8 K. x' has a maximum at 5.4 K and a shoulder at about 2.5 K, whereas x" 
has a maximum at 2.3 K and a shoulder at 5.3 K. This indicates that the sample 
undergoes two transitions, a ferromagnet-like transition at T = 5.4 K, and a 
spin-glass-like transition at T = 2.3 K. The high-temperature magnetisation and 
susceptibility could he described by the Curie-Weiss law. Both measurements 
yielded the same Curie-Wei ss temperature ( 0 = 7.8 ± 0.2 K) and manganese 
concentration (x= 4.9 ± 0.2%). 

The two transitions are more clearly observed in Sn0 .92 Mn0 .08Te with p = 
24 x 1020 cm-3 (see Fig. 2.4), which has a ferromagnetic transition at T = 11.2 
K, and a spin-glass transition at T = 2.3 K. These transitions are clearly present 
in both x' and x". A similar behaviour was found before in PdFeMn [45] and 
AuFe [46], which was interpreted as a reentrant spin-glass phase. The sample 
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with x = 0.08 has a much higher carrier concentration than the sample with 
x = 0.05 and it still displays the same behaviour. This shows that the transition 
from ferromagnetism to spin-glass ordering depends on both the manganese and 
the carrier concentration. 

The specific heat shows a behaviour intermediale between the ferromagnetic 
and spin-glass specific heat. lt has a moderately sharp maximum, coinciding with 
the ferromagnetic transition. This maximum smears out in a magnetic field (see 
Fig. 2.3b). As expected fora spin-glass-like transition no anomaly is seen at 2.3 
K. In this sample the entropy is lower than the theoretica) value by 13%. 

More information about the nature of the magnetic phase of a material can 
be obtained from neutron-diffraction measurements. In Sn1_xMnx Te the inten
sity of the (111) reflection is the sum of a nuclear contri bution and a magnetic 
contribution. The latter depends on the magnetisation of the materiaL The 
width of the magnetiè contribution to the reflection profile is a measure of the 
ferromagnetic correlation length in the material [25]. Vennix et al. [25,27] have 
already performed neutron-diffraction measurements on Sn0 .96Mn0 .04Te with var
ious carrier concentrations. The Mn-concentration of x = 0.04 was chosen to 
reduce the contribution of the nuclear scattering to the (111) reflection. Their 
sample with p = 11 x 1020 cm-3 showed the samereentrant spin-glass character
istics in the magnetisation, ac susceptibility and specific-heat measurements as 
our sample Sn0 .95Mno.o5Te with p = 10 x 1020 cm-3 . Their neutron-diffraction 
results indicated that between 2 and 4 K the ferromagnetic correlation length was 
indistinguishable from infinite, but that below 2 K the ferromagnetic correlation 
length started to reduce again. The measurëments were, however, only performed 
down to 1.8 K. To monitor the reduction of the ferromagnetic correlation length, 
additional measurements of the (lil) reflection along the [110] direction in recip
rocal space were performed down to 50 mK on a sample of Sn0 .96Mn0 .04Te with 
p = 9.8 x 1020 cm-3 . The measurements were performed at the Hahn-Meitner 
lnstitut in Berlin. An additional magnetic field of 5 mT could be applied to the 
sample during the measurement. 

In Fig. 2.5 we present the integrated intensity of the profile, obtained by a 
point to point summation, and the inverse correlation length K, which is the half 
width at half maximum of the profile corrected for the experimental resolution 
and background signa!. Fora long-range ordered system, the integrated intensity 
is proportional to the square of the magnetisation. We see, starting from high 
temperatures, that the integrated intensity in zero applied field first rises between 
5 and 2.5 K, and then drops again to 62% of its maximum value at 50 mK. K, 

expressed in reciprocal lattice units (I rlu = 27r'/ a0 ~ 0.1 nm- 1 ), is approximately 
I0-3 rlu betwt>en 4 an.d 2.5 K, and rises again at lower temperatures, saturating 
at a valuc of 4 x 10-3 rlu. When the line width is close to the experimental 
resolution, the procedure to obtain " is not very accurate, and hence the actual 
value of" may be suhstantially smaller than 10-3 rlu between 4 and 2.5 K. This 
indicates that at. approximately 4 K ferromagnetic order sets in. Below 2.5 K, the 
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order is broken down again. When a smal! field of 5 mT is applied, the breakdown 
of the ferromagnetic state both below 2.5 K and above 5.0 K is suppressed to 
a great extent, but it cannot be eliminated entirely. We also see a difference 
between ZFC and FC measurements below 0.7 K, indicating the formation of 
a spin-glass phase. The results above 1.8 K are qualitatively the same as the 
results of Vennix et al. [27], and suggest that the present sample is a reentrant 
spin-glass. 

We can compare our results with the results obtained on Euo.s2Sro.48S [47] 
and on (Fe1_xMnx)75P16B6Ab [48,49]. Our results especially resembie those on 
Eu0 .52Sr0 .48 S, which also showed a decrease of the integrated intensity and the 
correlation length after an initially ferromagnetic state. It was shown that. this 
ferromagnetic state did not include all Eu-ions, as only 14% of the possible Eu
magnetisation was obtained. These results were interpreted in terms of a cluster 
model [50]. A cluster is a group of spins, which are mutually coupled by strong 
exchange interactions, and effectively decoupled from the rest of the spins. This 
decoupling may be accomplished by a frustration of interactions at the border 
of the cluster. The orientation of the spins within a cluster is not necessarily 
ferromagnetic. In this model, a spin glass is described by a large number of small 
clusters, filling the entire sample; a ferromagnet is considered to consist of a few 
large clusters of aligned spins; and a reentrant spin glass is described by a coex
istence of a few ferromagnetic clusters and smaller spin-glass-like clusters. The 
small clusters can exist within a ferromagnetic cluster through a cancelling of in

. t~ractions at their boundaries. The breakdown of the ferromagnetic phase at low 
temperatures may occur because the ferromagnetic clusters, which are formed at 
high temperatures, will contain a lot of gaps, depending on the accidental po
sitions of the Mn-ions. At lower temperatures, the spins within these gaps can 
start to order as well, and will impose a random field on the ferromagnetic clus
ters. This wil! result in a breakdown of at least part of the ferromagnetic clusters, 
yielding a decrease of the magnetisation and the correlation length [48,49]. 

It is also possible to explain the results using the model developed by Gabay 
and Toulouse [51]. They describe the reentrant spin-glass phase by a random 
freezing of the spin components perpendicular to the magnetisation, coexisting 
with the ferromagnetic order (mixed phase). This model prediets three phase 
transitions in a reentrant spin glass. At temperatures below the ferromagnetic 
transition, first a transition to the mixed phase occurs, and at stilllower temper
atures a transition to a phase exhibiting irreversibilities will happen [15]. This 
model implies that the low-temperature phase of a reentrant spin glass is essen
tially different from that of a normal spin glass, where all components of the 
spins wil! freeze out. In our sample we observe iudeed two transitions below 
the ferromagnetic transition, as with alowering of the temperature the magneti
sation first starts to decrease, and then irreversibilities occur, corresponding to 
the phases predicted by Gabay and Toulouse. However, their model is still very 
contraversial [15] and, to our best knowledge, no experimental verification has 
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been observed up to now. More experiments, especially measurements invalving 
polarised neutrons, would be necessary todetermine which of the models (if any) 
is appropriate. 

2.3.4 A magnetic phase diagram 

Similar results have been obtained in samples with x between 0.02 and 0.10, 
and 3 < p < 24 x 1020 cm -J. From these data, the magnetic phase diagram , shown 
in Fig. 2.6, was compiled. The magnetic phase of the samples at low temperatures 
is indicated as a function of both x and p. A sample is considered a reentrant spin 
glass if in the temperature range stuclied two transit i ons could be observed. If only 
one transition was observed, the sample was considered to be either a ferromagnet 
or a spin glass. In this diagram we included data on Pbt-x-ySnyMnx Te taken from 
the literature [9,18,31,34,52]. One can discern three regimes: a ferromagnetic 
regime for high manganese and low carrier concentrations; a spin-glass regime 
for low manganese and high carrier concentrations; and a reentrant spin-glass 
regime, shown batebed in Fig. 2.6, separating the former two. It was already 
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shown [27] that these transitions are not sharp, but gradual. The data below 
p = 3 x 1020 cm-3 are not shown, in view of the breakdown of the ferromagnetic 
state at this carrier concentration [18]. 

As predicted in Ch. 1, the boundaries between the phases shift to higher 
carrier concentrations if the manganese concentration is higher. At both low and 
high manganese concentrations the phase boundaries cannot precisely be deter
mined from the experiments. At low manganese concentrations, all transitions 
occur at temperatures below 1 K, which is below the limit for all our experi
mental equipment. A narrowing of the ferromagnetic and reentrant spin-glass 
regimes is, however, expected, because the carrier concentration must be above 
Pc~ 3 x 1020 cm-3 to observe a ferromagnetic ordering at all. The observation of 
the reentrant spin-glass or spin-glass phase at high manganese concentrations is 
limited, because the carrier concentra.tion ca.nnot be made high enough. Further
more, above x = 0.17, the nea.rest neighbour percola.tion limit for a fcc-la.ttice, 
only ferromagnetic behaviour is expected. Above this concentra.tion the nearest 
neighbour interaction is dominant, because all ions will be coupled by a. nearest 
neighbour intera.ction, a.nd the nearest neighbour interaction is much stronger 
tha.n the interaction with ions at a larger distance. 

In the next section we wi\1 consider the phase diagram in more detail, a.nd 
compare these results with ca.lcula.tions of the phase boundaries. 

2.4 Calculation of the phase boundaries 

After this experimental survey, which led to a. rough determina.tion of the 
position of the transition from the ferroma.gnetic to the spin-glass state in the 
x - p phase diagram, we wil! now describe three models to calculate this phase 
boundary. 

2.4.1 Geometrical model 

As a start, we wil! reeall the simple geometrical model described in Chapter 
1. lt was argued that a. change of the ma.gnetic phase can be expected if the 
average dista.nce, at which a. Mn-ion has its nea.rest magnetic neighbour (RMn), 
equals the distance at which the RK KY-interaction changes sign (Ra). This led 
to the relation xfp =constant (Eq. 1.3). Todetermine the constant, we have to 
know the proportionality constants c1 and c2 in RMn = c1x-113 and Ra = c2p-113 • 

Ct can be calculated by dividing the entire sample volume in equal spheres 
each containing one Mn-ion. These spheres are touching each other, forming 
a super-fee lattice. RMn is the distance between points in this lattice. This 
yields Ct = ao/ J2, where ao = 0.63 nm is the lattice constant of Sn1_xMnx Te. 
Vennix [25] has employed a different argument to calculate the average distance 
between the Mn-ions. He has divided the entire sample volume over the Mn
ions, which implies that the splwres overlap. In this way the average distance is 
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overestimated. Th is is ea.sily seen in the limit of x -+ 1, which yields the correct 
value of RMn = a0 /V'i in our treatment, and RMn = (3/27r)113 ao according to 
Vennix. This is about 10% larger than our value. 

To calculate c2 we need to take the band structure of the compound into 
account. As said before, in the RKKY interaction only holes from the E-band 
are important . Furthermore, the E-band consists of Nr. = 12 equivalent valleys, 
and the carriers are spread out over all these valleys. This gives 

4.49 
Ro = ( 31r2 ) I /3 ' 

2 Nr;PE 

(2.3) 

where the factor 4.49 is given hy the first zero of the RKKY interaction (see Fig. 
1.2) pr. = p - Pc is the density of carriers in the E-band. Evaluating all the 
numerical factors gives 

(2.4) 

This line is presented in Fig. 2.6 by the full curve. The curve is not a straight 
line, because in this figure, the total carrier concentration (p) is used. In spite of 
the crudeness of the model, this qualitative relation between x and p reproduces 
the experimental pha.se boundary quite accurately. 

2.4.2 Sherrington-Kirkpatrick and Sherrington-Southern models 

For a more sophisticated analysis we will use the models of Sherrington and 
Kirkpatrick (SK) [53,54] and Sherrington and Southern (SS) [55]. These mod
els are generally used to describe (reentrant) spin gla.sses. In the Hamiltonian 
descrihing a system of interading spins 

H. =- LJ;iSi · Si 
i,j 

(2.5) 

they a.ssumed that the interaction strength is distributed according toa Gaussian 
distri bution with mean J0 and width tlJ. The range of the interaction was treated 
differently, as SS restricted it to nearest neighbours and SK applied it to all pairs 
of i ons i and j . The SK a.ssumption represents an unphysical situa.tion, as the 
interaction strength does not depend on the distance between the spins [15]. 
Furthermore, SK treated the spins as S = 1 Ising spins, wherea.s in reality a 
description with S = 5/2 Heisenberg spins is more adequate. SS have considered 
an arbitrary spin, but only SK consider the possibility of a reentrant spin-glass 
phase. 

To calculate the phase boundary, we must consider the temperatures at which 
a transition from the paramagnetic to the ferromagnetic state (Tc) or from the 
paramagnetic to the spin-gla.ss state (Tsg) is predicted. SK have found these 
temperatures as 

(2.6a) 
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and 

(2.6b) 

whereas SS have found 

r.ss = S(S + l)Jo { 1 [1 _ (b..J) 2 3 ] 112
} 

c 3ks + Jo S(S+l) 
(2.7a) 

and 

(2. 7b) 

The boundary between the ferromagnetic and the spin-glass state in the SK
model is obtained from the magnetisation, as calculated within the model (see 
also Sec. 2.5). In both models the parameter Tf = J0 j b..J plays an important 
role. In Fig. 2. 7 the transition temperatures are plotted versus Tf for both mode Is. 
For low val u es of Tf (both ferro- and antiferromagnetic interactions) both models 
predict that T,g is higher than Tc and a spin glass is expected. At high values 
of "' ( mostly ferromagnetic interactions) the two temperatures are reversed, and 
a ferromagnet is expected. A phase boundary is expected when Tc = Tsg· This 
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yields 1'/SK = I and 7Jss = 40/)1295;::::: l.I . In tlw SK model tbe transit.ion from 
the ferromagnetic to the spin-glass state is expectt-'d for 7J~K = 1.25, as given 
by the T = 0 K boundary between tbe spin-gla.ss state <tlld the fprromagnetic 
state. Later, it was found that this bounclary was nut predictcd correctly, and 
that the correct boundary is described by the de Almeida-Thouless line [56]. For 
simplicity, we wil! use the original SK criterion here. 

In these models, the Curie temperature is slightly lower than the Curie- Wei ss 
temperatures (see also Sec. 2.5). However, when a spin glass is predicted, the 
transition temperature is higher than the Curie temperature, and thereby higher 
than the Curie-Weiss temperature. This is neither observed in our data, nor in 
any other spin-glass system. In Sec. 2.3.2, however, it was reported that the high
temperature magnetisation and susceptibility already deviate from the Curie
Weiss law at a temper at ure considerably above the Curie-Wei ss temperature. 
Perhaps, this temperature should be interpreted as the spin-glass temperature in 
the SK and SS models. 

To put their model on a more physical basis, SS have suggested that for a real 
system one should take 

(2.8a) 

and 

(tl.J)2 = L (J(R;i)- Jol, (2.8b) 
i 

where the summation runs over all manganese ions present in the materiaL We 
will use these equations to calculate 17 and subsequently the phase boundary, but 
before we can do this we must consider the effect of nonmagnetic disorder in the 
material, which is reflected in the mean free path of the carriers À. 

2.4.3- The mean free path of the carriers 

Since the RKKY interaction is mediated by the free carriers, a finite mean 
free path wil! reduce the range of the interaction. As determined from mobility 
measurements, À is only of the order of 1 nm [19]. This low value of À is related 
to the concentration of carriers. The carriers are generated by vacancies in the 
crystallattice, and these vacancies act as scattering centers for the carriers (non
magnetic disorder). Since the tin deficiency in the material ranges from 0 to 3 
at%, the number of vacancies is large, thus reducing À. For a parabolic valenee 
band, the mean free path is given by 

À = Jt'h~ = Jtn (31f2 (p- Pc)) t/3, 
e e NE 

(2.9) 

where Jt is the carrier mobility. In Fig. 2.8 we have plotted the observed mobility 
in samples of Sn1_.,Mn., Te-with various manganese concentrations. versus their 
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Figure 2.8: Observed mobility in samples of Sn1 -x Mn" Te with various manganese 
concentrations at 300 K ( o), 77 K ( 0) and 4. 2 K ( 1:::.). The Zin es are a guide to 
the eye. 

carrier éoncentration. If we calculate the mean free path from these data values 
from 2 nm (300 K) to 5 nm (4.2 K) are obtained. However, in a log-log plot 
(not shown) it turned out that a description with (p- Pc)"' fits the data for a 
close to -I /2 instead of the value -1/3 expected from Eq. 2.9. This indicates 
that the effect of the L-band of carriers, which was neglected in the present 
approach, is important . The L-band was included by Karczewski et al. [24] and 
they find that this reduces the mean free path for E-carriers to about 1 urn, and 
slightly decreasing with increasing carrier concentration. In our calculations we 
will therefore use this latter value of 1 nm. 

To take the effect of À into account correctly, we have to average over the non
magnetic disorder. lt was pointed out by de Gennes [57] that for large distauces 
(R ~ À) this averaging results in an exponential damping of the interaction. 
The effect of the mean free path is usually taken into account by this exponential 
damping term at all distances. For R .S À, however there will he hardly any effect 
ou the interaction [58-60]. As an approximation to the real interaction, we wil! 
use an exponential damping of the RKKY interaction at distauces R > 2À, and 
the undamped RKKY interaction at R < 2À. The distance of R = 2À, separating 
tlw two regimes was chosen arbitrarily. Furthermore, we adjusted tbe exponential 
term to obtain a continuous function at R = 2À. The interaction, averaged over 
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the nonmagnetic disorder is now 

J(R) = JRKKv(R) 

J(R) = JRKKv(R) exp ( -~) 

27 

R < 2-X (2.10a) 

R > 2-X (2.10b) 

where JRKKv(R) is given by Eq. 1.1. To calculate D.J we also have to average 
J2(R) over the nonmagnetic disorder. This is given by (58-61] 

J2(R) = R < 2-X (2.11a) 

(2.11b) 

To calculate J0 and D.J we must also take the random distribution of the 
manganese ions into account. This can he done by consiclering one central Mn
ion and finding all possible configurations of the other ions. These ions can be 
put into shells i, separated from the central ion by a distance R;. Each ion within 
such a shell interacts with the central ion with a strength J; = J(R;). Wethen 
get 

00 

Jo= LP1l>1;J; (2.12a) 
I i=l 

(D.J? = LPI { (fnliJ;) 2
- (fnuJ;) 2

}, 
I t=l t=l 

(2.12b) 

in which PI is the probability to find the distribution l, 2:1 runs over all possible 
distributions of manganese ions, nli is the number of ions in shell i in the config
uration corresponding to distribution l, and Li runs over all shells. After some 
basic algebra, this reduces to 

Jo 
i= I 

00 00 

(D.J? = (x-x2 )l:zd?+x2 L:zf(Jl-J/) 
i=l i=l 

+x2 f f ZjZj [ J; . Jj - J; . Jj] . 
i=l j=l 

#i 

(2.13a) 

(2.13b) 

Here z; is the number of lattice points in shell i, and x is the manganese 
concentration. We will assume J; · Ji = J; · Jj, which implies that correla.tions 
between the distributions of magnetic a.nd nonmagnetic impurities are not taken 
into account [61] . The last term in Eq. 2.13b now vanishes. 
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Figure 2.9: Magnetic phase diagram with corrected carrier concentrations. Sym
bols and lines are identical to those in Fig. 2.6. 

2.4.4 Comparison with experiment 

We have calculated the sums in Eq. 2.13 and subsequently deduced the phase 
boundary. The result is shown in Fig. 2.6 for both SK criteria T) = 1 ( dasbed line) 
and 1J = 1.25 (dash-dotted line) and the SS criterion 1J = 1.1 (dotted line). The 
most striking about these predictions is that they are so close to the prediction 
based on the simple geometrical model. Still, all the results seem somewhat off 
the data. Apart from this, we see an oscillation in the transition lines. This 
is due to the rather abrupt change from the normal RKKY interaction to the 
damped RKKY interaction. The 'wavelength' of this oscillation depends on the 
distance where the change of the interaction is assumed to take place (Eq. 2.10). 
The overall position of the lines does not depend on this distance. We therefore 
consider the asciilation as a numerical artifact. 

To discuss the location of the lines, we will consider the difference between 
the apparent and the true carrier concentration. Based on a detailed analysis 
of the band structure, Karczewski et al. [24] have calculated the ratio of the 
true carrier con centration to the apparent carrier con centration (Hall-ratio) in 
Pb0 .25Sn0.72 Mn0 .03 Te. At low carrier concentrations the Hall-ratio is about 1, 
increasing to 1.5 at Papparent ~ 8 x 1020 cm-3 • At higher carrier concentrations 
the Hall-ratio is almost constant. lf we assume these considerations to be valid 
also in Sn 1_xMnxTe, all our data for p > 3 x 1020 cm-3 should be shifted towards 
higher carrier concentrations to get the true carrier concentration. We will now 
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consider the clifferences between Pbo.2sSnu.nM nu.o:1Tt· a nd Sn 1_,. M ll x Te in order 
to validate this assumption. Most important to the Hall-ratio are the Hall -factor 
of the L-band, 0.82, and the ratio of the mobilities of the L and E-band carriers , 
5.4 [24] . The Hall-factor of the L-band is in facta measure of the anisotropy of the 
band, which depends predominantly on the magnitude of the energy gap. In Sn Te, 
the energy gap is somewhat larger than in Pb0 .2sSno.n Te, causing a somewhat less 
anisotropic L-band and therefore a somewhat higher Hall-factor. The observed 
mobilities in both compounds are approximately the same. The observed mobility 
is mainly determined by the mobility of the E-band carriers, as their mobility 
is much lower than the mobi\ity of the L-band carriers, and the total mobi\ity 
is determ.ined by the carriers with the lowest mobility [36] . Since the number of 
impurities in both materialsis about the same, tbe mobility of theE-band carriers 
is not expected to differ a lot. Taking all together, we ex peet the Hall-ratio 
in Sn 1-xMnxTe to be slightly higher than in Pbo.2sSno.12Mno.oJTe. Therefore a 
correction of our carrier concentrations with the Hall-ratio of Pb0.25Sn0.72 Mn0 .03 Te 
wil! be a slight underestimate of the real carrier concentrations. In Fig. 2.9 the 
shift of the experimental data due to the Hall-ratio is effectuated, and it is clear 
that this greatly improves the agreement between the data and the calculations. 

The effect of the mean free path on the calculations is to reduce the interac
tions of ions at larger distances. This will reduce the mean interaction (J0 ) as 
well as the width of the distribut ion of interactions ( ó.J) . The net effect is that 
with increasing À the boundaries in the phase diagram will be steeper. Above 
À = 4 nm there is hardly any effect of the mean free path on the phase boundary, 
because the interaction is already very small at the distance where the damping 
starts. 

A further impravement of the calculations may be obtained if, instead of an 
abrupt change of the RKKY interaction from its pure to the damped form, the 
real dependenee of the interaction on the mean free path of the carriers can be 
used. lt was also shown that the RKKY interaction itself is anisotropic [62]. This 
is expected to shift the phase boundary to lower carrier concentrations as wel!. 
On the other hand , it is known tbat the solution presented by SK breaks down at 
low temperatures. A better description of the transition from the ferromagnetic 
to tbe spin-glass state may be obtained using the de Almeida-Thouless line [56], 
already mentioned previously. The first attempts to calculate this line are already 
in progress [61] . 

2.5 Thermodynamic calculations 

In order to substantiate our model of the various phases and of the transi
tion from ferromagnetism to spin-glass behaviour, we have tried to describe the 
thermodynamic behaviour of the system by model calculations. For these cal
culations two roodels were used. First, the SK-model already described in the 
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Figure 2.10: Reduced Curie- Weiss temperature {0 /x} for various carrier concen
trations. ( o) experimental data; (-) calculation with Eq. 2.14. 

previous section will be considered. After that, we will try to improve the results 
by calculating the actual distribution of interactions in the material and using 
this distribution to calculate the thermadynamie behaviour of our system. The 
calculations wil! be restricted to the magnetisation and specific heat, because the 
measured !ow-field susceptibility is dominated by the domain structure below the 
ordering temperature, rather than by the intrinsic susceptibility. 

In order to be able to compare the calculations with the measurements, the 
values of all constauts in the RKKY-interaction (Eq. 1.1) must be known. kF 
wil! be calculated from the carrier concentration, taking the 12-fold degeneracy 
of the I:-hand into account, but neglecting the inftuence of the L-band for carrier 
concentrations above the critica! carrier concentration. The lattice constant and 
the effective: mass of the E-carriers are taken from existing literature: a0 = 0.63 
nm [9,25] and m* = 1.7me [24]. For the value of J.d various values are given in 
the literature:. We will try to determine its value experimentally in Ch. 4. At 
this moment we will estimate J.d from the carrier concentration dependenee of 
the Curie-Weiss temperature. This temperature is given by (see also Eq. 2.13a) 

0 _ 2S(S' + l).r ~ _ J _ ~c(S )Jo 
- . ~ -n u - ,J + I /,; . 

. H:H n=l 3 ·a 
(2.14) 

In Fig. 2.10 W(' plotled the experimPnta.l values of 0/x versus the carrier concen-
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Table 2.1: Calculated mean and varianee of the distribution of interactions for 
our samples. 

x 
0.05 
0.05 
0.05 

Po(lO~u cm ·"] 
6.6 
15 
36 

À [nm] Jo/ka [KJ 
1.25 
1.53 
1.98 

ó.Jfks (K] 
0.372 
0.916 
1.82 

3.35 
1.67 
1.09 

tration for various values of x. A fair description of the data by the calculation 
was obtained for J.d = 70 ± 10 me V. This value will be taken in the calculations 
of the thermodynamic properties. It appears in Fig. 2.10 that the observed crit
ical carrier density is somewhat lower than the value of 3 x 1020 cm-3 , taken in 
the calculation. Another description of the system was given by Story et al. (62], 
who included the anisotropy of the E-band as well as interband interactions in 
their model. Th is largely red u ces the Curie-Weiss temperature at higher carrier 
concentrations, and a higher value of J.d is necessary to describe the experimental 
Curie-Weiss temperatures. The strength ofthe interband interactions is, however, 
not known. Therefore, these effects were not included in our calculations. 

As shown in the previous section, the calculations of the phase boundaries 
depend on the details of the band structure. Therefore, corrected values ofthe 
carrier concentration, p0 , will be taken in this section: We will start the analysis 
with the SK-model already mentioned in the previous section. 

2.5.1 SK-model 

In the SK-model, two magnetic order parameters, m and q, are used. m is 
the macroscopie magnetisation: m = M/M. = ((S;)r)J, and q is the Edwards
Anderson order parameter (63], descrihing the stability of the phase in time: 
q = ((S,)})J (54]. Here, (· · ·)r denotes the thermal average and (· · ·)J is the 
configurational average. When q :f. 0 the system is ordered, and when m =/; 0 
the order is ferromagnetic. The results of the SK-model only depend on "'· The 
values of TJ taken in our calculations are the values calculated for the samples with 
x = 0.05 described in this chapter, and are mentioned in Table 2.1. According 
to the SK phase diagram, none of these values represents a spin glass. Therefore 
we have also included calculations for TJ = 0.50. To describe the properties of 
the manganese ions more realistically, we have slightly modified the equations by 
treating the system as an Ising S = 5/2 system rather than a S = 1 system. 

In Fig. 2.11 the results for ..jli, mand Cm are presented . ..jli is generally shown 
instead of q, as it can be shown that m :::; ..jli, and m = ..jli for "' » 1. The 
temperatures are expressedinred u eed units: t = T /Tc for TJ > 1 and t = T /Tc for 
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71 < I. As expected, ordering occurs for all valu~s of Ti at t < 1. Th is is evidenced 
by the nonzero value of ..j7i at these temperatures. The calculations for 11 = 3.35 
resembie those obtained with the Weiss-Mean-Field theory. The magneti sation 
is saturated at t = 0 and equals ..j7i at all temperatures . The specific heat rises 
exponentially from t = 0 and shows a sharp decrease at t = 1. For lower values 
of 11 we see that the magnetisation decreases and starts to show a maximum at 
t =f. 0. The magnetisation for 11 = 1.09 is zero at low temperatures, and the 
spin glass ( 11 = 0.50) has no magnetisation at all temperatures . Experimentally, 
we observe in the reentrant spin-glass sample a decrease of the magnetisation at 
low temperatures, which also occurs in the calculations. The specific heat slowly 
transforms from the exponential low temperature behaviour for 11 = 3.35 to a 
linear behaviour for 11 = 0.50. The discontinuity at t = I decreases with lowering 
ry, but still exists in the spin-glass sample in contrast to the behaviour observed 
experimentally. If we include an external magnetic field in the calculations, mand 
vq will be nonzero above t = 1, and the sharp transition in the specific heat at 
t = 1 will broaden and become smaller. It has, however, already been recognised 
that the low-temperature specific heat cannot be correct in the SK-model, as the 
entropy at t = 0 is negative [53). Therefore, the experimental results are not wel! 
described by the SK-model , and we will try to improve the model to eliminate 
these discrepancies. 

2.5.2 The distribution of interactions 

An improverneut of the SK-model can be obtained by releasing the assumption 
that the distribution of interactions is Gaussian. Klein [64) has suggested to do 
this by calculating the probability that an arbitrary ion senses a certain magnetic 
field, caused by the interactions with the surrounding ions. In his calculations, 
the ions were randomly distributed over the surrounding space, not bound by the 
lattice positions ( continuurn model). Using this distribut ion of intern al magnetic 
fields, he calculated the magnetic properties in a mean field like approach (mean 
random field) . This metbod was used by Nieuwenhuys in a slightly modified form 
to describe the specific heat of ferromagnetic PdMn alloys [65]. 

We have improved this metbod by consiclering the discretenessof the crystal 
lattice, and by removing an inconsistency in the formulation by Nieuwenhuys. 
Following SS (see Eq. 2.8), the total interaction that an ion experiences in a 
configuration l (Jt) is obtained by summing all interactions from its surrounding 
ions, which are distributed randomly over the lattice sites (compare Eq. 2.12a). 

N 

J1 = L nitl(R;i)· (2.15) 
i=l 

Here nil is the number of ions present in shell j in the configuration corresponding 
to distribution l, Nis the number of shells taken in the calculation (N = 10000), 
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Figure 2.12: Calculated distributions of interactions for Sno .9s Mno.os Te with 
Po =6.6, 15, and 36 x 10 20 cm-3 • 

and J( R) is taken from Eq. 2.10. The probability assöciated with this J1 equals 
the probability of the distribution: 

P(Jl) =PI· (2.16) 

In Fig. 2.12 the distributions for our samples with x = 0.05 are shown. The 
carrier concentrations used are the corrected va\ues. The distributions for p0 = 
6.6 x 1020 cm-3 and p0 = 15 x 1020 cm-3 are more or less Gaussian, but they are 
slightly asymmetrie, having their maximum shifted towards lower interactions. 
The distribution for p0 = 36 x 1020 cm-3 is clearly non-Gaussian. Distributions 
for samples with smaller manganese concentrations are also non"Gaussian, and 
are not as smooth as those shown in Fig. 2.12, due to the discretenessof the 
lattice [29]. The distri bution for p0 = 6.6 x 1020 cm-3 has a negligible probability 
below J1 = 0, and therefore corresponds to a ferromagnet. For higher carrier 
concentrations, the probability to find negative total interactions increases, and 
it is evident that, due to the increasing competition between interactions, a spin
glass-like heha.viour may occur. 

These distributions will be used to calculate the magnetic properties. In the 
spirit of Klein [64] and Nieuwenhuys [65], the problem wil! be treated in a mean
fielcllike approach . For this we have totransfarm the distribution of interactions 
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to a distri bution of internal magnetic fields. At T = 0 K, the field corresponding 
to a total interaction J, is 

H=~ 
9JJ.BJJ.o 

(2.17) 

We will assume that the local magnetisation can bedescribed by the Weiss-Mean
Field model. This assumption is valid, if the internal field is slowly varying on a 
microscopie scale, and it is in accordance with the cluster model described earlier. 
The total magnetisation is the sum over all local magnetisations. This can be 
written as 

m(T) = M~~) = j dH P(H)Bs(z) (2.18) 

in which M. is the saturation magnetisation, Bs is the Brillouin-function, and 

9JJ.sSJJ.o ] 
z = ksT [Hext + H B.(lzl) . (2.19) 

z is to be determined self-consistently for each field and temperature. The abso
lute value of z is taken in the Brillouin-function to obtain a negative magnetisation 
when the field is negative. Continuing, one can also calculate 

q(T) j dH P(H)B~(z) 

= jaHP(H) z2B~(z) [Hext + HBs( z )] 
Hext + H Bs(z)- xH B~(z) 

(2.20) 

(2.21) 

in which B~ is the derivative of the Brillouin-function [65]. At this point the 
metbod that Nieuwenhuys used was inconsistent, as he wrote 

9JJ.sSJJ.o 
z = ksT [Hext + Hm], (2.22) 

instead of Eq. 2.19, thereby imposing that the expectation value of all spins 
is the same in the calculation of the magnetisation (global averaging). For the 
calculation of the specific heat he used Eq. 2.21, which only requires the spin 
to aJign with the local field (local averaging). The local magnetisation is not 
necessarily equal to the macroscopie magnetisation. The method described bere 
treats both magnetisation and specific heat in a local fashion. 

The results of the calculations for our three samples are shown in Fig. 2.13. 
The transition for the ferromagnetic sample (Po = 6.6 x 1020 cm-3 ) is not as 
sharp as observed experimentally. This is evidenced by the calculations of vq, 
m and Cm. lt occurs at T ~ 0.750, as determined by the steepest descent of 
the magnetisation, which is somewhat lower than observed in the experiments 
(Tc ~ 0.850). The specific heat has an exponential increase from T = 0. When 
the carrier concentration is increased, magnetic order occurs also above T = 0. 
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Figure 2.13: Magnetic quantities calculated with the distributions of internal 
fields. - ·- p0 = 6.6 x 1020 cm- 3 , -Po = 15 x 101!0 cm- 3 ,and- - p0 = 
36 x 10 20 cm-3 . 
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The zero temperature magnetisation decreases to 0. 7.5 M, for p0 = 36 x I 020 cm-3 , 

and bas a maximum at T > 0 K. This resembles our measurements on a reentrant 
spin-glass sample, consistent with the value of 11 = 1.09 (see Table 2.1 ). A still 
higher carrier concentratien is necessary to obtain a spin glass, but it should be 
noted, that in this model the magnetisation will always be nonzero, except for 
a distribution which is symmetrie around lt = 0. The maximum in the specific 
heat broadens as the carrier concentration is increased. The low-temperature 
specific heat transforms from an exponential to a linear behaviour, like it was 
observed in our samples. 

Summarising, we are able to describe most of the qualitative features of our 
experiments with these calculations. Nevertheless, the description is far from 
complete, and an impravement of our model is necessary. 

2.6 Conclusions 

In this chapter, a selection of our experimental data was presented, showing 
the transformation from the ferromagnetic to the spin-glass state as the carrier 
concentration is increased. An intermediale state was found, which was inter
preled as a reentrant spin glass. The neutron diffraction data clearly showed a 
decrease of the magnetic correlation length at about the temperature where the 
magnetisation started to decrease. The phase boundaries occurring in the mag
netic phase diagram could be described reasonably wel! with model calculations. 
Finally, we calculated the temperature dependenee of the magnetic quantities, 
which reflected most of the qualitative features of the experiments correctly. 



Chapter 3 

Frequency-dependence of the 
susceptibility 

3.1 Introduetion 

In the previous chapter, it was shown that in Sn1_xMnxTe three different 
magnetic phases exist. These phases were interpreted as a ferromagnetic, a reen
trant spin glass and a spin-glass phase. In this chapter we will try to justify this 
interpretation using ac-susceptibility measurements at various frequencies of the 
applied field . It is reported in the literature that the freezing temperature of a 
spin glass is higher when the frequency of the applied ac field is higher. The 
increase of Tr per decade of frequency is approximately constant [15,66-68]. This 
frequency dependenee is seen in both x' and x". In reentrant spin glasses, the sus
ceptibility depends on the frequency near the spin-glass transition, but not near 
the ferromagnetic transition [69,70]. In ferromagnetic materials the susceptibility 
depends on the frequency only at microwave frequencies [71]. 

After the results for the three magnetic phases are presented, we will subject 
the results for the spin-glass sample to a dynamic sealing analysis. This analysis 
is often used to determine whether a phase transition occurs in the system at a 
nonzero temperature, or only in the limiting case at T = 0 K. In known spin
glass systems experimental data indieate that the transition oeeurs at a nonzero 
temperature, but the experiments are not yet conclusive. 

The remaioder of this ehapter is organised as follows. The experimental results 
are presented in Section 3.2, and described phenomenologieally in Section 3.3. 
The sealing analysis will he presented in Seetion 3.4. The ehapter wil! he finished 
with the eonclusions in Seetion 3.5. 

3.2 Results 

The samples that were used in this investigation eontained 4 at% of Mn, and 
had a carrier coneentration of 7.5, 11, and 23 x 1020 cm-3 . Basedon our phase 
diagram (Fig. 2.6) we expect these samples to show respeetively a ferromagnetic, 
a reentrant spin-glass, and a spin-glass transition. The frequeney of the driving 
field, used to measure the suseeptibility, ranged from 9.1 Hz to 20.7 kHz; its am-
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plitude was 1.6 J.tT. The signa! corresponding to the imaginary component of the 
susceptibility was proportional to the frequency. The data are corrected for this 
frequency dependence, but the low-frequency x" data are relatively inaccurate. 

In Figs. 3.1 to 3.3 both the real (a) and imaginary (b) part of the susceptibility 
(x) are shown. The overall behaviour is the same as described in Sec. 2.3. 
Therefore, we wil! focus on the frequency dependenee here. 

The sample with p = 7.5 x 1020 cm-3 (Fig. 3.1 ), showing the charaderistics of 
a ferromagnet, has no significant frequency dependenee in x'. In x" there is some 
frequency dependenee near the transition temperature, as the peak for f = 9.13 
kHz is significantly higher than the peak for the other frequencies. The results for 
this first sample closely resembie the expected, frequency-independent behaviour 
for a ferromagnet. 

The sample with p = 23 x 1020 cm-3 , on the other hand, shows a distinct 
frequency dependenee (Fig. 3.2). The cusp, observed in x' at the freezing tem
perature Tc shifts to higher temperatures when the frequency is increased. This 
was also observed in well-known canonical spin-glass systems fl5,66-68]. The rel
ative shift of Tc per decade of frequency is R = !lTc/Tc!llog f = 0.027. This value 
can he compared to the values previously obtained in Snl-xMnx Te: R = 0.022 
(x = 0.8%) and R = 0.027 (x = 2.2%) [31]. lt appears that the value of R 
for Sn1_xMnxTe only slightly depends on the manganese concentration, which 
indicates that the character of the spin-glass phase does not depend on the man
·ganese concentration. The values of R reported for known spin-glass systems 
range from 0.005 (CuMn) to 0.11 (La1_"Gd"Ah) (69] . The measurementsof x" 
also show the shift of the transition temperature with frequency. The rate of the 
change in x" is the same as the rate of the change in x'. This was also observed 
in spin glasses, again supporting the spin-glass state in our sample. 

The susceptibility of the sample with p = 11 x 1020 cm-3 (Fig. 3.3) is a 
mixture of the behaviour of the other two samples. The high-temperature ferro
magnetic transition in x' is independent of the frequency, whereas the shoulder 
at lower temperatures, indicating the spin-glass transition, indeed depends on 
the frequency. This behaviour closely resembles that of the reentrant spin glasses 
CdCr~.glno.1 S4 [69] and Feo.62Mno.38Ti03 (70]. A rough estimate of the relative 
shift of tbe shoulder per decade of frequency yields R ~ 0.03, in agreement with 
the value for tbe spin-glass sample. The behaviour of x" is not as expected: at 
lower frequencies there is a shoulder at a temperature slightly below the maximum 
in x' and a maximum slightly below the shoulder in x', similar to the behaviour 
reported in Sec. 2.3. The position of this maximum is also frequency dependent, 
and shifts by the same amount as the shoulder in x'. At the highest frequency, 
however, the situation is completely different. Here the maximum occurs near 
the maximum in x' and the shoulder occurs near the shoulder in x'. We will 
come back to this point in the next section. 



44 C!Japter 3. Frequency-dependence of the suscepLibiliLy 

3.3 Phenomenological description of the data 

These results may be interpreted in terms of the phenomenological cluster 
model, already cited in Chapter 2. Each cluster will respond to the driving field 
with a relaxation time, which depends on the size of the cluster. Clusters, that 
have a relaxation time larger than the time sca.le conesponding to the frequency 
of the driving field (1/w) wil! block and no Jonger contribute to the susceptibility 
[43,72}. The cluster size changes with temperature, and thereby, its relaxation 
time wil! also change with temperature. This causes a frequency dependenee of 
the temperature at which the cluster will block. In the spin-glass sample there 
is a wide distribution of cluster sizes, which results in a frequency-dependent 
susceptibility. In the ferromagnetic sample, on the other hand, there are only a 
few large clusters present. The relaxation of these clusters is very slow, and does 
not induce a frequency dependenee in the susceptibility. The smal! variatien 
with frequency which is still present in our sample, may be caused by a few 
small clusters that have not been incorporated in one of the large clusters. We 
wish to note that, within the framework of this model, the ferromagnet should 
not have a susceptibility at all. However, the susceptibility of a ferromagnet is 
caused by the movement of domain walls, which were not included in the model. 
This movement is very fast, not causing a frequency dependenee in the range of 
frequencies we used. 

lt is known, that the frequency dependences of x' and x" are related through 
the Kramers-Krenig relations. If tbe distribution of relaxation times in the ma
teria.l is assumed tö he Lötentzian, it can he shown that ('~-rule') [43,73} . 

" 1r ox' 
x = -2olnw· (3.1) 

This relation has been shown to hold experimentally in various spin glass sys
tems [43,73}. In a ferromagnetic system it is not expected to hold, as there is 
no distribution of rela.xation times, and the susceptibility is governed by domain 
wal! motion. The logarithmic derivative of our x' data is presented in Fig. 3.4 
for all three samples. In the case of the sample with p = 23 x 1020 cm-3 the 
agreement between the calculation and the measurement is surprisingly good 
(see Figs. 3.4c and 3.2): both the temperature at whicb tbe slope of x" occurs 
and the height of the maximum are the same. The agreement for the sample with 
p = 11 x 1020 cm-3 is also quitegood (Figs. 3.4b and 3.3). For the three lowerfre
quencies the overall shape and the height are the same. For tbe highest frequency 
the calculated curve also shows a remarkably higher maximum at approximately 
4.2 K, altbough the height of this maximum is a factor of two lower than the 
experimentally observed maximum. Yet, it is amazing that in spite of the crude 
approximation that the distri bution of relaxation times is Lorentzian, the calcula
tions cao predict this higher maximum. Finally, as expected, the calculations for 
the sample with p = 7.5 x 1020 cm-3 do oot reproduce the measurements (Figs. 
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3.4a and 3.1 ). The maximum in thecalculations is ahout a factor of five higher 
than the ·maximum in the measurements. Bes i des tb is, the order of the curves is 
reversed, as the calculated curve at 9.1 Hz shows the highest maximum, whereas 
the measured curve at 9.13 kHz does so. Also the calculated curve at 9.13 kHz 
hecomes negative, which is completely unphysical. This analysis again confirms 
the interpretation of the magnetic phases presented in the previous chapter. 

3.4 Dynamic sealing analysis 

In the foregoing, we have es tablisbed the nature of the magnetic phases present 
in our samples. We wil! now further analyse the frequency dependenee of our spin
glass sample. In the literature on spin glasses, some controversy exists, whether 
the transition to the spin-glass state is. a true thermodynamic phase transition 
at a nonzero temperature, or that it rather is a gradual process, resulting in a 
singularity at T = 0 K [74]. Although it appears that most spin glasses exhibit a 
nonzero transition temperature [15], especially the situation for Cd1-xMnxTe is 
not clear and the behaviour of this compound may he governed by a singularity at 
T = 0 K [75-77]. The description of the dynamics in both cases is quite different . 
lf the transition temperature is nonzero, the relaxation time is expected to diverge 
at this transition temperature according toa power law, whereas a singularity at 
T = 0 K is described hy an exponential divergence [74]. The presence of either 
one of these processes can he investigated by applying aso-called dynamic sealing 
analysis. In a dynamic sealing analysis, the measurements at various frequencies 
are transformed toa single curve (sealing function) using the same formalism for 
all measurements. In this way one can determine the critica! exponents, which 
govern the hehaviour of the system near its phase transition. A good sealing 
is achieved if hoth x' and x" can he scaled with the same critica! exponents, 
although the sealing functions are expected to he different. The two sealing 
formalisms, respectively power-law sealing and activated sealing, will he discussed 
separately in the following sections. 

3.4.1 Power-law sealing 

Power law sealing, associated with a nonzero transition temperature [74], 
describes the divergence of the relaxation time T, as a power of the spin-glass 
correlation length Ç.g [78] 

(3.2) 

which depends on the temperature according to a power law as well [79] 

(3.3) 
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Ta bie 3.1: Coefficients for which the best sealing of x' and x" could be obtained 
for both power-law and activaled sealing. 

power law activated 

x' x" x' x" 
To [Kj 1.85 ± 0.05 1.80 ± 0.05 T0 [KJ 1.80 ± 0.05 1.75 ± 0.05 
/3/zv 0.042 ± 0.003 0.040 ± 0.005 /3/Bv 0.77 ± 0.07 0.95 ± 0.05 

zv 13 ± 1 12 ± 1 Bv 0.67 ± 0.07 0.65 ± 0.05 

Here, z and v are critica! exponents, and t = T /To - l. T0 is interpreted as 
the temperature at which the de susceptibility would show a phase transition. 
T0 is smaller than Tc measured at the lowest frequency. Based on the cluster 
model, Continentino and Malozemoff showed that the two components of the 
susceptibility are given by [75,80) 

( 1- ~)ex wf3fzvft(wr) 
Xeq 

(3.4a) 

and 

x" -ex if/zv h(wr). 
Xeq 

(3.4b) 

In these equations f3 is the critica! exponent of the order parameter [15), and 
f 1 and h are sealing functions. Xeq is the equilibrium susceptibility, given by 
Xeq(T) = x'(w = 0, T). Following Geschwind et al. [78], Eq. 3.4 can be rewritten 
to 

(3.5a) 

x" -/3/zv (t -1/zv) -w cxg2 w , 
Xeq 

(3.5b) 

in which g1 and g2 are two other sealing functions. The power-law analysis has 
three unknown parameters: the transition temperature T0 and the critica! expo
nents f3 and zv. In order to separate the determination of the parameters, a first 
analysis will be made using the frequency dependenee of the freezing terriperature 
only. This can be done, because all Tr's should eventually scale to a single point. 
On basis of Eqs. 3.2 and 3.3 In w = -InT is plotted versus In (fo - 1) for various 
values of T0 (Fig. 3.5). T0 is determined by selecting the value which gives the 
best straight line: T0 = 1.90 ± 0.10. The corresponding exponent is zv = 11 ± 2. 

For the sealing of the entire curves Xeq is needed. This curve was obtained 
by fitting the curve of x'(f = 913 Hz) to the quadratic and cubic corrections to 
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Figure 3.5: Determination of To and ZIJ from the frequency dependenee of T1. 
The plot is made for various values of T0 • Circles represent the measurements, 
lines are the linear fits. 

the Curie-Wei ss law between 2.3 and 6.0 K [75]. This fit was extrapolated to 
temperatures below Tr (full curve in Fig. 3.2). 

In Fig. 3.6 the power-law sealing is presented. A good sealing could he 
obtained for both x' and x", with the same values for the sealing parameters 
(see Table 3.1). The values of T0 and ZIJ coineide with these obtained from the 
analysis of the frequeney dependenee of Tc. The value of (3 determined from this 
fit is 0.52 ± 0.07 and eompares well with values obtained in Cd1 _xMnx Te ((3 = 
0.58±0.03) [78] and Fe0.5 Mn0.5Ti03 ((3 = 0.7±0.1) [81], as wellas the SK-model 
((3 = ~ [82]) and Monte Carlo simulations for a 3D Ising system ((3 :::::::: 0.5 [83,84]) . 
However, like in Cdt-xMnx Te, the present value of ZIJ is rather high, given the 
fact that in eanonical spin glasses ZIJ ranges from 4 to 10 [15,74,75], Monte Carlo 
simulations yielded Z IJ = 7.9 ± 1.0 [83,84], and in eonventional magnetic systems 
ZIJ is around 2 [15]. Therefore, like for Cd1_xMnxTe, a phase transition at T = 0 
K, indicating aetivated dynamie sealing, wiU also be considered. 

3.4.2 Activated (logarithmic) sealing 

The logarithmie inerease of Tr(w) and the large value of ZIJ suggest that the 
sealing may be logarithmic, whieh indieates the presence of thermally aetivated 
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dynamics and thereby a T = 0 K transition [74,75]. In this sealing scheme the 
relaxation time diverges like 

T = roexp (!~), (3.6) 

where l::!.F is an effective energy harrier, and r0 a microscopie relaxation time. 
l::!.F is assumed to increase with the correlation length as 

l::!.F ex Ç~g ex IW8v. (3.7) 

This results in a sealing according to [78,85,86] 

( 1- ~) ilog(wro)l-tl/Dv ex F1 (tilog(wro)i-I/Bv) 
Xeq 

(3.8a) 

x" -ilog(wro)i-,iifOv ex F2 (tilog(wro)I-I/Dv), 
Xeq 

(3.8b) 

In this analysis there is one parameter more than in the power-law analysis. This 
is the microscopie rela.xation time r 0 • We have fixed this to IQ-13 s, a value that 
is physically acceptable and was also reported for other systems [15,75,76,87]. 

Sealing of the experimental results with the activated dynamics was also pos
sibie (see Fig. 3.7). The sealing parameters are mentioned in Table 3.1. T0 and 
Ov are the same for the sealing of bath x' and x". T0 is the same as with the 
power-law sealing. In the present case the interpretation of T0 is, howéver·; not 
clear. Our value of Ov compares well to the values reported for Cd1_:rMn:r Te and 
Hg1_xMnx Te (0.65 - 0.8) [75,76], and for Eul-xSrxS (0.65) (88]. In canonical 
spin glasses, this sealing scheme was not applied, because the power-law sealing 
sufficed to describe the data. Unfortunately, the value of f3/0v is not the same for 
the analysis of x' and x". It has been suggested that f3(x")/Ov = (f3(x') + 1)/0v 
(76], but this relation doés also not hold in our analysis. This indicates that 
the activated sealing is not applicable in Sn1_xMn:r Te, but the accuracy of the 
data is not good enough to substantiate this conclusion. On the other hand, to 
our knowledge, no simultaneous activated sealing of x' and x" with the same 
parameters has been observed up to now (76]. 

3.4.3 Discussion of the sealing analyses 

The results of the sealing analysis of the frequency dependenee of the sus
ceptibility of the sample Sn0 .96Mn0.04Te with p = 23 x 1020 cm-3 indicate that 
a description with power-law sealing is more likely to be correct than a descrip
tion with activatPd sealing. This means that the system has a thermadynamie 
transition at 70 = 1.8.5 K, and the relaxation of the magnetic clusters is not 
hampPred by erwrgy barriers. These energy harriers, however, have a natura] 
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origin, because a single-ion magnetocrystalline anisotropy exists in the material 
(see Chapter 5). The spins, trying to align with the external magnetic field, wi\1 
have to overcome an energy harrier because of this anisotropy. 

Thereupon, the value of zv is rather high, even for a spin glass. This would 
mean that either the correlation length strongly increases near Ta or the relax
ation time strongly depends on the correlation length. Which of these possi
hilities actually occurs cannot be determined from our measurements, because 
we cannot separate the two exponents z and v. One might suggest that v can 
be determined separately by a measurement of Ç(T) using neutron scattering 
experiments. This would, however, mean that both the ferromagnetic and the 
antiferromagnetic correlations must be determined at many temperatures near 
the transition temperature. In the case of the ferromagnetic correlations, this 
requires an accurate separation of the nuclear and magnetic scattering intensity, 
which is hard because of the low manganese concentration, requiring extremely 
long counting times. Therefore, we think this is not feasible in practice. 

Another item in the comparison of the two sealing schemes originates from 
the '~-rule' (Eq. 3.1 ), which can be derived assuming power-law sealing, provided 
f3 / zv ~ 1 [80], as is the case in our materiaL In the case of activated sealing, 
the '~-rule' is valid if f3(x")/zv = (/3(x') + 1)/zv [76,86,88]. This is not the case 
in our sample. Therefore, the good description of the data by the '~-rule' also 
indicates that the power-law sealing is correct. 

Summarising, the analysis indicates that the power-law sealing is more likely 
to be correct, but it will take more measurements, preferably in a much wider 
frequency range, and on samples with other manganese concentrations, to settie 
this point. 

Up to now, a sealing analysis of the sample with p = 11 x 102a cm-3 has not 
been considered, because there are two transition temperatures involved, and the 
equilibrium susceptibility cannot be determined. The latter is the most serious 
handicap, as it prevents any analysis of x'. A sealing of x" does not necessarily 
require the determination of Xeq, but is also not possible because of the behaviour 
of x"(! = 9.13 kHz). A solution to this problem is to measure Xdc and use this 
for Xeq· This is, however, nota simple task, as it is observed that real equilibrium 
is hardly reached near Ta and equilibration times may wel! exceed 1000 seconds 
[15,89,90]. 

Finally, we mention that in the literature on spin glasses the frequency de
pendence of Tr is often analysed with the Vogel-Fulcher law 

T =Ta exp ( ks(T~~ Ta)) , (3.9) 

where Ea is an activation energy. This law is in fact a special case of the activated 
sealing (Bv = 1) [88]. As we found that Bv = 0.65, the Vogel-Fulcher law does 
not apply to Sn1_xMnx Te. Nevertheless, Godinho et al. used the Vogel-Fulcher 
law to descri he the behaviour of Sn1_xMnx Te, and the value Ta = 1.6 K using a 
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fixed value of To = 10-13 s was reported for x = 0.022 [30,31], close to the values 
reported above. 

3.5 Conclusions 

To conclude, we have measured the susceptibility of Sn0 .96 Mn0 .04 Te at var
ious frequencies of the applied field. The sample with p = 7.5 x 1020 cm-3 

displays a frequency-independent ferromagnetic transition. The sample with 
p = 23 x 1020 cm-3 shows a frequency-dependent cusp in x', wbich is charaderis
tic of a spin-glass transition. Finally, the sample with p = 11 x 1020 cm-3 shows 
a frequency-independent ferromagnetic-like transition at 4.5 K, and a frequency
dependent spin-glass-like transition at 2.5 K. This is in agreement with the pro
posed reentrant spin-glass character of the transition. The results were inter
preted in terrus of a cluster model. The frequency dependenee of the spin-glass 
sample was analysed with two different sealing schemes. The power-law seal
ing yielded the same parameters for the sealing of x' and x": T0 = 1.85 K, 
f3 /ZIJ = 0.040, and ZIJ = 12. The activated sealing yielded T0 = 1.8 K, and 
fJIJ = 0.65 for both x' and x", but j3jfJIJ differed (0.77 for x' and 0.95 for x"). 
Therefore, a power-law sealing seems to he more appropriate, indicating that a 
thermodynamic phase transition occurs at T0 . 



Chapter 4 

Magnetic resonance study 

Part of thls chapter was published in Phys. Rev B 47, 227 (1993) (91], 
and in J. Appl. Phys. 69, 6037 ( 1991) (92]. 

4.1 Introduetion 

In the foregoing chapters the oscillatory nature of the RKKY interaction and 
its dependenee on the carrier density has been exploited to explain the transi
tion from ferromagnetic to spin-glass behaviour. In this description it was not 
necessary to know the magnitude of the interaction. However, in the descrip
tion of the temperature dependenee of the magnetic properties, this magnitude 
is an important parameter. As mentioned in Chapter 1, the Mn-Mn interaction 
is dominated by the interaction between the Mn ions and the free carriers, Jsd· 
Generally, Jsd can be determined from optica! transmission experiments, but due 
to the relatively high carrier concentration, and the low mobility of these carri
ers, transmission experiments are not possible. Fortunately, it is alsopossible to 
determine J.d by electron paramagnetic resonance (EPR) experiments, which is 
the main subject of this chapter. 

In EPR experiments, the sample is subjected to microwave radiation with 
a constant frequency, in our case 9.2 GHz, and a variabie magnetic field. The 
microwave radiation is absorbed by the material, if the energy of the microwave 
quanta matches the distance between energy levels of the electrous of the materiaL 
By sweeping the magnetic field a resonance spectrum is obtained. In the case 
of Mn2+-ions, the electrans involved in the magnetic behaviour, are the five 3d
electrons, yielding an angular momenturn L = 0 and a spin momenturn S = 5/2. 
In a magnetic field the energy levels are split due to the Zeeman effect. The 
Hamiltonian of this interaction is 

1iz = 9J-lBJ-toH · S, ( 4.1) 

Wh en sweeping the extern al magnet ie field H a resonance will occur if ( using 
b..ms = ±1) 

hw 
Hr= ---, 

9J-lBJ-lo 

55 

( 4.2) 
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where H, is the resonance field, w is the angular frequency of the microwave 
radiation, and g is the Landé-factor. 

This single resonance line wil\ be split by interactions of the 3d-electrons with 
their environment. The interaction with the crystal field, an electrostatic field set 
up by the surrounding ions, usually gives the largest contribution (fine structure). 
SnTe is a cubic crystal (rock-salt crystal structure) causing a cubic crystal field. 
This contribution to the Hamiltonian is 

a ( 4 4 4) 'Ha = 6 sx + sy + s. . ( 4.3) 

Here a is the anisotropy constant, and S; are the components of the spins with 
respect to the crystallographic directions. In an EPR experiment on Mn2+ this 
interaction wil\ result in a five-fold splitting of the resonance line. 

A nother interaction, splitting the .resonance line is the interaction with the 
nuclear magnetic moment of Mn (I= 5/2, hyperfine structure): 

( 4.4) 

In this equation Ahf is the hyperfine constant, 1 is the gyromagnetic ratio of the 
nucleus, and /-lN is the nuclear magneton. The last term in the equation is small 
and will be neglected. The hyperfine interaction will split the resonance line in 
six lines, because b.m1 = 0. In the case of Mn2+, the hyperfine interaction is 
larger than the fine interaction. Therefore, usually a six line pattem is observed. 

The spectrum mayalso be influenced by the interaction of the Mn 3d-electrons 
and the nuclear magnetic moment of the tellurium isotopes 125Te and 123Te (both 
I = 1/2, superhyperfine structure). The Hamiltonian is similar to the Hamilto
nian of the hyperfine interaction. The superhyperfine interaction yields a two-fold 
splitting of the resonance line. 

In the EPR studies on IV-VI diluted magnetic semiconductors, reported up 
till now, no attention was paid to the influence of the carrier concentration on 
the EPR signals, which is the subject of the present study. Before presenting our 
own results, however, we wil\ now summarise these former studies to establish 
the previous knowledge of the compounds. 

The investigations performed by Pifer on crystals of PbTe, PbSe, and PbS, 
slightly doped with Mn (x= 0.01 %), revealed the characteristic six-line hyperfine 
pattem of Mn2+ ions [93]. The g-factor was found to be very close to 2.0 and the 
hyperfine constant was found to be Ahf = 61.2 x 10-4 cm-1 • These observations 
were confirmed in more recent studies on crystals of PbTe:Mn [94-97], SnTe:Mn 
[98], GeTe:Mn [99] and Pbl-xSnx Te:Mn [100]. It was also possible to observe 
the superhyperfine structure of the EPR line, yielding Ashf = 15.4 x 10-4 cm-1 

[95-97]. Due to the relatively strong hyperfine interaction, the observation of 
the cubic fine structure of the EPR signa! of Mn2+ in IV-VI diluted magnetic 
semiconductors is obscured. However, in PbTe the cubic fine structure constant 
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was estimated (a= 36.5 x 10-4 cm- 1 ) basedon the analysis of the anisotropy of 
the EPR signa! [96]. 

The splitting of the resonance line is only observed if the width of the indi
vidual lines is smaller than their separation. An important mechanism for line 
broadening is the dipolar interaction between the ions. This causes the molecular 
field, acting on the ions, to vary from site to site, shifting the resonance frequency 
of the different ions. This will broaden the line (inhomogeneous broadening). Due 
to this broadening mechanism, the six line pattem is transformed into a single 
structureless line if the manganese concentration is increased above 0.002. The 
EPR studies of such alloys were performed mostly on crystals of Pb1_xMnx Te 
[95,101] and Sn1-xMn.xTe [102,103]. The g-factor was again found to he close 
to 2.0. The experimentally observed linear increase of the line width with in
creasing temperature was described by the s - d exchange interaction between 
free carriers and localised spins (Korringa relaxation mechanism). The values 
for the s - d exchange integral determined from this temperature dependenee 
were J.d = (70- 80) me V [94,95] for Pb1_xMnx Te, with a carrier concent ration 
ranging from n = 1.2 x 1018 cm-3 top = 5 x 1019 cm-3 , and J.d = 180 meV 
for Sn1_.xMnx Te (p = 4 - 8.5 x 1020 cm-3 ) [102] . In the case of Pb1_xMnx Te 
the effect of an electron bottleneck, which will be explained later, was found to 
influence the temperature dependenee of the EPR line width [101]. 

We wil! show that the increase of the line width with increasing temperature, 
observed in the crystals of Sn1_xMn.xTe [102,103] and Pb1_:r-ySnyMn.xTe with 
p > Pc (this work and Ref. [104]), is strongly reduced for samples with carrier 
concentrations p < Pc· Th is effect can be interpreted using the two-band model 
(19] of the magnetic properties of Pbl-x-ySnyMnx Te and the Korringa relaxation 
mechanism. We will determine J.d, for samples with carrier concentrations larger 
than Pc, and show that it is constant for all samples, irrespective of their magnetic 
behaviour. We will also show that earlier data, which seem contradictory with 
respect to the appearance of the bottleneck effect, can be explained when the 
cation vacancies in the lattice are assumed to be the main souree of the electron
lattice relaxation. 

4.2 Experimental 

A survey of the samples of Pbt-x-ySnyMnx Te stuclied in this chapter is pre
sented in Table 4.1. They cover the composition range 0.005 5 x S 0.06, 0.12 S 
y S 1- x and the carrier concentration range p = 1.6 x 1019 - 1.4 x 1021 cm-3 • 

The EPR measurements were performed in the temperature range T = 1.3- 100 
K using a X-band spectrometer. Single structureless lines were observed in all 
these samples. Due to the high conductivity of the Pb1_x-ySnyMn.x Te crystals 
( corresponding to a skin depth of a bout 7 J.tm) one observes a charaderistic Dyso
nian shape of the line [105-107]. To reduce this effect, the EPR investigations 
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Table 4.1 : Overview of the samples studied. The observed magnetic phases are: 
FM - ferromagnetic, PM - paramagnetic, SG - spin glass, RSG - reentrant spin 
glass. 

Composition Carrier conc. Curie-Weiss Low temp. 
Sample x y p [1020 cm-3 ] temp. [K] magn. phase 

A 0.005 0.72 5.1 ? ? 
B 0.01 0.72 6.9 $2.0 FM 
c 0.02 0.72 2.85 0.45 PM 
D 0.02 0.72 5.5 2.7 FM 
E 0.02 0.72 6.8 3.1 FM 
F 0.02 0.72 14.0 3.8 SG 
G 0.04 0.72 2.3 -0.4 PM 
H 0.04 0.72 6.0 3.9 FM 
I 0.02 0.12 0.16 -0.4 PM 
J 0.04 0.16 0.17 -0.3 PM 
K 0.06 0.16 0.61 -1.4 PM 
L 0.04 0.96 5.6 7.4 FM 
M 0.04 0.96 9.8 7.2 RSG 

are frequently performed on powdered crystals. Most of the experiments in the 
present study were performed on samples both in the form of polisbed crystal 
plates (typical dimensions 7 x 7 x 1 mm3 ) and powders embedded in Apiezon 
grease. In Fig. 4.1 typical resonance lines for a crystalline and a powdered sam
ple are shown. In the case of the crystalline sample the line shape was close 
to the theoretica! prediction (Fig. 4.la). The resonance field ( H.) and the line 
width (tlH) were determined by fits of the experimental spectra to the theory of 
Dyson. In the case of powdered samples the asymrnetry of the line was reduced, 
but still present (Fig. 4.1b). In this case the peak to peak width (tl.Hpp) and 
the half amplitude magnetic field (Hr) of the signa! were used to characterise the 
line width and the resonance field of the EPR spectrum, respectively. 

4.3 Experimental results 

In this section we will present the results of our EPR experiments, focusing 
on the difference between samples with p < Pc and p > Pc· We will discuss the 
results in the high and low-temperature regime separately. 



4.3. Experimental results 59 

150 

,........., 100 
::J 
0 .......... 
0 

50 
c 
CJ"l 
(/) 0 

0::: 
(f) 
w -50 

-100 

0.2 0.25 0.3 0.35 0.4 0.2 0.25 0.3 0.35 0.4 0.45 
Magnetic field [T] 

Figure 4.1: Typical resonance Zin es for a crystalline (a) and a powdered sample 
(b). In {a) the juli curve is a fit of the data to the theory of Dyson; in {b) it is 
a guide to the eye. The determination of the resonance field and line width is 
indicated for each case. 

4.3.1 High-temperature region 

A typical temperature dependenee of the EPR line width of the samples with 
large carrier concentrations (p >Pc) is presented in Fig. 4.2 (solid symbols). A 
strong increase of the line width with temperature is observed for all manganese 
concentrations in both crystalline (Fig. 4.2a) and powdered samples (Fig. 4.2b ). 
Due to the fast braaderring of the line no EPR signa\ can he detected at tempera
tmes T ~ 50 - 70 K. Within the experimental accuracy, there is no temperature 
dependenee of the EPR resonance field. The observed resonance corresponds to 
g = 2.0. 

Even a smal! reduction of the carrier concentration below the threshold value 
Pc changes the temperature dependenee of the EPR line width significantly (open 
symbols in Fig. 4.2). The variation with temperature is very weak in this case. 
Again we do not abserve a temperature dependenee of the resonance field corre
sponding to g = 2.0. 

The reduction of the variation of the line width with temperature is even 
stronger in the samples with the lowest carrier concentrations (Fig. 4.3), where 
the results in the high-temperature region seem to scatter around a constant 
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Figure 4.2: Temperature dependenee of the EPR line width. (a) crystalline plat es 
with x= 0.02, y = 0.72 andp = 5.5 x 10 20 cm-9 (•) orp = 2 .85 x 1020 cm-9 

(o). (b) powdered samples with x= O.O..{, y = 0.72 and p = 6 .0 x 101!0 cm-9 

(•) or p = 2.3 x 10 20 cm- 9 (D). The lines are a guide to the eye. 

value. One has to note, however, tbat in this high-temperature region, the rela
tively broad lines and the limited temperature range in which they are observed, 
preclude the detection of a weak temperature-dependent contribution to the line 
width and, on the other hand, significantly decrease the precision of the deter
mination of the resonance field. 

4.3.2 Low-temperature region 

A typical behaviour of the EPR line width and the resonance field of the para
magnetic samples Pbt-r-ySnyMnxTe (p < Pc) at low temperatures is presented 
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Figure 4.3: Temperature dependenee of the line width and resonance field of 
Pbo.aoSno./6Mno.o4 Te with low carrier concentration p = 1. 7 x 1019 cm- 3 ~ Pc· 
The lines are a guide to the eye. 

in Fig. 4.4. With decreasing temperatures an increase of the EPR line width is 
observed (Fig. 4.4a), accompanied by a shift of the resonance field to lower fields 
(Fig. 4.4b). These effects are observed both in powdered crystals and crystalline 
plates. In the latter case the experimental investigations were performed in two 
configurations, i.e. the surface of the sample parallel and normal to the external 
magnetic field. The shift of the resonance field is observed in both configurations. 
This excludes the demagnetisation fields as a primary souree of this effect. We 
observed the same characteristic behaviour in all paramagnetic samples. The 
magnitude of the effect is manganese concentration dependent (Fig. 4.4). We 
will get back to this point in Sec. 4.4.2. 

The samples, which exhibit a ferromagnetic phase transition at low temper
atures, show a dramatic increase of the intensity of the EPR signa! below the 
ordering temperature. All these samples have a carrier concentration larger than 
the threshold concentration. The temperature dependenee of the resonance field 
and the line width are presented in Fig. 4.5 for three powdered samples with 
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Figure 4.4: EPR line width and resonance field versus temperature (at low tem
peratures} for two powdered samples with carrier concentrations lower than the 
threshold value. (o) x = 0.02, y = 0. 72 and p = 2.85 x 10 20 cm- 3 ; (•) x = 
0.04, y = 0. 72 and p = 2.3 x 10 20 cm- 3 • The lines are a guide to the eye. 

different manganese concentrations. The line width has a minimum at a temper
ature approximately equal to the Curie temperature of the crystal. The shift of 
H. to lower fields is manganese concentration independent within the experimen
tal accuracy. The EPR resonance field is anisotropic at T < 8. We wil! present 
a detailed study of this anisotropy in the next chapter. 

EPR measurements on sample F, which according to the other magnetic 
measurements is a spin glass at low temperatures, are presented in Fig. 4.6. 
As for all other samples with a carrier concentration p > Pc, the line width at 
high temperatures is increasing with increasing temperature (Fig. 4.6b ). At low 
temperatures a partietdarly strong increase of the line width and shift of the 
resonance field (Fig. 4.6a) are observed. 
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Figure 4.5: Temperature dependenee of the line width and the resonance field 
of powdered samples with different manganese concentrations. ( •) x = 0. 01, 
y = 0.72 and p = 6.9 x 10 20 cm- 3 ; (o) x = 0.02, y = 0.72 and p = 
5.5 x 10 20 cm-3 ; (D) x = 0.04, y = 0. 72 and p = 6.0 x 10 20 cm- 3 • The 
lines are guides to thc eye. 

4.4 Discussion 

A schematic overview of the results is presented in Fig. 4. 7. Each carrier 
concentration range is characterised by a typical temperature dependenee of the 
EPR line width and the resonance field at low (T < 0) and high (T > 0) 
temperatures. The threshold concentration of carriers, Pc = 3 x 1020 cm-3 gives 
rise to a clear distinction in general behaviour, whereas the transition from low
temperature to high-temperature behaviour is located around 4 K. We will discuss 
the experimental results in these two temperature ranges separately. 
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Figure 4.6: Temperature dependenee of the resonance field {a) and the line width 
(b) of the sample of Pb0 .26 Sn0 .12 Mn0 .02 Te with the largest carrier concentration 
p = 14 x 10 20 cm- 3 , a spin glass at T i':::j 1.5 K, with e = 3.8 K. The lines are 
a guide to the eye. 

4.4.1 High-temperature region 

Before discussing the line width, we would like to note that all the experi
mental data accumulated so far (including the present work) support the concept 
that manganese incorporated in the lattice of IV-VI semiconductors, behaves 
as a Mn2+ ion with spin-only magnetic moment S = 5/2. Because spin-orbit 
coupling is involved in the spin-lattice relaxation, and L = 0, the spin-lattice 
relaxation ( 8ML) is expected to be very inefficient and far too slow to account 
for the observed EPR line widths [108-110]. The most important effects ob
served below T = 50 K are the rapid increase of the line width with increasing 
temperature, observed in all samples with a carrier concentration exceeding the 
threshold value, as well as the sudden discontinuity at p = Pc· The increase of the 
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Figure 4. 7: A schematic overview of the temperature and carrier concentration 
dependenee of the EPR line width { !::J.H) and the resonance field {Hr) of crystals 
of PbJ-x-ySnyMnx Te. 
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Figure 4.8: (a) The carrier concentrat ion dependenee of the Korring a slope b (Eq. 
4. 7). The experimental points were obtained for the samples with composition x = 
0.02, y = 0. 72 (•) and x= 0.04, y = 0. 72 (o). The sudden increase ofthe slope 
for p > Pc is due to the increase of the density of states in the band of heavy 
holes. (b) The same experimental points rescaled according to Eq. 4.5 (see text). 

line width with temperature is similar to the behaviour in Sn1_xMnx Te [102,103] 
and the samples of Pbo.2sSno.nMno.o3Te [104], where it is usually attributed to 
the Korringa relaxation mechanism. This mechanism, which originates from the 
s- d exchange interaction between carriers and localised spins, is expected to be 
effective in Pb1_x-ySnyMnx Te crystals with a high concentration of carriers. The 
discontinuity at Pc confirms the important role of the carriers in the line width 
broadening mechanism. 

Microscopically, the Korringa mechanism represents a relaxation of the mag
netic system to the conduction carriers, which is also of primary importance for 
EPR of local magnetic momentsin metallic hosts [111,112]. The relaxation rate 
for this mechanism (8Me) is given by 

I Jr 2 (PF) 2 

DMe = TMe = hjsd No ksT, ( 4.5) 

where Jsd is the exchange integral, PF is the density of states at the Fermi level, 
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and N0 is the number of lattice points per unit volume. The contribution to the 
EPR line width is proportional to the relaxation rate 

n 
b.H = -h"Me· 

9J.LB 
(4.6) 

If the spin relaxation is dominated by the Korringa mechanism, one expects a 
linear temper at ure dependenee of the line width. In real systems [111 ,112] the 
EPR line width at low temperatures is determined by temperature independent 
processes of inhomogeneous broadening due to, e.g., dipole-dipole interaction. 
Therefore, in many metallic systems, the temperature dependenee of the line 
width can be described by the simple expression 

b.H =a+ bT ( 4.7) 

where a is the residual width and bT is the Korringa contribution. An analysis of 
the Korringa mechanism in the case of a system of interading spins ( the situation 
encountered in our samples) showed that the line width in the paramagnetic phase 
may still he described with Eq. 4.7. In this case the residual width depends on 
the strengthof the d- dinter-spin interaction, as monitored by the Curie-Weiss 
temperature (Ref. [113]). The slope bis still a measure of the exchange integral 
J.d. 

As quoted already, the Korringa relaxation mechanism was proposed as an 
origin of the temper at ure dependenee of the EPR line width in Sn1_.,Mn., Te 
[102,103] and Pb1_.,Mn.,Te [94,95,101]. lt was also found importantinone of the 
II-VI diluted magnetic semiconductors, namely HgSe:Fe [114]. 

Within the framework of the Korringa relaxation mechanism, the dramatic 
difference of the temperature dependenee of the line width observed in samples 
with a carrier concentration below and above the threshold concentration can he 
understood on the basis of the two-valence-band model of the magnetic proper
ties of Pb1-x-ySnyMn.,Te crystals (see Sec. 1.1). The Korringa relaxation rate 
depends on the density of states at the Fermi level. The large difference be
tween the densities of states associated with the band of light holes (populated 
for p < Pc) and the band of heavy holes (populated only for p > Pc), explains 
the strong enhancement of the Korringa mechanism in samples with p >Pc (see 
Eq. 4.5). In the case of samples with p < Pc only light holes contribute to the 
Korringa mechanism. Due to the small density of states in the L-band, the line 
broadening resulting from this contribution can he smaller than the residualline 
width, which results in a very weak temperature dependenee of the line width, 
as observed in these samples. In the samples with p > Pc the density of states 
is much higher, which results in a stronger temperature dependenee of the line 
width. 

In Fig. 4.8a the slope of the line width versus temperature is shown for sam
ples of Pbo.2s-xSno.72Mnx Te (x = 0.02 and 0.04) as a function of tbeir carrier 
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concentration. From this we calculated the exchange integral J,d. In this calcu
lation we have assumed the second valenee band to be parabolic and twelve-fold 
degenerate [62], and the (small) contribution of the carriers from the L-band has 
been neglected. Using the relations 4.5 and 4.6 we obtained J.d = 34 ± 3 meV. 
The same result was obtained in Sn0.96Mn0 .04 Te (samples Land M). The value of 
J.d in the range p > Pc turned out to be independent of the carrier concentration 
and manganese content (see Fig. 4.8b). The present value of J.d is lower than 
that for Pb1_xMnxTe (cf. Sec. 4.1). However, the latter value was obtained in 
low-carrier-concentration material, in which only the L-band plays a role. This 
may indicate that the s- d exchange interaction for the L-band is larger than the 
value for theE-band. The value of J,d given by Cochrane, Hedgcock, and Light
stone [102] (180 meV), obtained in the restricted carrier concentration regime 
p = ( 4 - 8) x 1020 cm-3 , is based on a different interpretation of the results. 
When we review their measurements and interpret those with the same band
structure parameters as we used, a value of J,d = 31 ± 4 meV is obtained, in 
perfect agreement with our analysis. 

Finally, we would like to comment on the difference between these values and 
the value that could explain the Curie-Weiss temperature (J,d = 70 meV, Ch. 
2). This difference may be caused by the dependenee of the exchange integral on 
the wave vector of the free carriers. In the formulation of the Korringa relaxation 
mechanism, it is assumed that the interaction between a magnetic ion and a free 
hole does not change the wave vector of the free hole [112], wherea.s the RKKY 
function contains an integral over all changes of the wave vector [115]. This kind 
of discrepancy between values of the exchange integral was observèd before [116]. 
Also uncertainties in other parameters, determining the strength of the prevai\ing 
RKKY mechanism might be responsible for the difference. 

The analysis described above is only applicable if the Korringa relaxation is 
the only relaxation process of importance. Usually the analysis is based on the 
Bloch-Hasegawa equations [111-113]. These are two equations descrihing the 
dynamics of two distin ct spin subsystems: the system of local magnet ie moments 
(with g-factor 9M) and the system of conducting carriers (g-factor 9e): 

dMM 
dt 

dMe 
dt 

where SM M and SM e are the deviations of M M resp. Me from the local 
equilibrium magnetisation. The usual Bloch equations are supplemented with 
additional relaxation terms. The transfer of magnetic moment between local 
moments and conducting carriers is described by the Korringa (SMe, Eq. 4.5) and 
Overhauser (8eM) mechanisms, with 

1 21r 2 ( PF) 
SeM = TeM = 31i J,d No xS(S + I). (4.9) 
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Figure 4.9: Diagram of the spin-relaxation mechanisms relevant in an analysis 
of EPR of loca/ised magnetic impurities in metallic matrices. ( After Refs. {111] 
and {112]}. 

The electron-lattice relaxation rate is given by 

8 _l61rcdPFIV.I 2 
eL- g1i, No so (4.10) 

where Cd is the concentration of defects effective in spin relaxation, and Vso is 
the scattering potential. All these spin-relaxation channels are illustrated in Fig. 
4.9. 

A theoretica! analysis of the Bloch-Hasegawa equations shows that the simple 
expression (Eq. 4.5) is only valid under, so called, nonbottlenecked resonance 
conditions. Under these conditions the energy transferred from the system of 
local moments is further transferred to the crystal lattice ( defects or phonons ), 
at a relatively high relaxation rate, i.e. ÓeL > ÓeM· In many real systems this 
condition is not satisfied, and there is a considerable flow of energy from the car
riers back to the local moments. Under such (electron bottleneck) conditions the 
experimentally observed slope b (Eq. 4.7) is reduced by a factor 8.L/(8eL + ÓeM) 

[117]. Therefore, the understanding of the bottleneck effect is important for a 
proper evaluation of the exchange constant based on the EPR data. Experimen
tally, the presence of the bottleneck effect can he evidenced by the fact that the 
coefficient b in Eq. 4.7 depends on the magnetic impurity concentration. For bot
tlenecked resonance one expects b ex 1/x, whereas for nonbottlenecked resonance 
b is independent of the magnetic impurity concentration. 

Experimental data about the bottleneck effect in IV-VI diluted magnetic 
semiconductors obtained so far are the following. In crystals of Sn1_xMnx Te 
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the Korringa slope was found tobe independent of the manganese concentration 
within the wide concentratien range 0.002 :::; x :::; 0.1 [102], which indicates the 
nonbottlenecked character of the resonance. Rather Contradietory results were 
observed for Pb 1_xMnx Te. No bottleneck was found in crystals with composition 
0.00015 :::; x :::; 0.003 [94]. However, it was found important in crystals with 
compositions 0.006 :::; x :::; 0.03 [101] and 0.009 :::; x :::; 0.0172 [95]. Our exper
imental data on Pb1_x-ySnyMnx Te crystals do not indicate any change of the 
temperature dependenee of the line width with varying manganese concentration 
for samples with p > Pc· This suggests that EPR is not bottlenecked in these 
alloys and that we are allowed to use the simple expression 4.5 to evaluate the 
exchange integral. The experimental data for samples with p < Pc are not conclu
sive. The very weak temperature dependenee of the line width is mainly caused 
by the relatively smal! Korringa contribution to the line width . The Korringa 
mechanism may, in this case, he additionally suppressed by the bottleneck effect 
as we wil! discuss below. 

One may at tempt to explain all experimental observations related to the bot
tleneck effect in IV-VI diluted magnetic semiconductors within the following sim
ple model. The bottleneck effect is important in the case when the transfer of 
energy from conducting carriers to the lattice is not fast enough to prevent the 
backflow relaxation to the local moments system, i.e., DeL < DeM· Let us as
sume that vacancies, the main defects in IV-VI alloys (generating the conducting 
carriers), are the scattering centers responsible for the spin-lattice relaxation of 
carriers. In such a case, the concentration of scattering centers is proportional 
to the ëoncentration of carriers cd ex: p. One can see (Eqs. 4.5 and 4.10) that 
with increasing concentration of carriers (i.e. also the concentration of scattering 
centers) the electron-lattice relaxation is increasing faster than the electron-local 
moments relaxation. In the parabolic band approximation: 

( 4.11) 

and 

( 4.12) 

Based on this hypothesis one can see that the bottleneck effect is not expected 
to be important for samples with large carrier concentrations. The bottleneck 
effect may play a role in low-carrier-concentration samples with a relatively high 
manganese content. These are the Pb1_xMnxTe crystals in which the bottleneck 
effect was indeed observed [95,101]. In more diluted samples the bottleneck effect 
is unimportant at both low and high carrier concentrations [94]. The role of the 
bottleneck effect in IV· VI alloys based on this hypothesis is illustrated in Fig. 
4.10. The line separating bottlenecked and nonbottlenecked regionsin the (x,p) 
planeis determined hy tht> condition DeL= DeM, i.e., (p/x)= const. Since notall 
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Figure 4.10: A proposed interpretation of the role of the bottleneck effect in the 
EPR of Mn2+ in IV- VI semiconductors. Left hatched boxes indicate regions in 
which no bottleneck is found, right hatched boxes show regions where a bottleneck 
is found. ( •) samples from this work in which no bottleneck is found, ( o) samples 
from this work for which the measurements were not conclusive about bottleneck 
conditions. The dashed line indicates ÓeL = ÓeM, which is the boundary between 
the two regimes. ft is drawn based u pon the data presenled he re. (a) Ref. [94}, 
(b) Ref. {101}, (c) Ref. {102} and (d) Ref. {95}. 

parameters entering Eqs. 4.9 and 4.10, especially Vso, are known, the location of 
this line in the plane is fixed using the experimental observations of Tatsukawa 
(101] and Korczak et al. [95] that the EPR of Mn in PbTe is bottlenecked for 
samples with x = 0.006- 0.03 and p = (0.5- 5) x 1019 cm- 3 . 

4.4.2 Low-temperature region 

At low temperatures we expect the contribut ion of the Korringa mechanism to 
the EPR line width to be smal!. The line width is not governed by the spin relax
ation processes, but by processes in which the interaction between the manganese 
ions is important. There are two opposing mechanisms. First, the effective mag
netic field on the individual ions is not the same, resulting in a different resonance 
field for each ion. This will broaden the EPR line (inhomogeneous broadening). 
lf the interaction is st rong, however, the typical time for spin-flips will be shorter 
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than the time scale of the experiment. This seconJ mechanism will narrow the 
line (exchange narrowing) [110]. Experimentally, one observes a typicalline width 
of t:l.H ~ 400-500 G in paramagnetic samples. Th is is about the và.lue expected, 
based on the dipole-dipole broadening of the hyperfine structure of the EPR line 
[118]. 

In all samples with a low carrier concentration, we abserve qualitatively the 
same temperature dependenee of the line width and the resonance field. With 
decreasing temperature, the line width increases and the resonance field shifts to 
lower fields. In all samples with p > Pc (ferromagnetic at low temperatures) a 
strong anisotropy in the resonance field is observed, which will be discussed in the 
following chapter. The overall behaviour (as measured on powders) is similar to 
the behaviour in the low carrier concentration regime, although the temperature 
dependenee is much stronger. The same type of behaviour was also found in the 
case of the spin glass sample F. 

The temperature dependenee of the resonance field and the line width de
scribed above is qualitatively similar to the behaviour found in numerous mag
netic systems [110-114,119,120]. It is usually attributed to the effect of the d- d 
exchange interaction (RKKY interaction in our case) resulting in the formation of 
magnetic order at low temperatures. The increase of the line width is caused by 
the slowing down of the fluctuations of the magnetisation of the system of local 
moments due to spin correlations present at temperatures T ~ 0. This reduces 
the efficiency of the exchange narrowing, thereby contributing to the tempera
ture dependenee of the EPR line width. The shift of the resonance field results 
from the presence of the additional (molecular) field acting on thè spins, which 
increases with decreasing temperature (increasing magnetisation). This interpre
tation of the temperature dependenee of the resonance field and the line width 
is probably valid in the case of our samples with p > Pc, for which there is a 
relatively strong RKKY interaction. This is also evidenced by the correlation of 
the Curie temperature and the minimum in the variation of the fine width with 
temperature. 

In the samples with p < Pc no phase transition is observed in the tempera
ture range stuclied T 2': 1.3 K. The d - d exchange interaction is rather weak. 
One should probably exclude the mechanism described above as relevant in this 
case. This follows also from the apparent Jack of correlation between the Curie
Weiss temperature and the plot of t:l.H(T). In this case one can consider an 
other mechanism influencing the line width, which was proposed in Refs. [95] 
and [117). According to this mechanism, the increase of the line width with de
creasing temperature is caused by the temperature-dependent narrowing of the 
inhomogeneously broadened line. The narrowing mechanism originates from the 
cross relaxation under bottleneck conditions. As follows from our discussion, one 
can expect the bottleneck effect to be important in samples with a low carrier 
concentration, for which it can be shown that the line width is inhomogeneously 
broadened at low temperatures [117]. 
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4.5 Conclusions 

We observed the electron paramagnetic resonance of the manganese ions in 
Pb1_x-ySnyMnx Te. At high temperatures, the g-factor is close to 2.0 in all sam
ples, irrespective of their low-temperature magnetic behaviour. This supports 
the concept that the Mn-ions are in a spin only state. 

The threshold carrier concentration Pc= 3 x 1020 cm-3 , previously observed 
in magnetisation and ac-susceptibility measurements, is also evident in EPR mea
surements. For samples with p > Pc there is a strong increase of the line width 
with increasing temperature, yielding an exchange integral of J,d = 34 ± 3 me V. 
For samples with p <Pc there is only a very weak temperature dependenee of the 
line width. We have shown that this difference in variation with the temperature 
can be described with a model based on the Korringa relaxation mechanism and 
the two-valence-band model of magnetic properties of Pb1_.x-ySnyMnx Te. We 
also discussed the conditions under which the bottleneck effect may influence the 
EPR of Mn ions in IV-VI alloys, with a special emphasis on the role of metal 
vacanCJes. 



Chapter 5 

Anisotropy of the magnetisation 

Part of this chapter was published in Acta Phys. Pol. A 84, 641 (1993) [121], 
and will he published in J. Magn. Magn. Mater (1995) [122]. 

5.1 Introduetion 

As was mentioned in the previous chapter, the ESR spectrum of Sn1_xMnx Te 
and Pb1_x-ySnyMn:c Te is anisotropic when the material is in the ferromagnetic 
phase. In this chapter, we will explore this anisotropy, which consists of a crys
talline and a demagnetisation contribution, in more detail. In a recent paper, 
Lusakowski et al. (123] predicted that the crystalline anisotropy of these com
pounds strongly depends on the free carrier concentration. They have analysed 
the effect of the carrier concentration on the crystalline anisotropy of a single 
Mn2+ ion in a perfect SnTe lattice. In this analysis the s - d exchange interac
tion ànd the spin-orbit coupling are important. They were able to predict that 
the crystalline anisotropy should he proportional to Pt We will try to verify 
their model by determining the anisotropy from ferromagnetic resonance (FMR) 
and magnetisation measurements on samples with various carrier concentrations 
(Section 5.3). Besides this, we will discuss the origin of the crystalline anisotropy 
and the the difference between Pb1-x-ySnyMn:c Te and Sn1-xMnx Te (Section 5.4). 
Before getting to the results, however, some theory necessary for the description 
of the data will be ioclucled (Section 5.2). Finally, Section 5.5 will conclude this 
chapter with conclusions and suggestions. 

5.2 Theory 

We wiJl start the theoretica! survey with a description of the phenomenological 
model used to describe our experimental results. In this model we will calculate 
the free energy density of the system and use this to determine the equilibrium 
direction of the magnetisation and the resonance field. In the free energy density 
F, we include contributions from the external magnetic field (Fh), the cubic 
crystalline anisotropy (F,.), and the demagnetisation (Fd): 

( 5.1) 

75 
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Figure 5.1: Decomposition of the magnetisation with. respect to the crystal axes 
(a) and the sample 's plane (b). IÎl is a unit vector along the magnetisation. x, 
y, and z are unit veetors along the crystal axes. ii is the normal to the sample 's 
surface (shaded area). 

in which 

(5.2) 

(5.3) 

and 

(5.4) 

Dropping the terms independent of the direction of the magnetisation, the con
tribution of the demagnetisation can he rewritten to 

with a demagnetising field 

p.oM 
Bd = - 4-(3Dl.- 1) 

(5.5) 

(5.6) 

In these equations Hext is the external magnetic field, N is the number of Mn
ions per unit volume, a and /(1 are anisotropy constants, and Dl. and D11 are 
the demagnetising factors of the sample with the external field perpendicular to 
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z 

Figure 5.2: Spherical plot of the crystalline anisotropy free energy. 

or within the plane of the sample, respectively. The a's are the direction cosines 
of the magnetisation, defined in Fig. 5.1. In this figure, rÎ1 is a unit vector in 
the direction of the magnetisation. In Fig. 5.la the veetors x, y, and z are unit 
veetors in the direction of the crystal axes; in Fig. 5.1 b rî is the normal to the 
sample's plane, which is shown shaded. 

In Fig. 5.2 a spherical plot of the crystalline anisotropy free energy is pre
sented. If a > 0 the minimum of energy is reached when the magnetisation is 
directed a.long one of the (111) (easy) directions, whereas the maximum of energy 
is reached when it is along one of the (100) (hard) directions. In the following 
sections we will develop the model for magnetisa.tion a.nd FMR separately. 

5.2.1 Magnetisation 

For the description of the field dependenee of the magnetisation, we will start 
at T = 0 K. In this case, it can now be assumed that the magnetisation is fully 
sa.turated. Because the samples we used are flat discs, a.nd the ma.gnetic field 
was applied in the plane of the sample, the demagnetisation a.nisotropy will be 
neglected for the moment . 

lf the applied magnetic field is not parallel to the magnetisation, the mag
netisation will rotate to its equilibrium position. The equilibrium direction of the 
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present (T = 0 I\). (b) Magnitude of the magnetisation at finit e temperatures 
according lo lhr W riss-Mean-Field model (H 11 {I I Ij). 
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magnetisation is found from the relations 

and 

8F 
-=0 ae 
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(5.7a) 

(5.7b) 

where () and </> are the usual spherical coordinates for the magnetisation (see 
Fig. 5.1 ). In the experiments, the component of the magnetisation parallel to 
the app\ied field is measured. As an example, this component was calculated 
for fields parallel to one of the three crystallographic directions [001], [110], and 
[111] (see Fig. 5.3a). As expected, for magnetic fields applied along the [111] 
direction, the magnetisation aligns with the field for all fields H > 0. If the field 
is applied along one of the other directions, the alignment of the magnetisation 
with the field is only reached at a field Halig11 = af3p.0 M. for .tne {lW] <iirection, 
and Halig11 = 2a/3p.0 M, for the [100] direction. Care should be taken, however, to 
determine the anisotropy constant from the field of alignment, as they are only 
related in these highly symmetrie orientations. A slight misorientation already 
results in a shift of the field of alignment to higher values. 

A nonzero temperature wi\1 result in a partial alignment of the spins, even 
within a single domain, causing the magnetisation to be non-saturated. In its 
simplest form, the finite-temperature magnetisation is described by the Weiss
Meau-Field model. In Fig. 5.3b magnetisation curves according to the Weiss
Meau-Field model are presented for various values of T /Tc. The external field 
was directed along the [111] direction. At higher temperatures, the magnetisati.on 
saturates rather slowly. 

Demagnetisation effects cannot completely be neglected, because the initia\ 
slope of the M - H curve will always be limited to 1/ D. We can correct for 
this effect by shifting the measured curves to a lower field (so-called shearing 
correction [124]) . Apart from this, a sma\1 in-plane demagnetisation anisotropy 
exists in addition to the crystalline anisotropy, if the sample is not perfectly 
cylindric. This anisotropy will in principle change the field of alignment. This 
change is, however, very sma\1 and will be neglected in the rest of this chapter. 

To obtain the anisotropy from the experimental curves, the relation 

F=- j B · dM (5.8) 

wil! be used. The difference in free energy density for various directions of the 
external field is proportioual to the crystalline anisotropy energy. 
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Figure 5.4: Calculated dependenee of the resonance field on the direction of the 
external field. The sample 's normal is the {11 Dj direction; the field is rotated 
in the {170} plane. Input parameters: /(1 = -4 x Jo-t cm-1 , Bd = 20 mT, 
h.wjgp.B = 0.33 T. 

5.2.2 Ferromagnetic resonance 

The FMR resonance field has been measured for various .directions of the ap
plied field. Theoretically, the FMR resonance field is obtained from the resonance 
condition [125) 

{)2 F fY F ( 82 F ) 2 

7i928fi- ~ = ( nw ) 2 

M2 sin2 () gp.s ' 
(5.9) 

where w is the microwave frequency, g is Landé's factor and J.i.B is the Bohr
magneton. The magnet ie field enters this equation via the free energy density (Eq. 
5.3). In the calculation of the resonance field it is assumed that the magnitude of 
the magnetisation is constant in the experimental field range. As an example, the 
calculated variation of the resonance field with the angle of the applied magnetic 
field is presented in Fig. 5.4, showing that the easy direction of the magnetisation 
is characterised by the lowest resonance field, and the hard direction by the 
highest resonance field. 



Figure 5.5: Temperature dependenee of the crystalline anisotropy (a 50 x 
10-4 cm -J) calculated with the Yosida- Tachiki model. 

5.2.3 Crystalline anisotropy at finite temperatures 

The crystalline anisotropy energy is found to depend on the temperature. 
This temperature dependenee is caused hy the temperature dependenee of the 
magnetisation. Yosida and Tachiki [126] have evaluated the temperature depen
denee of the anisotropy energy hy calculating the expectation value of S~+S~+S~ 
(Eq. 5.3) at finite temperatures. Because their model will he used to analyse our 
measurements later on, the main results will he presented here. 

Yosida and Tachiki have shown that (for S = 5/2) 

(s~ + s~ + s:) = 3~4 [336(st)- 2280(5~) + 1701] (a!+ a~+ a!) (5.10) 

plus an isotropie term. In this equation, ( is the direction of the magnetisa
tion. They have further calculated (sz) and (st) using the Weiss-Mean-Field 
model: 

( 2) 35 s< = 4- xy 

1 4) 3 35 2 31 1 085 \ s< = -3xy + 2y - 2xy + ---ui 

(5.11a) 

(5.11h) 
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in which 

and 

y = coth (gf.l.aH) 
kaT 

Substitution of Eq. 5.11 in Eq. 5.10 yields 

(5.12a) 

(5.12b) 

(s: + s~ + s:) = 156 [-42xy3 + 245y2 - 122xy + 189] (a!+ a:+ a!) (5.13) 

plus an isotropie term. This curve is presented in Fig.. 5.5 as a function of 
T/Tc for f.l.oH = 0 T (to be used in the case of magnetisation measurements) and 
f.l.oH = 0.33 T (to be used in the case of FMR measurements) . The anisotropy has 
its maximum at T = 0 K and strongly decreases towards higher temperatures. A 
magnetic field extends the anisotropy to bigher temperatures, because it induces 
a macroscopie magnetisation at these temperatures. Because of this temperature 
dependence, we will use the symbol /(1 for the effective, temperature-dependent, 
anisotropy energy, and the symbol a for the temperature-independent material 
parameter (see Eq. 5.3). 

5.3 Experimental results. 

The experiments were performed on oriented single crystals of Sn1_xMnx Te 
and Pb0 .2s-xSn0 .72Mnx Te with 0.01 < x < 0.04. The study was restricted to 
samples with x < 0.04, because in the case of FMR experiments, the crystalline 
anisotropy is masked by a large demagnetisation anisotropy for larger manganese 
concentrations, and can therefore not be determined accurately. The carrier con
centration ranged from 5.5 to 13 x 1020 cm-3 • After carefully polishing a sample 
it was oriented using the Laue method. For the FMR experiments the sample 
was glued onto the cavity wall using GE varnish in such a way that the magnetic 
field was always near a high symmetry plane of the crystal. The magnetic field 
was rotated from within the sample's plane to its normaL The experiments were 
clone between 1.3 and 4.2 K at 9.2 GHz. For the magnetisation measurements 
the sample was stuck onto the sample holder with some Apiezon grease. In this 
case the magnetic field was in the sample's plane closetoa symmetry axis of the 
crystal lattice. In both experiments the orientation of the samples was accurate 
within 5°. The magnetisation measurements were performed at temperatures 
between 2.0 and 6.0 K in magnetic fields up to 22 mT. 
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Figure 5.6: Magnetisation of Sn0 .96 Mn0 .04 Te with p = 6.8 x 10 20 cm-s mea
sured at the indicated temperatures. - H 11 [111], · · ·H 11 {110}, and - - H 11 

{001}. 

5.3.1 Magnetisation 

A selection of the results of magnetisation measurements on a sample of 
Sno.ooMno.o4 Te with p = 6.8 x 1020 cm-3 is shown in Fig. 5.6. At T = 2.0 
K the effect of the anisotropy is most prominent. If the external field is applied 
along the [111] direction ( full curve) the magnetisation saturates fastest, whereas 
with the field along the [110] direction ( dotted curve) or [001] direction ( dashed 
curve) saturation is reached more slowly. At higher temperatures the anisotropy 
decreases, which is evidenced by the diminishing area between the curves (see Eq. 
5.8). At T = 6.0 K, slightly above the Curie temperature of the sample (Tc = 5.8 
K), the anisotropy has completely vanished. The increase of the magnetisation 
at low fields eau be explained by the demagnetisation. The initia! slope equals 
1/ D and was found to be the same for all temperatures. Small differences in 
the slopes for the three orientations were observed, because the sample was not 
entirely cylindrical. The small difference in apparent saturation magnetisation 
for the three curves measured at the same temperature is due to the experimental 
maccuracy. 

To determine the magnitude of the anisotropy constant, the area between a 
pair of curves measured at the same temperature, must be calculated. In order 
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Figure 5.7: Temperature dependenee of the anisotropy determined from the mag
netisation measurements on Sno. 9sMno.o4 Te with p = 6.8 x 10 20 cm- 3 . The 
curve is a fit with the Yosida- Tachiki model. 

to he able to neglect the contri bution of the demagnetisation, the data were in
dependently corrected with the shearing correction. The smal! differences in the 
magnetisation at higher fields, resulting from the experimental inaccuracy, wil! 
he neglected for the moment. The crystalline anisotropy energy was calculated 
in this way for each pair, yielding results that differed by no more than 10%. 
In Fig. 5. 7 the temperature dependenee of the anisotropy constant K1 , calcu
lated from the difference between H 11 [111] and H 11 [001], is presented. These 
values are believed to he the most accurate, because the difference between the 
corresponding curves is the largest, and hence the experimental noise will have 
the least effect on the result. A fit of the data with the model of Yosida and 
Tachiki (see Sec. 5.2.3) is represented by the full curve. In view of the accu
racy of the experimental data, the fit is excellent. The resulting value of a (Eq. 
5.3) is 21 x 10-4 cm-It. However, we should note that the smal! differences at 
higher magnetic fields have a large influence on the calculated value of a. If the 
experimental results are scaled to have the same magnetisation at 22 mT, a cor
rection of 2.5% at the most, which is smaller than the experimental accuracy of 
5%, an anisotropy constant of a = 35 x 10-4 cm-1 is obtained. Therefore, we 
do not think that an accurate value for the anisotropy constant can be deter-

lfor an easy comparison of the anisotropy with existing literature, we wil! express the 
anisotropy constants in cm -l. 
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Figure 5.8: Resonance field of Pbo.t6Sno.7tMno.ot Te with p = 5 .5 x 10 20 cm- 3 

as a Ju netion of the angle of the applied field with the sample plane. ( o} T = 
1.3 K, (D) T = 2.0 K, and (6) T = 3.0 K. Lines are the curves fitted with our 
model. 

mined using these magnetisation measurements. Nevertheless, the shape of the 
curves is proof of the anisotropic behaviour of the magnetisation . In the next 
section the results of the FMR experiments will be presented, which can he used 
to analyse the anisotropy quantitatively. We will therefore use those results in a 
comparison with other systems, rather than the results from the magnetisation 
measurements. 

The measurements on other samples showed qualitatively the same behaviour. 
The crystalline anisotropy seemed to he larger for higher carrier concentrations. 
Moreover, it also seemed to he larger in the sample of Pbl-x-ySn11 MnxTe. 

5.3.2 Ferromagnetic resonance 

In the ferromagnetic resonance experiments we observed a single Dysonian line 
at all temperatures and field directions ( see Fig. 4.1). The resonance field and line 
width were obtained from a computer fit of the line. The rms deviation of this fit 
was typically 3%. In Figs. 5.8 and 5.9 some representative results of the resonance 
field and the line width (Fig. 5.9 only) are plotted versus the angle between the 
magnetic field and the sample's plane. The anisotropy is most pronounced for 
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Figure 5.9: (a) resonance field and (b) line width of Sno.s6 Mno.o4 Te with p = 
9. 8 x 10 20 cm-·~ as a funclion of the angle of the applied field with the sample 
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Table 5.1: A nisotropy constanis obtained Jrom FM R experiments. /(1 is the mea
sured value at 1. 3 K, a is the value from the fits with the Yosida- Tachiki model. 

material p[102o cm-3] KI[lO 4 cm-1] a[lo-4 cm IJ 
Sno.96Mno.o4 Te 5.6 -100 ± 20 45 ± 5 
Sno.96Mno.04Te 5.6 -110 ± 20 -

Sno.96M no.o4 Te 7.8 -140 ± 30 -

Sno.96Mno.o4 Te 9.8 -170 ± 20 73 ± 6 
Sno.9sMno.o4 Te 11.0 -220 ± 20 90 ± 10 
Sno.9sMno.o4 Te 13.1 -170 ± 20 73 ± 6 
Sno.9sMnomTe 10.5 -220 ± 20 -

Pbo.2sSno.12Mno.o2 Te 5.5 -500 ± 30 > 200 
Pbo.21Sno.72Mno.o1 Te ? -840 ± 50 > 340 

Pb0 .26Sn0.72Mn0 mTe (p = 5.5 x 1020 cm-3) at 1.3 K ·aoo stmngly 1lecreases if 
tbe temperature increases. The maximum shift of the resonance field is 72 mT 
(Fig. 5.8. The resonance field is largest in the [100] direction, and smallest in 
the [111] direction. This confirms the results obtained from the magnetisation 
measurements that tbe [100] direction is the hard axis of the magnetisation and 
the [lll] direction is tbe easy axis. In Sn0.96Mn0 .04 Te (p = 9.8 x 1020 cm-3) the 
angular dependenee of the resonance field resembles that of Pb0 .2sSno.nMn0.o2 Te. 
Due to the larger manganese concentration, the influence of the demagnetisation 
anisotropy is larger. The effect of the crystalline anisotropy is smaller, but still 
clearly present. Tbe line width is also plotted for this sample and appears to be 
infiuenced by the anisotropy as wel!. 

We have determined the parameters /(1, Bd and g by calculating the field for 
which the FMR resonance condition was satisfied (Eq. 5.9), and camparing this 
to our measurements (full curves in Figs. 5.8 and 5.9). A good agreement with 
the experimental data could be obtained. The resulting value of g was slightly 
below 2.0 at 1.3 K and increases to 2.0 at 4.2 K, in accordance with the data 
on powdered samples (see Sec. 4.3) . The demagnetising field Bd was found to 
be proportional to the magnetisation. The demagnetising factor was consistent 
with the factor calculated for an ellipsoid with the sample's dimensions. 

The values of K1 for our samples, obtained at 1.3 K, are colleeted in Ta
bie 5.1. The temperature dependenee of /(1 eould be analysed in terms of the 
Yosida-Taehiki model, provided the measurements were performed at a sufticient 
number of temperatures (Fig. 5.10). The fits are, however, not as good as the 
one obtained from the magnetisation measurements. This is probably due to 
the inaccuraey of the analysis of the angular dependenee at higher temperatures. 
The resulting values of a are also presented in Table 5.1. For the samples of 
Pb1_x-ySnyMnxTe a lower limit of a was estimated from the value of K 1 at 
1.3 K. Both from the variation of /(1 and a it is evident that the crystalline 
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Figure 5.10: Temperature dependenee of the anisotropy determined from the 
FMR measurements on Sn0 .96 Mn0 .o4 Te with p = 5.6 x JOf0 cm-3 (•) and 
p = 9. 8 x 1020 cm-3 ( o). The curves are fits with the Yosida- Tachiki model. A 
typical error is indicated. 

anisotropy depends on the carrier concentration. This is quite remarkable be
cause, to our knowledge, this bas not been reported for any other system, which 
This again emphasises the special role of the carrier concentration in Snt-xMnx Te 
and Pbt-x-ySnyMnx Te. 

5.4 Discussion 

As stated already in the Introduction, the model proposed by Lusakowski et 
al. prediets that the anisotropy should vary with the carrier concentration as pt, 
where pr; is the density of carriers in the ~:>maximum of the valenee band [123]. 
To test this model, we have plotted the anisotropy constant Kt, obtained at 1.3 
K for samples of Snt-xMnx Te, as a function of the carrier concentration of the 
samples (Fig. 5.11). We used the values of Kt and nota, because of the former 
more data were available, making the conclusions more reliable. The figure reveals 
that Kt cannot he described with p~ in the entire carrier concentration range, 
but if tbe range is limited to 11 x 1020 cm-3 a reasonable fit can he obtained (full 
curve in Fig. 5.11 ). Beyond IJ x 1020 cm-3 the anisotropy decreases again. It is 
not clear, whether this is a consequence of the breakdown of the ferromagnetic 
state or an error in the interpretation of the results. In the interpretation of the 
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Figure 5.11: Carrier concentration dependenee of the anisotropy constant K 1 at 
1.3 K for samples of Sn1 _"Mn" Te with x= 0.04 (o) and x= 0.02 (•). The juli 
curve is a fit of the data to c1 pf + c2 in the range 5< p < IJ x 10 20 cm- 3 . 

FMR results, it was assumed that the material is a single-domain ferromagnet, 
and that only the direction and not the magnitude of the magnetisation depends 
on the strength of the external field. This assumption is not entirely valid for 
Sn1_"Mn" Te, as the magnetisation is not completely saturated at 0.33 T [25], 
particularly for samples in the ( reentrant) spin-glass regime. The effect of an 
increase of the magnitude of the magnetisation with external field is not dear, 
although it is probably only small, as the experiments by Vennix [25] showed 
that the magnetisation increased only 3% in the field range of interest. On 
the other hand, a multi-domain structure of the ferromagnet should reveal itself 
through multiple resonances [127,128]. We only observed a single resonance line, 
indicating that there is no domain structure left at 0.33 T. 

The model developed by Lusakowski et al. has some drawbacks as wel!. They 
have calculated the effect of the s - d interaction on the crystalline anisotropy, 
consiclering only carriers in the E-band. For the exchange integral, however, 
they take the value which is measured in Pb1_xMnx Te for carriers in the L-band 
(n,p,...., 1019 cm-3 ), which is not necessarily the same as that for carriers in the 
E-band of Sn1_xMn" Te. Furthermore, they neglect the carrier concentration de
pendence of the chemica) potential. At T = 0 K, however, the chemica! potential 
equals the Fermi energy, which depends on the carrier concentration. It there-
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fore seems natura\ to take a carrier concentration dependenee of the chemica\ 
pot.ential into account. As the chemica\ poteutial is included in the model in 
a complicated way, it is not possible to describe the carrier concentration de
pendence of the crystalline anisotropy easily. More theoretica! investigations are 
required to describe this phenomenon. 

We will also consider some other possible explanations of the anisotropy. Com
pared to the crysta\line anisotropy observed for Mn2+ in other cubic hosts, ranging 
from I x w-4 cm-I in Srl-xMnxO [110] to 36 x w-4 cm-I in Pbl-xMn,;Te [96], 
the values reported above are up to one order of magnitude larger. lt is known 
that the crystalline anisotropy is influenced by spin-orbit coupling [129,130] and 
varies with the spin-orbit coupling constant as ( 4 • Spin-orbit coupling is deter
mined by cova\ency, which depends on the local structure of the crystal lattice. 
Si nee the high carrier concentration in Pb1 _:r_ 11Sn11 Mn" Te is determined by va
cancies in the crystal lattice (see Sec. 2.4), the covalency, and with this the 
spin-orbit coupling, will vary with the carrier concentration. This dependenee 
on the spin-orbit coupling can also explain the difference in anisotropy between 
Pb1 _"_ 11 Sn11 Mn" Te and Sn1_xMnx Te, because the presence of Pb will also change 
the structure of the lattice. Furthermore, Yu and Tan recently suggested that two 
different spin-orbit constauts should be distinguished, depending on the symme
try of the wave fundionsof the electrons [131]. Their model indicates a dramatic 
increase of the anisotropy. Unfortunately, these calculations require the knowl
edge of the crystal field parameter Dq and the Racah parameters Band C [110]. 
As far as we know these have not been determined in Pb1_x_11Sn11 Mn" Te. 

Another explanation involves the interaction between the Mn-ions and the 
conduction electrons. This may induce an anisotropic magnetisation in the con
duction electron system, resulting in an overestimation of the single ion anisotropy, 
only if J.d is negative [132]. Up to now, the sign of Jsd is not determined experi
mentally. Recently, theoretica\ calculations showed that the exchange interaction 
for holes in Pb1_xMn" Te is negative, whereas the exchange interaction for elec
trons is positive [133]. lt is known that the symmetry of the band structure 
in Sn1_xMn.rTe is reversed with respect to Pb1_xMn"Te, which implies that the 
signs of the exchange interactions for holes and electrons are reversed as well 
[9,24]. Thus, the exchange interaction for holes in the L-band of Sn1_xMn" Te is 
expected to be positive. Whether this argument also holds for the holes in the 
E-band is not clear. 

Thus far, the angular dependenee of the FMR line width has not been con
sidered. We have tried to describe this using the model by Valstyn [134], which 
allows us to calculate the line width from the free energy density. However, the 
change in the calculated line width was far too smal\ to account for the observed 
change. 
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5.5 Conclusions and suggestions 

Using magnetisation and ferromagnetic-resonance experiments, we have shown 
that a crystalline anisotropy exists in Pbt-:r-ySnyMllx Te and Sn1_xMnx Te. This 
anisotropy is one order of magnitude larger than usually observed for Mn in cubic 
crystals. Moreover, the anisotropy depends on the carrier concentratien of the 
materiaL This has not been observed in any other materiaL The description 
of this carrier concentratien dependence, presented by Lusakowski et al. applies 
up to p = 11 x 1020 cm-3 . At this moment, the mechanism of the anisotropy 
is not completely clear. We have suggested some possible mechanisms that may 
explain the effect, but more theoretica( and experimental investigations are neces
sary. Next to measurements on materials withother Mn or carrier concentrations, 
measurements on samples with another Pb/Sn ratio may clarify the phenomenon, 
including the fact that the anisotropy in Pbo.2s-xSno.nMnx Te is larger than in 
Snt-xMnx Te. 



Summary 

In this thesis the results of a study of the magnetic behaviour of Sn 1_xMnx Te 
are reported. This behaviour is extra.ordinary because, apart from au expected 
dependenee on the concentration of manganese, the magnetic phase also depends 
on the concentration of free charge carriers. 

It was reported in the literature, that a change of the carrier concentration 
alone can induce several magnetic pha.ses in Sn1_xMnx Te. This effect originates 
from two different mechanisms. 

The first magnetic phase transition occurs at a carrier density of p = Pc ~ 3 x 
1020 cm-3 • This is a sharp transition, separating a paramagnetic pha.se (p < Pc) 
and a ferromagnetic phase (p > Pc)· This change of magnetic phase is due to 
the band structure of the host material SnTe and the RKKY interaction, which 
couples the manganese ions. The RKKY interaction is an indirect interaction, 
which is mediated by the free carriers. At p = Pc the carriers start to populate 
a second set of valenee-band maxima, in which the carriers have a much larger 
effective mass. This dramatically increa.ses the strengthof the interaction, causing 
the sudden change from paramagnetic to ferromagnetic behaviour. 

A secoud magnetic pha.se transition wa.s observed if the carrier density is 
increa.sed further to 20 x 1020 cm- 3 • The ferromagnetic phase is now gradu
ally transformed to a spin-glass state. This can be explained by the RKKY 
interaction as well, since this interaction oscillates between ferromagnetic and 
antiferromagnetic as a function of the distance between the Mn-ions. The pe
riod of this oscillation is shorter for higher carrier concentrations. Therefore, if 
the carrier concentration is high, the Mn-ions will randomly be coupled to their 
neighbours with ferromagnetic or antiferromagnetic honds. This is a basic ingre
dient of a spin-gla.ss phase. If the carrier concentration is lower, the honds wiJl 
be dominated by ferromagnetic interactions, and a ferromagnetic phase results. 
In between the ferromagnetic and the spin-glass phase an intermediale pha.se was 
observed. This is a reentrant spin-gla.ss phase, and displays charaderistics of 
both the ferromagnetic and the spin-glass phase. 

In Chapter l of this thesis, we start with an introduetion of the magnetic 
behaviour of Sn1 -xMnx Te. After a description of the band structure and the 
RKKY interaction, the transition from the ferromagnetic to the spin-gla.ss state 
will be exemplified with some typical results. 

In Chapter 2 a further investigation of the ferromagnetic to spin-glass transi
tion is presented, concentrating on samples with manganese contents higher than 
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those reported in the literature thus far. The phase transition is discussed using 
measurements of the magnetisation, ac susceptibility, specific heat, and neutron 
scat tering. We have been able to prove tb at the above mentioned phase transition 
also occurs in samples with higher manganese concentrations, but that it shifts 
towards a higher carrier concentration. The neutron-scattering experiments have 
shown that in the reentrant spin-glass phase irreversibilities occur, which were not 
reported before. From the results of these magnetic measurements, we have com
piled a magnetic phase diagram . The boundaries occurring in this phase diagram 
could be explained quantitatively using the models by Sherrington and Southern 
and by Sherrington and Kirkpatrick. We have also compared the experimentally 
observed temperature dependenee of the magnetisation and the specific heat with 
model calculations. Our model could explain most features of the measurements 
qualitatively, but a quantitative comparison was not feasib\e. 

In Chapter 3 we present further proof of the character of the observed phases, 
focusing more on the dynamics. To accomplish this, the ac susceptibility was mea
sured at various frequencies of the applied ac field. In the ferromagnetic phase, 
the susceptibility does not depend on the frequency, whereas in the (reentrant) 
spin-glass phase a clear frequency dependenee is observed. This is in agreement 
with the behaviour observed in 'traditional' ferromagnetic or spin-glass systems. 
The frequency dependenee in the spin-glass phase was further analysed with two 
sealing procedures. This analysis has indicated that the spin glass undergoes a 
thermodynamic phase transition just below the temperature of the peak in the 
susceptibility. 

Chapter 4 is devoted to the determination of the strength of the. irÎteZ:ac
tion between the magnetic ions and the free charge carriers, using electron-para
magnetic-resonance experiments. This interaction plays an important role in the 
RKKY interaction. We were able to determine the interaction strength for the 
carriers with the large effective mass, and have demonstrated that the change of 
magnetic phase frorn ferromagnetism to spin-glass behaviour is not caused by a 
change of this interaction. We were not able to determine the strength of the 
interaction for the carriers with the smal! effective mass. Ambiguities in the 
literature with respect to the bottleneck effect, which is important in electron 
paramagnetic resonance experiments, could also he solved. 

In the study of the resonance phenomena of Sn1_"Mn" Te, it appeared that a 
magn€'tic anisotropy was present in the materiaL This anisotropy was investigated 
with magnetisation and ferromagnetic-resonance experiments. The results of this 
inv€'Stigation are presented in Chapter 5. lt was shown that the anisotropy also 
dep€'nds on tlw concentrat ion of carriers. The origin of the anisotropy is not clear 
at this mom€'nt. 



Samenvatting 

In dit proefschrift is het magnetische gedrag van Sn1_xMnx Te beschreven. Dit 
gedrag is bijzonder, omdat het niet alleen afhangt van de concentratie magne
tische ionen (mangaan), maar ook van de concentratie vrije ladingsdragers (gaten) 
in het materiaal. 

In de literatuur is al gerapporteerd, dat er verschillende magnetische fasen 
kunnen optreden in Sn1_xMnx Te, afhankelijk van de concentratie vrije ladings
dragers. Deze faseovergangen worden veroorzaakt door twee verschillende mecha
msmen. 

De eerste overgang vindt plaats bij een gatendichtheid van p = Pc ~ 3 x 
1020 cm-3 • Deze scherpe overgang scheidt een paramagnetische fase (p < Pc) 
van een ferromagnetische fase (p > Pc)· De overgang wordt veroorzaakt door de 
bandenstructuur van SnTe en de RKKY-interactie, die de Mn-ionen koppelt. De 
RKKY-interactie is een indirecte interactie die plaatsvindt via de vrije ladings
dragers. De sterkte van de interactie hangt onder meer af de effectieve massa van 
de vrije ladingsdragers. Bij p = Pc beginnen de gaten een tweede set valentieband
maxima te bezetten. In deze maxima is de effectieve massa veel groter dan in 
de eerste set, wat de plotselinge toename van de interactiesterkte en de daardoor 
veroorzaakte overgang van paramagnetisme naar ferromagnetisme kan verklaren. 

De tweede overgang vindt plaats als de gatendichtheid verder wordt verhoogd 
tot 20 x 1020 cm-3 • De ferromagnetische fase verandert nu geleidelijk in een spin
glasfase. Een spinglasfase is een fase waarin de magnetische momenten (spins) 
in willekeurige richtingen geöriënteerd zijn. Deze overgang kan ook verklaard 
worden met de RKKY-interactie, omdat de interactie afwisselend ferromagnetisch 
en antiferromagnetisch is naarmate de afstand tussen twee Mn-ionen toeneemt. 
De periode van de oscillatie is afhankelijk van de gatendichtheid. Bij lage gaten
dichtheden is de periode groot, waardoor veel spins ferromagnetisch koppelen 
met hun omgeving; bij hoge gatendichtheden is de periode kort en is de koppe
ling willekeurig. Door deze willekeurige koppeling ontstaat er een spinglas. In het 
tussenliggende gebied wordt een overgangsfase waargenomen die een re-entrant 
spinglas genoemd wordt. In een re-entrant spinglas worden eigenschappen van 
zowel ferromagneten als spinglazen waargenomen. 

In dit proefschrift worden deze effecten verder onderzocht . In Hoofdstuk 1 is 
het magnetische gedrag van Sn1_xMnx Te ingeleid met enkele typische meetresul
taten. Hieraan vooraf is de bandenstructuur van SnTe en de RKKY-interactie 
nader toegelicht. 
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In Hoofdstuk 2 is de overgang van het ferromagnetisme naar het spinglas
gedrag nader besproken aan de hand van metingen aan Sn1_xMnx Te met hogere 
concentraties mangaan dan die tot nu toe in de literatuur gerapporteerd zijn. De 
gemeten grootheden zijn magnetisatie, ac susceptibiliteit, soortelijke warmte en 
neutronenverstrooiing. We hebben aangetoond dat de gemelde faseovergang ook 
in deze preparaten voorkomt, maar dat hij opschuift naar hogere gatendicht heden. 
Uit de neutronenverstrooiingsmetingen bleek bovendien dat de resultaten in de 
re-entrant spinglasfase afhangen van de voorgeschiedenis. Dit was nog niet eerder 
gerapporteerd in de literatuur. Uit de metingen is een magnetisch fasediagram 
samengesteld. De scheidingen in dit fasediagram hebben we kunnen verklaren 
merdemodellen van Sherrington en Southern en van Sherrington en Kirkpatrick. 
Tenslotte hebben we geprobeerd de metingen van de magnetisatie en de soortelijke 
warmte te verklaren met modelbeschrijvingen. We konden hiermee een aantal 
van de experimenteel waargenomen kenmerken kwalitatief verklaren, maar een 
kwantitatieve vergelijking was niet mogelijk. 

In Hoofdstuk 3 hebben we extra bewijs van de aard van de verschillende fasen 
gepresenteerd, waarbij de dynamica van het systeen centraal staat. Hiervoor is 
de ac susceptibiliteit onderzocht bij verschillende frequenties van het aangelegde 
ac magneetveld. In de ferromagnetische fase is nauwelijks frequentieafhankelijk
heid waargenomen, terwijl in de (re-entrant) spinglasfase een duidelijke frequen
tieafhankelijkheid aanwezig is. Het waargenomen gedrag komt goed overeen met 
het gedrag dat in 'traditionele' ferromagneten en spinglazen is waargenomen. 
De.fr.equentieafhankelijkheid van het spinglaspreparaat is nog verder onderzocht 
door middel van twee schalingsanalyses. Hieruit. kunnen we concluderen dat het 
spinglaspreparaat een faseovergang vertoont bij een temperatuur net onder de. 
temperatuur van het maximum in de susceptibiliteit. 

Hoofdstuk 4 is gewijd aan de bepaling van de sterkte van de interactie tussen 
de magnetische ionen en de vrije ladingsdragers. Deze interactie speelt een be
langrijke rol in de RKKY-interactie. Met elektron paramagnetische resonantie 
experimenten is het ons gelukt de interactiesterkte te bepalen voor de gaten met 
een grote effectieve massa. Bovendien ·hebben we kunnen aantonen dat de over
gang van het ferromagnetische gedrag naar het spinglasgedrag niet veroorzaakt 
wordt door een afname van de interactiesterkte. Het is niet gelukt de interac
tiesterkte te bepalen voor de gaten met een kleine effectieve massa. Bovendien 
hebben we onduidelijkheden in de literatuur met betrekking tot het bottleneck 
effect op kunnen helderen. 

In het onderzoek naar de resonantieverschijnselen van Sn1 _xMnx Te, is het 
gebleken dat er een anisotropie in het magnetisch gedrag van het materiaal aan
wezig is. Deze anisotropie hebben we nader onderzocht met magnetisatie- en 
ferromagnetische resonantie experimenten. De resultaten van dit onderzoek zijn 
in Hoofdstuk 5 vermeld. We hebben aangetoond dat ook de anisotropie van de 
gatendichtheid afhangt. De oorzaak van de anisotropie is op dit moment nog niet 
duidelijk. 
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