
 

Highly ordered, half-metallic Co2FeSi single crystals

Citation for published version (APA):
Blum, C. G. F., Jenkins, C. A., Barth, J., Felser, C., Wurmehl, S., Friemel, G., Hess, C., Behr, G., Büchner, B.,
Reller, A., Riegg, S., Ebbinghaus, S. G., Ellis, T. H., Jacobs, P. J., Kohlhepp, J. T., & Swagten, H. J. M. (2009).
Highly ordered, half-metallic Co2FeSi single crystals. Applied Physics Letters, 95(16), 161903-1/3. [161903].
https://doi.org/10.1063/1.3242370

DOI:
10.1063/1.3242370

Document status and date:
Published: 01/01/2009

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: 27. May. 2023

https://doi.org/10.1063/1.3242370
https://doi.org/10.1063/1.3242370
https://research.tue.nl/en/publications/70be2ed1-5293-48e0-a1e1-bf2b283bdb0b


Highly ordered, half-metallic Co2FeSi single crystals
C. G. F. Blum,1,2 C. A. Jenkins,1 J. Barth,1 C. Felser,1 S. Wurmehl,2,a� G. Friemel,2

C. Hess,2 G. Behr,2 B. Büchner,2 A. Reller,3 S. Riegg,3 S. G. Ebbinghaus,4 T. Ellis,5

P. J. Jacobs,5 J. T. Kohlhepp,5 and H. J. M. Swagten5

1Johannes Gutenberg-Universität Mainz, D-55099 Mainz, Germany
2Institute of Solid State Research, IFW Dresden, P.O. Box 270116, D-01171 Dresden, Germany
3Universität Augsburg, D-86159 Augsburg, Germany
4Martin-Luther-Universität Halle-Wittenberg, Institut für Chemie, Kurt-Mothes-Str. 2,
D-06120 Halle/Saale, Germany
5Eindhoven University of Technology, 5600 MB Eindhoven, The Netherlands

�Received 22 July 2009; accepted 10 September 2009; published online 20 October 2009�

A wide variety of properties such as half-metallicity is found among Heusler compounds. In order
to separate intrinsic and extrinsic properties, high quality single crystals are required. Here, we
report on differently grown crystals of the half-metallic ferromagnet Co2FeSi. All crystals show
excellent ordering, resulting in outstanding electrical behavior with low residual resistivity and high
residual-resistivity-ratio. All Co2FeSi crystals show a plateau in the resistivity below 50 K, which
might point to half-metallic ferromagnetism. The cross-over from this unusual to more conventional
transport �T2 dependence� around 50 K indicates the onset of spin flip scattering and thus is
indispensable for understanding the strong temperature dependence of Co2FeSi tunneling
magnetoresistance-devices. © 2009 American Institute of Physics. �doi:10.1063/1.3242370�

Heusler compounds are ternary X2YZ intermetallics
where X and Y are transition metals and Z is a main group
element. The electrical and magnetic properties of Heusler
compounds range widely from metals to semiconductors
�Fe2VAl,1� and ferrimagnets to half-metallic ferromagnets
�Co2FeSi,2,3�. The Cobalt based Heusler compounds, crystal-
lizing in the L21 structure, show some of the highest
Curie temperatures �1100 K�, high magnetic moments
�5–6�B / f.u.�, and complete spin polarization at the Fermi
level, leading to their description as half-metallic ferromag-
nets �HMFs�. The designation “half-metallic” indicates the
existence of a gap in the density of states for the minority-
spin electrons and a nonzero occupation at the Fermi level
for the majority-spin electrons, thus giving 100% spin polar-
ized electric conduction.4 Those unique properties render
HMFs and in particular Co based Heusler HMFs good can-
didates for the integration in spintronic and spin logic
devices.5 Recently, a magnetic tunnel junction �MTJ� show-
ing 832% tunneling magnetoresistance �TMR� at 2 K and
386% at room temperature has been realized using the qua-
ternary Heusler compound Co2FeAl0.5Si0.5 �Ref. 6� and the
half-metallicity at room temperature has been confirmed by
Shan et al.7 Several MTJs of Co2FeSi have successfully been
fabricated, yielding a large TMR. However, in many cases
the TMR is strongly temperature dependent, e.g., in Co2FeSi
and Co2MnSi based MTJs.8–11 According to Chioncel
et al.,12 the strong temperature dependence arises from non-
quasiparticle states and their crucial contribution to the
finite-temperature spin polarization. In order to separate such
extrinsic effects from possible intrinsic contributions to the
temperature dependence of the TMR, the investigation of
high quality single crystals is indispensable.

Highly ordered polycrystals of Co2FeSi with TC
=1100 K and saturation magnetization of 6�B have already
been synthesized and studied.2,3,13,14 However, no systematic

study of the influence of the �single� crystal quality, includ-
ing grain boundaries, on the moment and transport properties
has been undertaken yet. Here, we report on the growth of
excellent crystals of the L21 ordered half-metallic Heusler
compound Co2FeSi using different growth methods and a
systematic investigation of the corresponding resistivity be-
havior at different temperatures.

Polycrystalline bulk samples were prepared by arc melt-
ing as described elsewhere.2,3 The polycrystalline bulk
samples exhibit the expected L21 structure and the magnetic
moment of 6�B.2,3

Two different single crystals were prepared. One was
grown by the Czochralski method using a Centor Vacuum
Industries Series Crystal Puller. Metallographic investiga-
tions of polished pieces of the Czochralski grown single
crystal revealed single crystalline areas of 2–3 mm width and
5–7 mm length.

The other single crystal was grown by the optical float-
ing zone technique. Zone melting was carried out in a GERO
SPO optical floating zone furnace with two 1000 W halogen
lamps with the radiation focused by ellipsoidal, gold coated
mirrors. To avoid oxidation the furnace was flushed with 5.0
purity argon for several hours, and during growth a gas flow
rate of 300 mL/min of argon with 2% hydrogen was main-
tained. The seed and feed rods were counter rotated at 45 and
15 rpm, respectively, the growth speed was set at 20 mm/h.
Metallographic investigations revealed the single crystal to
be about 1–3 cm long and to have nearly the width of the
whole rod, except a thin layer at the surface of the freshly
grown crystal, which contains some small additional grains.

Measurements of the electrical resistivity were per-
formed in the temperature range of 2–300 K on a PPMS
�Quantum Design� and in a home made apparatus with a
standard 4-point technique using an alternating dc-current.

The nuclear magnetic resonance �NMR� experiments
were performed at 4.2 K in an automated, home-built,
coherent, phase sensitive and frequency-tuned spin echoa�Electronic mail: s.wurmehl@ifw-dresden.de.

APPLIED PHYSICS LETTERS 95, 161903 �2009�

0003-6951/2009/95�16�/161903/3/$25.00 © 2009 American Institute of Physics95, 161903-1

Downloaded 23 Nov 2009 to 131.155.108.71. Redistribution subject to AIP license or copyright; see http://apl.aip.org/apl/copyright.jsp

http://dx.doi.org/10.1063/1.3242370
http://dx.doi.org/10.1063/1.3242370


spectrometer.15–17 A pulse length of 0.1–0.5 �s was used,
depending on the sample and coil geometry. The NMR spec-
tra were recorded in the frequency range of 120–240 MHz in
steps of 0.25 MHz; no external field was applied. All NMR
spectra shown here were corrected for the enhancement fac-
tor as well as the �2 dependence, resulting in a relative spin
echo intensity which is proportional to the number of nuclei
with a given NMR resonance frequency.

Laue diffraction with a spot size of 2�2 mm2 was per-
formed on the floating zone crystal with 25 kV incident cop-
per radiation at 20 mA in reflection geometry. The resulting
diffraction patterns �Fig. 1� were compared with simulations
�bright dots on bottom of Fig. 1�.18 The good match verifies
the single crystalline nature of the sample. High quality L21

ordering in space group Fm3̄m with a fitted unit cell param-
eter of 5.66 Å is confirmed, which is in good agreement with
previous results.2,3 The simulation also confirms the crystal
growth along the �110� axis without twinning.

Spin echo NMR probes the local hyperfine fields of the
active atoms, which strongly depend on the local environ-
ment. NMR is able to reveal the next neighboring shells of
the 59Co nuclei in the different Co2FeSi crystals15–17,19 and
thus, giving insight also into the local ordering. In the case of
complete L21 type ordering, there is only one possible way to
distribute the atoms on the crystal lattice, leading to one
hyperfine field for the 59Co nuclei and therefore to one nar-
row resonance line.17,20 As expected, NMR shows a very
sharp line at 139 MHz in both the floating zone single crystal

�dots in Fig. 2� and the polycrystal �squares�, in line with the
results of Inomata et al. measured for polycrystals20 and in
contrast to previously reported broader NMR lines of, e.g.,
Co2FeSi thin films.17 Thus, the NMR spectra further confirm
the high degree of order in the polycrystal and the floating
zone molten single crystal, also on a local scale. In contrast,
the resonance line of the Czochralski grown single crystal
�triangles in Fig. 2� is shifted about 3 MHz toward higher
frequencies and by a factor 2 broader with additional shoul-
ders on both sides of the main line with a spacing of about 25
MHz due to exchange of iron and silicon atoms �B2 type
structure�, reflecting a lower degree of order.

All crystals show metallic behavior in the resistivity
measurements, see Fig. 3�a�. As expected, the resistivity de-
creases with decreasing temperature in the temperature range
between 300 and 50 K. Remarkably, the resistivity below
50 K is temperature independent, in agreement with the
results of Ambrose et al.21 The residual resistivity at 2 K
is 0.0155 �� m for the floating zone single crystal,
0.0344 �� m for the polycrystal, and 0.134 �� m for the
Czochralski grown single crystal, respectively. Note that all
measurements of the electrical resistivity shown here are
well below the Curie-temperature reported to be 1100 K for
Co2FeSi.3

The residual resistivity ratio �RRR� �here �300 K /�2 K� is
a measure of the quality of a crystal.22 Good ordering is
inferred in both the zone melted and the polycrystal by the
RRR of 5.2 and 5.9, respectively. The RRR values reported

FIG. 3. �Color online� �a� Resistivity as a function of temperature for the Czochralski grown single crystal �triangles�, the polycrystal �squares� and the zone
molten single crystal. The inset shows the resistivity as a function of T2 to demonstrate the linear dependence and, thus, the T2 power law dependence of the
resistivity as a function of temperature. �b� Resistivity as a function of temperature on a logarithmic scale to show the plateau at temperatures below 50 K.

FIG. 1. �Color online� Laue diffraction pattern of the zone molten single

crystal. In addition, the simulated diffraction pattern assuming Fm3̄m sym-
metry and a lattice constant of 5.66 Å is represented by bright dots on the
bottom of Fig. 1. The perfect matching between the measured diffraction
pattern and the simulation demonstrates single crystalline nature and a high
degree of order of the zone melted single crystal.

FIG. 2. �Color online� 59Co NMR measurements of �a� the Czochralski
grown single crystal �triangles� �b� the polycrystal �squares�, �c� the floating
zone single crystal �dots�. The inset shows the additional resonance lines
with a spacing of 30 MHz, indicating B2 type contributions in the Czochral-
ski grown single crystal.
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here are on the same order of magnitude as found in a
Co2MnSi single crystal �6.5�, which is the highest RRR re-
ported for a Heusler compound.22,23 The RRR of the Czo-
chralski grown crystal is lower by a factor of 2 and has
relatively poor performance compared to the zone molten
and polycrystal, indicating a lower degree of order, in line
with our NMR results. However, all RRR presented here
indicate excellent crystallinity and homogeneity compared to
previously reported RRR for Heusler compounds or alloys in
general �see, e.g., Refs. 21 and 24–26�. The observation of a
higher resistivity in the polycrystal compared to the floating
zone single crystal might arise from microscopic cracks at
the grain boundaries present in the polycrystal, leading to
longer transport paths.

Figure 3�b� shows the resistivity as a function of tem-
perature on a logarithmic scale to demonstrate the tempera-
ture independence of the resistivity below 50 K. Above 50 K,
the resistivity curves of all crystals follow a TN power law
�fit not shown�, where N=1.9 for the zone molten single
crystal, N=2.1 for the polycrystal, and N=1.6 for the Czo-
chralski grown single crystal, respectively. The resistivity for
all three crystals is reasonably well described by an appro-
priate T2 behavior in the high temperature regime, a transi-
tion regime, and the temperature independent regime below
50 K, while the range of the transition regime is slightly
different for the different crystals. The resistivity curves of
the zone molten single crystal and the polycrystal approxi-
mately scale with each other by a factor of 2.55. The validity
of the T2 behavior in the high temperature regime is further
confirmed by a plot of the resistivity as a function of T2,
demonstrating a linear dependence �see inset of Fig. 3�. A T2

behavior is expected for a conventional ferromagnet due to
coherent one-magnon scattering processes.27 Assuming one-
magnon scattering of conduction electrons, there must be the
possibility for spinflips, and thus, both the spin-up and the
spin-down electrons are present at the Fermi level.27 Conse-
quently, one expects the absence of one-magnon scattering in
HMFs, where only one spin channel contributes to the elec-
trical transport. The absence of any T2 contributions at tem-
peratures below 50 K might suggest the absence of a one-
magnon channel and thus half-metallic ferromagnetism in
Co2FeSi at temperatures below 50 K. The cross-over to more
conventional ferromagnetic transport behavior above 50 K
indicates the onset of spin scattering which needs to be taken
into account �besides interface and impurity scattering� for
understanding the temperature dependence of the tunneling
magnetoresistance in Co2FeSi devices.8,9,28–32

Excellent crystals of the L21 ordered half-metallic Heu-
sler compound Co2FeSi confirmed by Laue diffraction,
NMR, and the residual resistivity were obtained. The ratio
between the residual resistivity at 300 and 2 K is on the same
order of magnitude as the best RRR previously reported for a
Heusler compound. The resistivity as a function of tempera-
ture roughly follows a T2 behavior in the high temperature
regime, as expected for ferromagnets. Remarkably, the resis-
tivity is temperature independent at low T, which might in-
dicate half-metallic ferromagnetism of Co2FeSi in the low
temperature regime. The synthesis of such high quality Heu-
sler single crystals opens a promising route to exploit the
rich physical properties that are realized in various Heusler
compounds.
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