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Thermomagnetic Properties Improved by Self-Organized
Flower-Like Phase Separation of Ferromagnetic

Co,Dyg sMng sSn

Michael Schwall, Leslie M. Schoop, Siham Ouardi, Benjamin Balke,* Claudia Felser,

Peter Klaer, and Hans-Joachim Elmers

A thermodynamically stable phase separation of Co,Dy, sMng sSn into the
Heusler compound Co,MnSn and CogDy;Sn, is induced by rapid cooling from
the liquid phase. The phase separation forms an ordered flower-like structure
on the microscale. The increased scattering of phonons at the phase bounda-
ries reduces the thermal conductivity and thus improves thermoelectric and

spincaloric properties.

1. Introduction

Spincalorics, a field of research that has recently attracted a lot
of interest, exploits pure spin currents induced by a thermal
gradient.'> Thus it promises the development of a new class of
spintronic devices. In addition to a large Seebeck coefficient, a
low thermal conductivity is an important physical property that
has to be optimized in the course of development of advanced
materials for spincalorics.

Heusler compounds with C1, or L2; structure have received
much attention for thermoelectric and spincaloric applica-
tions.12l The advantages of those compounds are their
mechanical and thermal stability and the possibility of tailoring
their physical properties via band-structure tuning.'3* This
tuning can be realized by partial substitution of elements in the
parent phase or by adding small amounts of elements into the
existing compound.[315-17]

A characteristic property of the Heusler compounds is their
high electrical conductivity, which leads on the one hand to
a high power factor and on the other hand to a large thermal
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conductivity according to the Wiedemann—
Franz law.'*'8] The main obstacle for the
use of Heusler compounds in spincaloric
applications is their high lattice thermal
conductivity, which must be reduced to
achieve a large figure-of-merit. Several
approaches to reduce the lattice thermal
conductivity have been proposed. Hohl
et al. reported that mass disorder in the
X-site lattice causes additional phonon
scattering and thereby reduces the thermal conductivity.['2%
Another approach is the creation of a nano- or microstruc-
ture in the sample by increasing the number of grain bounda-
ries, for example by sintering of nanoparticles, by inducing a
fine-grained phase separation by rapid quenching or by intro-
ducing nanoinclusions.?'-?I The challenge of this approach is
to preserve structural stability over a wide temperature range.
In many inhomogeneous compounds the grains of the poly-
crystalline sample tend to grow at higher temperatures and
with increasing time. This grain coarsening reduces the grain
boundaries and increases the thermal conductivity. We have
achieved thermal stability in the phase separated ferromagnetic
compound Co,Dy,sMngsSn and show that the lattice conduc-
tivity is decreased by a factor of two due to the occurence of
well-ordered flower-like phase separated structures on a very
small length scale.

2. Results
2.1. Structural Properties

In Figure 1 the Xray diffraction (XRD) pattern of
Co,DyysMngsSn is shown. Almost all reflections of the XRD
pattern can be described by the reflections of Co,MnSn
(225, Fm-3m) and CogDy;Sn, (186, P63mc). The lattice parameter
of the Co,MnSn phase is a = 5.950 A and the lattice parameters
of the CogDy;Sn, phase are a = b = 8.844 A and c = 7.518 A,
which fit well with the literature data.[?®]

2.2. Phase Separation

Figure 2a shows the distribution of elements in the phase-
separated Co,Dy,sMngsSn compound, which form a sixfold
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Figure 1. XRD pattern of the phase-separated Co,Dy,sMngsSn alloy.

symmetry pattern. While the Co concentration is equally dis-
tributed, the Dy forms a flower-like sixfold pattern. The Dy-rich
regions have a small concentration of Mn and vice versa. Sn
also shows a more or less homogeneous distribution except in
small regions at the grain boundaries. A linear combination
of the element-specific EDX mappings shown in Figure 2b,
reveals three distinct phases. Region I (light blue) shows a six-
fold flower pattern embedded in region II (violet). Region III
(green) fills the interstitial space inbetween region II.

Theenergy-dispersive X-ray (EDX)line-scan shown in Figure 2c
quantifies the stoichiometry of the three regions. Region I with
composition Coy.95Dygg4Mng,6Sng05 has the lowest Mn con-
centration and forms the flower-like sixfold pattern surrounded
by region II with a sixfold pattern Co; 95Dy g4Mng 6510 95 Struc-
ture. The compositions are formally close to the Heusler alloy
Co,Dy,Mn,;_.Sn. Region III consists of an intermediate compo-
sition Co,Dygg3Mng 45510 7.

The structure in the lower left corner of Figure 2b reveals
an inner pattern, roughly repeating the sixfold flower-like pat-
tern on a smaller scale. All three phases reveal inhomogeneities
that could hardly be resolved by EDX. Taking into account the
XRD analysis, that has identified cubic L2; ordered Co,MnSn
and hexagonal CogDy;Sn, as pure constituent phases, the
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observed stoichiometry for region I and II may be interpreted
in the following way: region I is dominated by the CogDy;Sn,
with additional inclusions of Co,MnSn amounting to 20%
volume fraction and region II is dominated by Co,MnSn with
an amount of 10%. The scanning electron microscopy (SEM)
and EDX measurements on a surface cut parallel to the tem-
perature gradient reveals parallel stripes at up 1 mm length that
can be clearly identified with regions I, region II, and region
III. In contrast, EDX images on surfaces perpendicular to the
temperature gradient show the flower-like structure (Figure 2).
A sketch of the resulting 3D structure is shown in Figure 3.

The 3D cellular microstructure is formed by a dendritic
crystal growth similar to observations for binary alloys, e.g.,
Pb-Sn.?l The different melting points of Co,MnSn and
CogDy;Sn, are most likely the origin of the observed cellular
microstructure. CogDy;Sn,, with the highest melting point,
solidifies as the observed region I in the remaining liquid
phase. The sixfold pattern formation in region I originates from
the strong epitaxial strain imposed by the hexagonal CogDy;Sn,
phase with the cubic Co,MnSn phase formed during the solidi-
fying process.

A phase separation has also been observed for the Heusler
alloys Co,Mn;_,Ti,Sn and CoTi;_,Mn,Sb.?23% These alloys
exhibit a separation into two Heusler phases, but they show a
rather irregular structure. Moreover, the phase separation dis-
appears after high temperature annealing, in contrast to the
compound discussed here.

2.3. Magnetic Properties

Figure 4a shows the magnetization as a function of the sample
temperature. Two magnetic phase transitions occur at different
Curie temperatures T¢; =95 + 10 K and T¢, = 830 + 10 K. The
Tc values were determined by fitting the temperature dependent
magnetization with M(t) = My(1 — T/ Tc)"/? as obtained from the
mean field theory.’!] Previous measurements have shown that
Co,MnSn has a Curie temperature of T = 830 K.

Therefore, the Tc, can be attributed to this phase. T¢; is
likely the Curie temperature of CogDy;Sn,. For pure CogDy;Sn,
we found a Curie temperature of T¢ = 70 £ 10 K in good agree-
ment with T ;. Figure 4b shows for the phase separated com-
pound the field-dependent magnetization above and below Tc ;.

Atomic-%

Figure 2. a) Element-specific (EDX) mappings of the four constituents of the phase separated Co,DyosMngsSn alloy with brightness proportional to
the concentration. b) Linear combina-tion of the EDX mapping shown in (a) revealing three distinct regions with different compositions: region | (light
blue), region Il (violet), and region Il (green). c) Line-scan along the path (white line) indicated in (b).
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Figure 3. Sketch of the 3D phase-separated Co,DyysMngsSn alloy. The
temperature gradient VT is along the z direction.

At 5 K both phases are ferromagnetic, which explains the large
saturation magnetization. At 300 K only Co,MnSn exhibits
ferromagnetic behavior, resulting in a much smaller mag-
netization. The M(H) curve at 300 K reveals a coercive field of
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Figure 4. a) Temperature-dependent magnetization of phase separated
Co,DygsMngsSn. The measurements were performed in an induction
field of 1 T. b) Field-dependent magnetization at 5 K and 300 K in units of
Bohr magnetons per formula unit (uB f.u.™).
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Figure 5. Temperature-dependent thermal conductivity of a) Co,DygsMng;s
Sn, b) Co,MnSn, and c) CogDy;Sn,. Shown are the thermal conductivity, the
lattice thermal conductivity and the electronic contribution to the thermal
conductivity, calculated using the Wiedemann-Franz law.

H.; =9 x 10* T. This comparatively small coercive field is on
the order of magnitude observed for other Co-based Heusler
alloys and indicates soft magnetic behavior.*?! At 5 K, however,
the coercive field H.; =0.130 T is much larger due to the crystal
anisotropy of the CogDy;Sn, alloy.

2.4. Thermoelectric Properties

Figure 5 shows the thermal conductivity of the phase sepa-
rated Co,Dy,sMn,sSn sample compared with the Heusler alloy
Co,MnSn and CogDy;Sn,. The electronic contribution to the
thermal conductivity k., was calculated using the Wiedemann-
Franz Law:[!8l

LT
ke=LoT = — (1)
P

where L is the Lorenz number (2.44 x 1078 W Q K233)), 5 is
the electric conductivity, p is the electric resistivity, and T is the
absolute temperature. With the relation

K = Ke + Ki ()

the lattice contribution to the thermal conductivity x; was cal-
culated. In comparison to Co,MnSn the electronic part of the
thermal conductivity of Co,DyysMngsSn is lower due to the
slightly higher resistivity (Figure 6). The higher resistivity is
probably an effect of the phase separation because there are
more grain and phase boundaries than in the Co,MnSn sample.
Electrons are scattered more often at these grain boundaries.
The resistivity of CogDy;Sn, is slightly higher than in the mixed
compound leading to a lower electronic contribution to the
thermal conductivity. The lattice thermal conductivity is about
one third lower for Co,Dy,sMngsSn than for Co,MnSn. In
comparison with CogDy;Sny, K is slightly lower than the mixed
phase up to 250 K. Above 250 K the lattice thermal conductivity
of CogDy;Sn, increases strongly and is about 40% higher than
that of Co,Dy,sMngsSn.
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Figure 6. a) Seebeck coefficient and b) electrical resistivity for

Co,Dyg sMng sSn, Co,MnSn, and CogDy;Sny.

The lower Kj value can be explained by the phase separation
as well. The additional grain boundaries act as very efficient
scattering centers for phonons and electrons, thus decreasing
the thermal conductivity.

The lattice thermal conductivity is expected to show a
maximum at intermediate temperatures due to a compensa-
tion of the increasing number of phonons contributing to the
transport and increasing contribution from Umbklapp processes
causing scattering with increasing temperature. The additional
scattering at grain boundaries cause a temperature-independent
decrease of kj. This expected temperature dependence of xj(T)
is observed at lower temperatures with the maximum located at
T =50 K. The slight increase of the lattice thermal conductivity
near 300 K can be explain by a temperature-dependent Lorenz
number instead of a constant used here for the calculation of
the electronic contribution to the thermal conductivity. The lat-
tice thermal conductivity of CogDy;Sn, shows a typical behavior
of a compound with a complex unit cell in a quasicrystal or
amorphous metals.?**] k;(T) can be divided into three inter-
vals. In interval I (0-75K) the thermal conductivity increases lin-
early. Interval II (75-150 K) covers an almost constant x;(T). In
interval III (T > 150 K) x(T) increases with increasing tempera-
ture. Interval I is determined by an almost constant mean free
path of the phonons, which is limited by extrinsic defects like
grain boundaries, defects, or lattice distortions. In interval II,
the plateau, all available phonons are saturated in the Dulong—
Petit limit.1*] Interval 111 can be explained by the interaction of
high-energy critical modes with low-energy extended phonons
similar to the phonon-assisted fraction hopping in glasses.l?*3°!
Electrical resistivities show metallic behavior, i.e., resistivity
in-creases with increasing temperature. The resistivity of
Co,Dy,sMnysSn is a factor of two larger. As mentioned above
this is probably an effect of the phase separation. CogDy;Sn,
shows a slightly higher resistivity than the mixed compound.

The Seebeck coefficient was also measured and the samples
exhibit a negative Seebeck coefficient indicating n-type con-
duction. The Seebeck coefficient of Co,MnSn decreases above
250 K to a value of =35 pV K! at 400 K. The Seebeck coefficient
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of Co,Dy,sMnysSn decreases linearly with temperature in the
total measured temperature range between 2 K to 400 K. Sim-
ilar behavior is seen for CogDy;Sn,. The electronic properties of
the mixed compound Co,Dy,sMn,sSn seem to be dominated
by the electronic properties of CogDy;Sny.

3. Conclusions

In summary, it has been shown that grain boundaries between
structurally different grains can reduce the lattice thermal con-
ductivity x; significantly. The lattice thermal conductivity of
Co,Dyy5sMngsSn is lower than the mean value of the xj of the
constituent phases. This is a consequence of the phase separa-
tion, which is temperature-stable over a wide temperature range.
The temperature dependence of the magnetization reflects the
phase separation into two main phases. In contrast, the magneti-
zation curve indicates a homogeneous magnetization rotation
with a large coercive field dominated by the CogDy;Sn, phase
at low temperature. The Seebeck effect and the electronic resis-
tivity in the phase separated compound are dominated by the
CogDy;Sn, phase. The results of this study show that the obstacle
of a large lattice thermal conductivity commonly observed for
Heusler compounds can be removed by a temperature-stable
phase separation. Further improvements are expected from an
increase of the Seebeck coefficient by optimization of the carrier
concentration through hole or electron doping.

4. Experimental Section

Co,DygsMngsSn samples were prepared by arc melting of stoichiometric
amounts of the constituents (Co 99.95%, Dy 99.9%, Mn 99.99%,
Sn 99.99% from Chempur) in an argon atmosphere of 10 mbar. The
samples were remelted several times to increase their homogeneity.
The resulting polycrystalline ingots were annealed at 1273 K in an
evacuated quartz tube for 7 days afterwards. The crystalline structure
was determined by XRD using excitation by Mo K , radiation(Bruker,
AXS D8). A scanning electron microscope (Jeol JSM-6400) equipped
with an EDX detection system (EUMEX EDX) was used to identify the
microstucture and local stoichiometry of the phase-separated compound.
The measurements were carried out at a pressure of 3 X 107 mbar. An
acceleration voltage of 20 kV was applied and an inspection angle of 35°
was set up. For the correction of the quantitative data the ZAF method
was applied, which relies on atomic number (Z), absorption (A), and
fluorescence (F) effects. The magnetic properties were investigated by
a super-conducting quantum interference device (SQUID, Quantum
Design MPMS-XL-5) using nearly punctual pieces of approximately
10 mg of the sample. The transport properties were investigated using
a Physical Property Measurement System (PPMS, Quantum Design).
For transport measurements the samples were cut into bars with the
approximate dimensions 2 x 2 X 10 mm?>. The samples were polished
immediately before contacting in order to remove oxide layers. The bars
were contacted with four copper leads that were wrapped around the
bars to homogenize the current passing through. The sample chamber
was flooded with helium and evacuated afterwards. The transport
measurements were carried out at a pressure of 1.2 x 107 mbar by a
standard four point ac method.
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