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The quaternary Heusler compound Co,Mn;_,Ti, Sn with x=0, 0.2, 0.4, 0.5, 0.6, 0.8, and 1 shows a phase
separation into the two Heusler compounds, Co,MnSn and Co,TiSn. Only at the edges of the composition
range a slight admixture of Mn and Ti to the respective other phase is observed. This phase separation leads to
a distinct microstructure which can be altered by the composition of the material. Pronounced changes in the
magnetic and electronic properties take place with varying composition. Two magnetic transitions occur which
indicate different Curie temperatures for both phases. The reduction in the thermal lattice conductivity is of
particular interest for an optimization of Heusler compounds for thermoelectric applications. In the field of
spintronics the use of superlattices composed of Co,MnSn and Co,TiSn without any interlayer diffusion is

suggested.
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I. INTRODUCTION

Half-metallic ferromagnets have been proposed to be
ideal candidates for spin injection devices because they ex-
hibit 100% spin polarization at the Fermi energy €z."> In the
recent past Heusler compounds have attracted great interest
in this context.>* For Co,-based Heusler compounds half
metallicity was predicted by Kiibler et al. already in 1983.5 A
great advantage of those compounds is the possibility to spe-
cifically tune the position of the Fermi level and thus their
electronic and magnetic properties by partial substitution of
elements in the parent phase.> The preservation of half me-
tallicity was confirmed by density-functional theory calcula-
tions for quaternary alloys of the types (XX'),YZ, X,YY'Z,
and X,YZZ'.'% Furthermore, many Heusler compounds ex-
hibit high Curie temperatures which is an important require-
ment for the application of the material in electromagnetic
devices.!!"'* The half metallicity was experimentally demon-
strated for the compound Co,FeAl,sSiys, even at room
temperature.'> For this material high tunnel magnetoresis-
tance (TMR) ratios of 386% at room temperature were
reached recently.'®

Despite these promising results one has to be aware of a
possible solubility gap and phase-separation phenomena in
thermal equilibrium which may occur due to the substitution
of elements. Experimental evidence for an enhancement of
the spin-polarization despite of phase-separation phenomena
was reported for the system Co,MnAl(_,Sn,."” Theoretical
studies predict the spinodal decomposition of the Half-
Heusler alloy CoTi(;_,Fe,Sb.'® Phase-separation and inter-
diffusion effects play a major role for the performance of
TMR devices, e.g., Mn diffusion from the IrMn pinning
layer into the ferromagnetic electrodes reduces the TMR ra-
tio significantly above a critical annealing temperature.'® Ad-
ditionally, phase separations have a major impact in the field
of thermoelectrics. Microstructuring of thermoelectric mate-
rials leads to a reduction in the thermal conductivity, and
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thus, is one method to optimize the thermoelectric figure of
merit ZT.

In this study, the phase separation appearing in the qua-
ternary Heusler series Co,Mn,_,Ti,Sn is reported. The qua-
ternary compounds have a dendritic microstructure which
was formed during the solidification process as a result of a
phase separation into a Co,MnSn-enriched and a
Co,TiSn-enriched Heusler phases (below shortened as Mn
and Ti enriched). The impact of this phase separation on the
magnetic and transport properties was studied in detail.

II. EXPERIMENTAL DETAILS

Polycrystalline ingots of the compounds were prepared by
arc melting of stoichiometric amounts of high-purity ele-
ments in an argon atmosphere to avoid oxygen contamina-
tion at a pressure of 10~ mbar. Additionally, a Ti sponge
was used to bind remaining oxygen. The samples were
melted three times. They were turned over after each melting
process to yield a homogeneous sample. The weight loss
after the whole melting procedure was less than 1%. The
polycrystalline ingots were annealed in an evacuated quartz
tube at 1073 K for 2 weeks.

The crystallographic structure was investigated by
x-ray powder diffraction using Mo Ka radiation (A
=0.7093165 nm; Bruker, AXS D8) in reflection geometry.
The experimental diffraction patterns were refined using the
FULLPROF program.”’ Complementary, x-ray diffraction
(XRD) experiments were performed at the XRD beamline at
the bending magnet D10 of the Brazilian Synchrotron Light
Laboratory (LNLS; used wavelength A\=1.75872 A). For de-
tails about the characteristics of the beamline see Ref. 21.

A scanning electron microscope (SEM, Jeol JSM-6400)
equipped with an energy-dispersive x-ray spectroscopy
(EDX) detection system (EUMEX EDX) was used to check
the homogeneity and stoichiometry of the samples. The mea-
surements were carried out at a pressure of 3 X 10 mbar.
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FIG. 1.

Element-sensitive EDX scans of the compound
COzMnoAsTioAssn.

An acceleration voltage of 20 kV was applied and an inspec-
tion angle of 35° was setup. For the correction of the quan-
titative data the ZAF method was applied which relies on
atomic number (Z), absorption (A), and fluorescence (F) ef-
fects. The images were acquired via the digital image pro-
cessing system and the quantitative chemical analysis was
performed with the program WINEDS 4.0.

The magnetic properties were investigated by a supercon-
ducting quantum interference device (SQUID) (Quantum
Design, Magnetic Property Measurement System XL-5) us-
ing nearly spherical pieces of approximately 5—-10 mg of the
samples. Measurements of the Seebeck coefficient, the resis-
tivity and the thermal conductivity were performed with a
physical property measurement system (Model 6000, Quan-
tum System, with the options P400, P600, and P640) from 2
to 400 K. The samples were cut into bars with the approxi-
mate dimensions 2X2X 10 mm?>. The samples were pol-
ished before contacting in order to remove oxide layers that
may have formed during synthesis and the measurement. The
bars have been contacted with four copper stripes that were
wrapped around the bars to homogenize the current passing
through. The sample chamber was flooded with helium and
evacuated afterwards. The measurements were carried out at
a pressure of 1.2X 10™* mbar by a standard four-point ac
method. An additional correction term for the heat loss at the
heating shoes was introduced and applied to the thermal con-
ductivity data as suggested by Miiller et al.>> and Quantum
Design.??

III. RESULTS
A. Phase separation

The distribution of the different elements and the homo-
geneity of the samples was investigated by EDX. Figure 1
shows element-resolved pictures of Co,MnsTijsSn. Cobalt
and tin are homogeneously distributed over the investigated
area. Manganese and titanium, however, are distributed inho-
mogeneously into Mn-enriched areas which contain hardly
any titanium and Ti-enriched areas with only small amounts
of manganese. Figure 2 shows only the Ti-sensitive pictures

FIG. 2. Element distribution of (a) Co,MnggTiy,Sn, (b)
COzMno'GTiOASn, (C) ConHOATiO'()Sn, and (d) COzMno'zTio'SSn.
Light areas are Ti-enriched, dark areas are Mn enriched.

of x=0.2, 0.4, 0.6, and 0.8, the remaining pictures were omit-
ted for reasons of clarity. It can be seen that the size and the
shape of the microstructure change with the composition of
the sample. On the Mn-rich side of the composition series
the microstructure is diffuse [Figs. 2(a) and 2(b)] and the
boundaries are weakly pronounced. Very sharp boundaries
are obtained for the Ti-rich part as displayed in Figs. 2(c) and
2(d). From the morphology of the phase-separated areas one
may conclude that the bulky Ti-rich areas nucleate first out
of the liquid phase during cooling. Only after nearly all Ti is
solidified in the Ti-rich phase the remaining Mn forms a
solidified Co,MnSn matrix. The observed morphology may
thus be taken as a hint to phase separation by nucleation and
growth in contrast to a spinodal decomposition. This consid-
eration is in good agreement with the higher melting tem-
perature of Co,TiSn (=1460 K) in contrast to Co,MnSn (
~1250 K). Scans along arbitrarily chosen lines were per-
formed. As an example, the element distribution of
Co,Mn 4Tiy¢Sn is shown in Fig. 3. This investigation shows
that the Mn and Ti concentration complement one another.
The composition of each phase was determined by EDX and
is given in Table I. A graphic representation of the composi-
tion of the Mn-rich phase (squares) and the Ti-rich phase
(circles) for the whole alloyed system from Co,MnSn to
Co,TiSn is displayed in Fig. 4. Full and open symbols denote
the Mn and Ti concentration in each phase, respectively. The
Mn-rich phase mainly consists of Co,MnSn for x= 0.6, only
for x=0.8 it contains ~60% Ti. The Ti-rich phase is com-
prised of Co,Mn,Ti,Sn, whereby the amount of Mn in this
phase increases with rising Mn content in the sample. Only
on the very Ti-rich side of the composition range, a pure
Co,TiSn phase is obtained.

X-ray diffraction with Mo K« radiation yields diffraction
patterns which indicate L2-ordered compounds, no second-
ary phases were observed. The data were refined using the
Rietveld method and are displayed in Fig. 5(a). The lattice
parameters vary from 6.01 to 6.06 A with increasing amount
of Ti as expected from the larger atomic radius of Ti [com-
pare Fig. 5(b)]. The deviations from the linear behavior may
be explained by the fact that the phases do not consist purely
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FIG. 3. Concentration of indicated elements along a line on the
surface of Co,Mn 4TijSn determined by EDX.

of the ternary compounds. Especially the Ti-rich phase con-
tains a considerable amount of Mn which might lead to these
nonlinear deviations. The expected splitting of the reflections
due to the different lattice parameters of the two phases
could not be resolved by the laboratory method because of
the present Kl / Ka2 splitting. Therefore, further XRD mea-
surements were carried out at the synchrotron. To obtain a
high resolution an additional Ge (111)-analyzer crystal leads
to a sharp instrumental angular resolution, I'(26) =0.015° at
the measured angle of around 26=50°, and efficiently re-
moves unwanted fluorescence and air-scattering background.
In this high-resolution mode the (220) reflection in
Co,Mn 4Tip¢Sn shows a clear splitting of the (220) reflec-
tion which reveals the phase separation into two Heusler
compounds with a slightly different lattice constant as shown
in Fig. 6.

B. Magnetic properties

Co,-based Heusler compounds that are predicted to be
half-metallic ferromagnets show a Slater-Pauling behavior of
the magnetization which means that the saturation magneti-
zation scales linearly with the number of valence
electrons.*~2° This results in a theoretical magnetic moment
of 2 up/f.u. for Co,TiSn at 7=0 K which increases linearly

TABLE 1. Composition of both phases of Co,Mn,;_,Ti, Sn ac-
cording to EDX measurements.

X Mn-rich phase Ti-rich phase
0.2 Co,MnSn Co,Mng 56Tig 4350
0.4 Co,Mn 93T 0oSn Co,Mny 54T 7450
0.5 Co,MnSn Co,Mnyg 17Tipg35n
0.6 Co,MnSn Co,Mng,TipgSn
0.8 Co,Mny 4Tij 6Sn Co,Mng ¢5Tip 9sSn
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FIG. 4. (Color online) Composition diagram of the two phases.
Given are the Mn and Ti concentrations (1 —x) and x, respectively,
relative to the pure phases. The Co and Sn distributions are constant
over the whole composition range and therefore omitted here.

up to 5 up for Co,MnSn with increasing Mn content. The
saturation magnetization of the phase-separated compounds
was investigated by SQUID magnetometry. Field-dependent
measurements were carried out with an induction field from
-5to5Tat5 K.

The compounds show a soft magnetic behavior which is
typical for Heusler compounds. Figure 7(a) reveals that the
saturation magnetization follows the Slater-Pauling rule. The
phase separation does not show any effects on the total mag-
netic moment of the compounds. However, the reduced mag-
netic moment for x=0.8 may be due to crystallographic dis-
order within each phase which is below the detection limit of
the XRD method. Furthermore, the temperature dependence
of the magnetization was studied with an external field of
moH=0.1 T. According to the hysteresis loops the samples
are not yet completely saturated at this field, however, ex-
perimental results indicated that the effects which originate
from the phase separation could be best observed at uyH
=0.1 T. The temperature-dependent normalized magnetiza-
tion measurements are shown in Fig. 8.
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FIG. 5. (Color online) (a) X-ray diffraction patterns of

Co,Mn;_,Ti,Sn measured with Mo K« radiation. (b) Lattice con-
stants determined by Rietveld refinement.
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FIG. 6. (Color online) X-ray diffraction of the (220) reflection
of COZMHOATio_GSH.

The magnetic moment remains nearly constant until the
Curie temperature of the Ti-rich phase is reached. Since the
investigated material contains two magnetic phases a reduc-
tion in the magnetization to a finite value at 7 of the Ti-rich
phase is observed as displayed in Fig. 8(a). The residual
magnetization can be attributed to the Mn-rich phase and
decreases to zero at its T of this phase (T of Co,TiSn and
Co,MnSn are 355 K and 830 K, respectively?’-?). The ex-
perimental values were determined by an extrapolation of the
data according to a mean-field approach (MFT) as described
in Ref. 29. Figure 8(b) shows the MFT fits for the sample
with x=0.4, the Curie temperature of the Ti-rich and the
Mn-rich phase are =640 K and =730 K, respectively. The
values for the remaining samples are summarized in Fig.
7(b). In contrast to the known linear trend of T for
Co,-based Heusler compounds as a function of valence elec-
trons (dashed line)'3 it can be seen that T of the Ti-enriched
phase is shifted to lower values whereas it is shifted to higher
values for the Mn-enriched phase. Higher amounts of Mn in
the sample lead to an elevated 7~ of the Ti-enriched phase
because the Mn concentration in this phase is increased
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FIG. 7. (Color online) (a) Saturation magnetization m of
Co,Mn;_,Ti, Sn at 5 K. The compounds show a Slater-Pauling be-
havior. (b) Curie temperature T for the Mn-rich and the Ti-rich
phases. The dashed lines denote the linear trend which is expected
for a mixed compound.
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FIG. 8. (Color online) (a) Temperature-dependent magnetization
of Co,Mn,_,Ti, Sn. The measurements were performed in an induc-
tion field of 0.1 T. (b) Values of T for x=0.4 according to a mean-
field approach are =640 K for the Ti-enriched phase and =730 K
for the Mn-enriched phase.

(compare Sec. III A). The same behavior is observed for the
Mn-rich phase since the Ti content in this phase decreases. In
addition, T~ of each phase was estimated based on the EDX
results assuming a linear variation in 7~ with composition. A
comparison of these values with the experimental results
found by the magnetic measurements is given in Table II.
The difference between the 7 determined by SQUID mag-
netometry and estimated from the EDX data originate from
the error with which the EDX data are tainted and from
slight deviations from the linear dependence of 7 on the
number of valence electrons which is observed for single-
phase Heusler compounds.?® The general trend is well repro-
duced by this simple approximation.

C. Transport properties

The electrical resistivity for temperatures from 2 to 400 K
was obtained by ac four-probe method. Figure 9 shows the
temperature dependence of the resistivity and reveals a typi-
cal metallic behavior in this temperature range. The resistiv-
ity varies nonlinearly with the composition but it is in the
same order of magnitude for all compounds with the excep-

TABLE 1II. Curie temperatures of both phases of
Co,Mn;_, Ti,Sn. The values estimated from the EDX results are
compared with the values determined by magnetic measurements.

Mn-rich phase Ti-rich phase

Tc Tc
(K) (K)
x (EDX) (SQUID) (EDX) (SQUID)
0.2 830 800 680
0.4 830 730 500 640
0.6 830 688 400 450
0.8 600 554 360 372
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FIG. 9. (Color online) Electrical resistivity of

Co,Mn,_,Ti, Sn.

tion of Co,Mn,TijgSn. For this compound the resistivity is
larger by a factor of 10. This may result from the fragility of
this particular sample which shows distinct cracks. Since the
sample exhibits very sharp phase boundaries, strain is intro-
duced to the material leading to the observed brittleness.
The thermal conductivity «,,, was studied in the tempera-
ture range between 2 and 300 K to evaluate the possible
application of the phase separation as a method to optimize
the thermal properties of thermoelectric materials based on
Heusler compounds [see Fig. 10(a)]. At low temperatures the
thermal conductivities increase steeply with temperature, a
maximum is reached between 50-70 K. Above 100 K a weak
linear increase with temperature is observed. The thermal
conductivity is composed of an electronic contribution «,
and of a lattice contribution «;. To study the impact of the
phase separation on the thermal properties, x; needs to be
separated. The electronic contribution «, is calculated based
on the electrical-resistivity data according to the
Wiedemann-Franz law «,= LT with o the electrical conduc-
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FIG. 10. (Color online) (a) Total thermal conductivity and (b)
lattice thermal conductivity of Co,Mn;_,Ti Sn.
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TABLE III. Ratio of the electronic and the lattice contribution to
the thermal conductivity.

X Ko/ K;
0.2 1.55
0.4 0.43
0.6 0.91
0.8 0.25

tivity, L Lorenz number, and the temperature 7. By subtrac-
tion of k, from «,,, the lattice thermal conductivity «; is
obtained as displayed in Fig. 10(b). In general, x; shows a
classical behavior determined by long-wave acoustic
phonons with a maximum in the low-temperature range and
a plateau at higher temperatures due to the effect of optical
phonons. It is remarkable that the value of ; is reduced from
5 W/Km for single phase Co,TiSn to 2-3 W/Km for the
phase separated compounds at 300 K. This reduction in
~50% can only be explained by the combination of different
phonon-scattering processes. Grain and phase boundary scat-
tering occurs at the interface between Co,TiSn and
Co,MnSn. A highly disordered and maybe less dense bound-
ary layer can be assumed which leads to the increased grain
boundary resistance both at low and high temperatures.’
These intergrain layers are not likely to be of uniform thick-
ness since the grains have irregular shapes. The difference in
the lattice parameter between Co,MnSn and Co,TiSn may
also lead to stain effects at the phase boundaries which af-
fects «;. Furthermore, «; is sensitive to mass fluctuation scat-
tering due to the difference in the atomic masses of Mn and
Ti.

For an application of the phase separation in thermoelec-
tric materials, the ratio of k, and k; needs to be adjusted. For
an optimization of the thermoelectric figure of merit, a ratio
of 0.5 is proposed.’! Table III displays the calculated values
of k,/ k;. This ratio changes nonlinearly with composition. In
principle, it is possible to adjust the thermal conductivity by
choosing the optimal composition with the appropriate mi-
crostructure.

Figure 11 shows the Seebeck coefficient that was mea-
sured for temperatures ranging from 2 to 400 K. The values
decrease with increasing temperature. The Seebeck coeffi-
cients for single phase Co,MnSn and Co,TiSn at 400 K are
-37 uV/K and =50 uV/K, respectively. For the phase-
separated compounds the Seebeck effect is lowered with the
exception of Co,Mng¢Tig4Sn. In this compound the high
Seebeck coefficient of =50 wV/K is retained.

IV. SUMMARY

The phase separation of Co,Mn,_,Ti,Sn into the Heusler
compounds Co,MnSn and Co,TiSn was investigated thor-
oughly. Pictures of the microstructure were obtained by EDX
spectroscopy. Its size and shape can be tuned by changes in
the Mn/Ti ratio. XRD revealed a splitting of the reflections
which is attributed to the different lattice constants of both
phases. Two magnetic phase transitions were observed which
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can be correlated with the different Curie temperatures of the
phases. The impact of the phase separation on the transport
properties was studied in particular. A reduction in the ther-
mal lattice conductivity of up to =50% was found. This
opens a new way to tune Heulser compounds for thermoelec-
tric application and to overcome the problem of their com-
paratively high thermal conductivity. We suggest to transfer

PHYSICAL REVIEW B 82, 104420 (2010)

the phenomenon to semiconducting Half-Heusler compounds
with high Seebeck coefficients. Aside from that, one can take
advantage of the phase separation in the field of spintronics.
The tunnel magnetoresitance ratio of devices with an IrMn
pinning layer decreases dramatically above a critical anneal-
ing temperature. This is attributed to an interdiffusion of Mn
into the spin-polarized electrodes. The introduction of the
half-metallic ferromagnet Co,TiSn into TMR devices could,
therefore, lead to an enhanced temperature stability, which is
particularly important for an industrial application of TMR-
based devices. Furthermore, the preparation of superlattices
composed of Co,MnSn and Co,TiSn should be easily pos-
sible without any interdiffusion effects during annealing pro-
cesses. An almost perfect lattice match is a further advan-
tage.
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