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The heat diffusivity D, the electrical resistivity p and the thermoelectric
power S of tetragonal Μn2-xCrx Sb single crystals with 0.02 < x < 0.12 have
been measured in the temperature range of 90 K< Τ < 350 K and along
different crystal axes. The heat conductivity κ and σ = 1/p are anisotropic
along the crystal axes a, c with a ratio of 2:1. κ(T), p(Τ) and S(Τ) show
anomalies at the spin reorientation temperature TRm of the matrix (M)

Μn2-CrxSb, but also at that of the coherent ferromagnetic precipitate
(P) Mn1.037Cr0.11Sb, ΤRP which is assigned to variations in the spin depen-
dent scattering at the Μ/Ρ interfaces via changes in the relative orientation
of the magnetization vectors of matrix and precipitate (spin valve effect).

PACS numbers: 75.30.Kz, 72.15.Eb, 72.15.Jf

1. Introduction

While Μn2Sb is a metallic ferromagnet, chromium modified Μn2Sb, i.e.
Μn 2- x Crx Sb, develops a flrst order antiferromagnetic ("afm")-ferri-magnetic
("fi") transition, which has been investigated in detail in former contributions [1-8].
A magnetic phase diagram which summarizes most of the previous works is given
in Fig. 1. Recent claims that this material can be used as working material in
magnetic cooling devices [9, 10] have stimulated interest in the thermal proper-
ties of these compounds. Specific heat capacity data were taken in the context of
the afm-fl phase transition [9, 11] and yield an entropy change of 1-2 J/mol K,
which is unusually high for a magnetic order-order transition. In contrast, heat
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conductivity data are scarce and were so far only available for polycrystals [12].
However, the heat conductivity K enters the figure of merit for working media as
it determines the speed of the heat flow in and out of the volume and thus the
cycle frequency.

In this contribution, we use the time resolved transient thermoelectric effect
("TTE") for the determination of the heat diffusivity D and the thermoelectric
power S. Although TTE allows a fast determination of D(Τ) and S(Τ) with no
specific requirements on the sample size, it is recommended to verify and/or cali-
brate the results using established methods with at least one specimen. While in
absolute value we can confirm earlier data, we find unexpected anomalies in the
heat conductivity K(T) and in S(Τ) which likely originate from a coherent planar
precipitation of a very stable secondary ferromagnetic phase. According to our
analysis these anomalies involve the internal surfaces matrix-precipitate (M/P)
and thus may be used for field-controlled and/or directed heat flow, if the surfaces
are properly arranged. .

2. Crystal preparation and experiments
2.1. Preparational

The single crystals of Μn2-xCrxSb (space group Ρ4/nmm) were grown us-
ing the Bridgman—Stockbarger method as described in detail elsewhere [13]. Disks
were cut (thickness 0.5 mm) from the regulus perpendicular to the growth direc-
tion using a diamond saw and were used to measure the magnetic anisotropy [9];
after that, rectangular (1 mm x 7 mm) strips were cut from the disks for the
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measurement of the electrical conductivity, thermopower and heat diffusivity. In
one case, x = 0.10, a strip of this size was prepared which was oriented paral-
lel to the growth direction. Powder X-ray diffraction (Siemens 500) was done in
order to insure a single phase; however, a small amount (< 3%) of a secondary
phase, Mn1.07Cr0.11Sb, was identifled; the composition was determined by the
energy dispersive X-rays method (EDX, Cambridge). Using scanning electron mi-
croscopy (SEM), a coherent precipitation of this phase along the (101)-planes of
Mn2-xCrx Sb was observed (Fig. 2). A similar precipitation (0.5-3%) was observed
earlier by Darnell et al. [14] and was tentatively identified as MnSb. It iS found
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that the precipitated phase, Μn 1.07Cr0.11 Sb, maintains its composition indepen-
dent of x. The reguli were investigated in respect to homogeneity in Cr-content
along the direction of growth and a maximal variation of 0.5% was calculated
from the variation of the afm- fl transition temperature, Τs, except for the very
end of the reguli which had to be sorted out. Inside a perpendicular cut slice the
variation was much lower (< 0.1%), even down to the m scale, according to EDX
and SEM. Quantitative microanalysis made with the aid of EDX was also used
to determine the final compositions and those were identical with the nominal
compositions within < 10%. Laue-diffraction was used to determine the crystallo-
graphic orientation of the samples. For that, projections of the isostructural β-Sn
were used. (001)-planes of easy break made cuts along the tetragonal axis very
difficult; therefore, most of the heat diffusivity measurements presented are in the
tetragonal plane: however, small out of plane deviations of the long sample axis
allowed us to stimate the α, c-anisotropy.

2.2. Determination of the electrical and heat conductivities

The electrical conductivity is measured as usual using the four-point method;
details are described in Ref. [9]. The transient thermoelectric effect "flash" met-
hod [15-18] measures the thermoelectric power S in arbitrary units and the thermal
diffusivity D, which is proportional to the thermal conductivity k , as D = K/p0cv .
For the conversion of D into K(Τ), cv cρ is taken from Refs. [9, 11] and
)90 = 7.04 g/cm3 from Ref. [7].

Figure 3 shows the experimental setup used. In principle, a light pulse which
is limited in space and time is focused on the one end of the sample, heats it up
and a decaying thermovoltage is observed between the end faces of the sample.
According to Sasaki and others [15, 16], the initial amplitude of this decay is
proportional to the Seebeck effect, while the corresponding decay time is inversely
proportional to the heat diffusion constant D.

For our experiment, the original arrangement is modified to increase the
sensitivity at the expense of the time resolution, which must be only sufficient to
observe the slow thermodiffusion. As a light source a halogen lamp (Osram, 500 W)
was used. The beam was focused on the one end of the sample (illuminated section:
1 mm, sample length r 7 mm). A mechanical shutter was positioned in between
lamp and focusing lens in order to obtain a rectangular light pulse. Silver paint
was used to make contact with the sample end faces and care was taken not to
illuminate these contacts. The thermovoltage was then amplified by a factor of 100
(PMT OP 07, bandwidth 1 MHz), passed a passive 50 Hz filter and was then fed
into an impedance transformer (Burr—Brown BUF 634, input impedance 8 ΜΩ,
bandwidth 180 MHz) as the recording oscilloscope (Tektronix TEK DSO11402,
bandwidth 500 MHz) has an input impedance of only 50 Ω. As the typical ther-
mal relaxation times are > 1 ms, we could switch to a 20 MHz bandwidth and thus
increase the sensitivity of the input amplifiers (Tektronix 11A52). Figure 3 also
shows one of the transients. For further data reduction, and after recording, the
data were transmitted to a personal computer via an IEEE-interface. The sample
holder was inserted into an optical cryostat, whose windows allowed for heating
the sample with the light pulse while simultaneously detecting a fraction of it via
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a photovoltaic cell for triggering purposes. The cryostat could be cooled down
to 35 K using a helium compressor. Higher temperatures were obtained with an
accuracy of 1 K using a regulated heater. From the observed thermovoltages
and specific heat capacity data the local light induced increase in temperature was
calculated to be less than 2 K. In the course of the data reduction, electrical off-
sets were subtracted, some Fourier-filtering and smoothing algorithms were used,
which, however, were tested in respect to curvature deformation on known samples
before application [19, 20]. After that, the transient V(t) is fitted to a solution of
the heat diffusion equation

where

where erf(x) is the error function, h — illuminated distance, D — thermal diffusion
constant, L — sample length, 4 — duration of light pulse, S — thermoelectric
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power, and Τ0 — the height of the rectangular initial temperature distribution.
The summation in Eq. (1) converged and could usually be stopped at n = ±2,
considering the accuracy of the raw data, which in turn allowed the absolute
determination of D within about 5%.

Equation (1) does account for a finite sample length and a rectangular illu-
minated zone, but does require the sample thickness to be small against the sample
length and the illumination time tb small against the thermal diffusion time con-
stant, L2 /4D. This condition was met by choosing appropriate light pulses and
sample thicknesses < 0.5 mm. Close to a zero crossing of S(T), D is difficult to
determine because of very low signal to noise ratio of the TTE-amplitude. In these
cases, sample independent, < 5% low frequency undulations tend to appear in
D(T). These undulations are probably connected with an unintended correlation
of successive transients: for example, if the temperature decay is very slow or if for
the starting values of the (n + 1)th transient, the results of the nth transient are
used. These artefacts, however, could be corrected making use of their systematics.

For the control experiment regarding κ(T) we used a differential method
which is designed for long polycrystalline or single crystal rods (here always in
growth direction) [19]. The sample holder was put in a flow cryostat and could
be kept at a constant average temperature using a resistive heater. At one end
of the sample another, smaller, resistive heater (SDM resistor, 0.5 < P < 2 W)
provided a constant heating rate and with it a thermal gradient, which was mea-
sured using a differential thermocouple. Figure 4 shows K(T) for x = 0.1 measured
classically and using the flash method, together with an earlier measurement on
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a polycrystalline MnΑs1.9Cr0.1Sb sample [12]. One observes an increase near the
afm—fl transition at ΤS = 315 K in all cases, while the absolute values of κΡ are
close. A shallow structure is observed close to 220 K. However, the phase diagram
(Fig. 1) does nothold a corresponding transition. Although we used single crystals,
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the structures are broad which is likely due to the concentration gradients along
the direction of growth. Thus, measurements on long single crystal rods will not
show the fine structure and here is where the TTE-method, in using small sample
slices preferably being cut perpendicular to the growth and concentration gra-
dient, is superior. Nevertheless, characteristic temperatures which are connected
with structures observed in the larger single crystal specimens using the classical
method are summarized in Table together with those found using smaller single
crystal pieces and the TTE-method.

2.2. Determination of the thermopower

According to Eq. (1). ,íf the temperature increment is kept constant,
V0 S(T), i.e. the initial amplitude of the transient V0 measures the thermopower.
However, there might be a shift between the measured voltages in both cases as V0
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represents a thermochain: copper/silver-paint/sample/silver-paint/copper, while
the conventional method measures the sample versus lead. For the control exper-
iment regarding S(Τ) we used a standard setup [21] which was operated either in
a stationary temperature mode or in a quasi-stationary mode where the average
temperature is slowly increased while the temperature difference is kept constant
via the temperature controller. The quasi-stationary mode has a better signal to
noise ratio. Occasionally both modes were applied to the same sample in order
to ensure consistency. As an example, S(Τ) of x 0.1 is shown in Fig. 5a. Fig-
ure 5b shows 170(Τ) as compared to S(Τ) for x = 0.04. Allowing for a relative
shift as indicated by the scales, both quantities are indeed proportional. Below the
zero crossing of S there seem to be some irregularities. These might be connected
with the precipitate or with concentration fluctuations which should have a large
influence close to the bifurcation point of TR and ΤS (see Fig. 1).

3. Results

3.I. Thermoelectric power

For x = 0.1 in particular, one observes a sign change of S(Τ) at the combined
afm—>fi and spin reorientation temperature Τs = TR = 290 K (Fig. 5a). According
to Fig. 1, for x > 0.045, Τs and TR coincide, while they are separate for x < 0.045
(bifurcation point). Indeed, other than S(Τ) of x = 0.1, S(Τ) of x = 0.03 shows
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two anomalies, a step at ΤS = 125 I{ ; and a minimum or change of slope at TR =
225 K (Fig. 6a). In fact, for x = 0.03, the second bifurcation point, which introduces
the intermediate (i) magnetic phase, should have just passed. This would explain
that the increase in S(Τ) around 125 K apparently occurs in two steps.

In one case, i.e. x = 0.05, we have measured S(Τ) conventionally, but for
two different crystal directions (Fig. 6b). We observe only a small difference in S
between the two in tetragonal plane orientations, as expected. As with x = 0.04,
irregularities are observed below the zero crossing.

3.2. Electrical conductivity

Our resistivity versus temperature curves p(T) are consistent with earlier
data where only one crystal direction (in the tetragonal plane) was measured [22].
We observe a small difference in the phase transition temperature and the width
of the transition for the samples oriented along α, c which is probably due to a
different gradient in Cr-content. We find a factor of 2 between the resistivities
along c, p, and along α, pl , in the afm phase while they differ only by a factor
of 1.3 in the fi phase (Fig. 7). The inset shows p(T) of x = 0.08 in α-direction for

x = 0.08. Although TR = TS in this case, the derivative dp/dT reveals an anomaly
close to 225 K and eventually one at 150 K, both of which cannot be assigned to
phase transitions of the matrix and therefore are tentatively attributed to the
precipitate.

3.3. Heat diffusivity

Figure 8 shows D(Τ) of a x = 0.04 sample with a long axis in [-111]-directíon.
The diffusivity slowly decreases and is fairly reproducible. However, apparently the
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return to the afm phase or its spin-reorientation is delayed in the second run which
might be due to strains which are introduced when the first passing through the
transition occurs. Anomalies are observed at TRm and TRp , these temperatures co-
incide indeed with the reorientation temperatures of the matrix TRm (see Fig. 1)
and of the precipitate TRp (see below). Similar anomalies in D are also found with
other samples and in other temperature regimes (see Table). The anomalies are ob-
served independent of crystal direction, but always differ somewhat in magnitude,
suggesting extrinsic causes.

In the case of x = 0.10 measurements of D were taken in two in tetragonal
plane directions (the inset of Fig. 4). One finds a twofold anisotropy, which is
inverted at 200 K. This is not consistent with an intrinsic anisotropy, as this should
be zero (isotropic) or fourfold in the tetragonal plane. Darnell et al. [14] have made
a similar observation, i.e. he found a twofold symmetry in torque measurements,
whicn he attributed to a coherent precipitation of a highly anisotropic secondary
magnetic phase, i.e. MnSb. In our samples, Mn 1.07Cr0.11 Sb is the precipitate; it
influences the magnetocrystalline anisotropy of the matrix [9] and apparently also
the heat conductivity.

3.4. Μagnetocrystalline anisotropy of the precipitated phase

As the monopnictide MnSb, which is similar to our precipitated phase, has
a spin reorientation not far from the second anomaly, i.e. at 270 K [23], it was
suggested that the extra anomalies are connected with the spin reorientation
temperature of the precipitate. Thus we have prepared a large single crystal of
Mn 1.07Cr0.11 Sb and have measured its magnetocrystalline anisotropy. The mono-
pnictide is a stronger ferromagnet (μ 0 = 3.8μΒ /Mn) as Mn 2 Sb (μ 0 = 1μΒ/Mn),



756	 Α. Kattwinkel et al.

has a hexagonal lattice (α = 4.208 Å, c = 5.702 Å), a Curie temperature TC =
365 K and indeed shows a spin reorientation at Trip = 240 K (Fig. 9). Details of the
apparatus and data reduction (Sucksmith-) procedure are given in Refs. [9, 23, 24].
TRp is close to a whole set of anomalies, see Table. Because of lattice mismatch,
the planar precipitate is probably under stress. Therefore, depending on the stress
situation in each sample, the actual spin reorientation in the precipitate might be
shifted somewhat against that of the free crystal. However, as the precipitate con-
tributes only < 5 Vol% while its physical parameters p, κΡ, S are close to that of the
matrix [23, 25-28], the extra anomalies should not be detectable at all. As we find
them in the same order of magnitude as the matrix related ones, any explanation
in terms of a precipitate volume effect or a combined matrix/precipitate current
path effect would meet difficulties. On the other hand, the observed deposition of
the precipitate volume fraction in 50 nm sheets which completely surround the
matrix domams (Fig. 2) suggests an effect which involves the large area provided
by the internal surfaces.

4. Discussion

4.1. Intrinsic anisotropy of the conductivity and the heat conductivity

We observe differences up to a factor of 2 between the matrix conductivities
along c and along α. The specific structure of p(T) and the step have been con-
nected with different magnon or magnon—phonon mixed mode scattering in the
two magnetic phases [26] and/or an electron band reconfiguration which occurs
together with the afm/fi coupled phase transition [29]. For tetragonal symmetry
(space group Ρ 4/nmm) and transformation to the crystal axes the heat conduc-
tivity tensor should read [27]
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The same should hold for the heat diffusivity tensor Dij = Κij/p0 cv and the
conductivity tensor σij . From slightly out of tetragonal plane measurements we
deduce a radio of 1.75:1 for the heat diffusivities along α and c for Τ < ΤS [20]. As
this is close to the ratio of the conductivities, one is tempted to ask for the Lorenz
number L = κ/σT of these compounds. For x = 0.1, close to the afm-fi transition,
TS, L(Τ) crosses L0 and then stays close for Τ > TS (0.9L0 ), suggesting a stronger
contribution of the electron gas to the heat conduction in the ferrimagnetic phase,
which has indeed the higher electrical conductivity. For Τ < ΤS, however, L(Τ)
deviates up to 4L 0 . As one usually writes [30]

and as. there is rarely a large step of κat ΤS, but one of σ, at the afm-fi transition
the changes in the three terms of Eq. (3) always almost balance. Then again,
the observation of extra structure inside of a magnetic phase, say Δκ, strongly
suggests extrinsic causes.

Except for the anomalies, the temperature dependence of the heat conduc-
tivity follows expectation, i.e. it should drop like Τ-2 [31] with a tendency for
saturation at high temperatures [32]. The afm-fi transition can be detected, but
here only through a dip close to Ts, i.e. for x = 0.04, K is almost exactly equal in
both phases. The second anomaly is close to 240 K and therefore probably related
to the precipitate.

4.2. thermoelectric power

For x > 0.04, the thermoelectric power goes through a zero crossing at TS.
This suggests two types of carriers n, p, a two band model and consequently S
should be a composite [33, 20]

(G = μn/μp: mobility ratio). This is supported by the low value of the Hall constant
given by [22] for both the afm and fi phases, RI^ 3 x 10 -12 V cm/GA. This would
give a carrier concentration of about 2 x 102 cm -3 , while for transition metal
compounds of this type usually 10 21 cm- 3 are reported [21]. According to Eq. (4a)
the zero crossing in S(Τ) does not necessarily coincide with the transition if one
assumes that at Ts the mobility ratio changes but not n, p [22]. Ts as determined
from S(Τ) is indeed usually lower as TS determined from the specific heat capacity

cp(Τ)(see Table). Because of the two-band character of Mn2-xCrxSb a shift might
be.,found also .fóí p,κ.

As we have  magnetic semimetal, both the partial conductivities σ, σ
and the partial thermopowers Sn , Sp should contain a magnetic and an electronic
contribution

Se is practically the diffusion thermopower, which is linear in Τ but might show
saturation tendencies at high temperatures [33]. Phonon and magnon drag effects
could occur but are supposed to be negligible in the temperature range considered
here. The main contribution should come froth the coupling to excitations of the
spin system. Kasuya [34] has calculated the magnon contribution to S, and has
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found a broad maximum for 0 < Τ < Τ, with Sm disappearing at Τ = 0 and
Τ = Τ. The broad structures and the shallow maxima (minima) observed in S(Τ)
indeed point to a dominant magnon contribution. Then, a small linear contribution
from isotropic magnetic scattering is always superimposed, but would be difficult
to separate from the .diffusion thermopower.

For x > 0.4, apparently the partial properties of the electrons dominate,
while for Τ > ΤS those of the holes. Alternatively, changes in the electronic struc-
ture through the introduction of a new magnetic Brillouin zone  (BZ) [35, 36] could
occur, in particular introducing hole-like carriers on the one side of the transition
and electron-like carriers on the other. However, for the ferrimagnetic-antiferro-
magnetic transition observed in Mn2-xCrxSb, the BZ changes should not be very
large as antiferromagnetism constitutes a special case of ferrimagnetism and as
metallic conduction persists through the transition. Also, it is generally acknowl-
edged that the Sb 2ρ-states overlap with the Mn(Cr) 3d-states, introducing a
semimetallic condition with two kinds of carriers (2p-holes and 3d-electrons). More-
over, the systematic downward shift of the zero crossing of S(Τ) (Table) would be
hard to explain, as it should occur at TS if initiated by a BZ change. Therefore
we propose to stay with a two-band situation, while BZ changes would allow us
to discontinuously change the two carrier transport parameters on both sides in
narrow range.

4.3. Spin-valve effect

We submit that the non-matrix related anomalies are somehow connected
with the precipitate. Consistently, only the transport properties but not the volume
properties Μ(T) and c(Τ) show these extra structures [9]. Thus, the magnetic
state does not change there. The fact that anomalies occur at both reorientation
transitions (matrix or precipitate) points to a relation with the relative orien-
tation of the magnetic polarization in the two phases. This relative orientation
should indeed change with the temperature. If, for example, the anisotropy con-
stants Ki go to zero at ΤR p , demagnetization forces Μ parallel to the plane,
while with Ki > 0, Μ, would tend to lie in the easy direction of the precipitate.
During this change the matrix magnetic polarization would be constant. While
we can conclude a change in relative polarization on both sides of the interface
with the temperature, the exact nature of the M/P-interface is still somewhat
unclear. From the SEM-contrast we conclude that the lattice mismatch is prob-
ably reduced through dislocations. Moreover, since impurities or other secondary
phases often accumulate at such interfaces, it might be that we have a nonmag-
netic or even insulating surface layer (Fig. 2b). In such situations, spin dependent
scattering which depends on the relative orientation of the magnetization in the
adjoining regions occurs at the boundaries. For example, the conductance G of a
ferromagnetic metal — paramagnetic insulator — ferromagnetic metal (FM-PI-FM)
structure, has been calculated to be (spin-valve effect [371)

The angular function originates from the spinor transformation which is involved
in the tunneling calculation. In other cases, i.e. for a ferromagnetic metal - para-
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magnetic metal — ferromagnetic metal (FM—PM-FM) structure, one has calculated
a dependence on sin θ [38], suggesting that a combination of both functions is also
possible.

Accordingly, we have calculated the temperature dependence of the angle
between the matrix magnetization Mm and the magnetization of the precipitate
Μp , 8(Τ), for two situations, one assuming no strains and the easy direction of
the precipitate out of plane, the other assumes the easy direction in plane but with
in plane strains in the precipitate.
Case 1: Out of plane easy direction in the precipitate

Assuming the magnetocrystalline energy density of the precipitate to be
Ea = K + Kι sin2 Φ+..., together with a shape anisotropy Ef = (1/2)Μ N sin2 θ,
the total energy is Eg = Εf +Ea . Here, specifically, Φ = 45°-θ and K1 = α(Τ-ΤR)
(Fig. 10a). From the equilibrium condition ∂Εg / ∂

θ
 = 0 one then arrives at 8(Τ)
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Figure 10b now shows cos 8(T) and sin 8(Τ), which single or in combination
should be proportional to some of the observed transport anomalies.
Case 2: Internal strains

In this case, one easy direction of the precipitate is parallel to the plane
(θ = 0) and the strains are represented by an effective fleld Ησ , which is also in
plane. The corresponding (Zeeman-type) energy is —Ησ Μs cos θ. Adding a mag-
netocrystalline energy as given above and applying the equilibrium condition, it
yields now

As |1/ cos θ| cannot be smaller than 1, there are no solutions for TR. < Τ <
TR. - Ησ Μs/2α = Τ. This means, that the onset of the anomaly is shifted
to Τ1 . A similar shift we obtain in this configuration if we consider only the shape
anisotropy: ΤR = TR, — Μ N/2α. If the demagnetization is involved, we expect the
location of the precipitate related anomalies to be shifted when the matrix changes
from the afm to the fi (lower demagnetization) state. This is indeed observed for
the anomaly designated as Τ in Table: while in the fi matrix state (x < 0.07)
the values are close to 240 K, they are generally lower (cα. 200 K) in the afm
state of the matrix. Considering the interface paramagnetic, we may take over
the valve-effect calculation given above to our ferrimagnetic metal - paramagnetic
metal - ferromagnetic metal (FiM-PM—FM) interface. So far we have not found
any equivalent calculation for an antiferromagnetic metal - paramagnetic metal
- ferromagnetic metal (AFM-PM-FM) structure. However, from the very nature
(spin dependent tunneling) of those calculations we can expect a dependence on
the angle between the sublattice magnetizations, here too.

Stress related shifts only depend on Ηs and Μ both of which can be consid-
ered approximately constant for Τ < 240 K. Thus, the anomalies found at lower
temperatures, designated X1, X2, which are virtually 'independent of x and of
the matrix state, might be explained that way. Note that this interpretation only
requires a delayed change of the spin orientation close to the interface (interface
spin clamping), this could happen even if in the volume spin state and orientation
have changed already.
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