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Temperature dependence of the thermal conductivity of Mn103Aso70Sbo30 and Ru-doped or Ni-doped
(MnFeRu),(PSi) was studied. These compounds undergo a first-order magnetic transition (FOMT) near
room temperature and exhibit a giant magnetocaloric effect at around the Curie temperature. The
thermal conductivity of Ru-doped and Ni-doped compounds is abruptly reduced at the Curie temper-
ature during the first cooling. This is due to the micro-cracks generated during the FOMT. On heating, the
thermal conductivity shows positive temperature dependence. The Ru-doped and Ni-doped compounds
show small humps in the temperature dependence of the thermal conductivity near Tc. The thermal
conductivity of ferromagnetic metals is given by the sum of the phonon component, the electronic
component, and the magnetic component. The results are discussed by taking account of the temper-
ature dependence of each component.

First-order magnetic transition

© 2019 Elsevier B.V. All rights reserved.

1. Introduction

The magnetocaloric effect (MCE) is defined as the changes in
temperature and entropy of magnetic materials upon application or
removal of a magnetic field. Magnetic refrigeration is a straight-
forward application of the MCE. This cooling technology is quite
attractive, because it is highly energy-efficient and environmentally
friendly. Over the last two decades, both the refrigeration system
and the magnetic refrigerant materials have been extensively
developed. With respect to materials, two types of magnetic re-
frigerants have been proposed near room temperature. One is Gd
metal and its alloys. The pure Gd metal is ferromagnetic with a
Curie temperature Tc of 294 K. Due to a large magnetic moment and
small magnetocrystalline anisotropy, Gd shows substantial MCEs
over a wide range of temperatures centered at Tc. Since the first
demonstration of magnetic cooling by Broun in 1976 [1], Gd has
been used as a magnetic refrigerant in most of magnetic refriger-
ation prototypes near room temperature. The other type of mag-
netic refrigerant is the first-order magnetic transition (FOMT)
system. Some ferromagnetic compounds are known to undergo a
FOMT near room temperature. In 1997, Pecharsky and Gschneidner,
Jr. reported giant MCEs of GdsSi,Ges, which undergoes the FOMT at
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Tc =276 K [2]. Since then, giant MCEs have been found for various
systems exhibiting the FOMT, such as Mnj 3As1_xSbx [3],
MnFeP;_yAsy [4], La(Feq_4Si x)13 and its hydride [5,6], and NiMnSn
Heusler alloys [7]. In particular, Mny_xFexP1_,Siy, which is a system
derived from MnFePq_yAsy, and La(Fe;_,Si x)13Hy are believed to be
the most promising candidates for magnetic refrigerants near room
temperature, because they are nontoxic and inexpensive elements
and the materials are stable.

The Mn;_yFe,P;_,Si, system has been intensively studied by
Briick's group since 2008 [8—10]. The compounds have a hexagonal
Fe,P-type structure in the wide concentration ranges of 0 <x <1
and 0.28 <y < 0.64. Briick and his colleagues have found that the
compounds at around x =0.75 and y = 0.50 show excellent prop-
erties as magnetic refrigerants, i.e., a sharp FOMT, large MCE, and
small thermal hysteresis. They also reported that doping B at
around x=1.0 and y =0.33 improves mechanical stability while
retaining a high magnetic refrigeration performance [11,12]. Our
group have found that Ru-doped Mn;_yFe,P;_,Si, compounds at
around x =0.75 and y = 0.55 can be good candidates for magnetic
refrigerant materials between 275K and 315K [13,14].

Thermal conductivity is an important thermophysical property
of the magnetic refrigerant materials, because the materials are
exposed to a temperature gradient in the current refrigeration
system. Though a few reports have been published on the thermal
conductivity of the giant MCE systems [15,16], no data have been
reported for Mnp_yFeyP;_,Si, compounds. Apart from the
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application aspect, we considered that it would be of interest to
study the thermal conductivity of the magnetic systems undergo-
ing the FOMT. In this paper, we report the temperature de-
pendences of the thermal conductivity and electrical resistivity of
Mn103As0.70Sbp30 and Ru-doped or Ni-doped (MnFeRu),(PSi),
which exhibit a giant MCE near room temperature [14,17,18].

2. Experiments

We synthesized Mn1,03As0.70Sbo.30, Mn1.24Feo.60RU0.16P0.46510.54,
Mn130Fe64Nio06P0.49Si0.51, and  MnyggFeg goRU0.04P0.45510.55 by
sintering and subsequent annealing. Previously, we revealed that
Mnq,3As1_xSby undergoes the FOMT from a ferromagnetic to
paramagnetic state in the concentration range of 0 <x <0.30 [17].
In this system, Mn is slightly enriched (3 < 0.03) to obtain a single
phase. The Mn1,03As0.70Sbo 30 compound was prepared by using the
recipe described in ref. 17. The sample was confirmed to be a single
phase with the NiAs-type hexagonal structure by X-ray diffraction.
The Mn4FeqgoRug16P0.46Si0 54 sSample is identical to sample 1 in
ref. 14. Details of the sample preparation were described there.
Hereafter, this compound is labeled F-(MnFeRu),(PSi). The
MH]‘30F60.54Ni0.05P0.495i051 sample, labeled F—(MHFeNi)z(PSi), was
prepared in a manner similar to F-(MnFeRu),(PSi). The sintering
and annealing were done at 1080 °C. No foreign phase other than
the Fe,P-type hexagonal phase was detected for either the F-
(MnFeRu),(PSi) or F-(MnFeNi),(PSi) samples in the X-ray analyses.
We found that the ferromagnetism of Ru-doped Mn;_yFexP1_ySiy
was easily collapsed by Ru over-doping or off-stoichiometry. To
study the transport properties of non-ferromagnetic compounds,
we prepared MnqpsFepe0Rug 04P0.45S1055, in which the transition
metals were deficient, with a ratio of (MnFeRu): (PSi) = 1.7:1. The
compound was labeled NM-(MnFeRu),(PSi). The X-ray diffraction
pattern of the NM-(MnFeRu),(PSi) sample revealed the coexistence
of a main phase with the Fe,P-type structure and the impurity
phases with unknown structures.

The temperature dependence of magnetization M was
measured in a commercial superconducting quantum interference
device magnetometer (Quantum Design MPMS). The samples were
first cooled down to the lowest temperature in zero magnetic field
before measurements. Then, the M - T curve was measured on
heating. For the FOMT systems, the M - T curve on cooling was
measured subsequently. Electrical resistivity measurements were
carried out by a standard four-probe technique using an a.c. resis-
tance bridge. Thermal conductivity was measured by a steady-state
method using a home-made apparatus. The sample has a rectan-
gular shape with typical dimensions of 2 x 2 x 10 mm?>. One end of
the sample is mechanically connected to a heat reservoir and a
small heater (strain gauge) is attached to the other end. The steady-
state heat flow Q generated by joule heating of a heater gives the
temperature gradient through the sample. By measuring the tem-
perature difference AT between two points of the sample along the
heat flow, the thermal conductivity A was obtained from the
following equation:

Qd
A= SAT (1)
where d is the distance between the two points and S is the cross-
sectional area of the sample. The type E (Chromel-Constantan)
differential thermocouple with 0.05 mm diameter was used for AT
measurements. The temperature dependence of A can be measured
from 4.2 K to room temperature on heating. The measurements
from room temperature to 150 K on cooling are also possible. To
check the apparatus, we measured the A — Tcurves of pure Ti (4.2 K-
300K) and pure Gd (100 K-300K). The results are in agreement

with the X\ — Tcurves in the literature within an accuracy of 5% [19].

3. Experimental results

Fig. 1 (a) shows the temperature dependence of the magneti-
zation of all the samples in a magnetic field of 1 T. The compounds
of MH1‘03A50.705|)0‘30, F—(MnFeRu)z(PSi) and F—(Ml’lFeNi)z(PSi) show
ferromagnetic behavior. The sharp changes in the M - T curves of
these compounds near T¢ suggest the FOMT. The M - T curves of
Mn1,03AS0.70Sb0.30 are accompanied by thermal hysteresis of about
2 K. No clear hysteretic behavior was observed for F-(MnFeRu),(PSi)
and F-(MnFeNi),(PSi). The Curie temperatures of Mn1,03Aso.70Sbo .30,
F-(MnFeRu),(PSi) and F-(MnFeN:i),(PSi), determined from the M - T
curves at 1T on heating, are 245, 283, and 237 K, respectively. In
contrast, no ferromagnetic component was observed for NM-
(MnFeRu),(PSi). The temperature dependence of the magnetic
susceptibility  of this compound between 2 and 300 K is displayed
in Fig. 1 (b). The % - T curve has a maximum at around 65K, sug-
gesting antiferromagnetic or spin glass behavior of NM-(MnFeR-
u)2(PSi) at low temperatures.
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Fig. 1. (a) Temperature dependence of the magnetization M of Mnj3Asg70Sbo 30,
Mn 24Feg 60RU016P0.46SI0.54, My 30F€064Nio0sPo.a9oSios1,  and  MnygsFeq soRug 0a-
Po.45Sios5 in a magnetic field of 1T. (b) Temperature dependence of the magnetic
susceptibility 7 of MnyggFeg goRU0.04P0.45510 55
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The temperature dependence of the electrical resistivity p of
Mn1_03A50.705bo.30 is depicted in Fig. 2. The Mn1_03ASO.7oSbo_3o
compound is metallic and it has a large resistivity of about 12 pQm
at room temperature. Haneda et al. measured the p — T curves of
MnAs single crystals and found anisotropic behavior of resistivity
[20]. They reported pc < pap, Where p. and pgp are the resistivities
measured with the current flow along and perpendicular to the c-
axis, respectively. Just above T¢ of 318K, p. and pgp are 3.7 and
34uQm, respectively. Our data on the polycrystalline
Mn1,03As0.70Sbo30 at room temperature are of the same order of
magnitude as the latter value. The p of Mn103As0.70Sbo 30 rapidly
increases with increasing temperature at around 240 K, reflecting a
ferromagnetic to paramagnetic transition. Similar behavior was
also reported for MnAs [20].

Fig. 3 illustrates the A — T curve of Mnj3Asp70Sbo30 between
100 and 298 K. The measurements were carried out on heating. The
thermal conductivity increases with increasing temperature in this
temperature range. The absolute value of A at 295K is 3.0 W/m K at
room temperature, which is one order of magnitude smaller than
that of typical metallic compounds. Fujieda et al. reported the
temperature dependence of thermal conductivity of MnAs [15]. Our
A —T curve of Mnjg3Asg.70Sbo.30 resembles to that of MnAs both
qualitatively and quantitatively. The A — T curve changes the slope
at around T¢ and A increases more rapidly with temperature above
Tc. The thermal conductivity of metallic ferromagnets can be
expressed by the sum of the phonon component %, the electronic
component A, and the magnetic component A, as

A=Ap+Ae + Am. (2)

The electronic component can be estimated from the
Wiedemann-Franz law as

LT
=" (3)

where L is the Lorenz number, L =2.44 x 10-8 WQ/K?. Assuming
that the Wiedemann-Franz law holds for the present system, we
estimated A, using the resistivity data above 150 K, which is shown
in Fig. 3 by the blue symbols. As expected from the large p values,
the A, of Mnq3Asg70Sbo.30 is small. It is found that A, gradually
increases with increasing temperature above Tc. Therefore, the
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Fig. 2. Temperature dependence of the electrical resistivity p of Mny3Asg.70Sbo.30. The
measurements have been done on heating.

4 T T T
1\‘:[l:ll.O.%ASOJSb0.3
3L
< A
S —
1 ) i
A
H\:.M"’“
0 1 1 1
100 150 200 250 300

T(K)

Fig. 3. Temperature dependence of the thermal conductivity A of Mnjg3Asg70Sbo 30
The blue symbols represent the electronic component A, estimated from the
Wiedemann-Frantz law. (For interpretation of the references to colour in this figure
legend, the reader is referred to the Web version of this article.)

steep slope of the A — Tcurve in the paramagnetic state originates in
the phonon component, because A; does not contribute to A above
Tc.

The temperature dependence of the electrical resistivity of F-
(MnFeRu),(PSi) is shown in Fig. 4 (a). The measurements were
carried out initially on cooling from room temperature to 4.2 K and
subsequently on heating from 4.2 K to room temperature. The
initial value of p at room temperature is 3.6 pQm. The resistivity
shows a jump at Tc = 268 K on cooling, which is clearly lower than
the T¢ of 281K on heating. This is “the virgin effect”. It has been
reported that the Curie temperature of Mn,_xFe,P1_,Si, measured
during the first cooling is much lower than that measured in the
subsequent cycles [8,21,22]. Therefore, the magnetization vs. tem-
perature curves during the first cycle show very large thermal
hysteresis. Unexpectedly, the resistivity dramatically increases with
lowering of the temperature below T, and finally it reaches 47 pQm
at 42 K. On heating, however, the compound shows metallic
behavior. The anomalous increase in p on cooling originates in the
micro-cracks introduced during the FOMT, as pointed out by Guil-
lou et al. [12]. The generation of micro-cracks was directly
confirmed by microscopic observations [21,22]. The FOMT of
Mn;_,Fe,P1_,Si, is accompanied by discontinuous jumps of the
lattice parameters: a expands, while ¢ shrinks just below T¢ [10].
These anisotropic changes in the lattice parameters generate
micro-cracks at the transition. Moreover, a is increased and c is
decreased gradually with lowering temperature, which make the
micro-cracks grow, resulting in a large increase in p on cooling. The
p — T curve on heating shows a small jump at Tc. This fact suggests
that fewer micro-cracks were generated on heating. The resistivity
decreases with increasing temperature above Tc. Guillou et al.
observed similar behavior for B-substituted Mny_xFexP1_,Si, [12]
but its reason is unclear.

The p — Tcurves of F-(MnFeRu)»(PSi) during the first three cycles
between 250 K and 300K are depicted in Fig. 4 (b). The compound
shows the largest change in p during the first cooling and the re-
sistivity at room temperature continuously grows with each cycle.
In this temperature range, the resistivity decreases with increasing
temperature on both heating and cooling after the first cooling.
Guillou et al. reported that the B substitution for Mny_xFexP1_,Siy
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Fig. 4. (a) Temperature dependence of the electrical resistivity of Mnq24FeggoRU16-
Po.46Sios4, (F-(MnFeRu),(PSi)). The measurements were carried out first on cooling
from room temperature to 4.2 K and then on heating from 4.2 K to room temperature.
(b) The p — T curves of F-(MnFeRu),(PSi) during the first three cycles between 250 K
and 300K.

improves the mechanical stability remarkably [11,12]. They
measured the p—T curves of the B-substituted and B-free
Mn;_.Fe,P1_,Si, compounds between 200 and 340 K. According to
their results, the p values of the B-substituted compound at room
temperature after several cycles are in the range of 12—16 pQm,
which is one or two orders of magnitude smaller than those of the
B-free compounds. We point out that the p values of F-(MnFeR-
u),(PSi) at room temperature after three cycles are comparable to
those of B-substituted compounds. This fact suggests good me-
chanical stability of F-(MnFeRu),(PSi).

The temperature dependence of thermal conductivity of F-
(MnFeRu),(PSi) is displayed in Fig. 5. First, we measured the A — T
curve on cooling from room temperature to 240 K. Then, the sample
was cooled down to 4.2K and the A — T curve was measured on
heating from 4.2 K to room temperature. The initial value of A at
300K is 3.8W/m K, which is comparable to that of
Mn1 03As0.70Sbo 30. With decreasing temperature, A first decreases
linearly and then is abruptly reduced by more than half at around
263 K. The remarkable reduction in A is attributable to the micro-
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Fig. 5. Temperature dependence of the thermal conductivity of F-(MnFeRu),(PSi). The
A —T curve was initially measured on cooling and was subsequently measured on
heating. The blue symbols represent the A, above T¢ on the first cooling, which were
estimated from the Wiedemann-Frantz law. The inset shows the calculated minimum
thermal conductivity Amin and the calculated phonon component A, ¢, under the
assumption of a constant Iy, as functions of temperature, together with the X — T curve
on heating (see text). (For interpretation of the references to colour in this figure
legend, the reader is referred to the Web version of this article.)

cracks introduced during the FOMT. On the other hand, A in-
creases smoothly with increasing temperature from 4.2 K to room
temperature. The A — T curve changes the slope at around T¢ of
280K. The A value at 300K after heating is 1.3 W/m K, which is
about one third of the initial value. We consider the electronic
contribution to A of F-(MnFeRu),(PSi). Once the sample is cooled
below T¢, the resistivity becomes anomalously large. This suggests
that the Wiedemann-Franz law is not applicable below T¢, because
the mean free path of electrons, l,, does not satisfy the loffe and
Regel criterion for metallic conduction, dg <l,, where dy is the
interatomic distance. However, we can estimate %, for the p—T
curve on the first cooling above T, because the micro-cracks were
not generated at this stage. Using the p — T data during the first
cooling in Fig. 4 (a), we calculated A, from Eq. (3) between 270 and
300 K, which is shown in Fig. 5 by the blue symbols. The %, at 300 K
is evaluated as 2.0 W/m K. We expect that the electronic contri-
bution to A during heating is quite small, though the Wiedemann-
Franz law is not applicable. These results indicate that A in the
paramagnetic state during heating mainly originates in the phonon
component, because the magnetic component does not persist
above T¢. Before the initial cooling, the phonon component can be
evaluated from the difference between A and A.. The above values
give A, = 1.8 W/m K at 300 K. It should be noted that A at 300 K after
heating (1.3 W/m K) is smaller than this A,. This means that the
phonon component is also reduced during the FOMT. Detailed
discussion on this point will be given later.

To investigate the effects of the thermal cycle on thermal con-
ductivity, we measured the A — Tcurves of F-(MnFeRu),(PSi) during
the first four heating processes, which are illustrated in Fig. 6. In
contrast to the p — T curves in Fig. 4 (b), the A — T curve is not
sensitive to the thermal cycle after the first cooling. We emphasize
that the reproducibility of the temperature dependence of bulk
transport property demonstrates good mechanical stability of the
F-(MnFeRu),(PSi) compound, once the sample is cooled below T¢.
The A — T curve on the first heating has a small hump near Tc. The
hump height is dependent on the thermal cycle. Even on the fourth
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Fig. 6. The A — T curves of F-(MnFeRu),(PSi) during the first four heating processes.

heating, a tiny hump was detected. The origin of the hump in the
A — T curve will be discussed later.

The temperature dependences of the thermal conductivity of F-
(MnFeNi),(PSi) and NM-(MnFeRu),(PSi) are shown in Fig. 7. For F-
(MnFeNi),(PSi), the A — T curve on the first cooling and that on the
subsequent heating are depicted. The electronic contribution to A,
which was estimated for the initial cooling process between room
temperature and Tg, is also plotted by the blue symbols. The A — T
curves of F-(MnFeNi),(PSi) are quite similar to those of F-(MnFeR-
u)y(PSi). The thermal conductivity is remarkably reduced at Tc
during the first cooling, while it increases continuously on heating.
The slope of the A — Tcurve becomes steep above T¢. The A values at
295 K before and after cooling are 3.8 and 1.3 W/m K, respectively.
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Fig. 7. Temperature dependence of the thermal conductivity of MnjsoFeges-
Nio.06P0.49Si0.51 (F-(MnFeNi)y(PSi)) and Mny osFeo.60RuU0.04P0.455i0.55 (NM-(MnFeRu)x(-
PSi)). The measurement sequence of the A — T curve of F-(MnFeNi),(PSi) is the same as
that of F-(MnFeRu),(PSi). The A — T curve of NM-(MnFeRu),(PSi) was measured on
heating. The blue symbols represent the A, of F-(MnFeNi),(PSi) above Tc on the first
cooling. (For interpretation of the references to colour in this figure legend, the reader
is referred to the Web version of this article.)

The . at 295 K is evaluated as 1.6 W/m K. The phonon component
before cooling is estimated to be 2.2W/m K at 295K from the
difference between A and A, which is clearly larger than the A of
1.3W/m K at 295K after cooling. This is similar to the case of F-
(MnFeRu),(PSi). A small hump was also observed just below T¢ in
the A — T curve on heating.

The A — T curve of NM-(MnFeRu),(PSi) was measured on heat-
ing. The thermal conductivity increases rapidly at low temperatures
and nearly linearly above 150 K with increasing temperature. The A
value at 295 K is 5.4 W/m K, which is larger than those of the other
three compounds. We measured the p — T curve of NM-(MnFeR-
u)2(PSi). The electrical resistivity of the compound is nearly inde-
pendent of temperature between 10 K and room temperature with
a value of 4 pQm. This value is comparable to that of F-(MnFeR-
u)2(PSi) at room temperature before cooling. Sales et al. prepared
MnFeP gSig > single crystals by a flux method [23]. Their magnetic
measurements revealed that this compound is antiferromagnetic
with a Néel temperature of 158 K. According to their p — T data, the
pc value MnFePg gSip 2 at room temperature is about 2.5 pQm. This
fact means that the intrinsic p of (MnFe),(PSi) is substantially large.
We have %, = 1.7 W/m K at 295 K from the Wiedemann-Franz law.
The phonon component is obtained from the difference between A
and A, which is 3.7W/m K at 295 K. These observations suggest
that the phonon component of NM-(MnFeRu),(PSi) is larger than
those of F-(MnFeRu)y(PSi) and F-(MnFeNi),(PSi) at room
temperature.

4. Discussion

We have found that the thermal conductivity of F-(MnFeRu),(-
PSi) and F-(MnFeNi),(PSi) is abruptly decreased at T¢ during the
first cooling. This is due to the micro-cracks generated during the
FOMT. We also observed the following features in the A — T curves
of F-(MnFeRu)»(PSi) and F-(MnFeNi),(PSi).

1. On heating, the A — T curves change the slope at T¢. The thermal
conductivity increases more rapidly above T¢. This behavior is
also observed for Mnqg3Asg 70Sbo.30.

2. The )\ — T curves have small humps near T¢.

3. The phonon component of A after cooling is smaller than that
before cooling.

In the following, we discuss these features. From the analogy of
the kinetic theory of gases, the thermal conductivity components of
solids, Ap, Ae, and A, are expressed as

Ai = 1Cil/,'ll‘

3 (l:p’ e, m)9 (4)

where C; is the corresponding specific heat per volume, and v; and [;
are the velocity and the mean free path of the particle (phonon,
electron, or magnon), respectively. We discuss the temperature
dependence of each component of A based on Eq. (4). First, let us
consider the case in which a pure metallic system undergoes the
FOMT. In the phonon component, C, means the lattice specific heat,
which has a step at T in its temperature dependence, reflecting a
change in the phonon dispersion (or the Debye temperature) at the
FOMT. In addition, C, is enhanced near T, due to the precursor
phenomenon or the fluctuation effect of the FOMT. This does not
mean a sharp peak of the specific heat due to the latent heat,
because the specific heat cannot be defined at the transition tem-
perature of the FOMT. As the temperature approaches Tg, the lattice
becomes unstable, which enhances the specific heat. Above T¢, G,
becomes normal so that the lattice specific heat must have a
maximum near Tc. On the other hand, the mean free path of
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phonons decreases with increasing temperature following I, « 1/T
at high temperatures. Since the sound velocity does not show a
significant temperature variation, we expect that A, has a
maximum near T¢ from Eq. (4). For Ce, we only consider the elec-
tronic specific heat, which varies linearly with temperature. The
temperature dependence of C, also shows a step at T, because the
electronic specific heat coefficient suddenly changes at the transi-
tion temperature due to the FOMT. The mean free path of electrons
decreases with increasing temperature. Like Ip, lo shows T -1
dependence at high temperatures. The Fermi velocity does not
change with temperature. As a result, A, is nearly independent of
temperature at high temperatures, which is often observed for
typical metals [19]. The magnetic component mainly arises from
the spin wave excitations. At low temperatures, G, is proportional
to T32. Near T¢, Gy, is enhanced due to the magnetic instability,
which is similar to C,. Since Gy, vanishes above T¢, the magnetic
specific heat has a maximum near Tc. The mean free path of mag-
non is expected to decrease with increasing temperature. Above T,
I, becomes zero. If the magnon velocity is not sensitive to tem-
perature, it is expected that A; also has a maximum near T¢ and
suddenly vanishes above T¢. Sechovsky and his coworkers reported
the temperature dependence of the thermal conductivity of ErCo,
and HoCoy, which undergo the FOMT from a ferrimagnetic to a
paramagnetic state at Tc =32 and 77K, respectively [24,25]. In
these compounds, A shows a positive jump at T¢ with decreasing
temperature and the A — T curve has a broad maximum below T.
We point out that these characteristics can be accounted for by the
above scenario on the temperature dependences of A, and Ap. For
the present (MnFe),(PSi) compounds, however, the situation is
somewhat different. The FOMT of the Mn compounds is realized
not in the pure system but in the alloyed system. When the FOMT
takes place in the alloyed system, the high-temperature phase and
the low-temperature phase coexist in a certain temperature range
near Tc. The coexistence of the two phases in the (MnFe),(PSi)
compounds has been confirmed by diffraction studies by several
groups [10,26,27]. This may have strong impacts on I, and I;. In
general, the two-phase region comprises the microstructures.
Therefore, we expect that I, and I, are considerably reduced in the
two-phase region. This suggests that the mean free path of phonons
shows a minimum near T¢ in the temperature dependence. On the
other hand, I, rapidly decreases near Tc and vanishes above T¢.
Moreover, alloying generally destroys a sharp FOMT by rounding,
which suppresses the peaks of C, and Cp,. Therefore, the peak of A
diminishes or disappears in some cases. The small humps of the
A — T curves of F-(MnFeRu),(PSi) and F-(MnFeNi),(PSi) can be un-
derstood in this scenario. Sechovsky et al. measured the A —T
curves of Ho(Cog.g5Sig.05)2 and Er(Cog.g5Sio.05)2 [24,25]. They found
that the substitution of 5% Si for Co reduces the peak of A seriously,
though the compounds still undergo the FOMT. Our explanation is
also applicable to these observations. To validate our interpretation,
detailed X-ray diffraction measurements on the two-phase region
near Tc are strongly desired.

In the ferromagnetic (MnFe),(PSi) compounds, the first cooling
generates micro-cracks, which has strong effects on I, and l.. The
huge electrical resistivity of F-(MnFeRu),(PSi) after the initial
cooling suggest that the Drude-Lorentz model for DC conductivity
is no longer valid. Though we cannot evaluate A, from the
Wiedemann-Franz law, the small A values indicate that the elec-
tronic component makes little contribution to the thermal con-
ductivity on heating. In the case of the phonon component, I, is
related to the relaxation rate 1/tp as 1/tp = vp/lp. It is known that 1/
7p follows the Matthiessen's rule, 1/7p = >~ 1/7;, where 1/t; rep-
resents the relaxation rate of individual scattering mechanisms,
such as grain boundary scattering, umklapp scattering, and lattice

defect scattering, etc. Before the initial cooling, various mecha-
nisms contribute to 1/tp. Once the sample is cooled, a number of
micro-cracks are generated, and these become new scattering
sources of phonons. This increases the relaxation rate and hence
makes [, smaller. Therefore, ), is reduced after cooling.

Finally, we discuss a change in the slope of the A — T curves on
heating at Tc. Since the electronic component is quite small, A is
expressed as the sum of the phonon component and the magnetic
component in the ferromagnetic state on heating. The gentle slope
of the A —T curve in the ferromagnetic state near Tc is a conse-
quence of the damped peaks of A, and A, due to alloying. On the
other hand, the phonon component plays a dominant role in A
above Tc on heating, so that A, is responsible for a steep slope in the
A — Tcurve above Tc. This is also demonstrated by the facts that the
slope of the A — T curve in the paramagnetic state before the first
cooling is at the same level as that on heating, while A, is weakly
dependent on temperature. Next, we consider the origin of the
positive temperature dependence of A,. Usually, A, of crystalline
materials decreases with increasing temperature at high temper-
atures. This is because most of the scattering mechanisms for
phonons give negative temperature dependence of the relaxation
rate. The positive temperature dependence of %, at high tempera-
tures has often been reported for glasses, and amorphous and
disordered materials. Nearly 70 years ago, Kittel explained the
positive temperature dependence of A, by assuming a temperature
independent I, in glasses [28]. If I, is constant, A, is proportional to
Gy from Eq. (4). Since Cp increases with increasing temperature, Ay is
expected to show a positive temperature dependence. In the pre-
sent system, I, originating in micro-cracks is nearly independent of
temperature in the first approximation. On the other hand, Cahill
and Pohl proposed a model in which thermal conductivity is
described as a random walk of the thermal energy between
neighboring atoms vibrating with random phases [29]. They have
shown that the minimum thermal conductivity due to phonons is
expressed as

0;/T

(MY 2y, (T 2 x3e d 5
min = (E) KpN ;V] @] J 7(6" “1)2 X, (5)
0

where kg is the Boltzmann constant, n is the atom density per unit
volume, and v; is the sound velocity for each direction of the
displacement j (one longitudinal and two transverse modes). ©; is
the cutoff frequency for each direction expressed in degree, 6; =

vj(h/kg)(67%n)*/3, where 7 is the reduced Planck constant.

In the following, we calculate Apj,. For simplicity, we assume
that the sound velocity of the longitudinal mode equals that of the
transverse mode. In this case, ®; represents the Debye temperature
®p, which can be estimated from the specific heat curve. We
reanalyzed the specific heat curve of MnFeg7Rug1Pg 5Sig 5, which
was reported by our group previously [13], and obtained
Op =420K. This value is slightly larger than that of 360 K reported
for MnFeP gSip.2 by Sales et al. [23]. The sound velocity is calculated
from the above equation, and we have v, = 3.34 x 10> m/s. From the
values of the lattice parameters, n is obtained as n = 8.18 x 10%8/m>.
Putting these values into Eq. (5), the temperature dependence of
Amin is obtained, as shown by the solid (green) line in the inset of
Fig. 5. The experimental data of A on heating are also plotted in this
figure. It is found that the calculated Apjy values are of the same
order of magnitude as the experimental values. Although the Apip
shows positive temperature dependence up to room temperature,
the slope of the Apin — T curve is much gentler at around 300 K. We
also calculated the phonon component A, from Eq. (4) and the
Debye specific heat with ®p = 420 K by assuming that [, is constant.
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The temperature dependence of the calculated phonon component
Ay cawithlp=3 A is shown by the dashed (orange) line in the inset
of Fig. 5, which is nearly the same as the Ap,j, — Tcurve. The adopted
Ip value is in the range of typical values for glasses [28]. From these
results, we conclude that both the minimum thermal conductivity
and Kittel's scenario fail to describe the steep slope of the A — T
curves of (MnFe),PSi. At this moment, the origin of the rapid rise in
A above T¢is not clarified. For further discussion, a comparison with
more realistic models is necessary. Calculations of the phonon
thermal conductivity from first principles for (MnFe),(PSi) are
strongly desired.

5. Conclusions

We have studied the thermal conductivity of Mn-based com-
pounds which exhibit giant MCEs near room temperature. The
initial A values of the ferromagnetic Mn compounds at room tem-
perature are 3—4 W/m K. The thermal conductivity of F-(MnFeR-
u)y(PSi) and F-(MnFeNi)y(PSi) is abruptly reduced on the first
cooling due to the micro-cracks generated during the FOMT. On
heating, A smoothly increases with increasing temperature. The
A — T curves of F-(MnFeRu),(PSi) and F-(MnFeNi),(PSi) have small
humps near Tc. Above Tg, the thermal conductivity increases more
rapidly. The electronic component A, was estimated from the
Wiedemann-Franz law. The characteristics of the A — T curves are
discussed in terms of the temperature dependences of the phonon
component A, and the magnetic component A,,. We have proposed
that the coexistence of a two-phase region by alloying is respon-
sible for the humps in the A — T curve. We found that the thermal
cycle has little impact on the A — T curve of F-(MnFeRu),(PSi), once
the sample is cooled. This suggest the good mechanical stability of
the compound.

The thermal conductivity of the Mn-based compounds is low. At
room temperature, the A values of the compounds are 1/5—1/3 of
those of Gd and La(Fe;_,Si x)13H,. Recent magnetic refrigeration
prototypes are based on the active magnetic regenerator (AMR).
Nielsen and Engelbrecht discussed the effect of A on the perfor-
mance of AMR using a numerical model [30]. They showed that the
performance may decrease considerably for A less than 5W/m K,
when the AMR system is operated at a frequency higher than 2 Hz.
To improve the thermal conductivity, further developments of
materials and/or materials processing are necessary. On the other
hand, the dynamic response of magnetocaloric materials to the
magnetic field also gives information on the thermal conductivity.
Porcari et al. measured the adiabatic temperature change of mag-
netic materials by an extraction method and estimated the time
constant [31]. According to their results, the time constant of
temperature change of (MnFe),(PSi) is comparable to that of Gd.
These facts encourage us to utilize Mn-based compounds as

magnetic refrigerant materials near room temperature.
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