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In this letter the authors present the observation of giant magnetothermal conductivity in NiMnIn
single crystals. Upon cooling, a martensitic transformation is accompanied by a ferromagnetic
metal — ferrimagnetic poor-metal transition. Most strikingly, this transition can be shifted to lower
temperature and even totally suppressed by a magnetic field. The magnetic field-induced phase
transition leads to a large magnetoresistance and a large magnetothermal conductivity up to 70%
and 120%, respectively. The specific heat measurements indicate that the large magnetotransport
properties are due to the increasing the density of free electrons, suggesting existence of superzone
gap in the low-temperature, ferrimagnetic martensite. © 2007 American Institute of Physics.

[DOL: 10.1063/1.2753710]

Very recently, Kainuma et al. discovered magnetic-field-
induced shape recovery by reverse phase transformation in
NiCoMnln single crystals.1 Most interestingly, the transfor-
mation from ferromagnetic parent phase to antiferromagnetic
(or paramagnetic) martensitic phase was also shifted down-
ward about 30 K. These results are totally different from that
in other typical Heusler alloys, such as Ni,MnGa, where the
magnetic field has a little or no influence on the transforma-
tion temperaltulre.z_6 The field-induced phase transition and
the magnetic properties of NiMnln alloys have then been
intensively studied.” " It is well known that colossal magne-
toresistance (CMR) in the Mn-based perovskites is closely
related to a magnetic field-induced magnetostructural phase
transition.'"'? In addition to CMR, many other interesting
physical phenomena, e.g., magnetothermal properties,w_16
were observed during the field-induced phase transition in
these materials. Indeed, we have observed a large MR
(>80%) in a wide temperature range in the NiMnln single
crystals.17 Therefore, it is interesting and essential to inves-
tigate the origin of the large MR. To achieve this, the tem-
perature and field-dependent magnetization, electrical resis-
tivity, thermal conductivity, and specific heat measurement
have been performed. Giant magnetothermal conductivity
was observed in a wide temperature range. The observed
large MR and giant magnetothermal conductivity can be as-
cribed to the collapsing of the “superzone gap,” as observed
in intermetallic alloys at the order-disorder phase
transition.'®° Superzone gap arises from the fact that the
antiferromagnetic lattice does not commensurate with the
crystal lattice, which leads to creation of new Brillouin
boundary (a gap appearing on the Fermi surface)."

High quality NisyMns,_,In, (x=14-16.3) single crystals
were grown at a rate of 5—-30 mm/h using a Czochralski
method with a cold crucible system. High-temperature phase
is L21-type ordered structure with a lattice constant a
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=6.006 A. Cooling to 93 K, the crystal structure changes to
an orthorhombic structure with a rather complex martensitic
modulated substructure. The magnetic properties, (magneto)
transport properties, and heat capacity of the crystals were
measured using a Quantum Design superconducting quan-
tum interference device magnetometer (MPMS-5a) and a
Quantum Design physical properties measurement system
(PPMS-9).

Figure 1 shows the isofield Myz(T) magnetization,
isofield py(T) electrical resistivity, and thermal conductivity
curves of NispMnj3; 7In g5 crystal measured in ZFC-FC pro-
cess. The FC magnetization curve in 0.01 T field exhibits
clearly two phase transitions at 315 and 130 K (the tempera-
tures of middle transition), respectively. The thermal hyster-
esis around transition at 130 K is apparently due to the first-
order, martensitic transition. The sharp drop in the ZFC-FC
magnetization curves at 315 K is totally reversible, indicat-
ing that this transition is second order in nature and the Curie
temperature (7) of the austenite is 315 K. The most striking
feature of the zero-field p(7T) is that it rises sharply more than
two times in magnitude at the phase transition, and then is
weakly temperature independent below the transition. This
metal/poor-metal transition must be caused by the first-order
structural and magnetic phase transition. A thermal hysteresis
appeared also in p(T) curves at the same temperature range
as observed in low-field Myz(T) curves. This metal/poor-
metal transition at martensitic transformation is very rare and
interesting in ferromagnetic (FM) Heusler alloys because
both the martensite and austenite in most Heusler alloys are
metallic and exhibit similar p(7T) behavior.>® Therefore, this
unique metal/poor-metal transition must be a consequence of
a change in electronic band structure caused by the structural
and magnetic phase transition. One possibility may be the
establishment of a gap at the Fermi surface due to the “su-
perzone effect” as observed in intermetallic alloys at the
order-disorder phase transition.'®°

Several features in Fig. 1 are very striking in comparison
with that observed in previous FM Heusler alloys, e.g.,
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FIG. 1. Temperature-dependent magnetization (a) resistivity (b) and thermal
conductivity (c) for NisyMns35In,¢5 single crystal. The curves were mea-
sured by cycling temperature from 5—350—5 K in different magnetic
fields after cooling the sample at a zero field to 5 K.

Ni,MnGa single crystals. (1) The low-temperature martensite
is a poor-metallic ferrimagnet and high-temperature austenite
is a metallic ferromagnet; (2) there is a very big magnetiza-
tion difference between the two phases even under a 3 T
magnetic field; (3) the phase transition can be significantly
shifted to lower temperatures by an external magnetic field
upon cooling, and even totally suppressed; (4) a large mag-
netoresistance, MR(=—[p(3 T)-p(0)]/p(0)) as large as 70%
appears in a very wide temperature range of 5—100 K, which
is slightly smaller than that observed in NisyMnss7Ingg 53
single crystal.”’21 This MR is very different from the CMR
observed in the Mn-based perovskites and MnAs alloys,
where the magnetic field shifts the low-temperature
metalﬁhigh-temgerature insulator transition to higher
temperatures.n’lz’ ?

The strongly field-dependent martensitic transition tem-
perature T), in NiMnln may be understood with the
Clausius-Clapeyron relation, as discussed previously.l’]7 The
poor-metal behavior of the martensite in NiMnIn should not
be due to the scattering of the increased twin boundaries in
the martensite because twin boundaries appear in all the mar-
tensitic phases of other Huesler alloys. Interestingly, in our
NiMnlIn alloys, the low-temperature martensite shows a
much lower saturation magnetization than the austenite even
under a very high field [Fig. 1(a)]. This may imply that the
microscopic spin ordering in martensite is quite different
from that in austenite. The field-induced phase transition will
certainly change the fundamental ordering of spins and con-
sequently the crystal structure,"**!'” which should give rise
to a change in the electronic band structure.
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FIG. 2. Representative magnetic field-dependent magnetoresistance (a) and
magnetothermal conductivity at 60 K for NisuMns; 7In 4 5 single crystal.

If the metal/poor-metal transition at the martensitic
transformation is due to the superzone effect of the ferrimag-
netic ordering, the field-induced ferrimagnetic to ferromag-
netic transition should lead to gap collapsing at the Fermi
surface, consequently to an increase of the density of con-
ducting electrons.'® Antiferromagnetic ordering (or phase)
was observed in Mn-doped Ni,MnGa alloys, which support
the ferrimagnetic ordering in NisoMnsy_In, (x=14-16.3)
single crystals whose Mn content is much higher than 25%
in NizMnGa.23

If it is true, we should expect a large magnetothermal
conductivity (MTC=[«(H) - (0)]/k(0)) caused by the mag-
netic field-induced phase transition. In Fig. 1(c) «(T) curves
are shown. As expected, zero-field x(T) decreases sharply at
Ty upon cooling due to the reduction of the free electron
density. The most striking feature in Fig. 1(c) is that when
the martensitic transformation is suppressed by a 3 T field
upon cooling, «(T) is greatly enhanced. The MTC reaches
about 120% at about 50 K, and is more than 70% in a 100 K
temperature range. This MTC is much larger than that ob-
served in perovskites,B*16 and it should be the largest one
observed in magnetic materials.

To correlate the MR and MTC, we calculated the in-
creased electronic thermal conductivity Ak, using the elec-
tric conductivity change (Ao) extracted from p(7) in Fig.
1(b) and the free electron Wiedemann-Franz law, k/oT=L
=2.45x10"8 W QK~2, which provides the upper bound for
Akg. The sum of Ak, and zero-field k gives total k [solid
lines in Fig. 1(c)], which is in a good accordance with the
measured thermal conductivity in 3 T field. In Fig. 2 the
field-dependent magnetoreistance and magnetothermal con-
ductivity below the martensitic phase transition are pre-
sented. Due to the field-induced-phase transition, the crystal
gradually transformed from ferrimagnetic poor metal to the
ferromagnetic metal, i.e., the resistivity decreases and ther-
mal conductivity increases. Now, it is clear that the same
physical mechanism is responsible for the MR and MTC.

To confirm the existence of energy gap in ferrimagnetic
martensite, we performed the specific heat (cp) measurement
in zero and 9 T fields for the same sample (Fig. 3). The
zero-field measurement was carried out from 5 to 30 K after
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FIG. 3. Specific heat measured in magnetic fields of O and 9T on

NisoMns,In,q 5 single crystal. The inset is the ¢p/T against 7> for the low-
temperature specific data, and the curve is the best linear fitting of the data.

zero-field cooled to 5 K, whereas the 9 T one was performed
from 30to5 K after field-cooled from 300 K. The
temperature-dependent magnetization and resistivity data
(Fig. 1) measured in different magnetic fields show that the
martensitic transition can be completely suppressed by a 3 T
magnetic field upon cooling.21 Therefore, the specific heat
data measured with a 9 T magnetic field come from the fer-
romagnetic metal. Shown in the inset is the plot of cp/T
against T2 for the low-temperature data. By a linear fit, we
obtained the values of vy in the expression of specific heat for
a metallic crystal, cp=yT+AT>, where yT and AT are due to
free electrons and lattice, respectively. The value of 7y is
given by

1 1/3<k3>2
:V P b * 1/3’ 1
y=vi o) () m

where V,, is the molar volume, kg is Boltzmann constant, #
is the Planck constant divided by 2, m" is the electron
effective mass, and 7 is the density of the free electrons. The
value of 7 is increased from 0.054+0.001 mJ/g K? for zero-
field curve to 0.085+0.001 mJ/g K2 for the 9 T curve, im-
plying that the electronic contribution to the total specific
heat is greatly increased when the material transforms from
the ferrimagnetic to the ferromagnetic state. Based on the
refined values of A, we found that Debye temperature ratio
between the ferromagnetic and ferrimagnetic phases is about
0.97, indicating that phonon scatterings cannot lead to the
huge increase of resistivity in ferrimagnetic phase. From Eq.
(1), it is clear that the value of y depends on both the effec-
tive mass and density of free electrons. If the enhanced v is
due to the increase in effective mass, the conductivity will
decrease, which is contrary to the experimental results.
Therefore, the enhanced y should be due to the increase of
the free electron density.18 We estimated the increase of elec-
tron density using o 1/ vo=(n9 1/ny)'® and found ng 1/n
=~3.9. Consequently the MR value was estimated using this
ratio and p=m/ne*r and
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MR =[p(0) = p(9 T)J/p(0) =[1/ng = 1/ng 7]nq. (2)

By assuming that the relaxation time 7 is the same for the
ferromagnetic and ferrimagnetic phases, we obtained MR
=74.4%, being so close to the experimental data MR
=77.1% at 5 K.*' We may conclude that great increase of the
conduction electron density should be due to the collapse of
the superzone gap by the field-induced ferrimagnetic to fer-
romagnetic phase transition."®°
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