Vol 13 No 7, July 2004
1009-1963/2004/13(07)/1139-05

Chinese Physics

(© 2004 Chin. Phys. Soc.
and IOP Publishing Ltd

Magnetotransport properties and magnetocaloric
effects of Mn; ¢5sCr( 5Sbg;Gaggs compound’

Liu Xi-Bin(Xl|# %), Zhang Shao-Ying(JZ5#)», Shen Bao-Gen(JL{FHR)Y,
Yao Jin-Lei(gk4:5)»), and Wang Fang(T 7))

a) State Key Laboratory for Magnetism, Institute of Physics and Centre for Condensed Matter Physics,

Chinese Academy of Sciences, Beijing 100080, China

b) Chinese People’s Armed Police Force Academy, Langfang 065000, China

(Received 14 January 2004; revised manuscript received 10 February 2004)

The magnetotransport properties and magnetocaloric effects of the compound Mnj,95Crq.05Sbo.95Gao.o5 have

been studied. With decreasing temperature, a spontaneous first-order magnetic phase transition from ferrimagnetic
(FI) to antiferromagnetic (AF) state takes place at T,=200K. A metamagnetic transition from the AF to FI state

can be induced by an external field, accompanied by a giant magnetoresistance effect of 57%. The magnetic entropy

changes are determined from the temperature and field dependence of the magnetization using the thermodynamic

Maxwell relation.

Mnj,95Crg.05Sbo.95Gag.o5 exhibits a negative magnetocaloric effect, and the absolute values of

ASy?™* (T, AH) are 4.4, 4.1, 3.6, 2.8 and 1.5 J/(kg-K) for magnetic field changes of 0-5T, 0-4T, 0-3T, 0-2T and 0-1T,

respectively.
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1. Introduction

Since the discovery of giant magnetoresistance
(GMR) 2] and colossal magnetoresistance (CMR), !
the magnetoresistance (MR) effect has attracted much
interest. GMR has been subsequently observed in
many multilayer systems and in rare-earth intermetal-
lic compounds such as FeRh, La2/3Ca1/3Mn03,[5]
Ce3Fegg,sz,[6] Lao_ngO_an3,m etc. Great efforts
have been made to increase the GMR ratio which is
usually low in compounds, to increase the tempera-
ture of the antiferromagnetic ordering and to lower
the magnetic field for the onset of GMR. This is very
important for exploring the GMR effect in new inter-

metallic systems.

Magnetic refrigeration is based on the mag-
netocaloric effect (MCE). This is an isothermal
magnetic-entropy change, ASy(T,AH), or an adia-
batic temperature change, ATnq(T,AH), of a mag-
netic material upon applying/removing a magnetic

field. The efficiency of magnetic refrigeration depends

on many variables, one of which is the magnitude of
ASu(T,AH) of the material. For realizing magnetic
refrigeration, a large magnetic entropy change is very
important. Generally, heavy rare-earth elements and
their compounds are considered to be the best candi-
date materials for finding a large MCE due to their
high magnetic moments. The highest MCE known so
far, involving a second-order transition, is produced by
the rare-earth metal Gd, which has been demonstrated
to produce cooling between 270K and 310K.[8] Many
other materials have been studied with respect to
their MCEs, such as Gd5SiQGe2,[9] MnFeP;_,As, [10
and the Heusler alloys Ni-Mn-Ga.[''] Most recently,
large magnetic-entropy changes comparable to that in
Gd have been observed in La(Fe,Co)11_33A11_17,[12’13]

(14] and LaFeq1.5Si1.5H1 3 15] compounds,

LaFeq1.4Si1 ¢
which are 3d-transition metal rich systems. These re-
sults are of significant importance because these com-
pounds are excellent candidates for the working ma-
terials in magnetic refrigeration and are a new class of

materials to study on MCE and their applications.

*Project supported by the State Key Development Programme for Basic Research of China (Grant No G1998061303) and the
National Natural Science Foundation of China (Grant No 10174094).

TE-mail: xbliu@g203.iphy.ac.cn

http://www.iop.org/journals/cp



1140 Liu Xi-Bin et al

Vol. 13

All of these results show that large MCEs are not
restricted to materials with very large magnetic mo-
ments but that, in the vicinity of a phase transition,
the MCE depends strongly on the type of the mag-
netic phase transition. This is also important for fur-
ther improvement of the MCE in given materials and

for exploring new materials with large MCEs.

The compound MnySb with a tetragonal CusSb
structure is ordered ferrimagnetically below 550K.
The ferrimagnetic (FI) structure is formed by the
antiparallel arrangement of the Mn; and Mns sub-
lattices corresponding to the two different crystallo-
graphic positions of the Mn atoms with magnetic mo-
ments 2.1pg and 3.9ug, respectively.l'®:171 Accord-
ing to neutron diffraction measurements the mag-
netic structure can be regarded as the stacking of
triple layers Mny—2Mn;—Mny with antiparallel mag-
netic moments on Mn; and Mn, sites in both the
The substi-
tutions of a number of elements (Cr, Cu, Zn, Co
and V) for Mn, as well as of As and Ge for Sb, re-

sult in magnetic phase transitions of first order from

FI and antiferromagnetic (AF) states.

FI to AF states as the temperature decreases.!18:19]
It has been reported that the Ga substitution
has some interesting effects on magnetic structures
and magnetic properties in some compounds, such
as SmgFe14Ga3Cz,[20] SmyFeq7_,Ga, 211 and melt-
spun SmyFeg5 ,Cu,GasC ribbons.[22] Most recently,
antiferro—ferromagnetic transition has been observed
in YMngSng_,Ga, 2% compounds due to the replace-
ment of part of Sn by Ga. Corresponding to the meta-
magnetic transition, a GMR of 32% under a magnetic
field of 5T is observed at 5K in the YMngSng_,Ga,
sample with £=0.2. So it is worth studying the ef-
fects of Ga substitution on the magnetic structures,
magnetic and electric properties of MngySb-based com-
pounds. In particular, the well-known Kittel ex-
change inversion model has been applied to explain
the nature of the phase transitions in MnySb-based

(4] In this theory the exchange interac-

compounds.
tion depending on the interatomic distance changes
its sign when the lattice parameter reaches a critical
value. The chemical element, substituting the atoms
in the starting matrix, is considered to be of no impor-
tance. However, some experimental results obtained
for the MnySb-based compounds cannot be explained
in terms of this model, e.g. the dependence of the
critical temperature of the phase transition not only
on the variations in lattice parameters but also on the

types of substitutional atom or the large change in

the electrical resistivity at the AF-FI transition.[2%! To
our knowledge, there is no report on the effects of Ga
substitution on the MnySb-based compounds, which
may be helpful to obtain additional information on
the magnetic phase transitions in MnySb-based com-
pounds. So in this paper we report on the magnetic
properties, magnetotransport properties and magne-
tocaloric effects of the Mnj g5Crq.05Sbg.95Gag.g5 com-
pound.

2.Experiments

The sample of Mnj 95Crq.05Sbg.95Gag.o5 was pre-
pared by arc melting the constituent metals with a
purity higher than 99.9% in an argon atmosphere. In
order to obtain homogeneous alloys, the sample was
melted three to four times. An excess (5%) of Mn
over the stoichiometric amount was added to compen-
sate for the mass loss during melting. The sample
was sealed in an evacuated quartz tube and annealed
at 700°C for 7 days. X-ray diffraction of the powder
sample was carried out using Cu Ka radiation, and
a main MnySb phase with a small amount of MnSb
phase (less than 5%) was observed, which is typical
of both the MnySb compound itself and its solid solu-
tion. The magnetization of the sample was measured
in fields up to 5T using a superconducting quantum in-
terference device (SQUID) magnetometer. Magneto-
transport properties were measured using a standard

four-probe dc method.

3. Results and discussion

Figure 1 shows the temperature dependence of
the magnetization measured in a field of 0.01T for
Mnj 95Crg.055bg.95Gag.o5 in the temperature range
from 5 to 350K. It is clear that a first-order mag-
netic phase transition from FI to AF state takes
place below Tgs=200K, which is close to the value for
Mn; 95Crg.05Sb reported in Ref.[26]. At Ts, the mag-
netization exhibits a large temperature-induced jump,
indicating that the exchange interactions between the
magnetic moments change drastically. Figure 2 shows
the field dependence of magnetization at different tem-
peratures. In the temperature ranges of 160-190K
and 210-240K, the temperature interval is 5K. In the
range 190-210K, the temperature interval is 2K. It can
be seen that application of a magnetic field induces a
metamagnetic transition near Ts. The critical field of
the metamagnetic transition observed decreases with

increasing temperature and vanishes around 210K,
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which is a little higher than that of Mn; g5Crg.05Sb. (26
Though the Kittel theory yields, in general, a satisfac-
tory mechanism of the AF-FI transition, the recently
available experimental data, including this work, sug-
gest that the nature of the AF—F1I transition in MnsSb-
based compounds should be associated with the itin-
erant magnetism of the d-electrons and the peculiarity
of the electronic structure. According to band calcu-
lations of MnySb, the 3d-electrons of Mn have an itin-
erant character and the Fermi level lies between two
peak structures on the curve of the density of elec-
tronic states (DOS).[27-26] Thus the AF-FI transition
in Mn; 95Crg.055bo.95Gag.o5 can be explained as being
due to the doping element, which results in the change
of d-electron concentration and hence a large decrease
of the DOS near the Fermi level. In accordance with
this, the AF-FT transition must be accompanied by

an abrupt increase of electrical resistance.
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Fig.1. Temperature dependence of the magnetization
at 0.01T for Mn1.95Crg.05Sbg.05Gag.g5-
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Fig.2.
Mn1.95Cro.055bg.95Gag.o5 at various temperatures.
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Fig.3. Temperature dependence of the resistance for
Mnj1,95Crg.055bg.95Gag.o5 measured in zero field and
an applied field of 5T.

Figure 3 shows the temperature dependence of
the resistance for Mny g5Crg.95Sbg.95Gag g5 measured
in zero field (transition temperature Tpr_ar) and an
applied field of 5T (transition temperature Ty). The
resistance decreases first, then rises abruptly at a cer-
tain temperature reaching a maximum, and finally de-
creases with decreasing temperature. The transition
temperature Try_ar is higher than Ty, due to the ef-
fect of the magnetic field. Figure 4 shows the tem-
perature dependence of the MR ratio MR=Ap/p[=
(PH - Po)/ﬂo] of Mny.95Cro.055bo.95Gag.o5 compound
at a field of 5T. As expected, the magnetoresistance is
small at low temperatures, because the AF structure
is stable at 5T. When the temperature increases up
to about 175K, the AF phase becomes unstable under
the applied magnetic field and a metamagnetic transi-
tion occurs, which results in a rapid increase of |Ap/p|,
reaching a maximum value of 57% at a temperature
of T1,=200K (same as Ty). Above Ty,, the values of
|Ap/p| decrease rapidly with increasing temperature.
Figure 5 shows the magnetic field dependence of the
MR ratio Ap/p at 200K. It can be seen that |Ap/p|
is small at low fields, which is indicative of a stable
AF state, then it increases drastically around a criti-
cal field H,,, associated with the metamagnetic tran-
sition to the FI state. As seen from Fig.2, the critical
field at which the metamagnetic transition occurs co-
incides with H,,. A hysteresis curve is observed for
the MR, which is characteristic of first-order transi-
tions. As mentioned above, the mechanism for the
GMR in Mn; g5Crg 05Sbg.95Gag o5 is probably due to
the Ga substitution which results in the change in d-
electron concentration, leading to the large decrease of
DOS near the Fermi level. It has been reported that

Mn;Sb-based compounds exhibit a naturally magnetic
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multilayer structure,?”) so another possible mecha-
nism for the GMR in Mn; g5Crg 05Sbg.95 Gag g5 is spin-
dependent scattering which results in a reduction of
relaxation time in the AF state. However, according
to the mechanism of the AF-FI transition ! and the
abrupt increase of resistivities below the AF ordering
temperature, the former mechanism should be domi-
nant. It is noteworthy that a MR effect remains above
240K. This is probably due to the ordinary magnetore-
sistance (OMR) effect, which results from the conduc-
tion electron scattering by applied field.
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Fig.4. Temperature dependence of the MR ratio for
Mn1,95Crq.05Sbg.95 Gag.o5 compound at a field of 5T.
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Fig.5. Magnetic field dependence of the MR ratio at
200K for Mn.95Crg.05Sbg.05Gag.o5-

The magnetocaloric effect can be characterized
by the isothermal magnetic entropy change ASwu
(T, AH) upon application of a magnetic field H. The
value of ASy (T,AH) can be determined using the

Maxwell relation [30]

ASm(T, AH) =Sy (T, 0) — Sy(T, H)

[ )on

From the magnetization isotherms (see Fig.2), we
have calculated the value of ASy as a function of
temperature and field changes. The results are pre-
sented in Fig.6. The value of ASy is positive, which
can be explained by the fact that the magnetic field
decouples some of the anti-parallel aligned Mn; and
Mns; moments, thus increasing the disorder of the
total spin system and raising the magnetic entropy.
The maximum of AS)y; is shifted to lower tempera-
tures as the magnetic field becomes larger, indicat-
ing that the magnetic field suppresses the antiparal-
lel coupling. The absolute values of AS}**(T, AH)
are 4.4, 4.1, 3.6, 2.8 and 1.5 J’ kg~ 1. K~! for the mag-
netic field changes of 05T, 0-4T, 0-3T, 0-2T and 0-
1T, respectively. These values are lower than those of
Mn;_95Cro.05Sb.[28] This is probably due to the doping
of 4p electrons which results in the modification in the
3d band structure induced by 3d—4p hybridization. It
is noteworthy that the peak of the magnetic-entropy
change is round and broader than one would expect for
a first-order transition. The reason for this is not clear
and needs to be confirmed by further experiments and

theoretical investigations.
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Fig.6. Magnetic-entropy changes of Mnj g5

Crg.05Sbg.95Gag.g5 under field changes of 1T, 27T,
3T, 4T and 5T.

4. Summary

In summary, we have studied the magnetotrans-
port properties and magnetocaloric effects of the com-
pound Mn; g5Crg.055bg.95Gag.o5. A first-order mag-
netic phase transition from FI to AF state takes place
below Ts=200K, and application of a magnetic field
induces a metamagnetic transition near Ts. These are
explained by the change in the d-electron concentra-

tion due to substitution which results in a significant
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change in DOS. The AF-FT transition is accompanied
by a GMR effect, and the largest MR ratio is 57% at
200K in a magnetic field of 5T. The magnetocaloric

effects are discussed in terms of the modification in

the 3d band structure induced by 3d—4p hybridization.
The absolute values of ASy** (T, AH) are 4.4, 4.1,
3.6, 2.8 and 1.5J- kg~ '-K~! for magnetic field changes
of 0-5T, 04T, 0-3T, 0-2T and 0-1T, respectively.
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