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Magnetocaloric and structural properties of SmMn2Ge2
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Abstract

We have performed detailed magnetization, specific heat and powder X-ray diffraction measurements under magnetic fields, for obtaining
information on the magnetic and the structural properties of re-entrant ferromagnet SmMn2Ge2 with the ThCr2Si2-type tetragonal structure.
The lattice parametera decreases by about 0.1%, while the parameterc increases slightly by about 0.02% in the antiferromagnetic (AFM)
state, compared with the ferromagnetic (FM) and re-entrant ferromagnetic (RFM) states. In the AFM state, the structural distortion recovers
by applying a magnetic field, accompanied with the metamagnetic transition from the AFM to the forced FM states. The results of a
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agnetocaloric effect indicate that the magnetic entropy change at these phase transitions is mainly due to the change of the S
tate.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Compounds RMn2Ge2 (R = rare earth element) crystal-
ize in the ThCr2Si2-type body-centered tetragonal struc-
ure, which is characterized by R–Ge–Mn–Ge–R-stacked
ayers along thec-axis. It was reported that the mag-
etic properties of RMn2Ge2 are very sensitive to the

ntralayer Mn–Mn distanceRa
Mn–Mn [1]. The magnetic

nteraction between interlayer Mn–Mn ions is ferromag-
etic (FM) for Ra

Mn–Mn > 0.285 nm, whereas it is antifer-
omagnetic (AFM) forRa

Mn–Mn < 0.285 nm at room tem-
erature [1]. In SmMn2Ge2, Ra

Mn–Mn is slightly larger
han this critical value of 0.285 nm at room temperature,
o that the compound shows re-entrant ferromagnetism:
M phase inT2 (∼150 K) <T < TC (∼350 K), AFM phase

n T1 (∼100 K) <T < T2 and re-entrant ferromagnetic (RFM)
hase below 100 K[1–4].
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Fujii et al. explained this re-entrant ferromagnet
in terms of the strong temperature dependence o
Mn–Mn and Sm–Mn exchange interactions. With decr
ing temperature fromTC, the FM phase transforms in
the AFM one atT2 becauseRa

Mn–Mn decreases due
the thermal contraction and is shorter than the cri
value of 0.285 nm. In the AFM phase, the Sm mom
are regarded as the disordered state because of f
no exchange field from the Mn sublattice with the A
Mn–Mn coupling. The FM Sm–Sm coupling is enhan
below T1, which becomes sufficiently strong to break
AFM Mn–Mn coupling via the FM Sm–Mn coupling,
that the RFM phase appears. A few of the spin struc
models have been reported so far[1,2]. However, these mod
els do not explain the magnetic properties of SmMn2Ge2
completely.

As we know, the magnetic entropy change is one of us
information to study the magnetic phase transition. In
paper, we present our recent results on the magnetoc
properties deduced by the detailed magnetization and
cific heat measurements and on the structural prop
925-8388/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
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determined by high-field X-ray diffraction measurements for
SmMn2Ge2.

2. Experimental

The polycrystalline sample of SmMn2Ge2 was prepared
by arc-melting the mixture of stoichiometric amounts of the
pure elements (Sm, 3N; Mn, 4N; Ge, 5N) in an argon atmo-
sphere. In order to ensure homogeneity, the ingot was turned
over and re-melted several times. The ingot was wrapped
by a Ta foil and then was annealed at 900 K for 6 days in
an evacuated quartz tube. Magnetization measurement was
performed by a SQUID magnetometer (Quantum Design) at
5≤ T ≤ 300 K in fieldsB up to 1 T. Specific heat measure-
ments were carried out by a relaxation method. High-field
powder X-ray diffraction experiments with Cu K� radiation
were carried out at 8.6≤ T ≤ 290 K and at 4 T[6]. The sam-
ple was confirmed to be a single phase of the ThCr2Si2-type
structure except for a very weak Sm oxide phase at room
temperature.

3. Results and discussions
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Fig. 2. Temperature dependence of the lattice parametersa andc in zero
field (open triangles) and 4 T (solid circles).

pears and the forced ferromagnetic (FFM) phase is observed,
as shown in the inset ofFig. 1.

Temperature dependence of the lattice parametersa and
c in zero field and 4 T is shown inFig. 2. We confirmed that
the crystal structure is the ThCr2Si2-type in each magnetic
phases from the profile data taken at temperatures from 20
to 290 K under zero field and 4 T[7]. With decreasing tem-
perature from 290 K, botha andc decrease like the normal
thermal contraction in the FM phase ofT > T2. On further
cooling throughT2, a contracts abruptly by 0.1% in the
AFM phase, and then, it expands again by the same amount,
accompanied with appearance of the RFM phase atT1. In
contrast to this,c expands slightly by 0.04% atT2 with cool-
ing, and then, it also contracts atT1. Below T1, c is almost
constant for decreasing temperature. The observed behavior
in zero field is consistent with the previous reports[2,4,5].
In the AFM phase, the unit cell volumeV is smaller than
that in the FM phase by�V/V ∼0.3%. By applying a mag-
netic field of 4 T, the AFM phase transforms to the FFM
phase, and the lattice parameters decrease continuously with
decreasing temperature like the normal thermal contraction.
In addition, it seems that the lattice parameters in the FM
and RFM phases are almost independent of magnetic fields
up to 4 T. The obtained results indicate that the magnetic
property relates closely toRc

Mn–Mn (interlayer Mn–Mn dis-
tance) as well asRa although the effect onRc
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Fig. 1shows the temperature dependence of the mag
ation at 0.1 T. The re-entrant ferromagnetism with the
ysteresis is observed atB = 0.1 T, which is similar to resul
eported in literatures[2–5], although our stability range
he AFM phase is narrower than that reported by Fujii e
sing a single crystal[1]. The phase transition temperatu
re determined to beT1 = 100 K (from RFM to AFM) and
2 = 150 K (from AFM to FM). The Curie temperatureTC of

his sample cannot be determined in our temperature r
y applying a magnetic field of 1 T, the AFM phase dis

ig. 1. Temperature dependence of the magnetization at 0.1 T. Th
re taken in cooling and heating processes. The inset shows the
agnetization vs. temperature curves with heating process under v
agnetic fields of 0.02, 0.2, 0.4, 0.5 and 1 T.
Mn–Mn, Mn–Mn
s very small. It should be noted that the thermal hyst
is and two-phase coexistence on the structural prop
annot be confirmed in our detailed measurements a
icinity of T1 and T2 [7]. Therefore, we believe that t
ompound dose not exhibit the structural phase trans
ut small striction accompanied with the magnetic ph
ransition.

Fig. 3(a and b) shows the magnetic entropy cha
SM versus temperature curves at the vicinity ofT1
nd T2 in a field change of 1 T, respectively. He
SM is estimated by the magnetization measurem

hrough the Maxwell relation (dSM/dB)T = (dM/dT)B. We
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Fig. 3. Magnetic entropy change�SM in field change of 1 T vs. temperature
curves at the vicinity of: (a) 100 K (=T1) and (b) 150 K (=T2).

estimated�SM(T1) =−1.4 J K−1 kg−1 for the RFM–AFM
phase transition atT1 and �SM(T2) = +1.3 J K−1 kg−1

for the AFM–FM one atT2. We also estimated to be
�SM(T1) =−0.8 J K−1 kg−1 and�SM(T2) = +1.1 J K−1kg−1

using Clausius–Clapayron’s equation. Recent specific heat
measurements for this sample are consistent with these
results, which will be reported in future. The absolute val-
ues of �SM(T1) and �SM(T2) are much smaller than 14
J K−1 kg−1 of R ln 2 for a simple spin state (S = 1/2) or
37 J K−1 kg−1 of R ln 6 for a Sm moment (J = 5/2). These
small�SM(T1) and�SM(T2) can be explained qualitatively
by the following scenario on the basis of the molecular field
model in R–Mn two-sublattice[8,9].

Considering the results of Refs.[8,9], it is expected
that the condition of|JMn–Mn| (Mn–Mn exchange con-
stant)� |JSm–Mn| (Sm–Mn exchange constant)� |JSm–Sm|
(Sm–Sm exchange constant) in SmMn2Ge2. The Sm moment
comes easily to fluctuate with heating from low temperature,
so that the almost full magnetic entropy (R ln 6) of the Sm
moment is released forT < T1. This fluctuation also leads
that the FM Sm–Mn coupling becomes unstable and is over-
come by the AFM Mn–Mn coupling atT1. However, the
magnetic entropy change due to the Mn moment is hardly
released because of the strongJMn–Mn for T < T1 [9]. As seen
in Fig. 3(a), the sign of�SM(T1) is negative, suggesting that
a py in
t
m isor-
d that
t tic
p tua-

tion) to a disordered state on the Sm moments with heating
process.

On the other hand, the sign of�SM(T2) is positive, sug-
gesting a magnetic phase transition from the disordered state
to an ordered one. However, it should be noted that we can-
not neglect the contribution of the Mn sublattice to�SM in
this temperature[9]. Kaneko et al. reported that�SM (in
zero field) due to the Mn sublattice is +3.3 J K−1 kg−1 for
La0.3Y0.7Mn2Ge2 which has almost the sameRa

Mn–Mn of
SmMn2Ge2 and exhibits an AFM–FM transition at about
170 K [10]. The entropy change estimated by our specific
heat measurement is +1.4 J K−1 kg−1 aroundT2 in zero mag-
netic field. Therefore, the contribution of the Sm-sublattice
to �SM is evaluated to be−1.9 J K−1 kg−1 in zero magnetic
field. The absolute value of this small�SM is consistent with
�SM(T2) determined by the magnetization measurement at
the vicinity ofT2 in present work. This indicates that the Sm
moments are regarded as the ordered state with thermal fluc-
tuation in the FM phase because of feeling the exchange field
from the Mn sublattice. That is, the small positive�SM(T2) is
mainly originated by the magnetic phase transition from the
disordered state to an ordered state on the Sm moments with
heating process. On the other hand, the sign of�SM is nega-
tive just aboveT2 as seen inFig. 3(b), which may be mainly
due to the contribution of the magnetic entropy change in the
Mn sublattice.
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n applied magnetic field reduces the magnetic entro
he AFM phase. That is, this negative�SM(T1) is due to a
agnetic phase transition from an ordered state to a d
ered state with heating process. Therefore, we believe

he small negative�SM(T1) is caused mainly by a magne
hase transition from an ordered state (with thermal fluc
Consequently, our results show that the FM, AFM, R
nd FFM properties relate closely to the lattice param
as well asa in SmMn2Ge2. The magnetocaloric effec

bserved are understood in the temperature and atomi
ance dependence of the Sm–Sm, Sm–Mn and Mn
xchange interactions with the thermal fluctuation. Con
ring the fluctuation of both Sm and Mn magnetic mom
s mentioned above, the results on magnetocaloric prop
an be also explained on the basis of the magnetic struc
roposed in Refs.[1,2].
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