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We have studied the variation of magnetic and magnetocaloric properties of polycrystalline compounds
SmMn,Ge, and GdMn,Ge, as a function of applied hydrostatic pressure. The magnetic transition temperatures
are found to change considerably with pressure. The temperature regime of existence of antiferromagnetic
(AFM) ordering is found to increase with pressure, in both the compounds. In SmMn,Ge,, the sign of the
magnetocaloric effect at the low-temperature ferromagnetic (FM)-AFM transition changes with pressure. The
isothermal magnetic entropy change in this compound is found to increase by about 20 times as the pressure
is increased from the ambient value to 6.8 kbar. Effect of pressure in GdMn,Ge, is less compared to that in
SmMn,Ge,. The variations in the magnetic and magnetocaloric properties are attributed to the changes in the
magnetic state of the Mn sublattice under pressure. The difference in R-Mn coupling in Sm and Gd compounds
is also found to play a role in determining the magnetic and magnetocaloric properties, both at ambient as well

as under applied pressures.
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I. INTRODUCTION

The study of magnetocaloric effect (MCE) has become an
important area of research in the field of magnetic materials
owing to the possibility of developing some of them into
potential magnetic refrigerants.'= MCE is usually measured
either in terms of isothermal magnetic entropy change (AS,,)
or adiabatic temperature change (AT,4). Materials with first-
order magnetic transition are of particular interest since they
exhibit significant MCE at the magnetic transition tempera-
ture. Compounds showing field-induced magnetic transitions
and/or structural transitions have been found to exhibit giant
MCE, as in the case of Gds(Si;_,Ge,)s.>> Among the rare
earth  (R)-transition metal intermetallic compounds,
RMn,Ge, compounds, in general, display interesting mag-
netic properties such as multiple magnetic transitions, first-
order transitions, and re-entrant ferromagnetism.6‘1° Another
important aspect of this class of compounds is the strong
magnetovolume effect. Among the various compounds of
this series, SmMn,Ge, has attracted special attention owing
to the anomalous magnetic and related properties.'®!3 As a
probe to understand the magnetovolume effect, we have
studied the effect of hydrostatic pressure on the magnetic
properties of SmMn,Ge,. The same studies have also been
carried out on GdMn,Ge, which is isostructural to
SmMn,Ge,, but which shows quite different magnetic prop-
erties. While the crystal-field effect is expected to be consid-
erable in SmMn,Ge,, it should be practically absent in
GdMn,Ge, due to the S-state nature of the 4f shell of Gd**
ion. It should also be kept in mind that while the Sm-Mn
coupling is ferromagnetic in nature, the Gd-Mn coupling is
antiferromagnetic (AFM), due to the fact that Sm is a light
rare earth and Gd is a heavy rare earth.

The anomalous magnetic properties of SmMn,Ge, in-
clude multiple magnetic transitions, re-entrant ferromag-
netism, large positive magnetoresistance in the reentrant FM
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phase etc. Chaudhary et al.'* have reported that while in low
fields the field cooled (FC) magnetization in the re-entrant
FM phase is larger than that of the high temperature FM
phase, the trend reverses at high fields. Another observation
is that the FC magnetization becomes less than the zero-field
cooled (ZFC) magnetization in the re-entrant phase, as the
field is increased above a critical value. Though a reasonable
understanding is achieved for some of the above observa-
tions, there seem to exist some questions which remain un-
answered even today.

SmMn,Ge, is known to possess three magnetically or-
dered phases, namely the ferromagnetic (146 K<T
<350 K), antiferromagnetic (110 K<7<146 K), and re-
entrant ferromagnetic (7<<110 K) phases. The transitions at
T,=110 K and 7,=146 K are known to be first order in
nature. It has been reported that the magnetic properties of
this compound mainly arises from the strong structure-
magnetic property dependence. On the other hand,
GdMn,Ge, shows only one magnetic transition, i.e., at 95 K,
below the room temperature. The main difference in the
magnetic properties of these two compounds is attributed to
the difference in their unit-cell parameters and the Mn-Mn
bond length. In view of this, it is of great interest to compare
the magnetic properties of these two compounds as a func-
tion of applied pressure. As magnetocaloric effect is closely
related to the magnetic state of the material, it is of added
importance to investigate the variation of magnetocaloric ef-
fect as a function of applied pressure. Though some reports
are available on the magnetic properties of some RMn,Ge,
compounds under pressure,'>!6 to the best of our knowledge,
only one report!’ is available on the pressure dependence of
MCE.

II. EXPERIMENTAL DETAILS

The preparation and the characterization techniques
for SmMn,Ge, and GdMn,Ge, have been reported
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elsewhere.!®!” The magnetization (M) measurements under

various applied pressures (P) have been performed using in a
superconducting quantum interference device (SQUID) mag-
netometer (Quantum Design) attached with a Cu-Be clamp
type pressure cell (maximum pressure ~12 kbar). The mag-
netic transition temperatures have been calculated from the
(dM1dT) plots obtained from the ZFC M-T data. In this
mode, the samples were cooled in zero field (H) and the
magnetization was measured under a field of 200 Oe in the
warming cycle. The MCE of all the compounds have been
determined in terms of the isothermal magnetic entropy
change using the M-H-T data collected close to the transition
temperatures. Throughout the text, P=0 implies the ambient
pressure.

III. RESULTS

The Rietveld refinement of room-temperature powder
x-ray diffractograms confirms that both SmMn,Ge, and
GdMn,Ge, have formed in single phase with the ThCr,Si,
tetragonal structure (space group=7I4/mmm). The lattice pa-
rameter were found to be a=4.062 A and ¢=10.889 A for
SmMn,Ge,. The corresponding values of GdMn,Ge, are
4.026 and 10.881 A. The intralayer (d\imn) and interlayer
(dyinvn) distances are 2.872 and 5.445 A, respectively, for
SmMn,Ge,, while they are 2.847 and 5441 A for
GdMn,Ge,.'#! According to a model [interlayer coupling
(ITC)] proposed by Fujiwara et al.,”® if d%; \,>2.85 A,
then the interlayer exchange coupling constant (Ji;, a,) 1S
positive (i.e., FM). For diy, \in<2-85 A, Jg;, o 1S negative
(AFM). Another model [intralayer coupling (IRC)] proposed
by Welter et al.?! has shown that the value of dyy, y;, nOt only
affects Jyy, v, DUt also the intralayer Mn-Mn exchange,
namely J%; v, There exists a critical distance of 2.84 A
above which the intralayer Mn-Mn coupling is noncollinear
ferromagnetic and below which it is collinear ferromagnetic.
The noncollinear ferromagnetic coupling leads to canting of
the Mn moments in the ab plane. From the dy,, ,;, values
listed above, it can be seen that in SmMn,Ge, at room tem-
perature, the value is more than the critical values, according
to both the models. Koyama et al.'? have reported that there
is an abrupt change in the unit-cell volume as the materials
enter the AFM phase on cooling. These authors have also
shown that in presence of a field, there is no abrupt change in
the lattice parameters near 7', as well as 7,. On the other
hand, in GdMn,Ge,, dy;, v, value is just below the critical
distance as per the ITC model and just above the critical
distance as per the IRC model.

According to the above two spacing conditions,
SmMn,Ge, shows a canted FM state below the ordering tem-
perature (7¢) of 350 K. On cooling, due to the thermal con-
traction of the lattice parameters and the bond lengths, it
undergoes a transition to a noncollinear AFM at 7,=146 K.
The AFM phase is retained down to 110 K. On further cool-
ing, the magnetic ordering of the Sm sublattice causes suffi-
ciently large molecular field and the compound attains a re-
entrant canted FM phase below 7;=110 K. In addition, as
reported by Chaudhary er al.,'* another transition at about 35
K is also observed. However, this transition could not be
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FIG. 1. (Color online) Temperature dependence of magnetiza-
tion of SmMn,Ge, in a magnetic field of 200 Oe under different
applied pressures. The inset shows the variation of transition tem-
peratures T4, T, and T with pressure. FM1 refers to the re-entrant
ferromagnetic phase, FM2 refers to the high-temperature ferromag-
netic phase, and PM refers to the paramagnetic state.

observed from heat capacity, NMR, ac susceptibility or
neutron-diffraction measurements, and the exact origin of
this transition is not yet well understood.

Figure 1 shows the temperature dependence of the ZFC
magnetization data of SmMn,Ge, obtained under different
pressures in an applied field of 200 Oe. It is evident from the
figure that with the application of pressure, the transitions at
T, and T shift to low temperatures, whereas the one at 7,
shifts to high temperatures. Inset of Fig. 1 shows the varia-
tion of Ty, T,, and T~ with pressure. Both 7 and 7 decrease
almost linearly with pressure, at the rates of 9.1 and 2.3
K/kbar, respectively. The rate of increase of T is found to be
22.3 K/kbar. With increase in pressure, the temperature range
of the existence of AFM ordering has increased considerably.
Furthermore, the magnetization in the AFM region has de-
creased considerably with pressure. These observations can
be attributed to the reduction in the lattice parameters and the
Mn-Mn bond length, which leads to an increase in the AFM
component in the Mn sublattice. Tomka et al. have also ob-
served the same behavior in SmMn,Ge,.!? It is to be noted
that the transition seen at about 35 K at ambient pressure
remains unaltered with pressure. This transition must be
purely associated with the Sm sublattice as revealed by its
insensitiveness to pressure.

Recently we have reported!® the effect of chemical pres-
sure brought about by Si substitution for Ge in SmMn,Ge,. It
was found that the transition temperature 7; decreases from
110 to 39 K, as Ge is completely replaced with Si. It was also
observed that Si substitution has caused a decrease in the
lattice parameters, which implies that there is a chemical
pressure as a result of Si substitution. Therefore, the present
observation of reduction in 7 is consistent with the substi-
tutional studies. In both the cases, a decrease in the Mn-Mn
intra- and interlayer distances causes a reduction in the fer-
romagnetic Sm-Mn exchange and hence T, decreases. A
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FIG. 2. (Color online) Temperature dependence of magnetiza-
tion of SmMn,Ge, in different fields under applied pressures of (a)
4.9 kbar and (b) 6.8 kbar.

similar observation has been reported in Lag75Sm,sMn,Si,
by Gerasimov et al.'®

Figures 2(a) and 2(b) show the M-T plots obtained in
SmMn,Ge, under fields of 200 Oe, 20 kOe, and 50 kOe for
applied pressures of 4.9 and 6.8 kbar, respectively. At ambi-
ent as well as at high pressures, the transition temperature 7
and T are found to increase while 7, is found to decrease
with field. These observations confirm that the magnetic
phases just below T and T are FM, while that below T, is
AFM.'¢ For both 4.9 and 6.8 kbar, the AFM regime is found
to narrow down with increase in field. It is of interest to note
that the AFM region is considerably suppressed by 50 kOe,
when the pressure is 4.9 kbar. When the pressure is increased
to 6.8 kbar, the AFM region extends over a longer tempera-
ture range for the same field (50 kOe). Therefore, the varia-
tions seen in Figs. 2(a) and 2(b) clearly imply that the
strength (and the temperature range of existence) of the AFM
ordering is determined by the competition between the pres-
sure and the magnetic field and that these two factors con-
tribute almost equally at 4.9 kbar and at 50 kOe. This is
consistent with the observation reported by Chaudhary et
al.,"* which shows that there is no dip (due to the formation
of AFM state) in the magnetization at ambient pressures for
fields of 20 and 50 kOe. Koyama et al.'* and Han et al.'*
have also reported that at ambient pressure, the AFM state is
suppressed by the application of a field of about 10 kOe. In
contrast, the M-T plots obtained in 6.8 kbar and in fields of
20 and 50kOe [Fig. 2(b))] show that the transition at T} is
very sharp and that the AFM region is quite prominent.
These results suggest that the AFM phase gets stabilized by
the application of pressure and that a pressure of 6.8 kbar is
sufficient enough to retain the AFM phase (T} <T<T,) even
when the applied field is as high as 50 kOe.

The field dependence of magnetization isotherms obtained
at 10 K of SmMn,Ge, for different pressures are found to
show a FM behavior with rapid increase in magnetization at
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FIG. 3. (Color online) Magnetization isotherms of SmMn,Ge,
at temperatures near 7, under a pressure of (a) 0 bar, (b) 4.9 kbar,
(c) 6.8 kbar, and (d) M-H isotherms near T, in a pressure of 6.8
kbar.

low fields and a near saturation at high fields. The saturation
magnetization (M) for all the pressures has been determined
by plotting M vs 1/H in the high-field region and extrapo-
lating the M values to the H axis. The M| values of all the
three pressures are found to be about 3.7ug/f.u. It should be
noted that Tomka et al.'> have reported that the Mn moment
is about 3up and the Sm moment is in the range of 0.65 to
0.3up in SmMn,Ge,.

Figures 3(a)-3(c) show the M-H isotherms of SmMn,Ge,
obtained near the transition temperature 7 in different pres-
sures, whereas Fig. 3(d) shows the isotherms near T, ob-
tained at the highest pressure. In plots shown in Figs.
3(a)-3(c), it can be seen that at the lowest temperatures in
each case, the magnetization behavior is ferromagnetic.
However, at elevated temperatures, metamagnetic transition
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FIG. 4. Temperature dependences of the critical fields (H,,) of
metamagnetic transition in different pressures at temperatures close
to T} and 7T>.

from AFM to FM state is observed. It can be seen from Fig.
3(d) that the magnetic state changes from AFM to FM, as the
temperature is increased from 260 to 312 K. It is also clear
from Fig. 3(d) that, in low fields, the magnetization increases
with the increase in temperature, whereas the trend gets re-
versed as the field exceeds the critical field needed for meta-
magnetic transition. These variations are consistent with the
M-T-P data presented in Figs. 1 and 2.

Figure 4 shows the temperature variation of the critical
field of SmMn,Ge, in the temperature regions near 7'} and
T,. The transitions (at 7; and 7,) in SmMn,Ge, occur when
the critical field H, is applied. From these figures, it is clear
that critical fields for the transition at 7; increase with in-
crease in the pressure, which is due to the strengthening of
the AFM order as a result of reduced Mn-Mn bond length.
Applied pressure reinforces the interlayer Mn-Mn antiferro-
magnetic exchange interaction and leads to the increase of
critical fields of metamagnetic transitions. The large increase
in the critical fields with pressure can be noticed by compar-
ing the Figs. 4(a)-4(c). The change in the sign of the slopes
in Figs. 4(c) and 4(d) is due to the fact that the transition at
T, causes a change from FM to AFM, while that at 7, is from
AFM to FM, as the temperature is increased.

The magnetocaloric effect has been calculated in terms of
isothermal magnetic entropy change (AS),) using the meth-
ods described elsewhere,'®!° employing the magnetization
isotherms obtained near the transition temperatures. Figure 5
shows the variation of magnetic entropy change in
SmMn,Ge, for a field change of 50 kOe under different pres-
sures. The inset of this figure shows the MCE variation at
ambient pressure for the same field change. As is clear from
the inset, at ambient pressure, close to 7', the entropy change
is positive (negative MCE) with a magnitude, i.e., (AS ) max»
of about 0.6 J/kg K, whereas it is negative (positive MCE)
close to T,. Such a change in the sign of MCE has been
reported by Koyama et al.'> and Han et al.'® as well. It was
also observed that the entropy change (at ambient pressure)
decreases with increase in field. At this point, it should be
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FIG. 5. (Color online) The temperature dependence of isother-
mal magnetic entropy change (—AS,,) in SmMn,Ge, at 50 kOe and
in different pressures. Inset shows the entropy change at ambient
pressure for the same field change.

remembered that this compound shows a large positive mag-
netoresistance below 50 K.® Therefore, it is reasonable to
assume that the origin of the MCE and MR behavior is the
same in this compound.

Upon application of pressure, the sign of the entropy close
to T, becomes negative, implying positive MCE. Further-
more, there is a significant increase in the magnitude of the
entropy change. At a pressure of 4.9 kbar, (AS;;) .y is about
5.8 J/ kg K and it becomes 9.2 J/ kg K as the pressure is
increased to 6.8 kbar. Therefore, it is clear that a pressure of
6.8 kbar has caused an increase in the entropy change by
about 20 times, which must be due to the strengthening of
the first-order nature of the magnetic transition at 7 with
pressure. Another point of interest is that, contrary to the
ambient pressure data, the magnitude of the entropy change
shows an increasing trend with increase in the applied field.
Therefore, the nature of the MCE variation changes signifi-
cantly on application of pressure. The entropy change asso-
ciated with the transition at 7, is also found to increase with
pressure, though nominally. It should be noted that the sign
of MCE at this temperature is positive, which is in agreement
with the nature of the magnetic transition.

It is of interest to note that the competition of MCE of
different signs in the ferromagnetic (below T;) and antifer-
romagnetic (below T,) phases gives rise to the anomalous
pressure dependence. Such a competition is relieved by pres-
sure as the transitions at 7 and 7, are driven in opposite
directions. However, applied field has the opposite effect of
bringing them together. This is interesting, as it is unlike
most metamagnetic single-transition materials such as FeRh
and Mn;GaC.?>?

Figure 6 shows the temperature variation of magnetiza-
tion in GdMn,Ge, at 200 Oe under different applied pres-
sures. It has been reported that at ambient pressure, this com-
pound has a Neel temperature of 365 K, below which the Mn
sublattice is antiferromagnetic and the Gd sublattice is not
magnetically ordered. As the temperature is reduced to 95 K
(ng), the Gd sublattice gets ordered. Below this temperature
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FIG. 6. (Color online) Temperature dependence of magnetiza-
tion of GdMn,Ge, in a magnetic field of 200 Oe for different
pressures.

the coupling between Gd and Mn sublattices is AFM, since
Gd is a heavy rare earth.'® As in the case of SmMn,Ge,, the
transition temperature (i.e., ng) decreases with pressure with
a rate of about 3.5 K/kbar, implying the strengthening of the
AFM state. As can be seen, the transition seen in 9.3 kbar is
different compared to that observed in lower pressures.
While at lower pressures, the magnetic transition seems to
enter a FM phase on cooling; at the highest pressure, it
seems that the transition seems to be of AFM nature.
Figure 7 shows the temperature variation of the entropy
change in GdMn,Ge, for various applied pressures. As can
be seen, the maximum value of the entropy change increases
with pressure, but the rate of increase is much smaller com-
pared to that in SmMn,Ge,. Another point to be noted is that
the entropy change shows a minimum and the value corre-
sponding to this minimum gradually decreases and becomes
negative. The occurrence of the minimum is due to the in-
crease in the entropy change at low temperatures. Wada et
al.** have reported that, owing to the ferrimagnetic Gd-Mn
coupling, the magnetic state of this compound is canted be-
low ng. This is because, with the application of field, the net
field acting on the Mn moments decreases and therefore the
moments tend to order antiferromagnetically. This results in
a canted magnetic structure, causing considerable magnetic
entropy change at temperatures below ng. It is of impor-
tance to recall at this point that by virtue of the ferromagnetic

-AS(J/kg K)

48 64 80 9% 112
T(K)

FIG. 7. (Color online) The temperature dependence of isother-
mal magnetic entropy change (-AS),) in GdAMn,Ge, at 50 kOe and
different pressures. Inset shows the variation of (ASy;),.x values
with pressure.
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coupling between Sm and Mn, such a behavior is absent in
SmMn,Ge,. The dominance of the antiferromagnetic cou-
pling of the Mn sublattice in GdMn,Ge, explains the change
in the sign of AS,, corresponding to the minimum at the
highest pressure of 9.3 kbar. It is also evident from Fig. 7
that the temperature corresponding to the minimum (in AS,,)
shifts to low temperatures, as the pressure is increased from
the ambient value to 9.3 kbar, which is a reflection of the
reduction in 794,

IV. DISCUSSION

Tomka et al.'> have reported the temperature-pressure
phase diagram of SmMn,Ge, using the ac magnetic suscep-
tibility, neutron diffraction, and NMR studies under pressure.
They have shown that the low-temperature (re-entrant) FM
state is not the same for ambient pressure and elevated pres-
sures. They suggest that the magnetic state of the re-entrant
phase at ambient pressure consists of a net FM component
(~2up) in the (001) planes along with an AFM component
(~2.2up) in the ¢ direction and a conical AFM coupling
(interlayer) along (001). As the pressure is increased, the
magnetic structure becomes commensurate with the nuclear
structure, and as a result, the interlayer conical AFM changes
to collinear AFM. Above T, (but <T,), at ambient pressure,
the magnetic state is such that it is conical AFM along (001),
AFM component (~1.6up) within the (001) plane and FM
component (~2ug) along the ¢ axis between the neighbors
within the (001) plane. This structure is retained for pres-
sures as high as about 9 kbar as well. In the high temperature
FM phase, (i.e., above T,), the magnetic structure is such that
there is a FM component (~1.7up) along the ¢ axis in the
(001) plane, along with an AFM component (~1.9u) in the
same plane as well as along the <001> direction. Based on
these results, they have suggested that RMn,Ge, compounds
with d%; i, >2.85 A have an AFM component in the (001)
plane, whereas for df; \,<2.85 A, the ordering in the
(001) plane is purely ferromagnetic. They also have found
that in the case of SmMn,Ge, at ambient pressure among the
three magnetically ordered phases, the AFM phase (T, <T
<T,) has the smallest AFM component in the (001) planes
and the largest net FM component in the ¢ direction. Appli-
cation of a field along (001) results in the conversion of the
magnetic state from AFM to FM state by virtue of a meta-
magnetic transition, thereby increasing the AFM component
in the (001) planes. Though the present study is on polycrys-
talline sample, this may be the reason for the unusual obser-
vation of a reduction in the magnitude of the positive MCE
(negative entropy change) with increase in field in
SmMn,Ge, at ambient pressure. As mentioned earlier, close
to T, this compound shows a large positive magnetoresis-
tance. Therefore, the present MCE data as well as the
reported magnetoresistance data seem to support the mag-
netic structure derived by Tomka et al. However, at higher
pressures, the effect of applied field becomes less dominant
and therefore, the MCE shows the normal trend of increase
with increase in field. Application of pressure enhances the
overall AFM in the Mn sublattice, which in turn strengthens
the first-order nature of the transition at 7). This explains
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the large positive MCE close to 7, seen at 6.8 kbar in
SmMn,Ge,.

Since the rare-earth sublattice does not get affected con-
siderably by the applied pressure, the changes in the mag-
netic and magnetocaloric properties of GdMn,Ge, must also
be dictated by the Mn sublattice, as in the case of
SmMn,Ge,. The difference in the M-T behavior seen at 9.3
kbar in Fig. 6 may be attributed due to the lattice contraction
at the highest pressure, which causes the dyy, ;, distance to
fall below the critical value, thereby causing a change in the
magnetic coupling of the intralayer Mn-Mn moments from
noncollinear FM to collinear FM. This reinforces the Gd-Mn
ferrimagnetic coupling and hence the peak at the highest
pressure. For the ambient pressure and 4.9 kbar, because of
the noncollinear FM of the intralayer Mn moments, the low-
temperature magnetization is dictated by the Gd moments
and the magnetic ordering below ng is predominantly fer-
romagnetic. The observation that the entropy change with
pressure in GdMn,Ge, is only nominal as compared to that
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in SmMn,Ge, reflects the fact that the change in the inter-
layer as well as intralayer exchange coupling strengths is
relatively less in GdMn,Ge,. This proposition is also con-
firmed by the lower values of d73/dP in this compound, as
compared to the dT,/dP values seen in SmMn,Ge,.

V. CONCLUSIONS

Considering the results obtained in SmMn,Ge, and
GdMn,Ge,, it can be seen that the effect of pressure is to
change the interlayer and intralayer Mn-Mn exchange
strengths, which leads to variation in the AFM and FM com-
ponents in the Mn sublattice. The magnetic and magnetoca-
loric results are in agreement with the magnetic phase dia-
grams reported for these two compounds. The fact that
Sm-Mn coupling is ferromagnetic and Gd-Mn coupling is
ferrimagnetic (antiferromagnetic) plays a crucial role in de-
termining their magnetic and magnetocaloric properties, both
at ambient as well as under applied pressures.
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