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We present a detailed study on the magnetization under high magnetic fields of TbsSi,Ge, and
Gd5Si,Ge, compounds. From the Arrott plot construction (A. Arrott, Phys. Rev. 108, 1394 (1957)),
we were able to estimate the T of each structure (M and O(I)) experimentally and found that the
Tc of the O(I) phase can be directly obtained by extrapolating the T curve of this phase in the
respective phase diagram. Using a physical model based on free energy considerations, one
explains the (de)coupling of the magnetic and structural transitions in R5(Si,Ge;_,)4 (R =Tb, Gd)

compounds. © 2011 American Institute of Physics. [doi:10.1063/1.3640213]

There is a great deal of interest in using the magneto-
caloric effect (MCE) as an alternative technology for refriger-
ation both at room and cryogenic temperatures, since the
magnetic refrigeration (MR) is an environmentally friendly
cooling technology.' Several materials are being envisaged
for MR systems. In particular, we stress the Rs(Si,Ge;_ )4
compounds with R =Gd and Tb, since they present the wid-
est temperature range and the highest absolute value of AS,.”
This extraordinary effect essentially arises from the spontane-
ous Ist-order structural transition from an orthorhombic
[O(I)] to a monoclinic (M) phase (de)coupled to a magnetic
transition from a ferromagnetic (FM) to a paramagnetic (PM)
phase® that can be easily triggered by an applied magnetic
field and/or an applied hydrostatic pressure.*” There are
scarce studies on the nature of these magnetostructural transi-
tions (MST). In particular, we highlight the theoretical works
performed by Paudyal er al®” for Gds(Si, Ge;_,), system.
They estimated that M and O(I) structures present similar in-
ternal free energies but with different critical order tempera-
tures and that the structural transition could be explained by
considering only the magnetic entropy variation and the free
energies at T=0 K. Herein, we present the effect of high
magnetic fields on the magnetization of TbsSi,Ge, and
GdsSi,Ge, compounds and their ability to induce a MST in
the PM phase. Both compounds exhibit a [M, PM] phase at
room temperature.*®” On cooling, the Gd compound displays
only a 1st-order magneto-structural transition, changing from
the [M, PM] to the [O(I), FM] phase at T ~ 276 K.'” The Tb
compound presents two distinct phase transitions: one of 2nd-
order and simply magnetic [M, PM]—[M, FM], which occurs
at Tc=112 K followed by a lst-order structural change of
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the [M, FM]—[O(I), FM] type, which occurs at a lower tem-
perature T ~ 95 K.? In this way, the study of TbsSi,Ge, can
help to unveil the interplay between the spin and lattice com-
ponents. These materials were prepared following the synthe-
sis referred in Ref. 11 and the isothermal magnetization
curves [M(H)] measurements were performed using an
extraction magnetometer in a Bitter magnet, HFML (Nijme-
gen, NL). ab-initio calculations were performed using the
Wien2K code'? via the augmented plane wave method with
local orbitals (APW+1o) approach. Figures 1(a) and 1(b) dis-
play the M(H) for TbsSi,Ge, and GdsSi,Ge,, under H up to
31 T and in the temperature range of 77-340 K. A step-like
jump is observed in the experimental M(H) curves, in an in-
termediate temperature range (98-145 K for Tb and 280-340
K for Gd), from a low initial magnetization state (LM) to a
high magnetization state (HM). The change of this magnet-
ization state occurs at a critical magnetic field (Hc) that
depends on the path of magnetic field (increase or decrease of
magnitude). In order to obtain knowledge about the nature of
the magnetic phase transitions, we used the Arrot plot repre-
sentation since it is a simple but effective method to obtain
such information (Figs. 1(c) and 1(d)™ (see supplementary
material'®). Analyzing the H/M vs M? plot for the TbsSi,Ge,
compound [Fig. 1(c)], one observes that the curves in the
shadowed region (T < 166 K) exhibit two different linear
regimes. This indicates that, for this temperature range, the
magnetic field is sufficient to induce the [M, PM]—[O(I),
FM] transition presenting considerably different susceptibil-
ities [inset of Fig. 1(c)) and see supplementary material'®].
The spontaneous magnetization M (T, H=0) can be esti-
mated through a linear extrapolation of the high magnetiza-
tion field data (see supplementary material'®); the results
obtained are depicted in Fig. 2(a). Notice that this is the
spontaneous magnetization of the HM state, i.e., of the O(I)
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FIG. 1. (Color online) M(H) isothermal magnetization of: (a) TbsSi,Ge, in
the temperature range of 77-300 K and (b) GdsSi,Ge, in the temperature
range of 77-340 K, for applied fields H up to 31 T. Arrott plots for: (c)
TbsSi, Ge, (Inset: T =124 K) and (d) GdsSi>Ge, (Inset: T =314 K).

structure. The PM susceptibility of the M phase can be
directly determined from the low field isothermal curves
(T>112 K). The 5 ' is also displayed in Fig. 2(a) (dot
points). From these results, we were able to estimate experi-
mentally the critical temperatures of the O(I) (Tg(l>
~200*2K) and M structures (T¥ ~ 112+3K), with the
former being coincident with order temperature of
TbsSi>Ge,.” In the Gd case, the same analysis was performed
(see supplementary material'®), leading to Tg(l) ~308£2K
and TY ~ 251*5K. These experimental results are in fair
accordance with the values used by Paudyal et al. on their
theoretical calculations (Tg(l) ~ 305K and T ~ 208K).%’
Nevertheless, the explanation for the obtained Tg ~ 251K
from the PM susceptibility relies only on four available
M(H) isotherms, probably justifying the higher value
obtained. Additionally, the presence of a small amount of
O(I) phase (commonly observed for this particular composi-
tion) in the Gd sample can also contribute to the experimen-
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FIG. 2. (Color online) (a) Temperature dependence of the spontaneous mag-
netization (blue dots) and reciprocal susceptibility (red triangle) curves of
TbsSi,Ge, obtained from Arrot representation. The dashed lines (dash lines)
are the spontaneous magnetization Brillouin curves assuming 7% = 112K and
Tgm = 200K. (b) Temperature dependence of the H~(T). (c¢) Magnetic and
crystallographic phases dia§ram of Tbs(S1,Ge;_,)4 taken from Ref. 8 including
the determined value of T 0 (star). The square represents the temperature of
the order-disorder transition (for x > 0.45: PM — FM and for x < 0.45 from
PM to AFM state). The circle symbols represent the order-order transition also
called spin reorientation transition.
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tal value of Té” . One immediately recognizes that TbsSi,Ge,
orders ferromagnetically considerably above the M—O(I)
transition (Ts ~ 95 K), i.e., this system has Ts < TY,
whereas for the Gd compound, one has Ts > T¥. In Fig.
2(b), the linear temperature dependence of H¢ is shown for
TbsSi,Ge,, giving %i ~ 2.3K/T, whereas for the GdsSi,
Ge, compound, the value found was [‘;TTi ~ 7.1K/T (see sup-
plementary material'®), which is similar to the predicted
value.® Including the obtained Tgm in the (x, T) magneto-
structural phase diagram for the Tbs(Si, Ge;_,)4 system, one
notices that this value is in agreement with the those
expected from the linear extrapolation of temperature (Fig.
2(c)) of the Si-rich O(I) region. This observation is also in
accordance with the Gd case.® This fact strengthens the idea
that the formation of the covalent Si(Ge)-Si(Ge) bonds in the
interlayer region indeed increases the exchange interaction,
in accordance with previous experimental and theoretical
measurements.'> From the obtained results, it can be stressed
that both O(I) and M phases exhibit a 2nd-order (continuous)
PM to FM transition (see continuous Brillouin curves in
Fig. 2(a)). Consequently, the 1st order magnetostructural
transition experimentally observed is always a consequence
of the change of the crystallographic structure. In fact, the
M—O(]) transition is always discontinuous since the sym-
metry group of the O(I) phase is not a sub-group of the M
one.'® Considering a simple thermodynamic model for
TbsSi,Ge, compound, the total free energy (F) per ion (at
constant volume) for a crystalline system at temperature T
and under H (Ref. 6) is given by

3
F(T,0) =Uy —Hglo — =

kgTco® — TSy — TS,
2J+1BCO' M lat

)

where ¢ is the reduced magnetization, the first term U, is the
non-magnetic internal energy, the second term is the Zeeman
term, the third one is the magnetic ion-ion exchange interaction
energy, and the last two terms are the entropy contributions
(magnetic and lattice, respectively). Using ab-initio calculation
(local spin-density approximation method), one obtains 0.11 eV
for F-Foqy at T=0 K which is equal to the energy difference
between the U, of both structures. The magnetic entropy per
ion (Sy;) can be estimated by the following approximation,®
excluding the fourth-order parameter, 0(04):

3
SM(G) ~ kg ln(ZJ + 1) — 5]4» I

@ +0@™|. @
The magnetic equation of state (¢(7, H)) can be obtained by find-
ing the zero of the derivative of Eq. (1) with respect to ¢ [leading
to ¢ = a(T, H)], which corresponds to the condition of the free
energy minimum. This free energy minimum is then given by
F™™(T, H)= F[T, o(T, H)]. For the lattice entropy term, one can
rely on the Debye approximation where the entropy per ion is
given by the following approximated expression:'*

:D 3 ®D : ®D 3
T) ~ 4kp — -
Star(T) ~ 4k 3k31n( T ) +4—0k3 <—T ) +0 (—) ,

3)
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FIG. 3. (Color online) Change in the magnetic free energy as a function of
temperature of both structures (M and O(1)) for TbsSi,Ge, using Eq. (1).

where ®p is the (cut-off) Debye temperature. Using the
~ 170K from Ref.

V. where 7 is the Griineisen parameter (1 ~ 10

value of ®O(I> 17 and the relation

®’VI
@DD =1-nf
for GdSSizGez)12 and ATV is around ~1%, one can estimate the
@g to be ~153 K. Considering both ®5’s and Eq. (3), the S,
contribution for the total free energy in TbsSi,Ge, is found to
be smaller than 10% of the total free energy. This result
has similar magnitude as the one previously obtained by Liu
et al."? for Gd case showing that the main contribution arises
from the magnetic entropy variation. Concerning all contribu-
tions for the F(T, o) per ion (Fig. 3) [[A F””” ] and [AF7M]] in

the TbsSi,Ge, material, a crossover of the free energies is
noticed at Tg=92.2 K, meaning that our model predicts a
structural transition at this particular temperature. In fact, this
result is in accordance with the experimental data (Ts =95 K;
on cooling). As can be inferred from Eq. (1), the effect of a
magnetic field is to the decrease of the free energy. However,
due to the different T¢’s of each crystal structure, the free
energy of the crystallographic phase with higher Tg @
a higher decrease than the one with lower T, thus increasing
the Tg(H), where Fy(H)=Foq (H), and explaining the
observed linear dependence in H-(T) (see Fig. 2(b)) and the
Gd compound case. As a first glance, these results can be im-
portant scenarios for the analysis of the occurrence of (de)cou-
pling of MST on the Rs(Si,Ge;_,)4 system: i.e., in the case of

™ <Ts < Tg 0 (under cooling), the system changes simulta-
neously its magnetic and crystallographic phases through a [M,
PM]—[O(I), FM] 1st-order transition. This situation occurs in

GdsSi,Ge, reported in Ref. 6. In the case of T < Tél < Tg <I),
the system first exhibits (under cooling) a magnetic second
order phase transition at 7% [(M,PM) — (M,FM)] and some
degrees below, at T, changes its crystallographic structure
through a [M, FM]—[O(I), FM] lst-order phase transition. In
this situation, one says that the magnetic and structural transi-
tions are decoupled, and this is what occurs in the TbsSi>Ge,
compound. In summary, one shows that the variation of the
magnetic energy of each phase is the main contribution to the
free energy and is sufficient to induce a first-order structural
transition when two crystallographic structures present different

suffers

Appl. Phys. Lett. 99, 132510 (2011)

T¢’s. Furthermore, from high magnetic field experiments and
Arrott plot construction, we were able to determine experimen-
tally the (different) T-’s of each structure. Concerning the tech-
nological applications on MR, we stress that the ideal MCE
material should present a strong competition between two crys-
tallographic structures with two distinct critical temperatures.
The variation of the magnetic entropy energy will be maxi-
mized when the crossover of the free energies (marking the
occurrence of the structural transition) occurs exactly at the
temperature of the lowest 7. Nevertheless, it should be high-
lighted that these types of transitions usually exhibit magnetic
hysteresis which is a drawback for the technological applica-
tions. The development of materials with distinct critical tem-
peratures and without hysteresis losses constitutes the major
challenge on the near future. We believe that our findings dis-
cussed herein will open new avenues on the search for this tour-
nament, thus leading to the production of optimal magnetic
materials exhibiting giant MCE.
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