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Abstract

The results of specific heat, magnetization and magnetic susceptibility
measurements for the antiferromagnetic (AF) compound Gd;Rh are presented.
Below its Néel temperature Ty = 112 K, this compound exhibits a field-
induced phase transition from the AF to the ferromagnetic state in a relatively
small magnetic field (~0.4 T). Specific heat measurements revealed a giant
enhancement of the coefficient of the 7'-linear specific heat in Gd;Rh (y =
118 mJ mol~! K=2) in comparison with that observed for the isostructural
nonmagnetic partner Y3Rh (y = 11 mJ mol~! K=2). An anomalous behaviour
of the heat capacity as well as a set of peculiarities of magnetic properties in
GdsRh are associated with the existence of spin fluctuations induced by f-d
exchange interaction in the d-electron subsystem that arises from features of
the crystal and electronic structure of the R3sM-type compounds.

1. Introduction

Some rare-earth compounds of an R3;M type (M = Co, Ni) have revealed an unusual behaviour
of their heat capacity. In particular, a strong dependence of the coefficient y of the T-
linear specific heat on the kind of R ion was observed. The y-value was found to be about
110 mJ mol~! K=2 for Gd;Co [1, 2] and 100 mJ mol~! K2 for Gd;Ni [3], whereas it reaches
only 15 and 14 mJ mol~" K2 for isostructural Y3Co [2, 3] and Y3Ni [4]. A giant enhancement
of y up to 380 and 425 mJ mol~!' K=2 was found to exist in the vicinity of the onset of long-range
magnetic order in pseudobinary systems (Gd;_,Y,)3Co and (Gd;_,Y,)3Ni [3]. Moreover,
when analysing the magnetic contribution to the entropy of (Gd;_,Y,)3Co compounds it was
shown that the magnetic entropy does not reach the theoretical value S,, = 3R(1 —x) In 8 even
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at temperatures of about two times the magnetic ordering temperature. The above properties,
which seem to be unusual for Gd—Co and Gd-Ni pseudobinaries, were attributed to the strong
influence of f electrons of R ions on the d-electron subsystem of the transition metal that results
in the presence of spin fluctuations induced by the f—d exchange interaction.

Within the series of R—-M intermetallics, the R3M compounds have the highest R content
and crystallize in the orthorhombic Fes;C-type structure when M is a 3d (Co,Ni), 4d (Rh, Pd), or
5d (Ir, Pt) transition metal with an almost full d band. The crystal structure of R3M compounds
consists of trigonal prisms, the corners of which are occupied by R ions. The transition metal
atoms are located within such prisms. The high rare-earth content in R3M leads to a transfer of
5d (4d in the case of Y) electrons of R ions to the unfilled d band that results in the absence of
magnetic moments on M atoms. According to an x-ray photoemission study [5] the electronic
structure of GdzRh is characterized by a significantly narrower Rh 4d band (about 2 eV) in
comparison with that of pure rhodium (about 5.5 eV). This is attributed to the reduced overlap of
the 4d orbitals owing to the large Rh—Rh distance (~4 nm) in the Fe;C-type lattice. The Fermi
level in Gd3Rh is located in the region with positive curvature above the top of the 4d states
hybridized with 5d states of Gd. Note that such peculiarities of the electronic structure were
observed for other R3M compounds with M = Nj, Ir [5, 6].

The fact that M ions are surrounded in the Fe;C-type lattice by rare-earth ions, together
with the large distance between M ions situated in the neighbour prisms, implies the presence of
strong correlations between 4f electrons of R ions and d electrons of transition metal ions, and
significant localization of spin fluctuations in the d-electron subsystem in R3M compounds.

As to the magnetic properties of Gd;Rh, the previous study has shown that this compound
can be classified as an antiferromagnet [5]. The Néel temperature of Gd;Rh, Ty = 112 K, lies
between the ordering temperatures of Gd;Co (131 K; see [1]) and Gd;Ni (100 K; see [7]).

In the present study we focus on the specific heat behaviour of the Gd;Rh compound, to
verify a possible influence of spin fluctuations.

2. Experimental details

The Gds;Rh and Y3Rh compounds were obtained by arc melting in a helium atmosphere using
gadolinium and yttrium of 99.9% purity and rhodium of 99.99% purity respectively. The
ingots were remelted several times to achieve good homogeneity of the samples. Using x-ray
diffraction, the crystal structure of the samples was found to be of Fe;C type. The traces
of foreign phases (<3%) were detected by using a metallographic method. It was found that
annealing at 600 °C for several days does not appreciably affect the properties of R3Rh samples.
Note: this is a common feature of R3M compounds.

The magnetization measurements were made on the polycrystalline sample of Gd;Rh by
using a SQUID magnetometer (Quantum Design, USA) in the temperature range 2-350 K. Spe-
cific heat measurements in the temperature range 3—140 K in zero magnetic field were carried
out on samples with a typical mass of 500 mg employing an adiabatic step-heating technique.
The sample holder consists of a thin sapphire disc with a strain gauge heater and a calibrated
CERNOX temperature sensor. The addenda calibration was performed with an NBS copper
standard. The accuracy of the experiment is better than 1% below 100 K and 1-3% above.

3. Results and discussion

To examine the magnetic state of the Gd;Rh sample we measured the temperature dependence
of the magnetization at low (0.01 T) dc magnetic field in the temperature range 2-200 K, field
dependences of the magnetization at different temperatures in magnetic fields up to 5 T, as well
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Figure 1. Temperature dependences of the reciprocal magnetic susceptibility (x ~!) and effective
magnetic moment (u.rr) for GdzRh. The inset shows the temperature dependence of the
magnetization measured at ;uoH = 0.01 T.
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Figure 2. Magnetization curves measured for Gd3Rh at various temperatures. The inset shows the
temperature dependence of the critical transition field.

as the temperature dependence of the magnetic susceptibility in the field 1 T in the paramagnetic
region (120-350 K). All these results are displayed in figures 1 and 2. The sharp peak at
T = 112 K in the M(T) dependence (see the inset in figure 1) indicates the Néel temperature
of Gds;Rh, which is consistent with datain [5]. As to the magnetic susceptibility, its temperature
dependence within the temperature interval 120-350 K cannot be reasonably well described
by the expression x (T) = xo + C/(T — ®,), considering that the C-value and consequently
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the effective moment s do not change with temperature. The deviation of x (7T") from the
Curie—Weiss law cannot be ascribed in this case to crystal field effects because of the S state of
the Gd ions. Assuming a possible change of the 1. rr-value due to the presence of short-range
correlations and a spin fluctuation contribution, we have calculated p.r7 (7)) using the Curie
law. The effective magnetic moment per gadolinium is found to be significantly temperature
dependent (see figure 1) and exceeds the value of /LGd3+ =g[J(J+1)] 172 = 7.94 up for the free
Gd ion even at high temperatures. The fi.r¢-value approaches 8.4 g at T = 350 K. Such

an enhancement over [LGd3+ may result from short-range correlations between Gd magnetic
moments and spin fluctuation effects in the d-electron subsystem influenced by the Gd ions.
Note that in [5] the excess A = p.rr — o = 0.55 p was found to exist at temperatures up
to 800 K.

An antiferromagnetic (AF) character of the magnetic ordering in Gds;Rh is strongly
indicated by the magnetization curves measured below Ty (figure 2). Like for the isostructural
compounds Gd;Co and Gd;Ni, the M (H) dependences for Gd;Rh show an abrupt increase
of the magnetization when the field increases above the critical value H.. We attribute such
behaviour to the metamagnetic phase transition from the AF order to the ferromagnetic (F)
alignment of Gd magnetic moments since the saturation magnetization per Gd ion reaches
7.2 jup. This value exceeds that expected for the free Gd** ion (gJ = 7 up). The additional
moment can be ascribed to an itinerant electron contribution associated with rhodium. The
value of the critical field of the AF-F transition in GdsRh (~0.4 T) is lower than in Gd;Co
(~0.8 T [1]) and in Gd3Ni (~4 T [7]) which suggests a smaller energy difference between
AF and F phases in Gd3;Rh. The shape of the magnetization curve of Gd;Rh is similar to the
M (H) dependence for polycrystalline samples of Gd3Co [1, 7]. The measurements of the
magnetization for single-crystalline samples of spherical shape have shown that in the vicinity
of the AF-F transition the slopes of the M (H) curves measured along the b- and c-axes of
Gd;Co agree very well with the demagnetizing factor. This prompted us to suggest that the
evolution of the AF-F transition along these axes occurs by nucleation of the F phase within
the AF matrix followed by motion of the interphase boundaries, like in other metamagnets [8].
The magnetization measured along the a-axis of Gd;Co was found to increase gradually
with increasing field. Such behaviour was attributed to rotation of Gd magnetic moments. An
analogous behaviour of the magnetization—step-like increases at critical fields along the b- and
c-axes and a gradual increase when the field was applied along the a-axis—was also observed
by Tristan et al (see [7]) for single-crystal Gd;Ni. One can, therefore, assume that the process
of magnetization of the polycrystalline sample Gds;Rh in the vicinity of the AF-F transition
involves all of the above-mentioned processes: nucleation of a new phase, motion of the
interphase boundaries, and rotation of magnetic moments in the field direction. Unfortunately,
the magnetic structure of Gd;Rh, like those of other Gd;M compounds, is still unknown
because of the very large absorption of neutrons by Gd. The complicated magnetization
behaviour revealed by measurements on Gd;Co and Gd3Ni single crystals was attributed to
the presence of complex noncollinear magnetic structures in these compounds [1, 7]. Bearing
in mind a giant magnetoresistance effect (Ap/p &~ —50%) observed at the AF-F transition
in GdsCo [1, 2], which was associated with superzone gap effects, one can suppose that the
periodicity of the AF magnetic structure of the Gd3M compounds (including Gd;Rh) does not
coincide with that for the crystal lattice.

The temperature dependence of the specific heat for Gd;Rh presented in figure 3 may be
described considering three contributions: electronic (C,;), phonon (C ), and magnetic (C,, ).
The pronounced anomaly in the C(7T') curve around 112 K indicates the phase transition from
the AF to the paramagnetic state with increasing temperature. Figure 4 shows the C/T versus
T? dependences in the low-temperature region that allow us to estimate the coefficient y of the
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Figure 3. (a) The temperature dependence of the specific heat of GdzRh. Solid curves show the
nonmagnetic (Cp;, +C,) and magnetic (Cy,) contributions. (b) The temperature dependence of the
magnetic part of the entropy S,,,. The vertical line indicates the Néel temperature of the compound.
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Figured4. C/T versus T2 dependences measured for Y3Rh (open circles) and GdzRh (full circles).

electronic contribution to the total specific heat for Gd;Rh as well as for its nonmagnetic partner
Y;Rh. This estimation gives y = 11 mJ mol~! K=2 for Y3;Rhand y = 118 mJ mol~! K~ for
Gd;Rh. Thus, as in the above-mentioned pairs of GdsM and YsM (M = Co, Ni), the Gd;Rh
exhibits an appreciably enhanced electronic specific heat coefficient in comparison with Y;Rh,
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although these compounds have similar electronic structures according to XPS data [9]. We
attribute such a great difference in y-value for the R3Rh compound depending on the type of
R ion to the presence of a large contribution from spin fluctuations in the d-electron subsystem
when the R ion has a nonzero magnetic moment. In our opinion, these spin fluctuations have
an induced character and originate from exchange interactions between f and d electrons. In
the low-temperature region an additional peak of the specific heat around 3.7 K is observed
for the Gd;Rh sample as well as for other GdsM compounds [2, 3]. This anomaly may be
associated with the AF ordering of a small amount of Gd,O3 [10].

In order to separate out the magnetic contribution to the total specific heat of Gd;Rh, we
have calculated the phonon contribution C;, with the Debye temperature ® p = 151 K which
was estimated using the Debye temperature ® , = 157 K for isostructural Gd;Co and taking
into account the difference in molar mass of these compounds. The Debye temperature for
Gd;Co was obtained by using the sound velocity and thermal expansion measurements [1].
As to the T-linear contribution to the specific heat C,; = y T, we have taken the y-value
for Gd3Rh to be equal to 11 mJ mol~! K~2 as for Y3Rh, bearing in mind that the enhanced
value y = 118 mJ mol~! K~ originates mainly from the spin fluctuation contribution which
is presumably temperature dependent. The magnetic contribution was obtained by subtraction
of the nonmagnetic part: C,, = C;oy — (Co + Cpy,), which is shown in figure 3. As it turned
out, after subtraction of electron and lattice contributions a significant specific heat remains
above the ordering temperature. Bouvier et al [11] and Blanco et al [12] have shown that for
Gd compounds the shape of the C,, (T') dependence below the ordering temperature as well as
the magnitude of the jump in C,, at T = Ty would depend on peculiarities of the magnetic
structure that appear below Ty. For the systems with equal magnetic moments, which may
include F, simple AF, as well as helical and cycloidal magnetic structures, the peak height of
C,, at Tyy was found to be [12]

J(J+1)
ACn =33 ar 1

For amplitude-modulated systems, the discontinuity in C,, at Ty is strongly reduced (to two
thirds) in comparison with that for equal-moment systems. This means that specific heat data
can give information on magnetic structure. From the above expression, one can find that
the value of AC,, for the Gd subsystem of GdsRh should be equal to 60.42 J mol~! K~
Surprisingly, this value is significantly less than the value of the peak height of C,, at Ty
(79.8 T mol~! K1) that follows from our specific heat data (see figure 3). Such a contradiction
forces us to suggest the presence of an additional contribution to C,,, which is not connected
with Gd magnetic moments directly. We also attribute the enhanced C,,-value around Ty
for Gd;Rh to spin fluctuations induced by the fluctuating exchange field, which acts on the
itinerant d electrons of Rh from localized 4f electrons of Gd.

By integrating the C,,(T)/T dependence, we have calculated the magnetic entropy of
GdsRh, which is plotted in figure 3(b). As can be seen, when the temperature increases up
to Ty = 112 K, the magnetic part of the entropy, S,.4,, reaches the value 32.2 J mol~! K1,
which is significantly less than the theoretical value S"** = 3RIn(2J + 1) = 3R1In(8) =

mag

51.86 Jmol~' K~'. Interestingly, the ratio Syag/Spes at Ty for GdsRh has the same
value (0.62) as for Gd;Co [2]. Since the Gd ions are not affected by the crystal field,
such a discrepancy between Syuqe and S,0; in GdsM compounds may be associated with the
presence of short-range correlations between Gd magnetic moments well above the ordering
temperature. In our opinion, these short-range correlations and spin fluctuations induced by
f—d exchange in the d-electron subsystem are the main reason for the unusual behaviour of

the electrical resistivity of Gd;sM compounds in the paramagnetic region, i.e. a pronounced
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saturation effect and a temperature-independent run of the resistivity in the wide temperature
interval above the ordering temperature [1, 5].

4. Conclusions

The AF compound Gd;Rh exhibits a field-induced phase transition from the AF state to
the field-induced parallel alignment of Gd magnetic moments below the Néel temperature
Ty = 112 K. The low critical transition field, which is less than in the isostructural Gd;Co [1]
and Gd3Ni [7] compounds, implies a lower difference in energy of AF and F states in Gds;Rh.
The observed excess of the saturation magnetic moment per Gd ion (~0.2 up) with respect
to the value expected for Gd** of 7 up may be ascribed to the additional contribution from
itinerant electrons associated with rhodium and the Gd 5d states. The temperature dependence
of the paramagnetic susceptibility does not exactly follow the Curie—Weiss law even up to
temperatures of the order 37y. A presence of the temperature-dependentexcess of the effective
magnetic moment above the theoretical value 7.94 up for Gd** may result from short-range
correlations in the Gd subsystem as well as from spin fluctuations in the d-electron subsystem
of Rh. A giantenhancement of the coefficient y of the T -linear specific heat was found to occur
in Gd;Rh as well as in other Gd3M compounds (M = Co, Ni) in comparison with isostructural
R3M compounds with nonmagnetic R ions (R =Y, La). We attribute the increased value of y
for all Gd;M compounds, about one order of magnitude larger than for Y3;M and LasM, to the
presence of a huge contribution from spin fluctuations induced by f—d exchange interactions
in the d-electron subsystem. The giant value of this contribution originates from peculiarities
of the crystal and electronic structures of R3M compounds. The peak height of the magnetic
contribution, Cy,, to the total specific heat at Ty in Gd;Rh was found to significantly exceed the
peak value calculated within mean-field theory [12] considering the system of Gd magnetic
moments only. In our opinion, the enhanced C,,-value around Ty originates also from the
presence of spin fluctuations induced in the d band by the fluctuating exchange field acting
from the Gd subsystem. Moreover, the magnetic contribution to the total specific heat of Gd;Rh
was found to persist well above the ordering temperature. This, together with the low value
of the magnetic entropy at 7 = T in comparison with the theoretical limit (S,, = 3R In(8)),
suggests the existence of short-range correlations as well as spin fluctuations induced by f—d
exchangeat T > Ty. The latter results in an additional contribution to the conduction electron
scattering in GdsM in the paramagnetic regime and causes an almost temperature-independent
resistivity of these compounds over a wide temperature range above Ty [1, 2, 5].
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