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Abstract

Gd,Sn,07 and Gd,Ti,07 have been regarded as good experimental realizations of the classical
Heisenberg pyrochlore antiferromagnet with dipolar interaction. The former was found to adopt
the Palmer-Chalker state via a single, first-order transition at 7y = 1 K, while the latter enters a
distinct, partially ordered state through two successive transitions at 7x; = 1 K and Tx, = 0.75 K,
respectively. To shed more light on their distinct magnetic ground states, we have synthesized
two more gadolinium-based pyrochlore oxides, Gd,Ge,O; and Gd,Pt,0O7, under high-pressure
conditions, and performed detailed characterizations via X-ray powder diffraction, dc and ac
magnetic susceptibility, and specific heat measurements down to 100 mK. We found that both
compounds enter a long-range antiferromagnetically ordered state through a single, first-order
transition at 7y = 1.4 K for Gd,Ge,O7 and Ty = 1.56 K for Gd,Pt,07, respectively, with the
specific-heat anomaly similar to that of Gd,Sn,0O7 rather than Gd,Ti,0O. Interestingly, the low-
temperature magnetic specific heat of both Gd,Ge,O; and Gd,Pt,07 was found to follow nicely
the T°-dependence as expected for a three-dimensional antiferromagnet with gapless spin-wave
excitations. We have rationalized the enhancement of 7y in terms of the reduced Gd-Gd
distances for the chemically pressurized Gd,Ge,O; and the addition of extra superexchange
pathways through the empty Pt-e, orbitals for Gd,Pt,0O7, respectively. Our current study has
expanded the family of gadolinium-based pyrochlores, and permits us to achieve a better
understanding on their distinct magnetic properties in a more comprehensive perspective.

PACS numbers: 75.30.-m, 75.30.Kz, 75.40.-s



Introduction

Antiferromagnetically coupled Heisenberg spins on a pyrochlore lattice of corner-sharing
tetrahedra are subjected to strong geometrical frustration."* Theoretical investigations on such a
spin system have shown that the nearest-neighbor exchange alone cannot produce long-range
magnetic order for either classical or quantum spins.>* However, perturbations such as the
magnetic dipole-dipole interaction, anisotropic or further-neighbor exchange interactions can lift
the degeneracy of the ground-state manifold and select a unique ordered state. For example,
Palmer and Chalker > proposed that the inclusion of long-range dipolar interaction would select a
four-sublattice Néel state with an ordering wave vector k = (0 0 0), the so-called Palmer-Chalker
(P-C) state. Because the Gd*" ion (S = 7/2, L = 0) has a very small intrinsic anisotropy, the
insulating Gd,Ti,07 (GTO) and Gd,Sn,07 (GSO) oxides are expected to be good approximations
of the classical Heisenberg antiferromagnet on the pyrochlore lattice with dipolar interaction.
Since the pioneer study on GTO in this context by Raju et al., the magnetic properties of these
two compounds have been investigated with various experimental techniques, such as dc and ac
magnetic susceptibility *'°, specific heat 7 !!, elastic and inelastic neutron scattering '>'°,
electron spin resonance ' 2°, Mossbauer "', and muon spin relaxation

2224 Besides, their
interesting magnetic properties have also been the subject of several theoretical studies® 2’

Experimentally, both compounds become magnetically ordered below ~ 1 K. However, their
magnetic ground states exhibit different properties. For GSO, it undergoes a single, strongly
first-order transition at Ty = 1.0 K into a long-range antiferromagnetically ordered ground state”
' which is consistent with the theoretical prediction of the P-C state mentioned above. In
striking contrast, two successive magnetic transitions at 7n; = 1.0 K and 7x; = 0.75 K were
observed in GTO,*” which forms a partially ordered ground state having three out of four Gd
spins within one tetrahedron ordered and the remaining one spin paramagnetic. Based on the
analysis of the neutron diffuse scattering, Stewart ez al." initially proposed a 4-k magnetic
structure with k = (%2 % ¥4) characterized by a spatial correlation length of ~3.6 A for the
disordered spins corresponding to the nearest neighbor Gd-Gd distance. However, a very recent
study on GTO by Paddison et al.'® provided evidences in favor of the 1-k structure in which the
disordered spins belong to different tetrahedra with a larger separation of ~ 7.2 A. Thus, the
exact magnetic structure of GTO remains an open issue. The different magnetic structures and
the ordering processes between GTO and GSO are also echoed by their distinct low-energy spin
excitations below 7n. The magnetic specific heat Ci,(7) of GSO drops exponentially below 350
mK,'" pointing to a conventional, gapped spin-wave excitations, which was confirmed by the
inelastic neutron scattering."® Starting from the P-C state, Del Maestro and Gingras ' actually
predicted such conventional magnons gapped by the single-ion anisotropy and dipolar
interactions. In contrast, Cn(7) of GTO was observed to follow the 7°-dependence down to ~100
mK,"** which is rather unconventional and suggests an unusual low-energy magnetic excitations.
Based on the moun spin relaxation measurements, Yaouanc ef al.** proposed that the density of



magnetic states for GTO are characterized by an upturn at low energy and a small gap varied
linearly with temperature.

These side-by-side comparisons between GSO and GTO highlight the extreme sensitivity of the
magnetic ground state to subtle structural changes for these highly frustrated pyrochlore
antiferromagnets. The presence of theoretically predicted P-C state in GSO but not in GTO
suggests that additional contributions other than the nearest-neighbor exchange and dipole-dipole
interactions are at play for GTO. On the basis of a mean-field study, Wills ez al."* proposed that
one kind of third-neighbor exchange across the empty hexagons J3; is responsible for the
stabilization of the 4-k structure in GTO. This proposal seems to be reasonable in that a smaller
lattice constant of GTO (i.e. @ =10.182 A of GTO versus 10.454 A of GSO)’ would give rise to
stronger third-neighbor exchange interactions J3;. In a recent theoretical investigation by
Javanparast et al.*’, on the other hand, thermal fluctuations are argued to be responsible for the
observed partially ordered 4-k state in GTO. It should be noted that GTO is prone to structural
disorders. Careful treatments such as a long synthetic duration and low-temperature oxygen
anneal have to be adopted in order to minimize the structural disorders,*® which was found to
have a profound impact on the magnetic properties of polycrystalline GTO samples. For example,
the second transition at 7x, cannot be discerned in the polycrystalline samples with a high level
of structural disorders. In this regard, it remains an open question whether the remaining
structural disorders or the further-neighbor exchange interactions play a dominant role in
determining the distinct magnetic ground state of GTO.

As pointed out by Gardner et al.’', the current understanding of these Heisenberg pyrochlore
antiferromagnets is still incomplete. In addition, the partial magnetic order evidenced in GTO
has attracted some recent research interest.'®*’ In order to gain more insights into these long-
standing issues, we undertook in this work a detailed experimental investigation on the magnetic
properties of two more gadolinium-based Heisenberg pyrochlore antiferromagnets, Gd,Ge,O
(GGO) and Gd,Pt,07 (GPO), which can be stabilized only under high-pressure and high-
temperature conditions. Both compounds have been known since 1968, * but their magnetic
properties remain largely unexplored to date. Since the Gd-Gd distances are much reduced in
GGO due to the smaller size of Ge*(0.53 A) compared to Sn*(0.69 A) and Ti*(0.605 A), the
dipole-dipole coupling and the nearest- and further-neighbor exchange interactions are expected
to be enhanced accordingly. On the other hand, the presence of spatially more extended 5d
orbitals for nonmagnetic Pt*" (5t2g6eg°) might also influence profoundly the magnetic properties
of GPO, as demonstrated in our recent work on Er,Pt,0O; and szPt207.3 4 Interestingly, we found
that both GGO and GPO undergo a single, strongly first-order antiferromagnetic transition with
characteristic specific-heat anomaly similar to GSO, and the transition temperatures, 7x= 1.4 K
for GGO and Ty = 1.56 K for GPO, are greatly enhanced with respect to that of GSO and GTO.
In addition, the magnetic specific heat for both compounds was found to follow the 7°-
dependence as a conventional antiferromagnet with gapless spin-wave excitations, also different
from that of GSO and GTO. Although the higher 7 of GGO can be understood generally from



the viewpoint of shortened Gd-Gd distances, the observed 7y of GPO is unexpectedly high by
considering only the effect of chemical pressure. Instead, we propose that it is the empty Pt-e,
orbitals that provide extra pathway for the superexchange interactions among the Gd-Gd spins.
Our current study thus allows us to inspect the distinct properties of Gd-based Heisenberg
pyrochlores in a more comprehensive perspective.

Experimental details

Polycrystalline GGO and GPO samples were obtained by sintering the stoichiometric mixture of
Gd,03 and GeO; or PtO, powers with a Kawai-type multianvil high-pressure module in the
Institute of Physics, Chinese Academy of Sciences (IOP, CAS). The synthesis conditions are 7
GPa and 1000-1100 °C for GGO, and 4 GPa and 1000 °C for GPO, respectively. The high-
pressure product is single phase for GGO, whereas that of GPO contains a certain amount of
platinum metal and unreacted Gd,Os, which can be removed by solution in warm aqua regia. To
facilitate the subsequent magnetic and specific-heat measurements, the obtained GPO powders
were pressed into pellets and then subjected to heat treatment at 900 °C for 10 h in air at ambient
pressure.

Room-temperature powder X-ray diffraction (XRD) was employed to examine the phase purity
of obtained high-pressure products. We have applied the Rietveld refinements on the XRD
patterns with the Fullprof program to extract the structural parameters and to evaluate the degree
of site disorder in these samples. The dc magnetic susceptibility of GGO in the temperature
range 0.5-1.8 K was measured with a superconducting quantum interference device
magnetometer (Quantum Design) equipped with a home-made *He insert in the Institute for
Solid State Physics, University of Tokyo (ISSP, UT).* All other dc magnetic measurements
above 1.8 K were performed with a magnetic property measurement system (MPMS-III,
Quantum design) in the IOP, CAS. The typical sample mass is about 30 mg for the dc magnetic
measurements, and the data were collected after each temperature is stabilized for 5 seconds. The
ac magnetic susceptibility measurements down to 100 mK under various magnetic fields were
carried out either in an Oxford Heliox insert or a dilution refrigerator with the mutual induction
method; an ac magnetic field of ~ 1 Oe with a fixed frequency of 317 Hz was generated in the
primary coil, and the output signal across two oppositely wound secondary coils was picked up
with a Standford Research SR830 lock-in amplifier. The typical sample mass is about 3-5 mg for
the ac magnetic measurements, and the data were collected upon cooling down with a sweep rate
less than 0.05 K/min for 7'< 2 K. Specific-heat measurements under zero field were carried out
upon cooling down with the two-tau relaxation method in a physical property measurement
system (PPMS, Quantum Design) equipped with a dilution refrigerator insert in the University of
Texas at Austin. A larger sample ~ 12 mg was used for measurements above 2 K, while a smaller
and thinner sample of ~ 2 mg was employed for measurements in the dilution refrigerator. We
have also performed specific-heat measurements on Gd,Ge>O (sample mass ~ 30 mg) under



various magnetic fields up to 9 T by using the semi-adiabatic method in the ISSP, UT. The
sample was fixed to a silver platform with the GE varnish.

Results

1. Structural characterizations

The powder XRD patterns of GGO and GPO shown in Fig. 1 confirm that both samples are
single phase with the cubic pyrochlore structure. These XRD patterns were refined in a cubic Fd-
3m (No. 227) space group with the Gd atom at 16d (1/2, 1/2, 1/2), the Ge/Pt atom at 16¢ (0, 0, 0,),
the O1 atom at 48/ (x, 1/8, 1/8), and the O2 atom at 85 (3/8, 3/8, 3/8) site, respectively. To check
the degree of site disorder, we have allowed the site exchange between Gd and Ge/Pt in the final
refinements. Based on the XRD data, the degree of site mixing, i.e. the percentage of Ge/Pt
occupying the Gd site, was found to be around 4.0(1)% for GGO and GPO. Figs. 1(a, b) illustrate
the goodness of fitting for both compounds. The obtained structural parameters for GGO and
GPO from Rietveld refinements are listed in Table 1 together with those of GTO and GSO for
comparison.

The obtained lattice constants a = 9.9985(1) A for GGO and a = 10.2595(9) A for GPO agree
well with the previously reported values of 9.995 A 2 and 10.261 A *. As shown in Fig. 2(a),
the cubic lattice constant a increases linearly with the ionic radius (/R) of B*" ions along the
Gd,B,07 series (B = Ge, Ti, Pt, Sn), signaling a progressive increment of chemical pressure on
the Gd®" pyrochlore lattice by reducing the B*"-ion size. It should be noted that the lattice
constant of Gd,Pb,0; also stays nicely on the straight line of a vs JR(B*") despite of a high
degree of site mixing (~40%).*® This means that the chemical pressure controlled mainly by the
size of B*" cation is a steric effect. Thus, one has to clarify the degree of site disorder before
discussing the effect of chemical pressure on the magnetic properties.

As a measure of the axial distortion along the local [111] direction for the A-site cation in the
pyrochlore structure,’’ the Gd-O bond length ratio p = (Gd-02)/(Gd-O1) in Fig. 2(a) increases
generally with the /R of B*" in the series of Gd,B8,07 (B = Ge, Ti, Sn). However, a clear deviation
is observed for GPO due to an anomalously short Gd-O1 bond length shown in Fig. 2(b). Very
similar local structure characteristics have also been observed in Er,Pt,0O; among the series of
Er,B,0; (B = Ge, Ti, Pt, Sn).** These intrinsic crystallographic features of the platinum
pyrochlores thus underscore the important difference of Pt*" ions with respect to other
nonmagnetic ions, i.e. the Pt ion with spatially more extended 5d orbitals tends to squeeze the
Gd-O1 bonds that are lying roughly within the same buckled plane perpendicular to the local
[111] direction.*® On the other hand, the presence of empty e, orbitals in pt** (5t2g6eg° in a low-
spin state within an octahedral oxygen coordination) will also influence the magnetic properties
as shown below.

2. Magnetic properties



Fig. 3 (a) displays the inverse dc magnetic susceptibility yu ' (7) for GGO and GPO. Both show
nice linear behaviors in the measured temperature range. Applications of the Curie-Weiss fitting
to g4 (T) in the temperature range 10-300 K yield an effective moment g = 8.05(1) 45 and a
Weiss temperature Gew = -11.1(1) K for GGO, and g = 7.94(1) s and Gew = -8.8(1) K for
GPO, respectively. Like in GTO and GSO, the obtained zigs are very close to the expected value
of 7.94 ,uB/Gd3+ for the free ion 8S7/2 ground state of Gd>". As demonstrated in the diluted GTO,6
the negative cw in GGO and GPO reflects dominate antiferromagnetic interactions between the
Gd*" spins. As compared in Table 1, the antiferromagnetic interactions proportional to |Gcw]| are
enhanced progressively with reducing the IR of B*" cations as expected. (It should be noted that
there are some discrepancies for the reported Gcw in literatures. The Gew values for GSO and
GTO listed in Table 1 came from the same report7.) The M(H) curves at 2 K increase with field
and reach ~6.0up under 7 T for both compounds as shown in Fig. 3(b).

In order to determine the antiferromagnetic transition temperatures for GGO and GPO, we
resorted to the dc and ac magnetic susceptibility measurements at low temperatures. As shown in
Fig. 3(c), the dc magnetic susceptibility g, of GGO measured in the zero-field-cooling mode
displays a clear cusp-like anomaly at 7y = 1.42 K, while the ac susceptibility y,. of GPO peaks
out at 7y = 1.56 K. Both features in dc and ac susceptibilities resemble those of GSO at Ty 7,38
confirming the occurrence of long-range antiferromagnetic transition in GGO and GPO. It

>

should be noted that a sharp jump in the field-cooled y,. is evidenced at Ty of GSO.” These
transition temperatures are further confirmed by the specific-heat measurements shown below.
Although a higher Ty is expected for the chemically compressed GGO, the observed Ty for GPO
is surprisingly high implying that other factors beyond the effect of chemical pressure play an
important role as will be discussed below. Based on the obtained values of 7y and &cw, the
frustration index /= |6cw|/Tx 1s estimated to be 7.8 for GGO and 5.6 for GPO, respectively. As
compared in Table 1, these f factors are reduced relative to that of GSO and GTO, especially for
GPO due to the more profound enhancement of 7.

3. Specific heat

Temperature dependence of specific heat C(7) for GGO and GPO measured in a large
temperature range 0.1-295 K are displayed in Fig. 4(a) in a double logarithmic scale in order to
highlight the ultralow-temperature features. The C(T) data of their sister compounds, GSO " "'
and GTO %, are also included for comparison. As can be seen, both GGO and GPO exhibit a
single, sharp specific-heat peak, resembling that of GSO rather than GTO. The transition
temperatures determined from the peak are 7y = 1.40 K and 1.57 K for GGO and GPO,
respectively, which are in excellent accordance with those determined from the magnetic
susceptibility shown in Fig. 3(¢). The specific-heat jump around 7y is as large as 45 and 30
J/mol-Gd K for GGO and GPO, respectively. Although these anomalies are less pronounced
than that of GSO, they are much stronger than that of the best GTO ever reported **. Importantly,



they are higher than the mean-field value of 20.4 J/mol-Gd K for a second-order magnetic
transition for S = 7/2,%° suggesting a strong first-order nature of the antiferromagnetic transition
as in GSO. The first-order nature is also confirmed by the presence of small thermal hysteresis in
the M(T) curves of GPO." Another noteworthy feature in Fig. 4(a) is that the drop of C(T) for
GGO and GPO at the lowest temperature region is less profound as GSO "', implying the
presence of different low-energy magnetic excitations.

In order to estimate the entropy change associated with the antiferromagnetic transition and to
evaluate precisely the low-energy magnetic excitations, we have obtained the magnetic specific
heat C,(T) by subtracting from the measured C(7) the lattice C,; and the gadolinium nuclear
Chuel contributions. Here, we have taken the C(7) of isostructural, nonmagnetic counterpart,
Lu,Ge,O7 and Lu,Pt,0, as the lattice standard Cy,; for GGO and GPO, respectively, while the
Chuet = 1.35 x10™* T2 was taken from literature '’ They are also shown in Fig. 4(a). The resultant
Cm = C - Ciat - Chuel and the magnetic entropy S obtained by integrating C,/T are displayed in Fig.
4(b) and 4(c) for GGO and GPO, respectively. Since the Cj, and C, are about 2 orders of
magnitudes smaller than the Cy, in the temperature range 0.2-1 K, any uncertainty in Cj, and
Chuel Will not influence the conclusions reached below. For both cases, the entropy statures to the
value very close to the expected RIn(8) for S = 7/2 of Gd*", where R is the ideal gas constant. As
observed in many geometrically frustrated magnets, over 50% of entropy has been released
above Ty for both compounds due to the presence of strong short-range spin correlations.

The magnetic specific heat Cy, at 7'< Ty provides important information about the low-lying spin
excitations arising from the ordered state. Interestingly, the C(7) of both GGO and GPO in the
lowest temperature region are found to follow nicely a Cy, o< T° dependence, Fig. 4(b, c), as
expected for a conventional three-dimensional antiferromagnet with gapless spin-wave
excitations. In addition, a crossover to Cpe< T° dependence takes place at ~ 0.5 K and 0.6 K for
GGO and GPO, respectively. The observation of conventional 3D antiferromagnetic spin-wave
excitations in GGO and GPO is surprising in view of the unusual magnetic specific heat for GTO
and GSO reported in the literature ' *. Earlier specific-heat measurements on GSO and GTO
also evidenced an anomalous 7°-depdence just below their Txs. Such a T>-depdence of Cy, has
been observed to hold for GTO down to 100 mK, Fig. 4(a), which has been ascribed to an
unusual energy dependence of the density of states of magnetic excitation spectrum.”* As
mentioned above, on the other hand, the T -dependence of Cy, for GSO was found to change to
an exponential function, i.e. Cy, o< (1/T7) exp(-A/T), below 0.35 K, as expected in a
conventional antiferromagnet with a gapped spin-wave excitation spectrum, which has been
attributed to the anisotropy due to single-ion effects and long-range dipolar interactions. The
absence of spin-wave excitation gap in GGO and GPO indicated that the anisotropy plays a less
important role, at least in the investigated temperature range. As discussed below, the anisotropic
effect is still present in GGO and GPO, but its influence on the spin-wave excitation spectrum
might be overtaken by the more strengthened superexchange interactions in GGO and GPO.



4. T(H) Phase diagram of GGO

Although the single-ion anisotropy is expected to be very small for the Gd** with § = 7/2 and L=
0, recent electron spin resonance experiments evidenced a sizable anisotropy constant with
respect to the exchange and dipolar couplings due to the trigonal symmetry and higher order
spin-orbit coupling.*' As a result, the application of external magnetic field has been found to
induce multiple magnetic phases in both GSO '>** and GTO ****. In this study, we have also
employed dc and ac magnetic susceptibility as well as specific heat to elucidate the magnetic-
field-driven phase transitions in GGO.

Displayed in Fig. 5(a, b) are the temperature dependences of dc and ac magnetic susceptibilities
of GGO measured below 2 K under various external magnetic fields. As seen in Fig. 5(a), in
addition to the anomaly at 7y, the application of 1 T field induced a shoulder around 0.9 K,
which seems to shift to below 0.6 K under 1.5 T. On the other hand, two successive anomalies
appear in the y;.(7) curve under 2 T. The evolution of these field-induced anomalies can be seen
more clearly from the dense y,.(7) curves in Fig. 5(b). Upon the application of magnetic field
below 1.5 T, a shoulder first emerges at ~0.9 K and develops into a broad hump, which then
moves to lower temperatures with further increasing magnetic field. Above 1.5 T, the anomaly at
In ~ 1.4 K in y,(T) splits into two peaks, similar to that observed in the },.(7) curve under 2 T,
and the low-temperature peak shifts to lower temperatures and smears out with increasing field
to ~3 T. Above 3 T, another new shoulder develops below 7y and moves to lower temperatures
with magnetic field, as seen in the field range below 1.5 T. At the same time, 7y is also
suppressed gradually by magnetic field, Fig. 5(b). The specific-heat data shown in Fig. 5(c)
further confirmed that 7 can be suppressed gradually by the external magnetic field. In
accordance with the y,.(7) curve at H=2 T in Fig. 5(a), the C(7) data at 2 K also evidenced two
successive anomalies at 1.4 and 1.2 K, respectively.

By plotting the characteristic temperatures of these above-mentioned shoulder and peak
anomalies in these magnetic susceptibility and specific heat curves, we constructed a magnetic
phase diagram for GGO shown in Fig. 6. Except for the low-field phase boundary below 2 T and
1.1 K, the obtained phase diagram resembles that of polycrystalline GSO **. There are at least
four different magnetic phases that can be distinguished with increasing magnetic fields for GGO.
In the case of GSO, the multiple phase transitions under magnetic field have been manifested as
the change of the ratio of Bragg peak intensities."> Further neutron studies under magnetic fields
can help to clarify the complex magnetic phase diagram of GGO.

Discussions

The rare-earth stannates R,Sn,O7 and titanates R, Ti,07 are the two major material families for
the experimental investigations of geometrically frustrated magnetism in the pyrochlore lattice.
Although they are expected to exhibit similar magnetic behaviors for a given R*" ion, in reality
frequently observed are many distinct properties between them. For example, long-range



magnetic order is observed in Er,Ti,07 + and Tb,Sn,O4 44, but is absent in their counterparts of
Er,Sn,O; *° and Tb,Ti,0; *°. These facts reflect the extreme sensitivity of the magnetic properties
for these highly frustrated pyrochlore magnets to subtle structural perturbations controlled by a
slight change of the interatomic R-R distance. In order to have a comprehensive understanding
on these interesting phenomena, we have initiated investigations on the magnetic properties of
the corresponding RyGe,07 *"! and R,Pt,07 ** pyrochlores that can be stabilized only under
high-pressure conditions.** ** Detailed characterizations of these pyrochlores and systematic
comparisons with the corresponding titanates and stannates can deepen our understanding

. . 1
towards a unified picture.’

By following such a similar strategy, we have undertaken in this work an experimental study on
the magnetic properties of GGO and GPO pyrochlores. The main finding of this work is that
both GGO and GPO undergo a long-range antiferromagnetic transition at 7y = 1.4 K and 1.56 K,
respectively, which is manifested as a single specific-heat peak like GSO rather than GTO.
Although the exact magnetic structures of GGO and GPO will have to leave for the future
neutron experiments on the '°’Gd isotopically enriched samples, a direct comparison of the
specific-heat anomaly in Fig. 4(a) immediately raises the question: why is GTO so special that
only it undergoes two successive transitions among the gadolinium pyrochlores?

According to the previous studies, the development of the partial magnetic order in GTO
involves two steps, ' leading to the two successive transitions. In contrast, the adoption of the P-
C state in GSO is accomplished via a single, strongly first-order transition.'* Since the major
structure difference between GSO and GTO is the interatomic Gd-Gd distances, it has been
generally accepted that the distinct magnetic properties of GTO arise from the contributions of
further-neighbor exchange interactions."* In comparison with GTO, the smaller Ge* (0.53 A) in
GGO reduces considerably the Gd-Gd distances so that the further-neighbor exchange
interactions are expected to be strengthened substantially, while the Gd-Gd distances are
changed only slightly in GPO. Unexpectedly, neither of them shows similar two successive
transitions as GTO. Instead, the presence of a single, strongly first-order transition in the specific
heat of GGO and GPO highly resembles to that of GSO. These observations thus cast doubts on
the current interpretations, and point to some other factors that could reconcile the observed
discrepancy. One plausible factor that deserves careful scrutiny is the influence of cation site
disorder or off-stoichiometry. A literature survey indeed shown that the specific-heat anomaly at
the magnetic transitions of GTO, especially the lower one at T, exhibits a large variation from
sample to sample.® ***° Thus, further studies on GTO samples with carefully controlled defect
level are needed to elucidate the nature of its magnetic transitions.

Another interesting finding of the present work is the observation in both GGO and GPO of
magnetic specific heat Cy, o< T° at low temperatures, which corresponds to gapless spin-wave
excitations for a conventional three-dimensional antiferromagnet. Such a low-energy magnetic
excitation spectrum is different from that of GSO 127 and GTO %, Fig. 4(a). As mentioned



above, the Cy, of GTO exhibits an unconventional 7>-dependence down to 100 mK,** implying
an unusual low-energy magnetic excitations with a gap in the density of magnetic states varying
linearly with temperature. In contrast, the exponential drop of Cy,(7) for GSO points to rather
conventional antiferromagnetic gapped spin-wave excitations.'' In both cases, the gap has been
attributed to the anisotropy arising from the single-ion effects and long-range dipolar
interactions.'"" " These effects are expected to present in both GGO and GPO, but the
observed conventional magnetic specific heat indicated that the influence of anisotropy becomes
less important, at least in the measured temperature region down to 100-200 mK. In the case of
GGO, the reduced nearest-neighbor Gd-Gd distance and the enhanced local axial distortion, Fig.
2(a), are expected to enhance both the single-ion anisotropy and the dipolar interactions. This
point is also reflected in the magnetic-field induced multiple phase transitions seen in Fig. 6.
Meanwhile, the superexchange interactions should also be strengthened considerably in GGO, as
reflected by the ~40% enhancement of 7y with respect to GSO and GTO. Then, the observation
of gapless spin-wave excitation in GGO should be attributed to a diminished ratio of anisotropy
to the superexchange interactions. This ratio is further reduced in GPO in view of the weakest
local axial distortion, i.e. the largest p in Fig. 2(a), and the highest 7\ among these gadolinium
pyrochlores. Thus, we conclude that it is the strengthened superexchange interactions in GGO
and GPO that attenuate the influence of anisotropy so as to sustain a conventional, gapless spin-
wave excitation spectrum.

Finally, we discuss briefly the different mechanisms for the enhanced superexchange interactions
in GGO and GPO, in which the observed Tys are about 40% and 60% higher in comparison with
GSO and GTO. In the case of GGO, the higher 7y can be qualitatively attributed to the shorter
nearest-neighbor Gd-Gd distances. However, such a chemical pressure effect cannot explain the
even higher Ty of GPO. Considering the electronic configuration of Pt** (Stzgéego) in GPO, on the
other hand, we tentatively attribute the enhancement of 7y to the extra superexchange pathways
through the empty e, orbitals of Pt** via Gd-O-Pt-O-Gd. This contribution becomes particularly
prominent in GPO having the spatially more extended Pt-5d orbitals. Similar phenomenon has
been observed in the A-site-order perovskite CaCuzB40, (B = Ti, Pt),52 in which the localized
Cu”" spins are coupled antiferromagnetically via the B*" ions through the Cu-O-B-O-Cu
pathways. In comparison with a 7y = 25 K for CaCu3Ti401,, the higher 7y =40 K in
CaCusPt401, has been attributed to the stronger superexchange interactions through the empty e,
orbitals of Pt*" due to the strong hybridization between Pt-5d and O-2p orbitals.”” It is interesting
to note that the enhancement of 7y by 60 % from CaCu;Ti40;, to CaCu3Pt40;; is nearly identical
to that from GTO/GSO to GPO observed here. Such a coincidence could serve as another
evidence to testify the above argument. But we should point out that in our recent work ** on the
XY pyrochlore antiferromagnets Er,B,0, in which the Er’” moments lying mainly within the
plan perpendicular to the local [111] direction, the observed 7x = 0.3 K for Er,Pt,07 is
substantially lower than that of Er,Ti,07 (1.17 K) and Er,Ge,O7 (1.4 K). This comparison
implies that the effect of hybridization on the anisotropic exchange interactions might depend on
the single-ion anisotropy.



Conclusions

In summary, the magnetic properties of cubic pyrochlores Gd,Ge,O7 and Gd,Pt,O7 synthesized
under high pressure were studied through measurements of dc and ac magnetic susceptibility,
and specific-heat measurements. Both compounds were found to undergo a long-range
antiferromagnetic transition at 7y = 1.4 K for GGO and 7y = 1.56 K for GPO, respectively. The
transition is manifested as a single, strongly first-order specific heat anomaly as seen in GSO
rather than GTO. Their low-temperature magnetic specific heat was confirmed to follow the 7°-
dependence, as a conventional three-dimensional antiferromagnet with gapless spin-wave
excitations. In comparison with GSO and GTO, the observed higher 7ys have been attributed to
the reduced nearest-neighbor Gd-Gd distance in GGO and the addition of extra superexchange
pathways via the empty e, orbitals in GPO, respectively. We argued that it is the enhanced
superexchange interactions in both GGO and GPO that diminish the influence of anisotropy
effect as so to sustain a gapless spin-wave excitation spectrum. For a more comprehensive
comparison on these dipolar Heisenberg pyrochlore antiferromagnets, neutron experiments on
the '®°Gd isotopically enriched GGO and GPO are needed to determine the exact form of their
magnetic ground state.
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Table 1. Comparison on the structural and magnetic properties of the cubic pyrochlores Gd,5,0
(B = Ge, Ti, Pt, Sn)

Gd,B,07

B =Ge

B=Ti B=Pt B=Sn
IR(B™) (A) 0.53 0.605 0.625 0.69
a(A) 9.9985(1) 10.182 10.2595(9) 10.454
Run [Z (2/4)a] (A) 3.535 3.600 3.627 3.696
x of Olat 48f (x, 1/8, 1/8) 0.3182(3) 0.327 0.337(3) 0.335
Gd-02 (x2) (A) 2.165(1) 2.2045 2.2243(1) 2.265
Gd-01 (x6) (A) 2.535(6) 2.5185 2.467(16) 2.537
p [=(Gd-02)/(Gd-01)] 0.854 0.875 0.902 0.893
T (K) 1.40 1.0, 0.74 1.56 1.0
Uesr 1p/Gd™) 8.05(1) 7.7-7.8 7.94(1) 7.96-8.06
Oew (K) -11.1(1) -9.9(1) -8.8(1) -8.6(1)
/= 16cwl/Tn 7.93 9.9 6.2 8.6
Reference This work 53 This work 54
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Fig. 1 (Color online) Rietveld refinements on the powder XRD patterns of (a) Gd,Ge,O7 and (b)
Gd,Pt,0.
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Fig. 2 (color online) (a) Lattice parameter @ and the Gd-O bond length ratio p = (Gd-02)/(Gd-O1)
characterizing the axial distortion of GdOg polyhedra, and (b) Gd-O bond lengths in the series of
Gd,B,07 (B = Sn, Pt, Ti, Ge) as a function of the ionic radius (IR) of the B*" ions.
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Fig. 3 (Color online) (a) Temperature dependence of the inverse de magnetic susceptibility "
(T) of Gd,Ge,07and Gd,Pt,07 measured under H = 0.1 T in zero-field-cooling (ZFC) mode. A
Curie-Weiss (CW) fitting has been applied in the temperature range 10-300K to extract the
effective moment fi and CW temperature 6Ecw. (b) Magnetization curves at 2 K for
Gd,Ge,07and Gd,Pt,07. (¢) Dc and ac magnetic susceptibility for Gd,Ge,O; and Gd,Pt,04,

respectively, to determine the transition temperature 7y for the long-range antiferromagnetic
order.
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Fig. 5 (Color online) Temperature dependence of (a) dc magnetic susceptibility y..(7) under
different magnetic fields up to 5 T, (b) ac magnetic susceptibility y,.(T) under various magnetic
fields up to 7 T, and (c) specific heat C(7) under various fields up to 8 T for Gd,Ge,O.
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