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Abstract

We report on the high-pressure syntheses and detailed characterizations of two
effective pseudospin S-1/2 XY pyrochlores Er,Pt,07 andYb,Pt,05 via X-ray/neutron
powder diffraction, dc and ac magnetic susceptibility, and specific-heat measurements
down to 70 mK. We found that both compounds undergo long-range magnetic
transition at Txc = 0.3 K, which are ascribed to an antiferromagnetic- and
ferromagnetic-type order for Er,Pt,07 and Yb,Pt,05, respectively, based on the field
dependence of their transition temperature as well as the systematic comparisons with
other similar pyrochlores R,B,07 (R = Er, Yb; B = Sn, Ti, Ge). The observed Ty of
Er,Pt,07 is much lower than that expected from the relationship of Ty versus the ionic
radius of B*" derived from the series of Er,B,05, while the Tc of Yb,Pt,07 is the
highest among the series of ferromagnetic Yb,B,07 (B = Sn, Pt, Ti). Given the
monotonic variation of the lattice constant as a function of the B-cation size across
these two series of R,B,O7 (R = Er, Yb), the observed anomalous values of Ty ¢ in the
Pt-based XY pyrochlores imply another important factor beyond the nearest-neighbor
R-R distance is playing a role. In light of the anisotropic exchange interactions Jex=
{J22, I+, Ji, J2} foOr the S-1/2 XY pyrochlores, we have rationalized these
observations by considering a weakened (enhanced) antiferromagnetic planar J:
(ferromagnetic Ising-like J,,) due to strong Pt 5d-O 2p hybridization within the plane
perpendicular to the local [111] direction.



Introduction

Pyrochlore oxides R,B,0;7 where R** stands for rare-earth ion and B*" for a
nonmagnetic cation such as Sn*"or Ti*consist of an important family of geometrically
frustrated magnets, which have been the focus of extensive investigations over last
decades.' In the cubic R,B,0; pyrochlores, the magnetic R*" ions situated on a
network of corner-sharing tetrahedra and the exchange interactions are subjected to
strong geometrical frustration. In addition, the significant local axial distortion around
R’" can create distinct single-ion anisotropy for different R*" ions, such as the strong
Ising character for Ho>", Dy’", and Tb>", and the XY-type Er’* and Yb*>" moments. The
combinations of single-ion anisotropy and frustrated exchange and dipolar
interactions in these R,B,0 pyrochlores can give rise to a broad spectrum of
magnetic phenomena, including the exotic order by disorder mechanism, spin ice, and
spin liquid.'

Research interest on these geometrically frustrated R,B,O7 has been shifted in recent
years from the classical to the quantum spin systems because the introduction of
quantum fluctuations is expected to produce exotic magnetic ground states with
unconventional spin excitations.” In this regard, Er- and Yb-based XY pyrochlores
R,B,07 (R = Er, Yb) with an effective pseudospin S-1/2 and small magnetic moments
based on a well-isolated Kramers doublet for the R** ions have been the subject of
intense theoretical and experimental investigations during the last few years.

Er,Ti,O7 exhibits a long-range antiferromagnetic order below Ty = 1.17 K,3 and the
magnetic order with a noncoplanar y; structure has been argued to be driven by
quantum fluctuations via an “order by disorder (OBD)” mechanism.>® However, its
sister compound Er,Sn,O7 does not show any long-range magnetic order down to 50
mK.” ° In order to elucidate this dilemma, we recently synthesized a cubic Er,Ge,0
under high-pressure and high-temperature (HPHT) conditions and investigated
systematically the influence of chemical pressure on the magnetic ground states of
these Er-based XY pyrochlore antiferromagnets.“’ 12 1t was found that Er,Ge,0; with
a much reduced interatomic distance orders antiferromagnetically below Ty = 1.4 K
with a possible ;3 structure,'? in contrast to the \; structure observed in Er, Ti;07. In
light of the phase diagram for the S-1/2 XY pyrochlore antiferromagnets with
anisotropic exchange interactions Jex= {Jz, J+, J++, J.+}, we have rationalized the
evolution of the magnetic ground states of Er,B,O7 (B = Sn, Ti, Ge) from the
Palmer-Chalker (PC) w; state to y», and finally to y3 via considering the
progressively enhanced XY-type exchange interaction J. under chemical pressure.™ '

Despite of similar XY anisotropy for the Yb*" moment'?, the local [111] Ising-like
ferromagnetic exchange interaction J,, is considerably larger than the XY planar
interaction J+ in Yb,Ti,07, making it a promising candidate of quantum spin ice.
Existing experimental results have established that both Yb,Sn,O7 and Yb,Ti,O7 cubic
pyrochlores actually develop a long-range magnetic order below T¢ =0.11 ~0.15 K
(Sn)'®'and 0.21 ~ 0.26 K (Ti)'* " through a first-order-like transition featured by a
sharp specific-heat peak. The magnetically ordered state below T¢ was identified as a
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splayed ferromagnetic structure with the Yb** moments of ~ 1.1 Us pointing along but
slightly deviating from a common fourfold cubic axis as a result of the dominant
Ising-like ferromagnetic exchange interactions competing with the local XY
anisotropy.'® Within the ferromagnetically ordered state below T¢, however, persistent
spin dynamics have been confirmed by a variety of microscopic experimental
techniques, which reveal a first-order drop of the spin fluctuating rate by a factor of
10%-10* Hz, i.e. from GHz to MHz."® The quantum fluctuations on top of the
geometrical frustration are expected to be responsible for the persistent spin dynamics
down to the lowest temperatures. More recently, the first-order transition at T¢
inYb,Ti,O7 has been described as a Higgs transition from a high-temperature
magnetic Coulomb liquid to a ferromagnet with gapped spin excitations within the
framework of quantum spin ice.'>*° In striking contrast with the ferromagnetic
ground state observed inYb,B,07 (B = Ti, Sn), we recently found that the chemically
pressurized Yb,Ge,O7 obtained under HPHT undergoes a second-order
antiferromagnetic transition at Ty = 0.62 K *' and adopts a y, or 3 spin structure
favored by the “OBD” mechanism for the XY pyrochlores.12 As for Er,B,04, we have
also qualitatively explained the evolution of their magnetic ground states in the series
of Yb,B,0O7 (B = Sn,Ti, Ge) by considering the strengthened XY-type exchange
interactions J+ under chemical pressure.'

These above-mentioned systematic studies demonstrated that the magnetic ground
states of these highly frustrated quantum-spin XY pyrochlores are fragile and are
prone to alter under subtle perturbations via a proper selection of the B-site cation.
Therefore, synthesis and characterizations of more XY-type pyrochlores would permit
us to build up a more coherent understanding on these geometrically frustrated
quantum spin systems. To further enlarge the family of XY pyrochlores, we have
chosen to stabilize the Pt-based cubic pyrochlores under HPHT conditions. On the
one hand, Pt*" (tzgéegO in a low-spin state) in an oxygen octahedral coordination is
nonmagnetic and its ionic radius* (0.625 A) is located in between that of Ti*" (0.605
A) and Sn*" (0.69 A), allowing us to further verify the effect of chemical pressure. On
the other hand, different from the previous studied R,B,0O7 with the B site occupied
by either a 3d transition metal like Ti or p-block metal such as Ge and Sn, the Pt*" has
spatially more extended 5d orbitals and thus enhanced Pt 5d-O 2p hybridizations that
might modify the local anisotropic exchange interactions. Such an effect has never
been taken into account in the previous studies. The HPHT syntheses of cubic
R,Pt,0- pyrochlores were reported in 1968 by Hoekstra and Gallagher™, but their
magnetic properties have not been characterized so far to the best of our knowledge.

Here, we have prepared the cubic pyrochlores Er,Pt;07and Yb,Pt,O; under 4 GPa and
1000 °C, and characterized for the first time their magnetic properties via
measurements of dc and ac magnetic susceptibility and specific heat down to 70 mK.
We found that both compounds enter a long-range magnetically ordered state below a
similar transition temperature of Ty c= 0.3 K. Based on the field dependence of their
transition temperature and systematic comparisons of the characteristics with their



respective analogue compounds R,B,07 (R = Er, Yb; B = Sn, Ti, Ge), we have
ascribed the magnetic transition to an antiferromagnetic and a ferromagnetic type for
Er,Pt,07 and Yb,Pt,07, respectively. The observed Ty of Er,Pt,07 is much lower than
that expected from the relationship of Ty versus the ionic radius (IR) of B*" for the
series of Er,B,07, while the T¢ of Yb,Pt,O7 is the highest among the ferromagnetic
Yb,B,07 (B = Sn, Pt, Ti). Given the monotonic variation of the lattice constant as a
function of the B-cation size across these two series of R,B,O7 (R = Er, Yb), the
observed anomalous Ty ¢ in the Pt-based XY pyrochlores imply another important
factor beyond the effect of chemical pressure is playing a role. Taking R,Pt,07 (R =
Er and YD) together within the framework of XY pyrochlores with anisotropic
exchange interactions J.x, we proposed that these abnormal values of Tx ¢ should be
attributed to a suppressed (enhanced) antiferromagnetic planar J. (ferromagnetic
Ising-like J,,) due to strong Pt 5d-O 2p hybridizations within the plane perpendicular
to the local [111] direction. The local structural parameters extracted from the neutron
powder diffraction support such a scenario.

Experimental

HPHT synthesis is required to stabilize the Pt-based rare-earth pyrochlores since PtO,
has a low melting point at ambient pressure. Following the previous work®, the cubic
R,Pt,07 (R = Er, YD) pyrochlores in the present study were prepared under 4 GPa and
1000 °C by using a Kawai-type multianvil module (Max Voggenreiter GmbH) in the
Institute of Physics, Chinese Academy of Sciences. The starting materials were
high-purity R,03 and PtO, mixed in a stoichiometric ratio. As reported earlier, the
resultant high-pressure products contain a certain amount of platinum metal and
unreacted R,O3, which can be removed by solution in warm aqua regia. To facilitate
the magnetic and specific-heat measurements, the obtained powders, after washing
several times in deionized water, were then pressed into pellets and subjected to heat
treatment at 900 °C for 10 hours in air at ambient pressure.

Phase purity of the obtained powder and pellet samples was examined by powder
X-ray diffraction (XRD) or neutron powder diffraction (NPD) at room temperature.
Structural parameters were extracted from the XRD/NPD patterns via Rietveld
refinement with the FullProf program. The NPD measurement was carried out with
the neutron powder diffractometer, HB-2A, at the High Flux Isotope Reactor (HFIR)
of the Oak Ridge National Laboratory (ORNL), with the wavelength A =1.5405 A and
collimation of 12'-open-6'. Dc magnetic susceptibility was measured with a
commercial Magnetic Property Measurements System (MPMS-III, Quantum Design)
in the temperature range from 1.8 to 300 K under an external magnetic field of poH =
0.1 T. Ac magnetic susceptibility measurements down to 70 mK were performed in an
Oxford dilution refrigerator with the mutual induction method; an excitation current
of ~ 1 mA with a frequency of 317 Hz was applied to the primary coil during the
measurements. Specific-heat data in the temperature range from 70 mK to 300 K were
collected with a Physical Property Measurements System (PPMS, Quantum Design)
equipped with a dilution refrigerator insert.

Results and Discussions
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The XRD pattern of Er,Pt,07 sample after heat treatment at 900 °C for 10 hours at
ambient pressure indicated that the obtained sample is single phase with the cubic
pyrochlore structure. To extract reliable structural information, we measured NPD and
performed Rietveld refinements in a cubic Fd-3m (No. 227) space group with the Er
atom at 16d (1/2,1/2, 1/2), the Pt atom at 16¢ (0, 0, 0,), the O1 atom at 48f (x, 1/8, 1/8),
and the O2 atom at 8b (3/8, 3/8, 3/8) site, respectively. The refinement converged well
as illustrated in Fig. 1(a). The structural parameters of Er,Pt,O- after Rietveld
refinements are collected in Table 1 together with those of Er,B,0O7 (B = Sn 2T %,
Ge 11) for comparison. The obtained lattice parameter a = 10.1448(2) A is in excellent
agreement with the previously reported value of 10.144 A (Ref. [23]), and falls on the
straight line of a versus the IR of the B*" ions for the series of Er,B,0O5 as shown in
Fig. 1(b).

In contrast with the monotonic variation of global lattice parameter as a function of IR
of B, the local coordination environment around the Er’ ions was found to exhibit
pronounced modification for Er,Pt,07. In our previous work'', we have introduced an
Er-O bond length ratio p= (Er-O2)/(Er-O1) to characterize the axial distortion along
the local [111] direction, and it was observed that p increases gradually with the IR of
the B*" ions in the series of Er,B,0; (B = Ge, Ti, Sn). Interestingly, we observed an
unusually large p for Er,Pt,07 as illustrated in Fig. 1(b). The large p should arise from
a relatively short Er-O1 bond which lies roughly within the buckled plane
perpendicular to the local [111] direction (inset of Fig. 5). As can be seen clearly in
Fig. 1(c), the Er-O1 bond length indeed displays an anomalous drop at Er,Pt,07,
while the Er-O2 bond length increases almost linearly with the IR of B*". The
observation of such an anisotropic modification on the local coordination environment
of Er’" ions is quite unexpected, and might reflect an intrinsic crystallographic feature
associated with the Pt*" ions having spatially more extended 5d orbitals. As discussed
below, the observed unusual magnetic properties in the XY pyrochlores could be
attributed to this anisotropic local structural change.

Fig. 2(a) displays the temperature dependence of the dc magnetic susceptibility x(T)
and its inverse X'I(T) for Er,Pt,07 measured under poH = 0.1 T after zero-field cooling
(ZFC) from room temperature. No anomaly signaling a long-range magnetic order
was observed down to 1.8 K. A Curie-Weiss (CW) fitting to x'l(T) in the temperature
range 50-300 K yields an effective moment o= 9.86 s per Er’~ and a CW
temperature Ocw = -22.4 K. The obtained [L¢ris close to that of Er,B,07 (B = Sn 10, Ti
26, Ge 11), and is in accordance with the expected value of 9.58p for the 411 s, ground
state of Er’". Although the nearest-neighbor distance between Er’" ions in Er,Pt,07 is
located in between Er,Sn,O7 and Er;Ti,O7, the obtained Ocw = -22.4 K is much larger
than that of -14.32 K for Er,Sn,O4 10and -15.93 K for Er,Ti,O4 2 The unusually large
|8cw| of Er,Pt,0O7 should be attributed to the enhanced crystalline electric field (CEF)
effect.

Fig. 2(b) shows the magnetization curves M(H) of Er,Pt,07at 2 and 5 K. As can be
seen, the M(H) curve at 2 K exhibits a clear slope change around H, = 2.5 T, which
increases with temperature. Such a behavior has also been observed in other Er,B,0
pyrochlores'' and corresponds to a field-induced spin-flop transition to a highly
polarized state for H > H,.



In order to search for the possible long-range magnetic order in Er,Pt,07, we turn to
the result of ac magnetic susceptibility x'(T) measured from 2 K down to 70 mK in a
dilution refrigerator. As shown in Fig. 3, the x'(T) curve displays a clear cusp-like
anomaly at about 0.3 K. In addition, this anomaly does not exhibit noticeable
dependence on frequency and magnetic field (up to 0.3 T), signaling the appearance
of long-range antiferromagnetic order. Given the close IR between Pt'" (0.625 A) and
Ti** (0.605 A), the occurrence of long-range antiferromagnetic order in Er,Pt,07 is
expected, but such a lower Ty (0.3 K versus ~1.2 K for Er,Ti,0O5) is quite unexpected
as is discussed below.

Fig. 4(a) shows the specific heat C(T) of Er,Pt,07 in the temperature range from 70
mK to 50 K under zero magnetic field. As can be seen, C(T) data plotted in a semi-log
scale exhibits a sharp A-shaped peak at Ty = 0.3 K, in excellent agreement with the
x'(T) data shown in Fig. 3, providing further evidence for the occurrence of a
second-order phase transition to an antiferromagnetically ordered state below Tx. In
the following, we have employed the procedure previously used for Er,Ge,O7 to
extract the magnetic contribution Cy, and to estimate the entropy associated with the
antiferromagnetic transition.""

Here, we measured the C(T) of an isostructural, nonmagnetic Lu,Pt,O7 cubic
pyrochlore prepared under similar conditions as the lattice standard Cy,.. Considering
the very close molar mass and the negligible contribution below 10 K we did not
undertake any mass correction to Ciy. After subtracting Cye from the measured Cioal,
we obtained the specific-heat contribution from the magnetic Er*" ions, Cg;. As shown
in Fig. 4(a), the broad hump above 10 K for Cg; should be ascribed to the Er’* CEF
levels (Ccer), which are expected to split into eight doublets in the D34 symmetry for
the Er’" (J =15/2). We found that Cg; between 15 and 50 K can be described well by
considering the first and the second excited doublets located at 62.0(1) K, and 127(1)
K, respectively. The first excited doublet agrees in general with those of Er,B,07, i.e.
591K forB=Sn'", 74 K forB=Ti >, and 73 K for B=Ge ',

Finally, Cy, is obtained by subtracting Ccgr from Cg, and is found to dominate the
specific heat below 10 K. Fig. 4(b) displays the C,/T and the corresponding entropy S
obtained by integrating C,/T over the investigated temperature range. As can be seen,
S reaches a constant value of 10.75 J mol”' K™, which can account for nearly 93% of
the ideal value 2RIn(2S+1) for S = 1/2. Such an agreement illustrates that like other
Er,B,0; XY pyrochlores the Er’‘ions with a Kramers doublet ground state in Er,Pt,0-
can be described as an effective pseudospin S-1/2. In addition, it was found that a
large portion (~ 80%) of the entropy is released above Ty = 0.3 K, which suggests the
existence of significant short-range spin correlations before finally entering the
long-range ordered state.

The above detailed characterizations on the cubic Er,Pt,0; confirm that it is a new
XY pyrochlore antiferromagnet with Tx = 0.3 K. As mentioned above, the observed
Ty is unexpectedly low based on the previous knowledge on the series of Er,B,07 (B
= Sn, Ti, Ge) pyrochlores covering a broad range of IR for the B*" jons from 0.53 A to
0.69 A. We have plotted in Fig. 5 the Txs of these Er-based XY pyrochlore
antiferromagnets Er,B,07 (B = Ge, Ti, Tig 7551025, Tig sSng 5, Tip255n¢.75, Sn, and Pt) as
a function of IR of B*" ion.?’. As can be seen, Ty of Er,Pt,07 is about 0.6 K lower



than that of Ery(Tig75Sn025)2,07, in which the combination of Tij75Sng 25 has a similar
IR as Pt*". This observation suggests that there are other important factors beyond the
nearest-neighbor Er-Er distance that weaken the anisotropic antiferromagnetic
exchanges interactions or enhance the magnetic frustration in Er,Pt;07. We will come
back to this point after we take the magnetic properties of YbPt,O5 into
considerations.

Yb,Pt,04

The characterizations of Yb,Pt,07 follow the identical procedures as those done for
Er,Pt,07 shown above. Fig. 6(a) shows the powder XRD pattern of Yb,Pt,0; after
Rietveld refinement, which confirmed that the obtained sample is nearly single phase
with the presence of tiny amount of platinum metal, i.e. ~ 1.7(5) wt.% according to
the scaling factors. The obtained structural parameters of Yb,Pt,O7 after refinements
are listed in Table 2 together with those of Yb,B,07 (B = Sn, Ti, Ge) for comparison.
The obtained lattice parameter @ = 10.0923(5) A agrees well with the previously
reported value of 10.095A,% and scales excellently with the IR of the B*" ions for the
series of Yb,B,07 as shown in Fig. 6(b). This observation together with the linearity
of a versus IR(B*") shown in Fig. 1(b) further demonstrates that a proper selection of
nonmagnetic B-site cations indeed provides a clean means to fine tune the chemical
pressure of geometrically frustrated rare-earth sublattice.

The main panel of Fig. 7 shows (T) and its inverse x'(T) forYb,Pt,07 in the
temperature range between 1.8 and 300 K measured under fioH = 0.1 T in the ZFC
mode. No magnetic ordering was observed down to 1.8 K. As observed in Yb,B,07
(B =Ti, Sn), x'l(T) does not follow the CW behavior in the high-temperature region
due to the contribution from the excited CEF states. Rather than considering a large
temperature-dependent Van Vleck term, we performed a CW fitting to x'l(T) below
20 K (inset of Fig. 7) and obtained an effective moment L= 3.08 [ per Yb’ " and a
CW temperature Ocw = +0.91 K for Yb,Pt,07. The obtained L. is close to those of
other Yb-pyrochlores' " and corresponds to a ground doublet average g-value of
3.55. The positive Ocw signals dominant ferromagnetic exchange interactions as
observed in Yb,B,07 (B = Ti, Sn). However, it is interesting to note that the obtained
Ocw for Yb,Pt,07 is larger than the typical values of +0.5 ~ 0.75 K observed in
Yb,B,O;7 (B= Ti'> 21, Sn'® 17). The larger Ocw implies stronger ferromagnetic
interactions in Yb,Pt,0O7, in line with the higher ferromagnetic transition temperature
Tc shown below.

To access the possible long-range magnetic order in Yb,Pt,07, we also measured the
ac magnetic susceptibility down to 70 mK in a dilution refrigerator. The main panel of
Fig. 8 shows (a) the real '(T) and (b) the imaginary %" (T) under different external dc
magnetic fields Hpc up to 0.3 T. As shown in Fig. 8(a), x'(T) at Hpc = 0 T exhibits a
rounded peak at about 0.3 K and does not show noticeable frequency dependence,
signaling the occurrence of a long-range magnetic order inYb,Pt,O;. With increasing
Hpc, the magnitude of '(T) is suppressed gradually, and the peak position shifts up to
higher temperatures as shown in the inset of Fig. 8(a). These characteristics of '(T)
for Yb,Pt,07 quantitatively resemble those observed near the ferromagnetic
transitions of Yb,B,07 (B = Ti, Sn), but differ sharply from those of antiferromagnetic



Yb,Ge,07. %! In specific, with increasing Hpc the magnitude of x'(T) is strongly
suppressed in the temperature regions both below and above T, and the peak position
moves up for Yb,B,O7 (B =Ti, Sn), but the magnitude of ¢'(T) is enhanced below Ty
and the peak position shifts slightly down for Yb,Ge,O7. From these comparisons, we
can conclude that the x'(T) peak around 0.3 K for Yb,Pt,07 should correspond to the
development of long-range ferromagnetic order as seen in Yb,B,O7 (B = Ti, Sn).

x''(T) of Yb,Pt,05 also displays below T¢ a symmetric peak at T, whose position
does not vary with Hpc but smears out above 0.1 T. In addition, a shoulder first
develops around 0.8 K upon cooling for the %" (T) under Hpc = 0 T, and this feature
fades away immediately upon the application of Hpc. According to recent
experimental and theoretical studies on Yb,Ti,07,”>* the existence of possible
high-temperature phase transition above T¢ under zero field in Yb,Pt;O7 might
correspond to the y»/y3; OBD transition as a result of SF/U(1) multiphase competition.
Such a competition can be removed by the application of an external magnetic field.

The occurrence of long-range magnetic order in Yb,Pt,0; was further confirmed by
the ultralow-temperature C(T) measurement. Fig. 9 shows the C(T) data of Yb,Pt,0,
from 30 K down to 70 mK under zero magnetic field. For the C(T) data plotted in the
semi-log scale, two features are clearly noticeable: a sharp A-shaped peak at Tc = 0.3
K and a broad hump centered around 2.5 K. All these features in C(T) quantitatively
resembles those observed in the Yb,B,O7 (B =Ti, Sn)l6’ 18. the sharp peak at 0.3 K, in
excellent agreement with the %'(T) data shown in Fig. 8(a), should be ascribed to a
first-order transition to a ferromagnetically ordered state below T¢, while the broad
anomaly near 2.5 K arises from the Schottky anomaly associated with the exchange
splitting of ground Kramers doublet upon the onset of magnetic correlations. By
considering the quantum spin ice Hamiltonian with anisotropic exchange interactions,
the latter feature in Yb,Ti,O; was produced by Applegate et al.* and was suggested to
be a crossover from a paramagnetic to a spin ice state. They further suggested that a
double-peaked C(T) with an entropy between the peaks of a value comparable to the
residual Pauling entropy S, = (R/2)In(3/2) is the hallmark of a quantum spin ice.

In order to evaluate the magnetic entropy associated with the above-mentioned
transitions, we have obtained the magnetic C,, by subtracting from the measured total
C(T) the lattice contribution Cj, given by an isostructural, nonmagnetic Lu,Pt,O7. As
can be seen in Fig. 9, C(T) of Lu,Pt,07 is nearly identical to that of Yb,Ti,O7 at ~20 K,
which suggests that the first excited doublet is located at much higher temperature
than that of Er,Pt,07. A preliminary analysis on the C,, data above 100 K suggests
that the first excited doublet is located around 700 K, similar with that of 680 K found
in Yb,Ti,07.The magnetic entropy S was obtained by integrating C,,,/T over the
investigated temperature range and also given in Fig. 9. As can be seen, S reaches a
constant value of 11.42 J mol”' K™, which can account for 99% of the ideal value
2RIn(2S+1) for S = 1/2 without any residual entropy. Such an agreement indicated
that, like other Yb pyrochlores, the Yb*" moments in Yb,Pt,0; can be described as an
effective S-1/2 pseudospin due to a well-isolated Kramers doublet ground state,
supported by the preliminary specific heat analysis mentioned above. As generally
observed in geometrically frustrated magnets, over 80 % of the entropy is released
above T.. Although the entropy plateau at S, cannot be defined unambiguously
(similar situation occurs in the quantum spin ice candidate Yb,Ti,0;°°), the
significant short-range spin correlations before finally entering the long-range ordered



state at Tc might be associated with accidental OBD selection of the ya/ys state ** or
the formation of spin-ice configurations according to the quantum spin ice model.*

Based on the above characterizations, we can conclude that the cubic pyrochlore
Yb,Pt,07 develops a long-range ferromagnetic order below T¢ = 0.3 K with several
characteristics similar with those of well-studied Yb,B,0O7 (B = Sn, Ti). As mentioned
above, since the IR of Pt*" (0.625 A) is located in between that of Sn** (0.69A) and
Ti*" (0.605A), the observation of similar ferromagnetic order is not surprising.
However, the observed T, = 0.3 K for Yb,Pt,07 is unexpectedly higher than those of
Yb,Sn,07 (T, =0.11 ~ 0.15 K) and Yb,Ti,O7 (T, = 0.21 ~ 0.26 K) as is shown in Fig.
5. The higher O¢cw and T¢ suggest that the ferromagnetic exchange interactions are
enhanced in Yb,Pt,0O7 among these Yb-based pyrochlores. Similarly, such an
enhancement cannot be simply attributed to the effect of chemical pressure in that the
lattice constant follows a monotonic variation as a function of the B-cation size across
the series of Yb,B,0O7 (B =Ti, Pt, Sn) as shown in Fig. 6(b).

Discussions

From the above results, we can see that the magnetic properties of Er,Pt,0; and
Yb,Pt,07 follow the general characteristics of respective series of Er,B,07 and
Yb,B,0-. Considering the similar IR of Pt* (0.625 A) and Ti*"(0.605 A), both the
antiferromagnetic order in Er,Pt;07 and the ferromagnetic order in Yb,Pt,O7 have
one-to-one counterpart in the corresponding Ti-based pyrochlores. These observations
are not surprising in that the replacement of nonmagnetic Pt*" is not expected to
modify significantly the single-ion anisotropy and the leading term among the
anisotropic exchange interactions J.x. This implies that to first order the chemical
pressure, or the nearest-neighbor distance, should still play a dominant role in
determining the magnetic ground state of these XY pyrochlores.

After resolving the magnetic structures of Er,Ge,O7 and Yb,Ge,O7 with neutron
diffraction'?, we have successfully unified the evolutions of the magnetic ground
states for these effective S-1/2 XY pyrochlores R,B,07 (R = Er, Yb; B = Sn, Ti, Ge) in
a coherent picture by considering that increasing chemical pressure enhances J+
among the anisotropy exchange interactions Jex. In terms of the proposed phase
diagrams and the effect of chemical pressure only, Er,Pt;07 should adopt a >
structure, but closer than Er,Ti,O to the y,/\y4 phase boundary, or adopt a W4 structure
instead, while Yb,Pt,O7 should adopt a splayed ferromagnetic structure. It should be
noted that although the PC correlations have been identified in Er28n207,3 !a static PC
Y, state remains unknown among the Er-based XY pyrochlores. In addition to the
Heisenberg pyrochlore antiferromagnet Gd28n207,3 2 Er,Pt,07 might be another
candidate to realize such a state proposed theoretically years ago>>. Thus, further
neutron scattering experiments are needed to determine the exact forms of magnetic
structure and to confirm the XY character for each case.

Despite of the general agreement with expectations for the magnetic ground states of
these two XY pyrochlores, the transition temperatures of both Pt-based pyrochlores
deviate obviously from the expected behavior as noted above. As shown in Fig. 5, the
antiferromagnetic Ty of Er,Pt,O7 is unexpectedly low whereas the ferromagnetic Tc
of Yb,Pt,07 is unusually high given the monotonic variation of lattice constant as a
function of IR of the B*" cations. These observations suggest that another important



factor beyond the nearest-neighbor distance can influence the magnitude of the
anisotropic exchange interactions and thus the transition temperatures Ty ¢ for these
XY pyrochlores.

Recent studies on R,Ti,07 have illustrated that the magnetic ordering process and the
transition temperatures are very sensitive to the chemical stoichiometry or disorder.
For example, Yb,Ti,07 single crystals grown by the high-temperature optical floating
zone technique were found to exhibit much lower T¢ with a suppressed specific-heat
anomaly, whereas the polycrystalline samples always display higher T¢ and a
pronounced C(T) peak.****Such an extrinsic effect is unlikely to play an important
role in the present study. On the one hand, all samples are polycrystalline prepared
under HPHT conditions; refinements on the XRD/NPD patterns in a partially
disordered structural model do not give clear improvement. On the other hand, the
C(T) peak is found to be as sharp as those observed in the high-quality Yb,Ti,0-
samples. In addition, the enhancement of T¢ in Yb,Pt,0O7 does not support the disorder
scenario. Exclusion of the extrinsic effect thus leads us to ask: (i) whether the Pt*" ion
has some peculiarity compared with other nonmagnetic B*" ions, and (ii) whether we
can understand the anomalous T ¢ of these two effective S-1/2 XY pyrochlores in a
unified picture?

In striking contrast with the previously studied R,B>O7 with the B site occupied with
either a 3d transition metal like Ti or a p-block metal such as Ge and Sn, the B sites of
R,Pt,07 (R = Er, Yb) pyrochlores are occupied by a 5d transition-metal Pt*" in a
low-spin configuration t°’. As pointed out in the Introduction, it not only has
spatially more extended 5d orbitals than the 3d counterparts, but also can enhance the
Pt 5d-O 2p hybridizations via the empty e, orbitals compared to the p-block metals.
Such distinct characteristics of Pt*" ion might modify the relative magnitude of the
anisotropic exchange interactions Jex. After pointing out the peculiarities of Pt**, we
are finally in a position to discuss the possible implications from the current study.

As mentioned above, the magnetic ground states of Er,B,07 and Yb,B,07 can be
understood within the framework of generalized effective S-1/2 XY pyrochlores with
anisotropic exchange interactions Je.;® the leading term is the XY planar J. for
Er-pyrochlores and the Ising-like J,, for Yb-pyrochlores, respectively. For example,
J/J+=-0.5 for Er,Ti,O7and J,/J« = +3 for Yb,Ti,O7 have been obtained from the
inelastic neutron scattering. The pronounced reduction of Ty for Er,Pt,07, Fig. 5,
implies that the planar J+ is weakened to the first order. As depicted in the inset of Fig.
5, a given R atom is surrounded by six O1 atoms in a buckled plane perpendicular to
the local [111] direction and two O2 atoms on each side of this plane along [111].
Since the planar J. is expected to be mediated by the six in-plane O1 atoms, it is
highly possible that the observed weakening of J. is associated with the anisotropic
structural modification shown in Fig. 1(b, ¢), i.e. the anomalous short Er-O1 bond
length, Fig. 1(c). However, it is hard to rationalize why shorter Er-O1 distances in
Er,Pt,07 are detrimental to the planar J:. Instead, there could be another underlying
factor controlling both the structural and magnetic properties. As seen in Fig. 5, the
transition-metal B ions also form a hexagon in the same plane normal to the local [111]
direction. The large spatial extension of the Pt*"-5d orbitals are thus expected to push
away the nearby oxygen atoms so as to explain the short Er-O1 bond length. At the
same time, the empty e, orbitals of Pt*" might hybridize strongly with the O-2p
orbitals so as to interrupt the mediating power of oxygen between the nearby Er’"



moments, leading to a weaken planar J. and reduced Tw. If similar situation takes
place in Yb,Pt,0O7, the reduced J+ then corresponds to an effective enhancement of J,,
or J,,/J+, which can explain the observed unusually high T¢ in Yb,Pt,0.

Conclusion

In summary, we have obtained the cubic pyrochlores Er,Pt,0; and Yb,Pt,0O; under 4
GPa and 1000 °C, and performed detailed characterizations on their structural and
magnetic properties via measurements of XRD/NPD, dc and ac magnetic
susceptibility, and specific heat down to 70 mK. Both compounds are new effective
pseudospin S-1/2 XY pyrochlores with a Kramers doublet ground state. We confirmed
that both compounds enter a long-range magnetically ordered state below Ty c= 0.3 K,
which have been ascribed to an antiferromagnetic and a ferromagnetic type for
Er,Pt,07 and Yb,Pt,07, respectively, based on systematic comparisons with their
respective analogue compounds R2B>O7 (R = Er, Yb; B = Sn, Ti, Ge). Although their
magnetic ground states can be generally understood based on the effect of chemical
pressure, their transition temperatures exhibit non-monotonic variations as a function
of the IR of B*" cations. Taking into account the local structural features, we proposed
that the observed anomalous Ty ¢ in the Pt-based pyrochlores arises from the strong Pt
5d-O 2p hybridizations within the plane perpendicular to the local [111] direction,
which weakens (effectively strengthens) the XY planar antiferromagnetic J.
(Ising-like ferromagnetic J,,). Our present study thus underscores an important fact of
nonmagnetic Pt*" ions beyond the steric effect. Neutron scattering experiments are
planned to determine the spin structures and to confirm the XY characters of the R**
1ons in Er,Pt,07 and Yb,Pt,04.
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TABLE 1.Comparison on the structural and magnetic properties of the cubic

pyrochlores Er,B,0; (B= Ge, Ti, Pt, Sn)

Er,B,0, Ge Ti Pt Sn
IR(B*) (A) 0.53 0.605 0.625 0.69
a(A) 9.8782(2) 10.074(1) | 10.1448(2) 10.3504(1)
Rnn[=(\2/4)a] (A) 3.492 3.562 3.587 3.659
x of O1 at 48f 0.3292(6) 0.331 0.3400(2) 0.3375
Er-02(x2) (A) 2.1387(1) 2.1811 2.1964(2) 2.2409
Er-01(x6) (A) 2.428(3) 2.4637 2.4188(11) 2.4853
p[=(Er-02)/(Er-O1)] 0.881(1) 0.8853 0.9081 0.9017
Ocw (K) -21.9 -15.9 -22.4 -14
Tn (K) 1.41 1.17 0.30 ~
Order type AFM AFM AFM ~(AFM)
Spin state 3 2 ~ ~(PC)
Reference 11 25 This work 24

TABLE 2. Comparison on the structural and magnetic properties of the cubic

pyrochlores Yb,B,07; (B = Ge, Ti, Pt, Sn)

Yb,B,0, Ge Ti Pt Sn
IR(B™) (A) 0.53 0.605 0.625 0.69
a(A) 9.8257(5) 10.032 10.0923 10.304
0cw(K) +0.90 +0.75 +0.91 +0.64
T (K) 0.62 0.24 0.30 0.15
Order type AFM FM FM FM
Spin structure V2 or3 SF ~ SF
Reference 21 18 This work 16
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Fig.1 (Color online) (a) NPD pattern of Er,Pt,O7 after Rietveld refinement. The two
series of allowed Bragg reflections correspond to the main cubic pyrochlore phase and
the Aluminum metal from the sample holder. (b) Lattice parameter ¢ and the Er-O
bond-length ratio p = (Er-O2)/(Er-O1) characterizing the axial distortion of ErOg
polyhedra, and (c) Er-O bond lengths in the series of Er,B,07 (B = Sn, Pt, Ti, Ge) as a
function of the ionic radius (IR) of the B*"ions.
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Fig. 2 (a) Temperature dependence of the dc magnetic susceptibility ¥(T ) and its
inverse x'(T ) of Er,Pt;07 measured under 0.1 T in zero-field-cooling (ZFC) mode
from 1.8 to 300 K. The solid line represents the Curie-Weiss fitting curve to X_I(T ) in
the temperature range from 50 to 300 K. The obtained effective moment l.srand
Curie-Weiss temperature Ocw are shown in the figure. (b) Magnetization curves of
Er,Pt,0O;between 0 and 7 T at 2 K and 5K.
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Fig. 3 (Color online) Temperature dependence of the ac magnetic susceptibility y'(T)
under different external magnetic fields up to 0.3 T for Er,Pt,0O7 in the temperature
range from 60 mK to 1.1 K.
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Fig. 5 (Color online) Variations of Ty (left) and T¢ (right) for the XY pyrochlores
Er,B,07 (B = Ge, Ti, Tig.75Sn¢.25,Tig5Sng 5, Ti0 25Sng 75, Sn, and Pt) and Yb,B,07 (B =
Sn, Pt, Ti) as a function of the IR of B*" ions. Inset depicts the local environment of a
given rare-earth R atom in the pyrochlore structure (adopted from Ref. 34).
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Fig. 6 (color online) (a) XRD profiles of Yb,Pt,O7 after Rietveld refinement. The two
series of allowed Bragg reflections correspond to the main cubic pyrochlore phase and
the secondary phase of Platinum metal. (b) Variation of the lattice constant a as a
function of the ionic radius (IR) of the B*" cations for the Yb,B,07 (B = Sn, Pt, Ti, Ge)
cubic pyrochlores.
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Fig. 7 (color online) The temperature dependence of the dc magnetic susceptibility
x(T) and its inverse X‘I(T) for Yb,Pt,0O7 measured under 0.1 T after zero-field-cooling
(ZFC) from 300 K. Inset shows the Curie-Weiss fitting to X'I(T) below 20 K.
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