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The observation of canonical spin-glass behavior in the pyrochlore oxide Y,Mo0,0; has been a subject of
considerable interest as the original structural studies were interpreted in terms of a well-ordered crystallo-
graphic model. It is widely held that the stabilization of the spin-glass state requires some level of positional
disorder along with frustration. Recent reports from local probe measurements, extended x-ray-absorption fine
structure (EXAFS) and ¥Y NMR, have been interpreted in terms of disorder involving the Mo-Mo distances
(EXAFS) and multiple Y sites (NMR). This work reports results from temperature-dependent (15-300 K)
neutron diffraction (ND) and neutron pair distribution function studies which can provide from the same data
set information on both the average and local structures. The principal findings are that: (1) there is no
crystallographic phase transition over the temperature region studied within the resolution of the ND data; (2)
the diffraction data are well fitted using a fully ordered model but with large and anisotropic displacement
parameters for three of the four atomic sites; (3) the pairwise real-space correlation function G(r) shows clear
evidence that the principal source of disorder is associated with the Y-O1 atom pairs rather than the Mo-Mo
pairs, in disagreement with the interpretation of the EXAFS results; (4) fits to the G(r) improve significantly
when anisotropic displacements for all sites are included; (5) inclusion of a split-site position parameter for O1
improves, slightly, both the G(r) fits and the Rietveld fits to the ND data; and (6) for all models the fits become
worse as the temperature decreases and as the fitting range decreases. These results are qualitatively consistent
with the Y NMR observations and perhaps recent muon-spin-relaxation studies. The issue of static versus
dynamic disorder is not resolved, definitively. An estimate of the distribution of exchange constants due to the
disorder is made using spin-dimer analysis and compared with the Saunders-Chalker model for the generation

of spin-glass behavior from “weak” disorder on geometrically frustrated lattices.

DOLI: 10.1103/PhysRevB.79.014427

I. INTRODUCTION

Geometrically frustrated materials with nearest-neighbor
antiferromagnetic (AF) constraints can exhibit a variety of
ground states including long-range but complex-order, spin-
liquid and spin-glass (SG) behaviors. If the constraints are
ferromagnetic and accompanied by strong axial anisotropy,
the spin-ice state may be stabilized. Materials with the pyro-
chlore structure, mostly oxides, have been central to investi-
gations of such phenomena and the voluminous literature has
been reviewed recently.! Among the known pyrochlore ox-
ides for which there is no obvious compositional disorder,
there are only a few examples of the SG ground state. The
best studied of these is Y,Mo,05, which was first tentatively
characterized as a spin glass with 7,=22 K on the basis of
low-temperature dc susceptibility results in 1986,> although
high-temperature data had been reported as early as 1975.34
Subsequent work has established that Y,Mo,0, does indeed
behave as a nearly ideal spin glass from nonlinear suscepti-
bility, heat-capacity, ac susceptibility, elastic and inelastic
neutron-scattering, muon-spin-relaxation, and neutron spin-
echo data, for example.>"'! There appears to be little doubt
that Y,Mo0,05 is a spin glass; indeed the critical exponents

1098-0121/2009/79(1)/014427(10)

014427-1

PACS number(s): 75.50.Lk, 61.05.fm

extracted from the analysis of the nonlinear dc susceptibility
agree well with those found in classical disordered spin-glass
systems.’ It is a widely held tenet that in order for the SG
state to be stable, both frustration and positional disorder
must be present, simultaneously. This is certainly the case in
the classical spin glasses such as dilute solid solutions of iron
in gold, Fe,Au,_,, with x~0.05, where the randomness of
the Fe sites and the Ruderman-Kittel-Kasuya-Yosida
(RKKY) exchange mechanism combine to produce the spin-
glass state. Another class of spin glasses can be obtained by
dilution of the magnetic sites of an antiferromagnetic or a
ferromagnetic insulator with a diamagnetic substituent.
Among many examples are the antiferromagnets Fe,Zn,_.F,
and Fe,Mg,_,TiO;, where a SG state obtains for x values
near the percolation threshold.'>!'® In other cases, Eu,Sr,_,S,
for example, a SG state emerges for x values (x~0.5) well
above the percolation limit (x~0.2).!* Here, competing
nearest-neighbor ferromagnetic and next-nearest-neighbor
antiferromagnetic interactions are key factors. In all of the
above examples, significant levels of positional disorder in-
duce magnetic frustration in the relevant systems. For the
pyrochlore oxides in which dilution effects are clearly not
present, another mechanism must be operable.
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TABLE 1. Description of the A,B,0; pyrochlore structure in
Fd3m.

Atom  Wyckoff site  Point symmetry =~ Minimal coordinates
A 16d -3m 172 172 172

B 16¢ -3m 000

(0] 48f mm x 1/8 1/8

02 8b —43m 3/8 3/8 3/8

Before proceeding further, it is highly relevant to consider
the existing structural evidence from neutron diffraction
(ND) which measures, of course, the average structure. The
formal description of the pyrochlore structure for materials,
mostly oxides with composition A,B,0,, is within space
group Fd3m as shown in Table I. There are four occupied
positions, the choice with A in 16d, B in 16¢, Ol in 48f, and
02 in 8b is now considered standard, although in earlier
literature other origins have been used."

In the original neutron powder diffraction study, the fully
ordered model was refined for Y,Mo0,0; with Y in 16d, Mo
in 16¢, and O2 in 8b, and the lone positional parameter for
O1 in 48f was found to be x=0.3382(1) with the cubic lattice
constant ay=10.230(1) A.'® Some disorder models involv-
ing O2 were explored but these gave no improvement on the
ideal model. Anisotropic displacement parameters were re-
fined for the Y site and these gave an ellipsoid flattened
normal to the local axis which is a (111)-type direction
within the unit cell. All interatomic distances were reason-
able for the fully ordered model, being in excellent agree-
ment with the sum of the effective ionic radii.

Of course all real materials will contain various types of
defects, generally at low levels. Concentrations can be diffi-
cult to measure but recent computational results for pyro-
chlore oxides suggest values on the order of 1%.!” For
Y,Mo0,0, the calculated antisite (Y/Mo exchange) defect
level is 1.1% and the oxygen vacancy level is 0.4%. Are such
defect concentrations sufficient to induce spin-glass behav-
ior? This seems somewhat unlikely on the basis that only a
few nominally stoichiometric pyrochlores are actually spin
glasses and the defect levels are calculated to be similar for
all oxide materials of this structure type. One known case for
which spin-glass behavior results from very low levels of
substitutional disorder is that of Cd-doped ZnCr,0,.'® Here,
Cd substitution for Zn at the 3% level is sufficient to destroy
the Néel order in ZnCr,0,. For this material, the Cr3* sub-
lattice has pyrochlore topology and in the pure phase under-
goes a tetragonal distortion which presumably lifts the
ground-state degeneracy and selects an AF long-range-order
(LRO) ground state with Ty=14 K. It is argued that the
large size mismatch between Cd?* and Zn?*, 0.78 A versus
0.60 A, respectively,' induces random strains which, in the
presence of strong magnetoelastic coupling, can result in the
spin-glass ground state. Interestingly, substitution of diamag-
netic Ga** on the Cr’* sites is much less effective, with the
SG state appearing only at concentrations approaching 20%
Ga. Ga** and Cr’* have nearly identical radii for sixfold
coordination, 0.62 A.

Saunders and Chalker?® attempted to explain the occur-
rence of the SG ground state in geometrically frustrated mag-
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nets with “weak” disorder levels. In this approach, weak dis-
order is defined as A<<J, where J is the average exchange
constant and A is its fluctuation. The model considered is the
classical Heisenberg antiferromagnet with near-neighbor ex-
change on a pyrochlore lattice. The central results are that
the spin-glass correlation function is finite at large distances
for a range of A and that the spin-freezing temperature 7}
o« A but is independent of J. Quantitative application of these
ideas to actual systems is not straightforward as the relation-
ship of A(J) to a specific disorder or defect mechanism will
be complex and perhaps not easily established.

Nonetheless, it is still important to identify the nature of
the disorder in materials such as Y,Mo0,05 in a first effort to
understand its unique behavior. Recently, there have been
two studies, both involving local probes, which provide
some evidence for disorder in this material. Extended x-ray-
absorption fine structure (EXAFS) data for both Mo and Y
edges have been interpreted in terms of a large static vari-
ance in the Mo-Mo distances, A2=0.026(5) A2, which is
~10 times larger than the variances found for Mo-O1, Mo-Y,
and Y-Y distances, for example.?! This implies a fluctuation
in the Mo-Mo bond distance of 0.16(2) A, which is ~4% of
the equilibrium Mo-Mo distance. It has been widely sug-
gested that this disorder level may explain the spin-glass
ground state but no quantitative link has been established. In
another study %Y NMR data show a large number of reso-
nances when Y,Mo,05 is cooled below 200 K.?? This can be
interpreted as evidence for a local multiplicity of Y sites, in
contrast to the average structure value of one. As the Weiss
temperature for this material is —200 K, the suggestion was
made that the disorder was somehow “frustration driven” but
no evidence has yet been presented for a true phase transition
as seen for the case of ZnCr,0, described above. Subsequent
muon spin relaxation (uSR) studies in applied fields have
attempted to measure the distribution of local magnetic fields
seen by the muon in Y,Mo0,0; which was equated with the
distribution in exchange constants.”? It was concluded that
this distribution increases rapidly below 40 K. Another study,
not on Y,Mo0,05 but instead on isostructural Yb,Mo,05, is
worth mentioning. '°Yb Méssbauer-effect data must be in-
terpreted in terms of a distribution of electric field gradients
at the Yb site, suggesting some type of disorder on the A
site.* Interestingly, a similar disorder but of lesser magni-
tude is noted for ferromagnetic Gd,Mo,0;.

There is in these studies the usual dichotomy between the
information obtained from diffraction probes which deter-
mine the average structure and the local probes where the
structural information is restricted to very short length scales,
often that between nearest neighbors. It is, thus, challenging
to reconcile the two types of data to provide a consistent
interpretation. Ideally, one would like to use a method which
could, from the same data set, provide information on both
the local and average structure. The neutron pair distribution
function (NPDF) method meets this criterion.?> In this ap-
proach diffraction data, S(Q), are collected to very large mo-
mentum transfers, Q~30-40 A~!. Fourier transformation
of suitably normalized data can then yield the real-space
pairwise distribution function, G(r), from which local struc-
ture information can be extracted. Of course the same S(Q)
data can be analyzed using conventional Rietveld crystallo-
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FIG. 1. Low-temperature dc magnetic susceptibility for the
Y,Mo,0; sample used in these studies.

graphic tools to yield the average structure. Recent advances
in instrumentation, especially at spallation neutron sources,
and corresponding developments in data analysis codes have
now made this technique more widely accessible.?®?” In the
following, ND and NPDF data are used to characterize both
the average and local structure of Y,Mo0,0; over a wide
temperature range, 15-300 K, which includes those for
which the EXAFS and NMR studies were done and extend-
ing well into the spin-glass regime.

II. EXPERIMENTAL
A. Sample preparation and characterization

Y,Mo,0; was prepared from starting materials, MoO,
(99.9%) and Y,03 (99.99%). Y,05 was fired at 1000 °C for
8 h. before weighing. The mixture was ground and mixed
well in a mortar and pestle, then pelletized and fired at
1300 °C for 48 h in a buffer gas mixture CO/CO,=1 as
described in a previous report.”® The material was deter-
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a Guinier-Hdgg camera. Magnetic-susceptibility data were
collected using a Quantum Design superconducting quantum
interference device (SQUID) magnetometer.

B. Neutron scattering and data handling

Neutron-scattering data were collected on the instrument
NPDF at the M. Lujan Jr. Center for Neutron Scattering at
the Los Alamos Neutron Science Center. This instrument has
been described elsewhere.?® The sample of ~5 g was con-
tained in a vanadium can which was placed in a Displex
closed-cycle refrigerator. Background corrections were deter-
mined by measuring the empty sample chamber, empty Dis-
plex, and empty vanadium sample can. Detector efficiency
was normalized by measuring a vanadium rod. Data were
collected to a limit of Q=45 A~! at several temperatures
between 300 and 15 K. Data for neutron diffraction analysis
were obtained by truncating the data at Q=9 A~!, while for
PDF analysis, the truncation limit was taken as Q=35 A~!
based on inspection of the noise level in the data. Standard
data corrections were carried out using PDFgetN.25 Corrected
data were normalized by the total scattering cross section of
the sample to yield the total scattering structure factor S(Q),
where Q is the scattering or momentum transfer vector, Q
=44 sin /\. The G(r) was obtained by a sine Fourier trans-
form according to

G(r) =4mrlp(r) - pol =2/m f 0[S(Q) - 11sin(Qr)dQ,
0

where p(r) is the atomic pair density and p, is the average
atomic number density. The ND data were refined using the
GSAS package and the refinements of G(r) were done with
PDFFIT and PDFGUI, the latter permitting the refinement of

mined to be single phase from x-ray powder diffraction using anisotropic atomic displacement factors (ADFs).?’
2000
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FIG. 2. (Color online) (Left) A Rietveld fit for the neutron diffraction data for Y,Mo0,05 at 300 K on the fully ordered model using ADFs
for all atoms. R,,,=4.01%. The black circles are the data, the solid line is the model, and the lower curve is the difference plot. Bragg-peak
positions are shown by the vertical tic marks. (Right) The region including the 442 reflection position showing the absence of this reflection.

The very weak but allowed 531 reflection is also marked.
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TABLE II. Rietveld refinement results with anisotropic ADFs
for Y,Mo0,0; at various temperatures.

T ag
(K) (A) x(01) Ry,
300 10.23025(2) 0.337689(29) 0.0407
225 10.22129(2) 0.33788(4) 0.0468
200 10.21859(2) 0.337811(33) 0.0419
150 10.21352(2) 0.337852(30) 0.0444
100 10.21014(2) 0.338031(33) 0.0498
50 10.20828(2) 0.338047(31) 0.0480
25 10.20759(2) 0.338071(32) 0.0492
20 10.20759(2) 0.338080(32) 0.0487
15 10.20753(2) 0.338088(32) 0.0482

III. RESULTS AND DISCUSSION
A. Magnetic characterization

Magnetic-susceptibility data taken at 0.05 T are shown in
Fig. 1. Note the divergence between the data collected in
zero-field-cooled and field-cooled modes at 22 K which can
be taken as the spin-glass freezing temperature Ty. These
data are consistent with several other determinations shown
in the literature and indicate that this sample is equivalent in
terms of magnetic properties to typical samples of Y,Mo0,0-.

B. Neutron diffraction: The average structure

The only structural study previously published'® was
based on data taken at a low-flux reactor-based source with
modest resolution, so it is of considerable interest to analyze
data of superior resolution and extended Q range as afforded
here. Initially, the data sets at each temperature were refined
using both isotropic and anisotropic ADFs on the fully or-
dered model. A typical result is shown in Fig. 2, left panel,
from which it is clear that the fit is excellent. Figure 2, right
panel, demonstrates the absence of the 442 reflection, the
significance of which is discussed later in this section. The
refinement results are listed in Tables II-IV for anisotropic
ADFs and the temperature dependence of the anisotropic
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ADFs is shown in Fig. 3, left panel, while the ellipsoids are
indicated in Fig. 3, right panel.

First the anisotropic refinement results at 300 K can be
compared directly with those for other pyrochlores, for ex-
ample, Y,Sn,0-, obtained also from neutron powder data as
shown in Table V.?’ These results were obtained at a reactor
source to O .x=8.1 A comparable to those of the present
work for which Q,,,,=9.1 A~!. The effective radii for Sn**
(0.69 A) and Mo** (0.65 A) are comparable.'

Note that, except for the O2 site, the diagonal displace-
ment factors for B=Mo are significantly larger, by factor of 2
or 3, than those for the B=Sn pyrochlore. The shapes of the
ellipsoids at the B site are different as well, with negative
oft-diagonal values for B=Sn which are positive for B=Mo.
Thus, the Sn ellipsoid is a disklike slightly flattened sphere,
while for B=Mo, it is an elongated cigar shape (Fig. 3, right
panel). Considering relative magnitudes among ADFs for
Y,Mo,0,, U;(O1) is the largest of all by nearly a factor of
2. Examination of the temperature dependence of the dis-
placements (Fig. 3, left panel) indicates normal behavior for
most, but U;; for Ol remains very large and U;; for Mo
shows nearly no temperature dependence. Thus, in spite of
the excellent apparent fit of the fully ordered model to the
data, it is clear that all of the atomic displacement factors are
large and show considerable anisotropy except of course for
02, for which the site symmetry constrains the ellipsoid to
be spherical. Before leaving this discussion, it is worth not-
ing that the 442 reflection, which has been linked with static
atomic displacements in pyrochlores, is not observed in the
neutron data (Fig. 2, right panel). For example, pyrochlores
with so-called lone pair active ions on the A site, e.g.,
Bi,Ti,0; or Sn,Ta,0,, for which a clear static distortion has
been demonstrated, always show a 442 reflection.’*3! In
these cases the lone pair ion is disordered over the 96g sites
and O2 is partially distributed over 32¢. The origin of this
correlation is that additional systematic absences arise in
Fd3m with isotropic atoms in Wyckoff sites a—d and f
which forbid 442 but for atoms in any other site these addi-
tional extinctions do not hold. Apparently, anisotropic atoms
in these special sites also allow 442 in principle but in the
case of Y,Mo0,0;, it is absent in spite of large-amplitude
anisotropic behavior at all of these sites except of course 8b.
Finally, the absence of 442 argues against disorder of O2 in
32e.

TABLE III. Anisotropic ADFs U;; X 10 A2 for Y,Mo,0; at various temperatures.

T
(K) U (Y) Up(Y) Uj(Mo)  Up(Mo)  Uyp(01)  Up(01)  Uy(0l)  Upy(02)
300 0.856(9) -0.224(9) 1.14(1) 0.61(1) 1.85(2) 0.96(1) 0.16(1) 0.56(2)
225 0.648(9) -0.19(1) 0.99(1) 0.69(2) 1.64(2) 0.70(1) 0.16(2) 0.35(2)
200 0.722(8) -0.18(1) 1.15(1) 0.75(2) 1.72(2) 0.82(1) 0.11(1) 0.46(2)
150 0.732(7) -0.162(9) 1.27(1) 0.80(1) 1.73(2) 0.868(9) 0.06(1) 0.50(2)
100 05118)  —0.16(1) LI 081(2)  1452)  067709)  003(1)  034(2)
50 0497(7)  -0.130(9)  L14(1)  084(2)  1482)  0.68009)  003(1)  0.350)
25 0491(7)  —0.14(1) 1.14(1)  083(2)  147(2)  069109)  003(1)  035(2)
20 0.471(7) —-0.140(9) 1.12(1) 0.82(2) 1.44(2) 0.667(9) 0.03(1) 0.35(2)
15 0471(7) -0.136(9)  LI1(1)  083(2)  1452) 066(1)  003(1)  032(2)
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TABLE V. Selected interatomic distances (A) for Y,Mo,0,
from Rietveld refinements.
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TABLE V. Comparison of anisotropic displacement factors
(1072 A?) for Y,B,0, pyrochlores at 300 K; B=Sn,Mo.

T
(K) Y-O1 Y-02 Mo-O1 Y-Y/Mo-Mo
300 2.4552(2)  2.21491(1)  2.0187(1)  3.61694(1)
225 245173)  221297(1)  2.0178(2)  3.61377(1)
200 24515(2)  221239(1)  2.0170(2)  3.62182(1)
150 2.45002)  221129(1)  2.0162(1)  3.61102(1)
100 2.4480(2)  221056(1)  2.0163(2)  3.60983(1)
50  2.4474(2)  2.21016(1)  2.0160(2)  3.60917(1)
25 24471(2)  2.21001(1)  2.0160(2)  3.60893(1)
20 2.4470(2)  2.21001(1)  2.0160(2)  3.60893(1)
15 24469(2)  220999(1)  2.0161(2)  3.60891(1)

Parameter (Site) B=Sn B=Mo
Uy 1=Uy=Us; (Y) 0.54(2) 0.856(9)
Uiy=U,3=Uss (Y) -0.09(2) ~0.224(9)
U, =Uy=Us; (Sn,Mo) 0.27(2) 1.14(1)
Uyo=U,3=Us; (Sn,Mo) -0.03(2) 0.61(1)
Uy, (O1) 0.64(3) 1.85(2)
Uy=Us; (O1) 0.56(2) 0.96(1)
Uy (O1) 0.23(2) 0.16(1)
U, 1=Uyp=Us; (02) 0.49(4) 0.56(2)

The average structure data can also be used to examine
the possibility of a crystallographic phase transition, frustra-
tion driven or otherwise, within the temperature range inves-
tigated. For example, the data of Fig. 3 show some scatter
but no discontinuity in the ADFs as the temperature is low-
ered, nor is there any other discontinuity such as in the cell
constant or the x(O1). Figure 4 shows a comparison of data
from the 148° backscattering detector bank for 300 and 20
K. Within the resolution of these data, Ad/d~1.5X 1073,
there is no evidence for new reflections or peak splitting or
broadening which would signal a crystallographic phase
transition to a lower symmetry as the temperature decreases
to below the observed T+.

C. Pair distribution function analysis: The local structure

The G(r) shows sharp features out to quite long distances,
indicating a high degree of crystallinity for the sample. In
these studies a r,,,,=20 A has been chosen for fitting and is
displayed in Fig. 6. The weak ripples below about 2 A are
unphysical, coming from errors in the data analysis.’> They
are small, indicating the good quality of the data, and are
insignificant in the physical region of the PDF above 1.8 A.
There is merit in examining the region of small » which
includes the nearest-neighbor pairwise distances for this ma-
terial. Figure 5 displays the G(r) out to 3.8 A, showing six
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< 10 " u,o1
< 2
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00|
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FIG. 3. (Color online) (Right) Temperature dependence of the
anisotropic displacement factors for Y,Mo,0;. The lines are guides
for the eyes. (Left) The ADF ellipsoids at 300 K. Y is black, Mo is
dark gray, Ol is large and white, and O2 is small and white.

resolved peaks, each of which can be assigned unambigu-
ously as indicated by comparison of the peak maxima with
the interatomic distances refined from the Rietveld analysis
(Table 1V).

Note that the peaks for Y-O1 and O1-O1 which corre-
spond to a difference of 0.16 A are sufficiently well resolved
to be readily identified. At this stage it is of interest to com-
pare the interpretation of the EXAFS data in terms of a static
splitting of the Mo site with magnitude of ~0.16 A directly
to the G(r). Unfortunately, due to the cubic symmetry, two
atom pairs contribute to the peak at 3.62 A, Y-Y and Mo-
Mo, each involving six neighbors. The total intensity of a
peak in the G(r) is given by I,o,=2,Npbsby, Where N, is
the number of contributing atom pairs and b, and b, are the
scattering lengths of the atoms in the pair. The relative con-
tribution of a given pair to the total peak intensity is thus
N,b.by! 1. On this basis the Mo-Mo pairs account for 41%
of the peak intensity at 3.62 A, a significant fraction. Note
that there is no evidence for two observable peaks in the G(r)
at this distance. The EXAFS analysis found no unusual be-
havior of the Y-Y correlation, so in spite of the coincidence
of the two atom pairs in the G(r), one could expect to see Mo
site splitting manifested in the form of discernable shoulders
or at least a strong deviation from a Gaussian peak shape,
which is also not evident. From another point of view, one
can compare the relative widths of the Mo-O1 and Mo-Mo
peaks between the G(r) and the EXAFS fits. In the latter
experiment the ratio of the variances, A2, for Mo-Mo/Mo-O1
is given as ~11, which implies that the ratio of the peak
widths should be ~3.3. Inspection of Fig. 5 shows that this is
not observed; in fact the actual ratio is 1.5 at 300 K, which
reduces to 1.1 at 15 K. Thus, the observed G(r) does not
appear to support a disorder model involving a split static
Mo position of the magnitude needed to explain the EXAFS
data. In addition one can compare the relative peak heights in
the G(r) data which should scale according to the equation
given earlier, assuming a common peak width. Note that the
Y-O1 (x6) peak is actually less intense than the Mo-O1 peak
(x6) and even less intense than the Y-O2 peak (x2), whereas
one would expect the relative peak height ratios to be 3/2.7/1
for the three atom pairs in the order listed. This indicates
that, even without any fitting of the G(r) data, attention is
focused on the Y-Ol pairs as the principal origin of short-
range disorder in this material. While the EXAFS data do
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FIG. 4. (Color online) Comparison of neutron diffraction data at short d spacings for Y,Mo0,07 at 300 K (left) and 20 K (right) showing

the absence of a structural phase transition.

show anomalous behavior associated with the Mo-Mo pairs,
this may be traced to the very large degree on anisotropy
associated with the Mo ADF, but there is no clear evidence
from the G(r) for a static splitting. Of course much more
definitive conclusions can be extracted from a detailed mod-
eling of the NPDF data.

The G(r) data were fitted using three models. The first
involved the fully ordered model and isotropic ADFs, U,
for all atoms, and the results for 300 and 15 K are shown in
Fig. 6. Clearly, the result at 300 K is poor with an agreement
index R, =12%. Insight into the problems with this model is
afforded by viewing the short-r regime, shown at the top
right in Fig. 6. Here, as anticipated already, it is clear that the
major area of poor fit involves the Y-O1 and O1-O1 sites.
Clearly, the Y-O1 peak is strongly overestimated in the fit.
While a difference peak occurs at Mo-Mo/Y-Y/Mo-Y, it is of
the opposite sense, i.e., the data peak is actually sharper than
the fitted peak, again a counterindication with respect to the
EXAFS-derived model. Essentially the same situation is
found at low temperature. Figure 6 bottom shows compa-
rable data at 15 K, below T. Note that R,, is larger at 15 K,
almost 16%. The data of Fig. 6 are not inconsistent with the
large-amplitude anisotropic displacement parameters for the
01, Y, and Mo sites determined from the Rietveld analysis of
the average structure.

Thus, the G(r) data were fitted using anisotropic ADFs,
U niso» for all atoms. The results at 300 and 15 K are shown
in Fig. 7. Note first that R,, drops to 8% at 300 K and 10% at
15 K, both significant improvements to the fits. As seen in
the short-r data, fits around the Y-O1 and Mo-Mo/Y-Y dis-
tances are much better. The total number of fitting param-
eters is now increased to 13 from 9 in the isotropic ADF
model.

At this stage a static disorder model in which the Ol site
was split was implemented. From the dimensions of the O1
ellipsoid, extreme x values of 0.329 and 0.346 were chosen
as starting parameters and the O1 sites were divided into two
groups of 24. This refinement in which all atoms were re-
fined anisotropically showed a slight improvement in the fit
at 300 K but results in the same R,, value as for the aniso-
tropic ADF model at 15 K shown in Fig. 8. The number of
refined parameters is now 16. The fitted values for x(O1) are
0.3305(12) and 0.3465(13).

Such a model can be checked using the diffraction data.
To that end a refinement was attempted using a split O1 site
in 48f. The starting x value was that from the fully ordered
model. The results show that two independent x parameters
can be refined with values of 0.3289(1) and 0.3466(1), very
similar to those found from the PDF fit to the G(r) data
described above. However, it was not possible to refine si-
multaneously both the x values and the ADFs for each site.
ADFs were refined separately, holding the x values constant,
giving U;; and U,, values for the thermal ellipsoid of the O1
site which are now comparable, 0.0094(1) and
0.0089(1) A2, respectively. A major implication of the split-
site model is that there are now two Y-O1 distances, 2.5165
and 2.3847 A, with a mean value of 2.4556 A and a stan-
dard deviation 0=0.0609, and two Mo-O1 distances, 1.9805
and 2.0606 A, with a mean value of 2.023 A and o
=0.0376. Such o values would not result in resolvable fea-
tures in the G(r) as the observed full widths at half maximum
(FWHMs) of the Mo-O peak and the Mo-Mo peak are 0.14
and 0.19 A, respectively, at 300 K.

As has been noted previously, the R, values for the fits to
G(r) increase for the same model as the temperature de-
creases. The global result for all models including the aver-
age structure is shown in Fig. 9. The common feature is that
all agreement indices do increase with decreasing tempera-
ture but the behavior is different for each model. The average
structure model shows the smallest effect with an increase
from 4.07% at 300 K to 4.82% at 15 K, an overall change of
18%. The PDFFIT for the isotropic ADF model increases from
12.01% to 15.97%, a 33% change over the same range but
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R, increases gradually to ~100 K and is then constant. For
the other two models, there is a more discontinuous jump in
R,, below 100 K for the all aniso models and below 50 K for
the Ol split-site model. The overall changes are different,
22% for the former and 44% for the latter. Clearly, all mod-
els are less accurate at low temperature. These observations
may be consistent with the recent uSR studies, mentioned
above, which find a significant increase in the distribution of
local fields below 40 K.?

Fits to the G(r) were also carried out in which the range
of r over which the fitting was done was varied. The mini-
mum r value, r,;,, was fixed at I A and r,,,, was increased
systematically to 20 A. The results for the split-Ol-site
model are shown in Fig. 10 for both 300 and 15 K. Note that

R,, decreases sharply in both cases as r,,, is increased for
both temperatures. At 300 K R, reaches an approximately
constant value beyond 7.~ 10—12 A, while at 15 K R,
appears to be constant above ry,,~8—10 A. Both results
suggest that the disorder in this material extends to at least
8 A, which is beyond the nearest-neighbor distance range.

D. Spin-dimer analysis

It is clearly of great interest to compare the implications
of the disorder models investigated here with the criteria of
Saunders and Chalker? for the emergence of the spin-glass
ground state due to weak disorder in a pyrochlore lattice. A
computational estimation of relative strengths of spin inter-
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actions among different magnetic ions and through different
pathways was obtained using extended Hiickel spin-dimer
analysis.? The strengths of spin interaction manifested in the
exchange constant J are related to the hopping energies
among different magnetic sites, Ae, as well as the electron
correlation energy U resulting from accommodation of two
electrons within the same orbital. These quantities are related
through the formula

(80
U

J= (1)
When comparing J values of different interaction pathways
involving the same magnetic ion, the correlation energy, U,
is constant and therefore the difference in the (Ae)? value
determines the significance of a particular spin interaction
relative to the other possible pathways. In these computa-
tions three different interaction pathways between two
nearest-neighbor Mo sites were considered based on the x
positional value for O1 for the average structure and the two
extreme values for the split-site model. The values of the
intersite hopping energies Ae were acquired by employing
the CAESAR package®* assuming that all three ,, Mo 4d or-
bitals contributed equally to the superexchange interaction.
The variation in the Mo-O1-Mo angle and (Ae)? as a func-
tion of x is shown in Table VL.

It is clear from Table VI that (Ae)? and, thus J, are strong
functions of x(O1) and that disorder at this level will lead to
a large distribution of exchange constant values, AJ, with
AJ/J>0.1. Thus, in the Saunders-Chalker context it seems
clear that a spin-glass ground state for Y,Mo0,0; can be un-
derstood.

IV. SUMMARY AND CONCLUSIONS

The main conclusions from this work pertinent to the av-
erage structure of Y,Mo0,0; are that: (1) neutron diffraction

data of relatively high resolution can be fitted very well by a
fully ordered model with anisotropic ADFs, but (2) the ADFs
are indeed highly anisotropic in comparison to isostructural
Y,Sn,05, and (3) there is no evidence for a true crystallo-
graphic phase transition over the range of 300-15 K within
the resolution of the data.

Conclusions relevant to the local structure are that: (1)
there is significant disorder associated with the Y-O1 pairs
which would be qualitatively consistent with Y NMR re-
sults reported previously, (2) there is no evidence for a dis-
order model involving the Mo-Mo pairs proposed previously
from EXAFS data, (3) either a dynamic disorder model (an-
isotropic ADFs) or a static split-O1-site model results in dra-
matic improvements in fits of the G(r), (4) fits of the local

6] " m PDFFIT (all iso)
| |
14- -
n
| |
- 12 1 u
X
n:% 10{ 2 o PDFFIT2 (all aniso)
5 A4 o o ° o °
o °] L aa
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4- o o
0 5 100 15 200 250 300

T(K)

FIG. 9. The evolution of agreement indices R, and R,,, for
various models as a function of temperature. Ry, (GSAS) refers to
the average structure fit of the diffraction data. PDFFIT2(split O1),
PDFFIT2(all aniso), and PDFFIT(all iso) correspond to the three mod-
els tried for the local structure. Below 50 K the R,, values for the
(split O1) and (all aniso) models are numerically the same.
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structure always become worse as the temperature is de-
creased for any model, and (5) the range of the disorder
extends to 8—12 A, well beyond nearest neighbors.

The present results are also consistent with the observed
spin-glass ground state. In either the static or dynamic disor-
der model, there is a significant variation in the parameters
which determine the nearest-neighbor superexchange inter-
action in Y,Mo,0; as shown by application of the simple
spin-dimer model. While not quantitatively accurate, this
model is generally reliable in assessing relative changes. The
conclusion here is that the criterion of Saunders and
Chalker’® would appear to be satisfied quantitatively for
Y2M0207.

To conclude, at least three further questions should be
addressed. First, is there genuine static disorder in Y,Mo0,0,
or large-amplitude dynamic disorder? Both models provide
an improved fit to the G(r), with the split-site model being
slightly better at high temperatures, albeit with the advantage
of three additional free parameters. However, both models
appear to give equivalent fits at low temperature. Thus, the
NPDF analysis does not provide a clear basis for choice.
This situation has elements similar to the well-studied case
of the B-cristobalite form of SiO, which has been conve-
niently summarized.>> B-cristobalite is a high-temperature
quenchable form of silica and, coincidentally, crystallizes in
Fd3m. In the fully ordered model, Si is in 8a and O is in 16¢.
However, this requires an unusually short Si-O bond length
and a linear Si-O-Si bond angle, which is considered some-
what unlikely. The displacements for the O site are large and
anisotropic as well. Early alternative models involved disor-
dering O over the 96 h sites with partial occupancy.*® Re-
finements of this model led to a six-domain hypothesis with
lower tetragonal symmetry and equal distribution of the do-
mains to recover the Fd3m symmetry. This interpretation has
been questioned and molecular-dynamics simulations along
with inelastic-neutron-scattering, Raman, and infrared data
appear to rule out a static disorder model and support a dy-
namic disorder alternative.’> Nonetheless, ND data for
Y,Mo,05, specifically the very weak variation in the ADFs
for Ol and Mo with temperature, suggest strongly the pres-
ence of a static component to the disorder. At the very least

PHYSICAL REVIEW B 79, 014427 (2009)

TABLE VI. The variation in Mo-O1-Mo angle and {Ae)? with
X for O1 in Y,Mo0,0;.

Mo-O1-Mo (Ae)?
x(01) (deg) (meV)?
0.3289 131.9 23579
0.3384 126.9 14212
0.3466 122.7 10546

the data are consistent with a very flat and probably anhar-
monic potential for the Y-O1 atom pairs. At this stage it is
not yet possible to refine anharmonic ADFs within the exist-
ing PDFFIT codes. Thus, as the true situation for Y,Mo,0,
remains elusive, new data from inelastic-neutron-scattering,
Raman, and infrared spectroscopies would be very helpful in
resolving this question.

Second, is there any evidence that geometric magnetic
frustration plays a causal role in the structural disorder found
in this material? At first glance the answer would appear to
be no. Data at 300 K indicate that disorder exists in both the
average and local structures even at this relatively high tem-
perature. However, fits to the local structure, regardless of
model, become significantly worse as the temperature is de-
creased. For the most realistic local structure models, seem-
ingly discontinuous changes in R,, occur below the range of
100-50 K. Thus, it is impossible to rule out some rather
subtle role for magnetic frustration but a detailed model for
this is certainly not obvious.

Third and finally, the structures, both average and local, of
very few pyrochlore oxides have been studied at the depth
presented here. Is local disorder of the type found for
Y,Mo,0,; commonplace among pyrochlore oxides or is the
rare-earth molybdate series unique? That most magnetic py-
rochlore materials do not exhibit spin-glass behavior would
seem to argue for the latter, but in fact the knowledge base
here is very shallow and more work would appear to be
warranted.
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