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Diffuse magnetic scattering in the highly frustrated double perovskite, Ba; YRuOsg, was investi-
gated using polarized neutrons. Consistent with previous reports, the material shows two apparent
transitions at 47 K and 36 K to an eventual Type I face centered cubic magnetic ground state.
The (100) magnetic reflection shows different behavior from the five other observed reflections upon
heating from 1.8 K, with the former broadening well beyond the resolution limit near 36 K. Closer
examination of the latter group reveals also a small, but clear, increase in peak widths between
36 K and 47 K, indicating that this regime is dominated by short range spin correlations. Diffuse
magnetic scattering persists above 47 K near the position of (100) to at least 200 K, consistent with
strong frustration. Reverse Monte Carlo (RMC) modeling of the diffuse scattering from 45 K to
200 K finds that the spin-spin correlations between nearest and next nearest neighbors are antifer-
romagnetic and ferromagnetic, respectively, at temperatures near the upper ordering temperature,
but both become antiferromagnetic and of similar magnitude above 100 K. The significance of this is
unusual crossover is discussed in light of the super-super exchange interactions between nearest and
next nearest neighbors in this material and the demands of the Type I order. The dimensionality of
the correlations are addressed by reconstructing the scattering in the (hk0) plane using the RMC
spin configurations. This indicates 1D spin correlations dominate at temperatures close to the first
transition. In addition, a comparison between mean field calculations and the (hk0) scattering im-
plies that further neighbor couplings play a significant role in the selection of the ground state. The
results and interpretation are compared with those recently published for monoclinic Sr2YRuOg and

similarities and differences are emphasized.

PACS numbers: check

Double perovskite oxides with rock-salt ordering on
the B-site (Fig. 1a) provide many opportunities for the
design of new materials with geometric magnetic frus-
tration. Such materials have the general composition
AA’'BB’Og, where A and A’ are large cations from Group
2 (Ca,Sr or Ba) or Group 3 (La and other large rare
earth ions) and B and B’ typically are smaller cations
from the 3d, 4d and 5d transition series, but can also in-
clude smaller ions from Groups 2 and 3 such as Mg, Zn,
Ca and Y. The robustness of the perovskite structure
allows a large variety of oxidation states and electronic
structures. Geometric magnetic frustration arises when
B is a diamagnetic ion and B’ is magnetic; in this case,
each forms a face centered cubic (fcc) sublattice, which
is equivalent to a network of edge-sharing tetrahedra. In
the presence of antiferromagnetic nearest-neighbor cor-
relations such a lattice exhibits frustration, as seen in
Figure 1b.

The symmetry of the lattice and the local point sym-
metry at the B’ site are determined by Goldschmidts tol-
erance factor, t = (ra — 70)/vV2({rp,r’3) — ro0), where
ra —ro and (rg,rlz) — ro are the relevant cation-oxide
ion distances'. As t decreases from the ideal value of
1, space group symmetries Fm3m, I4/m and P2, /n are
observed sequentially, with respective B’ site point sym-

metries of m3m, 4/m and 12. The point symmetries

naturally determine the crystal field splitting of the 3,
ground states. The B’ site electronic configuration con-
fers a nominal spin, S, which can be strongly modified by
spin orbit coupling (SOC), particularly when the B ion is
from the 4d or 5d series. All of these factors — sublattice
symmetry, point symmetry, S and SOC — are “degrees of
freedom” which sometimes play a major role in the de-
termination of the magnetic ground state. Recent theory
has attempted to take these factors in to account at the
mean field level for the cases of configurations ¢, and t3,

for both m3m and 1 site symmetries with strong SOC3°.

The role of SOC is thought to be least important in
the case where B’ has the ¢3, configuration, as to first
order L = 0. Assuming LS coupling the main effect
arises at second order, and results in an isotropic reduc-
tion of the electronic g-factor by ~ 8\/10Dgq, where X is
the spin orbit coupling constant and 10Dgq is the over-
all cubic crystal field splitting between the t5, and e,
states®. Thus, one expects that the ordered moment for
tgg ions, p, = ¢S, with S = 3/2 will be somewhat reduced
from the spin only value of 3up. For the case of interest
here, namely Ru®* (4d%), an estimated free ion value of
A = 55 meV7” and 10Dq in the range 2 — 3 eV indicates
ordered moments should fall between p, ~ 2.7 — 2.8 pup.
Among other effects that can reduce the ordered mo-
ment is the strong covalency between the 4d and lig-
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FIG. 1. (a) The crystal structure of the B-site ordered double
perovskite, A2 BB’'Qg. The grey spheres, purple octahedra
and dark blue octahedra represent A ions, BOg octahedra,
and B’Og octahedra, respectively. (b) The geometrically frus-
trated face- centered-cubic lattice of edge-sharing tetrahedra
formed by both the B and B’ sites. Solid and dashed black
lines indicate nearest-neighbor and next-nearest-neighbor Ru-
Ru distances for Bas YRuOg.

and orbitals, which removes some fraction of the mo-
ment from the metal ion site to the ligand sites. This
is often considered to be the most important contribu-
tion to a reduced moment®?, but is difficult to quantify
without detailed calculations of the electronic structure.
Geometric frustration is also often invoked in the con-
text of persistence of spin fluctuations to very low tem-
peratures, but is even more difficult to quantify. Ordered
moments for a number of Ru®* based double perovskites,
namely Bas YRuOg and BasLuRuOg which are cubic and
SroLuRuOg, SroYRuOg and LasLiRuOg which are mon-
oclinic, have been reported'®'? and these span a very
narrow range from 2.2(2) to 1.96(2)up. All of these Ru®*
double perovkites show a Type I fcc ground state mag-
netic structure, pictured in Figure 2. Thus, there is a
large (> 30%) reduction in the Ru®* ordered moment
from the spin only value. A similar moment reduction
was found for the simple perovskite SrTcOs, where the
Tc*t ion has the same 4d, tgg configuration and a mo-
ment of 1.9 ug®. In this case, it was argued from a first
principles calculation that most of the moment reduction
arises from 4d/ligand covalency®!3. Nonetheless, very
recently, it has been suggested that SOC does play a ma-
jor role in the magnetism of 4d® and 5d° perovskites in
that a coupling scheme intermediate between L — S and
j — j is appropriate for such a configuration'. So, the
role of SOC in 4d® and 5d® perovskite magnetic materi-
als appears to be unsettled, at least regarding moment
reduction, at present.

However, seemingly unequivocal experimental evi-
dence for the effects of SOC is provided by inelastic neu-
tron scattering studies of the material with which this
study is concerned, BasYRuOg!'®. A clear gap in the
excitation spectrum, centered at the (001) antiferromag-
netic zone center of 5 meV is seen. Such a gap is not
expected for a pure L = 0 magnetic ground state. Bulk
susceptibility studies on Bas YRuOg established the pres-
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FIG. 2. The Type I fcc magnetic structure found for

BasYRuOsg and several other Ru®T based double perovskites.
The chosen moment direction is arbitrary as this cannot be
determined from powder data on a material with cubic sym-
metry.

ence of two susceptibility maxima, at Tyo ~ 36 K and
Tn1 ~ 47 K12, Neutron diffraction (without energy anal-
ysis) and heat capacity data seemed to suggest that true
ordering occurs only at the lower temperature; diffuse
magnetic scattering was seen to persist up to at least
~ 40 K in the form of a broad, apparently symmetric
feature at the (100) peak position Q9o = 0.75 A=, but
these studies were not pursued to higher temperatures.
However, later neutron scattering studies including en-
ergy analysis, demonstrated that the (100) and (110)
magnetic reflections remained resolution limited up to
47 K with a low incident energy and a narrow energy
analysis window'®. Upon widening the energy analysis
window, the data more closely resembled those of the
original diffraction experiments. At this point it was
deemed useful to carry out experiments with polarized
neutrons to examine the scattering above T in greater
detail and to illuminate further the unusual magnetic or-
dering process in this double perovskite.

At about the time that these experiments were un-
dertaken, a detailed neutron study of the related,
but not isostructural, compound Sro YRuOg appeared!©.
SroYRuOg is monoclinic, crystallizing in space group
P2, /n, while Bag YRuOg within the resolution of present
measurements appears to remain Fm3m to the lowest
temperatures studied. Nonetheless, the properties of the
two compounds are very similar. SroYRuQOg exhibits two
apparent transitions from specific heat and susceptibility
data at Tys ~ 27 K and Ty ~ 32 K'7. Prior neutron
diffraction studies had confirmed the Type I fcc magnetic
structure with the moments ferromagnetically aligned in
the {001} planes and stacked antiferromagnetically along
the propagation vector k = (001)1°.

The investigation described in Ref. 16 consisted of a
standard structural refinement and a more detailed study
in a limited Q window 0.35 < Q < 1.4 A~! using a triple



TABLE I. Comparison of the observed and calculated posi-
tions for six magnetic reflections for Bap YRuOg at 1.8 K.

(hkl) Qcalc / Ail Qobs / A71
100 0.7548 0.756(1)
110 1.0675 1.0690(5)
210 1.6878 1.6839(8)
211 1.8940 1.896(3)
300 2.2645 2.256(3)
310 2.3870 2.386(2)

axis spectrometer in the double axis mode, i.e., without
energy analysis. Within this Q-range only two magnetic
reflections were observed, (001) and (110). Among the
remarkable findings were the observations that at 36 K,
above Ty, the (001) magnetic reflection took on an
asymmetric shape and that this diffuse scattering per-
sisted up to ~ 200 K, more than six times Tx2. The
lineshape was interpreted as Warren-like, arising from 2D
correlated domains, and assigned to the presence of an-
tiferromagnetically coupled ferromagnetic layers, a nat-
ural interpretation given the layered nature of the Type
I structure. As well, the temperature dependence of the
(110) reflection showed a change in slope between Tyo
and Tn1. However, the temperature dependence of (001)
was not shown. It was also suggested that within the re-
gion Tno < T < Tn1, long range order of alternate AFM
layers occurs, and that this pattern of ordering should
be general for nearly all fcc magnetic lattices. Another
interesting observation concerned the strong increase in
integrated magnetic scattering with increasing temper-
ature, peaking at ~ 33 K, just above Txi, and then
falling significantly with further heating to 200K. Finally,
it was stated that for double perovskites in general that
the next nearest neighbor (nnn) magnetic interaction, a
1800 Ru-O-Y-O-Ru super-super exchange is negligible in
comparison to the nearest neighbor (un), 90" interaction,
which could have both Ru-Ru direct and Ru-O-Y-O-Ru
components. This provided another strong motivation to
complete a similar study on the closely related material,
BasYRuOg. In the present work, polarized neutrons are
used to explore a wider Q range, 0.4 < Q < 3.9 A~! over
a similarly broad temperature range up to 200 K. The
diffuse scattering data is analyzed using reverse Monte-
Carlo methods, which do not involve the choice of a line-
shape model, as will prove important to the interpreta-
tion of the nature of the correlations. Finally, the signs
of nn and further-neighbor exchanges are investigated by
comparing the reconstructed single-crystal scattering cal-
culated with a mean field model including exchanges up
to fourth neighbors.

I. EXPERIMENTAL

A ~ 15 g sample of BasYRuOg was prepared as de-
scribed in a previous publication'?. Analysis by x-ray
powder diffraction showed a single phase product with a

unit cell constant identical within statistical error with
that reported. This sample is from the same batch as
used in the inelastic neutron scattering experiments de-
scribed previously'®. A polarized neutron scattering ex-
periment was carried out on the diffuse scattering spec-
trometer D7 at the ILL. The incident wavelength and
energy were 3.12 A and 8.97 meV, respectively, and the
elastic Q-range covered was 0.4 < Q < 3.9 A= . No en-
ergy analysis was carried out, meaning that the scattering
was integrated between energy transfers ~ —20 meV<
E < 8.4 meV. The total cross section was separated into
magnetic, spin incoherent, and nuclear/isotope incoher-
ent components using the XYZ method detailed in'®19.
Data from spin flip and non-spin flip separations of the
magnetic cross section were combined to form an average
magnetic scattering cross section, (do/d€2)maqq. Finally, a
normalization to vanadium data was performed to allow
for conversion to absolute units.
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FIG. 3. Magnetic scattering after separation from other
scattering contributions for Ba;YRuOg at 35.8 K, showing
the broadened (100) and relatively sharp (110), (210), (211),
(300) and (310) magnetic reflections. The asterisks indicate
the positions the four strongest nuclear Bragg peaks (see in-
set), which generate small anomalies in the magnetic cross
section. The apparent peak at ~ 1.3 A™! is probably spuri-
ous, as it has no systematic temperature dependence. (inset)
The separation of the cross section into its magnetic (blue),
spin incoherent (red), and nuclear and isotope incoherent (II)
(green) components by XYZ polarization analysis.

II. RESULTS AND DISCUSSION
A. T=1.8-44.8 K

Six reflections which are consistent with the Type I fcc
magnetic structure reported previously for this material
could be indexed unambiguously. The peak positions are
shown in Table 1 for 1.8 K and are compared with those
expected using the lattice parameter a = 8.3259(5) A
at 4 K measured previously'?. The temperature depen-
dence of the integrated intensity of the (100) magnetic



reflection is essentially the same as that reported, i.e., it
is consistent with T2 ~ 36 K [see Figure 4a]. However,
at higher temperatures, the (100) reflection broadens sig-
nificantly in @), while the (110) and (210) reflections re-
main resolution-limited and Gaussian-like, as illustrated
in Figures 3 and 4a.
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FIG. 4. (a) The temperature- and Q-dependence of the mag-
netic scattering on passing through Tni and Tn2, indicated
by white lines. (b) The integrated total magnetic cross sec-
tion at various temperatures for Bag YRuOg. A sharp drop is
observed at Tn1, resulting from the opening of the gap.

The temperature dependence of the intensities and
widths of the two strongest of these, the (110) and (210)
reflections, are shown in Figure 5a. Note that both
show order parameter-like behavior upon approaching
Tno from lower temperatures, but a much more grad-
ual decrease above Thg. This is similar to the behavior
of the (110) reflection reported for SroYRuOg.[16] We
note that neither the (110) nor the (210) reflections were
observed above Tho = 36 K in the previous study of
Bay YRuOg using diffraction methods'?. It is also clear
that the widths of both peaks increase significantly be-
yond the resolution AQ ~ 0.05 A~! above Tys, indi-
cating that the region between T and Tx; does not
represent true long range order but that correlations of
finite dimension are present [Figure 5b]. The resolution-
deconvoluted correlation lengths found in this region de-
crease smoothly from & = 63(22) A at 35 K to 19(9) A
at 45 K. Thus, we establish that T2 = 36 K is the true
critical temperature for this material.
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FIG. 5. The temperature dependence of the intensities (a)
and Gaussian widths (b) of the (110) and (210) magnetic re-
flections for BasYRuOg. The vertical lines locate T2 and
Tn1. Note the order parameter-like behavior for the intensi-
ties below Tn2 and the more gradual decrease between Tn2
and Tn1. While both reflections broaden significantly above
T'n2, the Gaussian (resolution) component remains dominant,
making a Gaussian a good approximation of the line-shape.

B. T=49.8-200 K

Above 50 K the only surviving magnetic feature is a
very broad peak near Qg0 = 0.75 A~! [Figure 4a]. Re-
markably, the peak persists up to 200 K, as in Sro YRuOg,
indicating the presence of short range magnetic correla-
tions to at least 67y2. This is direct evidence for the high
level of frustration in these fcc lattice magnetic materials.
In the case of Sros YRuOg, the peak shape is interpreted as
Warren-like'®, while for Bag YRuOg the dimensionality of
correlations is less obvious to assign; indeed, it is possible
to fit the peak using either an asymmetric 2D Warren or
a symmetric 3D Lorentzian lineshape function. Matters
are complicated by the presence of quasi-elastic critical
scattering around Q199 at high temperature, which has
already been shown to have a highly asymmetric line-
shape!®.

The T > 40 K data from D7 clearly contains a signifi-
cant contribution from this inelastic scattering, given the
absence of energy analysis. We do not, however, expect
a significant distortion of our measured cross-section to
result from the inelasticity because (i) the inelastic in-
tensity is concentrated in a single rod of scattering at
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FIG. 6. S(Q, F) measured at 75 K from [15]. The detector
trajectories integrated over in our polarized scattering exper-
iments are indicated by white lines. The color scale is nor-
malized to the magnetic intensity at Q(100) and E = 0.

Q100, and (i) the spectral weight at low energy trans-
fer £ < 2 meV is much greater than at higher energies.
We show this by plotting the (Q, F) trajectories of the
D7 detectors over the 75 K data from [15] in figure 6;
around @190, a slight broadening on the low @ side ac-
companied by a higher background is expected, an effect
which decreases with the reduction in inelastic scattering
upon cooling. Furthermore, the scattering above the gap
energy in the low T gapped phase should be confined to
the first few detectors in the lowest angle bank, meaning
that the observed pattern represents a clean separation of
elastic and inelastic magnetic scattering. With the above
in mind, a choice has been made to analyze the total mea-
sured diffuse scattering profile using reverse Monte Carlo
methods, which do not involve an analytical model for
the lineshape or a priori assumptions about dimensional-
ity. These results are described in the following section.

Further evidence of the influence of the inelastic gap
is shown in figure 4b where the integrated magnetic
cross section over the full instrumental Q-range is dis-
played as a function of temperature. Note several fea-
tures; (i) the total scattering increases upon cooling to-
wards Ty (i) At Ty, it sharply decreases and con-
tinues doing so beyond Ty2, where (74) the total scat-
tering eventually increases again. The sharp decrease
at T is consistent with the opening of a gap, which
has already been observed in inelastic neutron scattering
experiments!®, while the increase at lower temperature
reflects the growth of the magnetic Bragg peaks.

The overall temperature dependence mirrors that of
SroYRuOg, where the apparent decrease in the total scat-
tering below Tyy; was not provided with an explanation®®.
Given the inelastic data in'®, however, we believe that
SroYRuOg should also be a gapped system. Finally,

given that the cross sections obtained from D7 data are
in absolute units, and because the gap exceeds the energy
window of our neutron scattering experiment, it is pos-
sible to derive the model-independent ordered magnetic
moment from the data at T' = 1.8 K by comparing the
total scattering with the integral of

(filg)mag = g(vrof Bgf(Q)}2 S° (1)

over all @, where f(Q) is the magnetic form factor and
the constants have their usual definitions, which assumes
that the measured scattering is dominated by the ordered
component. Using f(Q) for Ru®* from?°, the resulting
moment at 1.8 K is p, = 2.05(4) pup, in excellent agree-
ment with the value 2.11(6) up derived from neutron
diffraction data'!:12.

C. Reverse Monte Carlo fits

As already pointed out RMC analysis of the existing
data sets are more appropriate than fitting to analytic
functions and can provide new information, especially
regarding direct space spin-spin correlations up to well
beyond nearest neighbor distances. Such methods have
been applied recently to a number of disordered magnetic
systems?!:22, Two different RMC codes were applied, a
locally developed one that had been used in the case of
the highly frustrated pyrochlore ThoMoyO7?! and the
SPINVERT program which has recently become widely
available??23. There was good agreement between the
two methods with only slight differences as discussed
in Appendix 1. The results from the SPINVERT code
will be used in the following. The box sizes used were
14 x 14 x 14 (10976 spins), and convergence was typi-
cally reached within 200 — 500 moves per spin. To ap-
proximate the Ru®™ form factor, which is not tabulated,
we attempted several approximations: (i) using the es-
timated Ru®t f(Q) from [20] (ii) f(Q) for the isoelec-
tronic 5d ion Os®T2% (iii) and f(Q) for the isoelectronic
4d ion Zr*. The Os®+ form factor was found to give the
best results, with both the Ru®t and Zrt form factors
predicting an excessively shallow falloff of the magnetic
intensity. The better match with the Os®* ion is unsur-
prising, given that the atomic radii differ by only ~ 1 pm.
Sample fit and associated real space spin-spin correlation
diagrams are shown in figure 7 for several temperatures
between 45 K, just below T, and 150 K. Below 45 K,
the correlation length, as estimated from the full-width
half maximum of the (100) peak, becomes larger than the
maximum box sizes achievable.

Before discussing the results in Fig. 7, it is useful
to consider the spin-spin correlations expected between
various neighbors via the Goodenough-Kanamori (GK)
rules?>26,  The relevant geometric information is pre-
sented in Table 2. Most of the exchange pathways are
of the super-super exchange (SSE) type as the interme-
diary diamagnetic ion, Y31, is involved. Considering just
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FIG. 7. (a) Results of an RMC analysis of diffuse magnetic
scattering data for BaaYRuOg at T = 45, 60, 100, 150 K.
Experimental points are open blue circles, with the fit and
difference indicated by red and black lines, respectively. (b)
Normalized spin-spin correlations (S; - S;) /S(S +1) in direct
space for several temperatures . (c¢) T-dependence of spin-spin
correlations for the first two shells. Next nearest neighbor
correlations cross over from antiferro- to ferromagnetic at ~
100 K.

TABLE II. Ru-Ru distances and exchange pathways in
BasYRuOs, a = 8.324 A.

Neighbor (z) Distance / A Pathway

15t (12) 5.886 90° Ru-O-Y-O-Ru
2nd (6) 8.324 180° Ru-O-Y-O-Ru
37d (24) 10.241 complex
4th (12) 11.827 complex

the first and second neighbors, for the nn case, there are
two competing interactions, 90° t%’g — tgg Ru-O-Y-O-Ru
SSE, which is predicted to be weakly ferromagnetic (F),
and direct ¢3, — 3, exchange which is antiferromagnetic
(AF). While the Ru-Ru nn distances are long, given the
enhanced radial extent of 4d orbitals, a direct interaction
cannot be ruled out absent a detailed calculation. Indeed,
in some oxide materials the net interaction is AF.2> The
net sign of the nnn pathway should be less ambiguous;
the 180° SSE is always AF in oxides. For example, in the

RECrOj; ortho-perovskites (RE = rare earth) in which
the Cr-O-Cr angles are smaller than the ideal 180°, nnn
SSE is AF and 120 K < Ty < 280 K.2¢ Thus, it is rea-
sonable to expect that both nn and nnn interactions in
BasYRuOg are net AF. However, it also necessary to con-
sider the demands of the Type I fcc magnetic structure
shown in Fig. 2. It is clear the nn correlations involve 4 F
and 8 AF correlations, while the nnn situation involves
6 F correlations. Thus, the Type I structure implies a
severe compromise in terms of what might be expected
given the exchange-pathway mandated correlations just
discussed above.
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Turning now to Fig. 7b, which displays the spin-spin
correlation function (S; -S;) at Tno = 45 K, note that
the spin correlations are exactly those expected for the
Type I structure, i.e. net AF for nn and net F for nnn,
which is of course required. The correlation length &
may be deduced to exceed 20 A by comparing (S; - S;)
between pairs of sublattices at several distances. Re-
garding Fig. 7c, which shows the temperature depen-
dence of (S; - S;) for the first two coordination shells, a
remarkable effect is observed on heating from 45 K; while
the nn correlation remains AF at all temperatures, the
nnn correlation changes sign by ~ 100 K, roughly 272,
and becomes net AF at all higher temperatures. (Note



that (S; - S;) at 16.6 A falls to zero when the nnn value
approaches zero.) This is the expected result based on
the GK rules for the two shortest SSE pathways, and is
of course consistent with the large negative value of the
Curie-Weiss constant for BasYRuOg, Ocw = —571 K.

Can the RMC analysis provide insight regarding the
detailed nature of the short range magnetic ordering in
BasYRuOg in direct space? For example, is there evi-
dence for short-range 2D ordering near T as postulated
for Sro YRuOg? To this end, the Q-dependence of the sin-
gle crystal diffuse scattering was reconstructed from the
RMC fits using the SPINDIFF extension to SPINVERT.
The (hk0) scattering plane was chosen for this calcula-
tion, as a buildup of low dimensional correlations pre-
ceding magnetic order would manifest as rods or planes
of scattering along the (h00)-type directions. Rod-like
features are indeed observed in the reconstructed 45 K
pattern, shown at the top of figure 8a, indicating the
origin of the (100) peak broadening relative to (110) in
the powder averaged data. To elucidate the dimension-
ality of the correlations when type I correlations are es-
tablished, we calculated the (hk0) magnetic scattering
of Type I short-range order with anisotropic correlation
lengths. This was done by writing the magnetic neutron
cross section in terms of spin pairs

do 2|2, 1ygr gt j
(dQ)mg—Cuf(@ 3+NiZjSi S} cosQ-Ryj
(2)

where g(ll ;) are the components of normalized spins ¢ and

J perpendicular to Q, and R;; is the vector connecting
them, and then making the substitution

SE-8F = exp [R5 |/6 — [ (BL)? + (RY)? /6wy .
(3)

where &, (§;,) are the correlation lengths along and per-
pendicular to k = {(100), (010), (001)}. Evaluating the
resulting expression numerically for boxes of spins of di-
mension > &,(&,,) and for all three k-domains leads
to the right hand side of figure 9. In the top half,
£ = 25.2 A and oy = 4.2 A is considered, whereas
the lower panel shows &, = 8.4 A and Exy = 16.8 A,
the parameter sets selected are both roughly compatible
with the average correlation length extracted from the
full width half maximum of (100). Qualitative agreement
with the data at 45 K is good for the former scenario, i.e.
essentially 1D antiferromagnetic correlations. This is in
sharp contrast to the interpretation of the diffuse scat-
tering in [16], where the asymmetric line-shape of the
(100) reflection in Q was thought to reflect 2D correla-
tions. The ferromagnetic correlations | k manifest as
rods for (h00) and (0k0) odd, and are also observed at 45
K. On heating further, these rods first disappear, before
the pattern becomes more isotropic beyond 70 K (Figure
8).
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FIG. 9. Comparison between the (hk0) plane scattering re-
constructed from the RMC fits to 45 K data (left) and the
numerically evaluated scattering in the same plane for (right,
upper) domains with ¢, = 25 A and &,, = 4.2 A, and (right,
lower) domains with £, = 8 A and Eay = 16 A.

We finally attempt to establish the connection between
the diffuse scattering in the (hk0) plane and the ex-
change parameters of the system by way of a mean field
model?”2°, The Hamiltonian for this model may be writ-
ten

1
H=—§ZJij(Rz‘j)Si‘Sja (4)
5,J

where S; and S§; are classical Heisenberg spins on sites
i,j connected at distance |R;j| by J;;(R;;) (note the
sign of the exchange). We have chosen to cut the lat-
ter off at a distance of 12 A, corresponding to the fourth
coordination shell. The spectrum of eigenvalues of this
Hamiltonian, corresponding to the various possible clas-
sical magnetic structures, may be determined by first
Fourier transforming, then diagonalizing the interaction
matrix J;;(q), where q is a vector in the first Brillouin
zone. The ground state is the mode which maximizes
J(q), and hence minimizes Eq. 2. Using the eigenvalues
and eigenfunctions determined in this way, the scattering
cross section for T' > T2 may be written:

2
W\ _propse e
<d9>mag =Cre) nz; 3= X/Tmr ©)

where Q = q+ G, with G a reciprocal lattice vector. The
superscript and subscript labels denote the o = (z,y, 2)
spatial components of eigenvalue A of index 7. T g is the
mean field temperature of the calculation, here treated as
an adjustable parameter. The so-called mean-field struc-
ture factor in the numerator is

F1 ,(Q) =FI(Q)—Qa |>_ QsF(Q) (6)
B8



where Q(a’g) are unit vectors along «, 5 = (x,y,2). Fi-
nally, the -dependent part is

F(Q) = Z ull; o exp(—iG - Ry) (7)

where ug; , is the o component of the eigenvector on site
i,

i associated with eigenvalue A", and the sum runs over
all atoms in the asymmetric unit. The general features of
the scattering i.e. the rods of scattering perpendicular to
(100) and the differing T-dependences of the (100) and
(110) peaks are well reproduced for nearly all solutions
with antiferromagnetic nn coupling J; and ferromagnetic
nnn coupling J, [Figure 8a]. As expected, these solutions
correspond to the stability criterion for the Type I struc-
ture. Some features, such as the ring of scattering evident
at low @ in the high T calculated patterns, and the ab-
sence of scattering at (110) above 70 K, are however less
well described by these solutions. To ensure that these
differences are not a consequence of the RMC parame-
ters, we reconstructed the (hk0) scattering for a variety
of box sizes and weights. As we found relatively little
variation with respect to these, the discrepancy between
the Jp-Js is likely due to other interactions in the system:;
here, we focus on further neighbor couplings.

By including an antiferromagnetic 3"¢ neighbor cou-
pling J3 and changing the sign of J, to antiferromag-
netic (in accordance with the GK prediction) both the
low @ ring and the form of the scattering at larger @
are well reproduced [Figure 8b]. The change of sign of
Jo is furthermore consistent with the negative antiferro-
magnetic nnn correlations observed in our RMC fits at
high temperature. Again, multiple solutions for J3 > 0
and Jo > 0 give acceptable agreement with the data; in
figure 8, we show a comparison between the parameter
set J1 = —1, JQ = 3J1/8, Jg = J1/4, J4 = 0 and the ex-
perimental data. Although J, < 0 favors Type II order,
it is negated by a relatively small J; < 0, which has a
strong effect by virtue of the large number of neighbors
z.

To place the comparison between the Monte-Carlo and
mean field datasets on a more quantitative footing, we
compute a quality factor x? = > glore(a) — oms(Q)]?,
where 0,.c(;m ) denote the reconstructed and mean field
cross sections for each set of parameters. The solution
with J3 # 0 yields a lower x2 at all T'; at 45 K, x? for the
J3 # 0 set is 7.6, while J3 = 0 yields 8.7. This difference
increases to 10.4 (J3 # 0) versus 31 (J3 = 0) at 70 K.
While this strongly suggests the presence of interactions
beyond J,, powder averaging makes it difficult to dis-
tinguish between the J3 # 0 model and other scenaria,
including ring exchanges and anisotropies. As such, an
accurate microscopic picture will likely require an actual
measurement of the (hk0) plane from a single crystal,
ideally with energy analysis. Nonetheless, the forego-
ing treatment (as well as [22]) illustrates how RMC can
provide surprisingly detailed information on 3D spin ar-
rangements in disordered magnetic systems.

III. SUMMARY AND CONCLUSIONS.

Using polarized neutrons, the magnetic scattering
cross section for the highly frustrated double perovskite
Bas YRuOg has been measured from 1.8 K to 200 K over
the range 0.4 < Q < 3.85 A=!. The Type I fcc magnetic
structure is confirmed at low temperatures with two ap-
parent orderings at Tno ~ 36 K and Ty ~ 47 K. Near
Tno the (100) magnetic reflection broadens significantly
while the (110), (210), (211), (300) and (310) peaks re-
main apparently Bragg-like until Th;. The widths of
the (110) and (210) reflections broaden continuously be-
tween Tyo and Ty indicating the presence of short range
spin correlations within this interval. These results are
parallel to those reported for monoclinic SroYRuOg for
which T and Ty are 27 K and 32 K, respectively. Dif-
fuse magnetic scattering associated with the (100) feature
persists up to at least 200 K, ~ 6Ty2. Again, Sro YRuOg
shows a similar effect. Unlike for Sro YRuOg, however,
the peak shape of the diffuse feature at Q190 = 0.75 A~!
is not obviously either an asymmetric Warren or a sym-
metric Lorentzian function.

Below Tv1, a drastic decrease in the integrated inten-
sity is observed, ascribed to a gap in the spin excitations,
which opens at this temperature in inelastic measure-
ments [15]. A gap of comparable magnitude must be
responsible for similar behavior in SroYRuOg. Analy-
sis of the diffuse magnetic scattering above and slightly
below T was carried out using reverse Monte Carlo
(RMC) methods to yield information on the spin-spin
correlations in direct space. By reconstructing the (hk0)
plane scattering from the RMC spin configurations, it
was found that the correlations in this range are pre-
dominantly one-dimensional and antiferromagnetic, with
the 2D correlations growing on cooling below Txi. In
addition, comparison of the calculated (hk0) plane with
mean field calculations shows that a complete model of
Bas YRuOg likely requires couplings beyond nn and nnn.
This may also be the case for most other double per-
ovskites of this type, including SroYRuQOg. Application
of the Goodenough-Kanamori rules indicate that both
the nn and nnn couplings should be AF, however, for
T < 2Tn2, the nnn correlation is F. This can be under-
stood in terms of the further neighbor couplings iden-
tified by the mean field calculation. A more detailed
study on both the diffuse scattering and dynamics in
the ordered phase, ideally on a single crystal, will prob-
ably be required to unambigusouly determine the mi-
croscopic Hamiltonian. Electronic structure calculations
would prove a useful supplement to these experiments.
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Appendix A
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FIG. 10. Normalized spin-spin correlations (S; - S;) /S(S+1)
versus T calculated from spin configurations obtained using
an alternate code. The sign and magnitude of the nn correla-
tions are well reproduced, while the nnn correlations tend on
average slightly more towards antiferromagnetism.

Fits to the data from 50 K to 200 K were also carried
out using the locally developed code of G. Ehlers.? There
was generally good agreement between this approach and
SPINVERT as indicated by Figure Al. The only signif-
icant difference is that the cross-over in (S; - S;) from F
to AF for nnn occurs at ~ 70 K rather than ~ 100 K.
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