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Uranium dioxide, UO», is a canonical example of a magnetic material with strong spin-orbit coupling. Here,
we present a study of the magnetic diffuse scattering measured on a polycrystalline sample/of UO,, which we
interpret in terms of its magnetic interactions between U*T magnetic moments. By refining valuesof the mag-
netic interaction parameters to magnetic diffuse-scattering data measured above the magnetic ordering transition
temperature, we show that the dominant magnetic coupling in UO; is a bond-dependent interaction analogous to
the Kitaev model of honeycomb magnets. We compare our experimental results with published.theoretical pre-
dictions and experimental measurements of the magnetic excitation spectrum. Our results suggest that magnetic
materials with f-electron magnetic ions, particularly actinides, may be promising candidates for realising Kitaev
magnetism, and highlight the role that magnetic diffuse-scattering data can play in identifying such materials.

The Heisenberg model of isotropic magnetic interactions
is among the most important models in magnetism [1]. Re-
cently, however, there has been renewed interest in magnetic
interactions that deviate from the isotropic Heisenberg limit
and are strongly bond-dependent. This interest has been moti-
vated by the theoretical discovery of a topological spin-liquid
ground state for the Kitaev model on the honeycomb lattice
[Figure 1(a)], which provides a foundational example of bond=
dependent magnetism [2, 3] that has potential applications in
quantum computing [4]. Subsequently, the Kitaev model has
been generalized to other lattices [5, 6], including.triangu-
lar, pyrochlore and face-centred cubic [Figure 4(b)]. While
these lattices do not show equivalent ground states to theshon-
eycomb Kitaev model, they can nevertheless exhibit many.
unusual magnetic properties, including spin-liquid behaviour
[7, 8] and multipolar excitations [9]. Moreoveryidentifying
Kitaev materials on any lattice can help to understand the fac-
tors that enhance the Kitaev interaction [10]: Consequently,
identifying materials where Kitaev interactions are dominant
is an important goal in condensed-matter physics.

A key ingredient to stabilise,large Kitaev' interactions is
spin-orbit coupling, which is enhaneed for heavier magnetic
elements. Motivated by this_observationy we decided to re-
examine the magnetic interactions of uranium dioxide, UO,.
Uranium dioxide has been extensively studied due to its use as
a nuclear-fuel material at high'temperatures [11, 12], but it is
also of fundamental interest due to itslow-temperature proper-
ties [13]. Atlow temperatures, strong coupling of spin, orbital
and lattice degrees.of freedom has been revealed by the obser-
vation of mixed magnon-phonon excitations [14—16], and by
magnetoelastic tesponses with potential applications in mag-
netic sensing:[ 17, 18]« Uranium dioxide crystallises in the flu-
orite structure (space group Fm3m; a = 5.46 A) [19], where
U** ions occupy /a face-centred cubic lattice. A first-order
transition to an‘antiferromagnetic state occurs at 7y = 30.8 K
[20521]. The small value of Ty compared to the antiferromag-
netic Weiss temperature 60 ~ —220 K [22] suggests that mag-
neti¢'interactions are frustrated. In the antiferromagnetic state,

the magnetic propagation vector k = [001]. While neutron-
diffraction experiments were initially interpreted in terms of
a single-k antiferromagnet with the spin direction transverse
to k [23], subsequent measurements established that the mag-
netic ground, state is actually a transverse triple-k structure
[24] that can be described by a superposition of the spin ori-
entations within single-k domains [Figure 1(c)].

To explain the properties of UO,, a theoretical framework
has been developed that includes crystal-field effects and in-
teractions between dipolar and quadrupolar degrees of free-
dom [15, 16, 25-27]. The crystal-field ground state is a triplet
that is separated from the first excited state by approximately
150 meV [28-31], so that below room temperature, the mag-
netic moments can be modelled with an effective spin quan-
tum number S = 1. This has two important implications for
the magnetic Hamiltonian. First, axial single-ion anisotropies
are not allowed in a cubic environment for any S, and an effec-
tive S < 2 also prohibits “cubic” single-ion anisotropy terms
[32]. Consequently, no single-ion anisotropy is expected in
UO,. Second, an effective S = 1 carries both dipolar and
quadrupolar degrees of freedom; e.g., the S; = 0O state car-
ries a quadrupole moment but no dipole moment [9]. Al-
though excitations of purely quadrupolar degrees of freedom
are silent in neutron-scattering measurements, it proved pos-
sible to observe hybridised dipolar-quadrupolar excitations in
UO; [15, 16], and these measurements yielded deep insights
into the exchange interactions of both dipolar and quadrupolar
origin. Due to the complexity of the low-temperature excita-
tion spectrum, however, a direct refinement of the magnetic
interactions to experimental data has not yet been available.

Here, we report experimentally-derived values of the mag-
netic exchange interactions in UO; based on fits to magnetic
diffuse-scattering data measured on a polycrystalline sample
above Ty. We find that the magnetic diffuse scattering data
cannot be described by an isotropic Heisenberg model; in-
stead, a good description of our data requires a large Kitaev
interaction. Our fitted values of the dipolar interactions are in
qualitative agreement with the most recent theoretical predic-
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Figure 1. (a) Kitaev model on the honeycomb lattice. (b) Kitaev model on the face-centered cubic lattice. In (a)/and (b), the Kitaev interaction
couples the z components of spins connected by red solid lines, the x components of spins coupled by the green dashed lines, and the y
components of spins coupled by the blue dotted lines. (c) Transverse triple-k magnetic structute of U@y, showing U** ions as grey spheres,
02~ ions shown as red spheres, and spin directions as arrows. Different colours of the spins are'uised to show the four (111) directions along

which spins are aligned in this non-coplanar magnetic structure.

tions [25, 26]. We discuss our results in the context of the low-
temperature excitation spectra [14], and compare UO, with
other materials that realize bond-dependent magnetism on the
FCC lattice.

Our UO, sample was comprised of two cylindrical poly-
crystalline ingots, each of dimensions 8.3 mm in diameter and
14 mm in height, stacked on top of each other within a sealed
thin-walled vanadium sample container of diameter 9 mm.
The two UO; ingots were obtained by sintering at 1970 K un-
der a 5% Ar/H; atmosphere, and contained about 0:1'mol:-%
impurities. Neutron diffraction data [33] were measured at
temperatures between 10 and 300 K using the D4 instru-
ment [34] at the Institut Laue-Langevin (Grenoble, France)
with incident wavelength A = 0.5 A, providing a maximum
wavevector transfer of Qn.x = 23.5 A~! thatis sufficient for a
good-quality Fourier transform to a pair-distribution function
PDF(r). Using a short neutron wavelength ensures/that the
magnetic scattering is integrated oversa wide_energy range,
yielding an accurate estimate of the equal-time spin correla-
tions; however, it also relaxes therQ-resolution, resulting in
relatively broad nuclear Bragg peaks. With these effects in
mind, the data were processed as follows. First, each data set
was normalised in absolute fintensity units (barn/sr/U) using
the limiting values of the/pair-distribution function. It was
necessary to normalise each data set independently, due to
thermal-expansion effécts that caused the quantity of sample
exposed to the beam| to vary slightly with temperature. Sec-
ond, to isolate the magnetic scattering arising from the devel-
opment of spin/correlations below room temperature, a 300-
K data set was subtracted from every other data set. When
performing these subtractions, we accounted for temperature-
dependent changes in lattice parameter by rescaling the Q-
axis, and changes in thermal motion by dividing the data by
the Debye-Waller factor and subtracting the thermal diffuse
scattering (TDS), using Rietveld refinements to obtain initial
estimates of lattice parameters and Debye-Waller factors, and
fits of the high-Q region to a Q” intensity dependence to es-

timate the TDS: This' process allowed for a relatively clean
subtraction of the nonmagnetic signals, except in the vicin-
ity of the most intense nuclear Bragg scattering, where it was
necessary. to exclude some data points.

The, magnetic diffuse scattering data measured above Ty
are shownyin Figure 2(a,b). They show the development of
a peak centred around 1A~" as the sample is cooled from
room temperature to just above Ty, indicating the develop-
ment.of antiferromagnetic correlations with an increasing co-
herence length. These data were previously published [35]
and analysed using the reverse Monte Carlo method [36], re-
vealing antiferromagnetic correlations with magnitudes con-
sistent with a theoretical study [26]. The magnetic diffuse
scattering can be directly related to the exchange interactions
by applying a reaction-field approximation [37—40]. For a
structure such as UO,, which has a single magnetic atom in
its primitive unit cell, the Fourier transform of the magnetic
interactions is written as a 3 x 3 matrix J(Q) with elements
Jop(Q) = —XrJop (R)e @R where a, 3 are Cartesian spin
components, and J,g (R) is the coefficient of Sl‘."Sﬁ-3 in Eq. (2),
for pair of spins i, j that are separated by a primitive lattice
vector R. The interaction matrix is diagonalised to obtain its
eigenvalues 4, (Q) and eigenvector components U (Q). The
magnetic diffuse scattering intensity is obtained as

[pere /()] i si (Q)I

1(Q) =5 S0 Q) - 2]

6]

where Ll is the magnetic moment per ion, C = 0.07265 barn,
f(Q) is the U** magnetic form factor given in Ref. [41],
Xo = 1/3T is the Curie susceptibility, and for the FCC lattice
s;(Q) =X (hg — Qg -Q/Q*)UZ(Q), where Ay is a unit
vector parallel to x,y, or z [39, 40]. Magnetic diffuse scat-
tering calculations were performed using the Spinteract pro-
gram [40], which numerically powder averages Eq. (1) and
convolves the result with the instrumental resolution function
of D4. This procedure allows for a quantitative comparison of

Page 2 of 7



Page 3 of 7

oNOYTULT D WN =

AUTHOR SUBMITTED MANUSCRIPT - JPCM-125877.R1

0-2 L] L] T T T T
® = VodeT TATT) | | ooy e e @3- 1 2
——  Model 2A fit
— == |sotropic fit
0.15F ; ) Data P . 200 K

0.1

0.05

(Q) — book(Q) (barn sr' U™)

-0.05

|
o
e
(¢)]

Moael 1A

(12N ,_1srureq) ()% — ©O)

Isotropic model

(0k0)

QA

QA

(h00)

Figure 2. Magnetic diffuse scattering data (black circles) and model fits (lines), showing (a) 32.5 K data only, and (b) data measured at 35 K
to 250 K, with successive temperatures vertically offset by 0.15 units for clarity. Temperatures are labelled above each curve and a data set
measured at 300 K has been subtracted from every data set shown. Green dashed lines show model fits to all data for isotropic interactions up
to fourth neighbours, allowing an intensity scale factor to vary separately for each data set. Red dotted lines show model fits to all data for the
J-K-I'-J3 model (Eq. (3)), allowing an intensity scale factorito,vary separately for each data set (Model 1A in Table I). Blue solid lines show
model fits to data measured between 32.5 K and 50 K'for the J-K-I'=J3 model (Eq. (3)), allowing a common intensity scale factor for all data
sets (Model 2A in Table I). Fits for Model 2A and Model 2B resemble fits for Model 1A and Model 1B, respectively, and are not shown. (c)
Calculated single-crystal magnetic diffuse scattering intensity in the,(#k0) plane for Model 1A, Model 2A, and the isotropic model. The color
scale shows scattering intensity /(Q) calculated within the Onsager reaction-field framework at 7 = 32.5K.

the calculated diffuse scattering patterns with our experimen-
tal data.

As a first attempt to analyse these data in terms of the mag-
netic Hamiltonian, we considered the iSotropic Heisenberg
model,

Hiso =

YodSi Sy 2

(ihj)en

where J,, is the isotropic ‘exchange interaction between n-th
neighbours, and we employ the conventions that antiferro-
magnetic interactions have positive sign, each pairwise in-
teraction is counted onece, and the spins are classical vectors
of length \/S(S7F 1) = /2. We attempted to refine the val-
ues of isotropic interactions up to fourth neighbors against the
data collected between31 and 250 K simultaneously. Figure 2
shows a comparison of our experimenal data with the best fit
for this medel. The isotropic model does not describe the data
well, since itsfails to capture the shape of the main diffuse
peak at temperatures below 150 K. In the refinements shown,
an overall intensity scale factor was allowed to refine indepen-
dently for each data set; hence, the disagreement cannot be

addressed by a simple scaling of the fitted curves. Attempts to
refine additional parameters—including magnetic interaction
parameters up to n = 7—also failed to produce a meaningful
improvement in the fit quality. We conclude from this that our
data cannot be explained by an isotropic model.

We therefore consider a more general Hamiltonian that con-
tains all nearest-neighbour interactions allowed by the space-
group symmetry of UO,, but is restricted to only bilinear in-
teractions; i.e., those that are linear in components of each
spin. This Hamiltonian can be written as

Ha= Y, 1Si-S;+KY SIS'+T Y (S,‘?‘Sf—i—SlﬁS?‘),
(iiren (i3l (i3l

3)

where the bond-dependent interactions are K (the Kitaev in-
teraction) and I" [42-44]. The notation (i, j>y indicates that
the sum runs over pairs of U** jons in the plane perpendic-
ular to the y-axis; for example, if we consider a pair of U**
ions within the xy plane, then the Kitaev term couples their
Z components Sij:, whereas the I" term couples their x and
y spin components, S;‘S; +57 S%. The corresponding J(Q) is
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given explicitly in Ref. [42].

Theoretical studies have shown that bond-dependent cou-
plings are important in determining the magnetic ground state
on the FCC lattice [42, 43]. For UO,, Heisenberg interactions
are antiferromagnetic (J > 0); this supports antiferromagnetic
ordering with k = [100], as is observed experimentally. In this
regime, the sign of the Kitaev term plays a central role in de-
termining the specific ground state [42, 43]. Positive values of
K stabilise a ground state with the spin direction perpendicu-
lar to k, whereas negative values of K stabilise a ground state
with spins parallel to k. The effect of I" on the ground state is
more subtle, but k = [100] ordering remains stable for K < 0
and relatively small |I'| < K. An unusual feature of the Hamil-
tonian defined by Eq. (3) is that single-k and triple-k struc-
tures are energetically degenerate for any choice of J, K and
I that stabilises magnetic ordering with k = [100] [43, 44].
This implies that further interactions are required to stabilise
the triple-k ordering observed in UO,. We will return to this
point below.

Figure 2(a,b) shows fits to our neutron data allowing four
interaction parameters to vary—J, K, I', and an isotropic
third-neighbour coupling J3. Excellent agreement is now ob-
tained for this model—which contains the same number of
free parameters as the isotropic model considered above—
suggesting that anisotropic interactions are important in UO,.
Initially, we allowed an overall intensity scale factor to. re-
fine independently for each data set; the values obtained in-
dicated a significant temperature dependence of the effec-
tive magnetic moment, from approximately 2.04g at:31 K
to 2.9 up at 250 K, which may be related to thermal popu-
lation of excited crystal-field levels. A reasonable refinement
could be achieved with a common scale factor for data col-
lected between 31 and 50K, so a second setiof refinements
was performed over this restricted temperature range. Re-
finements were also performed allowing the isotropi€¢ next-
nearest-neighbour coupling J> to vary instead of J3. For each
model, Table I presents the fitted parameter values, the sum
of squared residuals Ryp, and the calculated) magnetic or-
dering temperature TI\CIaIC, which is obtained in the reaction-
field approximation following Ref. [38]. The difference in the
magnetic diffuse scattering between isotropic and anisotropic
models is even more apparent in calculations of the single-
crystal diffuse scattering intensity, which are shown for each
model in Figure 2(c) and show much sharper features for the
anisotropic model than‘the isotropic:one at the same tempera-
ture.

We now discuss_theyphysical implications of the results
given in Table I¥ While different refinement protocols yielded
significant differences in the refinement parameter values,
several conclusions.can be reached. Most importantly, the
Kitaev interaction, is always positive and is the largest term,
with a magnitude’at least double that of any other interac-
tion. A keyresult of our work is therefore that K provides
the. dominant energy scale in UO;. The positive sign of K
is congsistent with the observed transverse magnetic structure
[43]4The next-largest interaction is I', which our refinements

4

show to have a negative value. The Heisenberg interaction
is antiferromagnetic, as anticipated, but significantly smaller
than K. The further neighbour couplings are the smallest
terms, and our data are nearly equally well,described by a
small ferromagnetic J, (models 1B, 2B) or antiferromagnetic
J3 (models 1A, 2A). Either of these/possibilities can help
to stabilise k = [100] ordering, as observediexperimentally,
whereas the opposite choice of signs (ferromagnetic /3 or an-
tiferromagnetic J>) would stabilise ordering’with 'k = [110]
[43]. The calculated magnetic/ordering temperatures are typ-
ically around 20 K, which is.a significant (~30%) underesti-
mate compared to the experimental value of 30.8 K. This may
be due to the use of the reaction-field approximation, which
can underestimate magnetic ordering temperatures by up to
~20% [45]. It may also oceur because the magnetic transition
in the real material is first-order and driven by quadrupolar in-
teractions, which are notwconsidered in Eq. (3). Overall, the
results shown in Table'lsuggest the following range of values
for the intetaction parameters: 2 < J < 6K, 14 S K < 20K,
—-9<T'S5-6K, =07 </, SO0K,and 0 < J3 S0.2K.

Estimates of all the magnetic interactions in Eq. (3) have
been reported from theory, and some terms have also been pre-
viously estimated experimentally. Our results are consistent
with the values of J and K estimated in a neutron spectroscopy
study, in which I" was not reported [16]. A detailed compar-
ison with early inelastic scattering work [46] is not possible
due to its assumption of a single-k structure, but the over-
all energy scales we identify are qualitatively consistent. Our
results are also in remarkably good agreement with a recent
first-principles study [26], showing the same signs and similar
magnitudes of J, K, and I'. Agreement in the relative magni-
tudes of J and K is also obtained with an independent theoret-
ical study [25]. Our experimental analysis therefore provides
strong support for the theoretical results of Refs. [25, 26].

Magnetic diffuse-scattering data are primarily sensitive to
bilinear interactions [9]. This has the advantage of simplifying
the estimation of the bilinear terms; however, it is important
to investigate how the neglect of quadrupolar interactions af-
fects the values of the bilinear terms obtained in this way. To
do so, we note that quadrupolar interactions are biquadratic
when expressed in terms of spin components, and consider
the simplest case of isotropic nearest-neighbour biquadratic
interactions,

Hyq =Joq Y, (Si-S;)?, “)
(i.J)

where Jpq denotes the biquadratic exchange coupling. This
is the lowest-order interaction that can remove the degener-
acy between single-k and triple-k structures: positive values
of Jpq stabilise triple-k ordering, whereas negative values of
Joq stabilise single-k ordering [44]. In a mean-field approx-
imation, J,q has an equivalent effect on the magnetic dif-
fuse scattering as an isotropic Heisenberg exchange term [47];
hence, a biquadratic coupling shifts fitted values of J. Specif-
ically, the values of J given in Table I can be interpreted as
J = Jirue — %qu, where Jipe s the true isotropic bilinear cou-
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LK) (K J5(K) |Rup (%) T¢ (K)  fefr (1B)

-9
-8
=7
—6

J(K) K(K)
Model 1A (independent scale, 7 < 250K)|2.4(2) 19.3(3)
Model 1B (independent scale, T < 250K)(2.5(2) 17.6(3)
Model 2A (common scale, T < 50K) [5.6(2) 14.5(3)
Model 2B (common scale, T < 50K) |5.3(2) 13.8(3)
Theory (Ref. [26]) 82  14.1
Theory (Ref. [25]) 3.0 6.9
Experiment (Ref. [16]) 4.5 13.5

0(3)  0° 0.13(2)] 198 195 2.01-2388
4(2) —0.6(1)  0* | 197 200 2.03-296
1(2)  0*  0152)| 154 193 2.08
6(2) —03(1) 0* | 155 162 2.11
-39 408 0

0* 0* 0*

0* 0* 0*

Table I. Refined interaction parameter values, sum of squared residuals Ryyp, calculated magnetic ordering temperature 7y, and calculated
effective paramagnetic moment L. Literature results are shown for comparison, which are reproducedftom Ref. [26] and converted to match
the convention of Eq. (3). Values denoted with an asterisk (*) were fixed during the refinements.
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Figure 3. Magnetic excitations in, UOy, where r.l.u. denotes reciprocal-lattice units. (a) Previously published dispersion relation for UO,,
reproduced from Ref. [14]. Filled 'and empty circles indicate more and less intense modes, respectively. (b) Calculated inelastic neutron-
scattering intensity for the J-K-I"-J3 model (Model 1A in Table I). (c) Calculated inelastic neutron-scattering intensity for the same model as

(b), except a biquadratic interactioh¥pg, = 10K'is assumed.

pling [47].

As a check on our results, we calculated the magnetic
excitation spectrum for, our model parameters using the
SpinW program’[48], and compared the result with published
inelastic-neutron-scattering measurements of Ref. [14]. Fig-
ure 3(a) shows the,published dispersion relation [14], which
shows a /Mminimum at the X = (001) point with a gap of
~ 2meV, and a large gap of ~ 10 meV at the I' = (002) point.
Figure 3(b) shows the calculated spin-wave spectrum for the
J-K-I'-J3 model (Model 1A in Table I), assuming S = 1 and
the transverse triple-k magnetic ground state. The calculation
captures the overall shape of the dispersion curve, including a

minimum at the X point and a large gap at the I" point. This
result points to a large Kitaev term, since for K = 0, there
would be no gap at the I" point, in strong disagreement with
the data. The model also predicts the observed approximately
quadratic spin-wave dispersion around the X point, which is
uncommon for an antiferromagnet. However, the calculation
deviates from the data in several respects: it shows a gapless
spectrum in contrast to the observed ~ 2meV gap at the X
point, the overall bandwidth is too small, and some weaker
modes and splittings at high energy are not reproduced. The
first of these discrepancies can be addressed by including a
nonzero value of J,q. Figure 3(c) shows the calculated spin-
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wave spectrum assuming Jyq = 10K, which now reproduces
the observed gap. We note that semiclassical spin-wave calcu-
lations require the use of renormalised or shifted values of Jyq
and J to obtain correct results [49], which have been included
in our calculation. Our results therefore suggest a substantial
biquadratic interaction of the same order of magnitude as K.
The ~2meV discrepancy in overall bandwidth and omission
of weak high-energy modes may be related to the omission
of anisotropic quadrupolar interactions and magnon-phonon
couplings [16, 50], which are beyond the scope of our work
focusing on the bilinear exchange interactions.

Our study highlights the surprising observation that
magnetic diffuse-scattering data measured on polycrystalline
samples are sensitive to bond-dependent interactions such
as the Kitaev coupling [39]. In UO», our results indicate a
dominant Kitaev interaction and smaller but still substantial
I' interaction. The presence of frustrated couplings supports
a large temperature range where the system is a correlated
paramagnet, where structured magnetic excitations may
affect the thermal conductivity [51]. The anisotropic terms
in UO, are much larger than those in FCC magnets where
the magnetic ion is a transition metal. For example, the
cubic double perovskites BaYRuOg and BayLuRuOg with
magnetic Ru’>" ions (4d®) were recently shown to have
the same transverse triple-k ground state as UO;, but the
ratio K/J ~ 0.02 is two orders of magnitude smaller in
these double perovskites than in UO, [44]. In K,IrClg, ‘in
which Ir** moments (54°) also occupy a FCC lattice and
k=1, %,O] is stabilised by fluctuations, K /J ~ 042is:still an
order of magnitude smaller than in UO, [52]; a similar ratio
has been calculated for Ba,CelrOg [53]. By contrastythe
4 f-electron magnets CeAs and CeSb have |K/J| ~ 1.6, and
USD has a very large ratio |K/J| ~ 10 [54].»Taken together
with our results for UO,, these observations suggest that
materials with magnetic f-electron elements may be the most
promising systems to obtain a dominant Kitaev interaction.
This goal remains relevant for latticesssuch as honeycomb,
where a topologically-nontrivial spinsliquid ground state can
only be realized if the Kitaev, term dominates. Candidate
materials such as &-RuCl3 havebeen extensively investigated
with the goal in mind, but recent results suggest that the
non-Kitaev interactions are probably substantial [55]; hence,
the search for ideal Kitaev/honeycomb materials continues.
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