PHYSICAL REVIEW B 109, 064420 (2024)

Absence of induced ferromagnetism in epitaxial uranium dioxide thin films
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Recently, Y. Sharma et al. [Adv. Sci. 9, 2203473 (2022)] claimed that thin films (~20 nm) of UO, deposited
on perovskite substrates exhibit strongly enhanced paramagnetism (called “induced ferromagnetism” by the
authors). Moments of up to 3 pg /U atom were claimed in magnetic fields of 6 T. We have reproduced such films
and, after characterization, have examined them with x-ray circular magnetic dichroism (XMCD) at the uranium
M edges, a technique that is element specific. We do not confirm the published results. We find a small increase,
as compared to the bulk, in the magnetic susceptibility of UO, in such films, but the magnetization versus field
curves, measured by XMCD, are linear with field and there is no indication of any ferromagnetism. The absence
of any anomaly around 30 K (the antiferromagnetic ordering temperature of bulk UO,) in the XMCD signal

suggests the films do not order magnetically.

DOI: 10.1103/PhysRevB.109.064420

I. INTRODUCTION

In 2022, a paper was published in Advanced Science [1]
claiming that for thin (20 nm) epitaxial films of UO, de-
posited on perovskite-type films, a large “ferromagnetic-like”
signal was observed. The magnitude of the magnetic signal
depended on the substrate, and corresponded to a moment
of between 1.5 yg and 3.5 pg per uranium atom. If correct,
this represents an important advance in understanding the
thickness and strain dependence of the strong antiferromag-
netic interactions present in bulk UO,, and would potentially
open the way to possible device applications involving thin
UQO; films in spintronics and possible heterostructure systems
involving such dioxide films [2]. Furthermore, the results of
Ref. [1], and specifically the large induced ferromagnetic mo-
ments, cannot be understood within our present theory of the
dioxide [3,4].

Using the expertise available at Bristol University [5], we
have manufactured identical thin films, characterized them
with x rays and SQUID measurements, and then measured
them with x-ray magnetic circular dichroism (XMCD) at the
European Synchrotron Radiation Facility (ESRF) in Greno-
ble, France. This technique is element specific and so focuses
only on the behavior of the uranium atoms in the thin films.
The results do not confirm those reported in [1]. We find mag-
netic susceptibilities of UO; close to, but slightly higher than,
those for the bulk material with linear M/H curves, and a total
induced moment with 17 T applied at 5 K of ~0.3 ug. Further,
XMCD measurements are able to determine the individual
spin and orbital moments, and their ratio conforms closely
to that known for bulk UO, with a 5f2 configuration. We
shall first describe our experiments and results, especially the
XMCD, which the authors of Ref. [1] did not use, and then
return to a discussion of the properties of UO,.
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II. EXPERIMENTAL PROCEDURES AND RESULTS

A. Substrates and deposition

The substrates used in the experiments were all ob-
tained from the MTI Corporation. The three substrates were
LAO (LaAlOs), LSAT (La, Sr)(Al, Ta)O3, and STO (SrTiO3).
These are the same as Ref. [1], with the exception of
YAO (YAIO3). Substrates had a thickness of 0.5 mm and
single-side, optical-grade-polished, (001) orientation. Lattice
parameters of the substrates were identical to tabulated val-
ues to four significant figures. However, the rocking curves
(crystal mosaic) were different; both LSAT and STO crystal
mosaics were <0.06 degrees, but the LAO substrate had a
rocking curve width of 0.31 degrees.

Thin-film deposition was performed using DC magnetron
sputtering in a reactive gas atmosphere. This was undertaken
within the dedicated actinide deposition chamber at the Uni-
versity of Bristol [5]. In an earlier study [6], in which we
grew UO,/LAO, also with a similar magnetron reactive-gas
sputtering, the deposition temperature was 650 °C. At such
temperatures UO,/LAO samples run the risk of a small dis-
tortion on cooling through the ferroelastic transition present
at 560 °C in LAO [6]. Our deposition temperature was low-
ered to 450 °C to avoid any such a transition in LAO. The
UO, deposition was carried out at a deposition pressure of
7.3 x 1073 mbar, with a partial oxygen pressure of 2 x 107>
mbar. The deposition rate was 0.1 nm/s for the UO,. All sam-
ples were annealed to expel any excess oxygen after growth
and maintain the desired stoichiometry. This was performed
prior to the deposition of a capping layer. A Nb cap of ~10 nm
was deposited on all samples on top of the UO, films. Nb
was chosen due to the thin (1-2 nm) Nb,Os passivation layer
that forms on its surface. These layers were confirmed by
fitting the x-ray reflectivity data. In Ref. [1] the films were

©2024 American Physical Society
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TABLE I. Results from x-ray measurements of UO, films. The
room temperature lattice parameter of bulk UQ, is 5.471 A. Since the
match UQO, /perovskite involves a rotation of 45°, the number given
for substrate lattice parameter is +/2a, where a is the correct lattice
parameter of the perovskite substrate. All other entries refer to the
UO; thin films. Error bars for the strains are +0.03% and for lattice
parameters £0.001 A. The volume of the UO, unit cell = 163.76 A3,

LAO LSAT STO
Substrate Lattice parameter (A) 5.358 5.468 5.521
UO; film:
Thickness (nm) Ref. [1] 19 22 21
Thickness (nm) Bristol 18.3 20.3 20.6
Strain || ¢ (%) Ref. [1] —-0.15 —0.06 —0.29
Strain || ¢ (%) Bristol —0.33 —0.53 —0.29
Strain L ¢ (%) Ref. [1] —0.04 +0.15 +0.49
Strain L ¢ (%) Bristol —0.60 +0.38 —0.05
Volume (A%) Ref. [1] 163.39 164.14 164.89
Volume (A?) Bristol 16126  164.17 163.10
Vol. diff. (%) Ref. [1] —-0.22 +0.24 +0.70
Vol. diff. (%) Bristol —1.52 +0.26 —0.40

made with pulsed laser deposition (PLD) at a temperature of
580°C.

B. X-ray characterization

The first characterization was with x rays to measure the
reflectivity and determine the film thickness. X-ray diffraction
was then used to determine the position of specular and off-
specular reflections allowing the lattice parameters of the UO,
film to be determined. This gives a so-called ¢ parameter along
the growth direction, and in-plane, an a parameter. Since the
lattice parameters of the substrate are different from those of
UO0,, strain will be introduced into the UO, lattice, and, as we
can see, the UO, films have tetragonal symmetry. All of the
parameters derived from these x-ray measurements are given
in Table I, and compared to the values from Ref. [1].

There are clearly some differences between our samples
and those of Ref. [1] for the case of strains L ¢ for the LAO
and STO substrates. This shows already that reproducibility
may not be assured. The LAO substrate, as mentioned above,
had a relatively poor mosaic, so that may explain the differ-
ences for this substrate. Notably, in Ref. [6], where LAO was
also used as a substrate for a 20 nm UQO, film, the values of
the strains were 4+0.85%]|c and —1.03% L c, giving a total
volume difference of —1.21%. In the earlier study, Ref. [6],
¢ > a, which is found for the LAO in the present Bristol sam-
ple, but the differences were not as significant as in Ref. [1].
We emphasize that whereas the actual values are not totally
reproducible from one substrate to another, these differences
are relativity small, and almost all strains are <1%. However,
in all cases a tetragonal symmetry is produced by depositing
the UO, on the perovskite substrates. Some differences can
be ascribed to the different method used for deposition of the
UO; films between Ref. [1] and the present work, but they are
relatively small.

C. Bulk magnetic measurements

We start by examining the bare substrates, i.e., before any
deposition of UQO, films. It is known, of course, that these
substrates have a strong diamagnetic signal and that any para-
magnetic signal from the UO, films will be superimposed on
this strong sloping background. The results as a function of
applied field in-plane are shown in Fig. 1.

We note that the curves in Fig. 1(d) are very similar to those
presented in Fig. 5(a) of Ref. [1].

In connection with the substrates, the work by Khalid ez al.
[7] and by Ney et al. [8] is most relevant. These authors
show the precautions that are needed to make susceptibility
measurements of thin films on substrates where the signals
from the thin layer of interest (in this case UQO,) are relatively
small. In particular, the work reported in Ref. [7] uses pre-
cisely the substrates used in the present work, LAO, LSAT,
and STO, and shows in a series of figures how the substrate
signal resembles a ferromagnetic response, sometimes with
small coercivity, but sometimes with an appreciable value of
this parameter. The authors [7] conclude that the simple argu-
ment of Fe impurities or other magnetic impurities (because
the effects persist to relatively high temperature) is incorrect.
They do not propose a final argument for why these effects
are present, but argue that there is evidence that the magnetic
effects may be at the surface of the substrates, rather than
distributed evenly throughout the volume. The curves S3 and
S4 shown in the supplementary material of Ref. [1] are similar
to those shown in Figs. 4, 5, 7, and 9 of Ref. [7]. The UO,
film thicknesses in these films of Ref. [1] are ~20 nm, and
the substrates have a thickness (in our case) of 0.5 mm. The
ratio between these thicknesses is 25 000. If a small effect is
present in the substrates and is ascribed to the films, a large
and erroneous amplification is obtained.

D. XMCD measurements

XMCD is a measurement that is performed at a syn-
chrotron source and is element specific, since the measure-
ments are performed at an elemental absorption edge. In our
case we have chosen the uranium M, s edges with energies
3.73 and 3.55 keV for the spin-orbit split transition between
the core 3d electrons and the unoccupied 5f states. The mea-
surements reported below were obtained at the ID12 beamline
[9] at the European Synchrotron Radiation Facility (ESRF) in
Grenoble, France.

The XMCD technique is used for most elements [9], and
specifically has been useful for actinides with work on thin
multilayers of U/Fe [10], and actinides as far as curium in
the periodic table [11,12]. By using the sum rules, the indi-
vidual orbital and spin moments [9,11] on the atom can be
determined. The absorption and XMCD signals are shown in
Fig. 2.

For H||c the beam (and field) are parallel to the growth
direction [001], i.e., at 90° to the plane of the film. For H L ¢
the field is at 10° to the plane of film and the [100] normal.
Self-absorption corrections are necessary for the latter mea-
surement (as the path length can be as long as 2 mm), but are
negligible for the H ||c direction, as the average path length is
only 20 nm (1/e attenuation is ~200 nm at the M, edge and
~120 nm at the Ms edge). In all cases measured for XMCD
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TABLE II. Values of the parameters relevant to UO, from XMCD experiments. The field applied is 17 T and the temperature is 5 K. BR
is the branching ratio, which for 5f? configuration should be 0.68. The error bars for UO,/LAOQ are at least 10% and no branching ratio could
be determined due to strong scattering by the sample. The error bars for UO, /LSAT and UO,/STO are in the 1%—2% range. The final column
is simply the susceptibility (x), given in mpy /T, and is the first column divided by the field of 17 T. In bulk UO, this number is given by
Arrott and Goldman [14] as 1/x = 6.5 x 10~* g/emu which translates to a value of x = 7.46 mug/T. The value given by Jamie et al. [15] in
high-field work on bulk UO; single crystals is 7.12 mug /T.

Total moment Orbital moment Spin moment Susceptibility
(muyg) (mupg) (muyg) Orbit:Spin ratio Branching ratio (mug/T)

UO,/LAO:

Hlc 240 360 —-120 —-3.26 N/A 14.1
Hlc 301 439 —138 —3.18 N/A 17.7
UO,/LSAT:

Hlc 297 426 —129 -3.30 0.686 17.6
Hlc 298 427 —-129 —-3.31 0.687 17.5
U0, /STO:

Hllc 301 434 —133 —-3.26 0.685 17.7
Hlc 301 439 —138 —3.18 0.686 17.7

the M vs H curves are linear, where M is the moment deduced
from the sum rules, so we may plot either susceptibility or
induced moment. We show in the Appendix the field depen-
dence of the XMCD signal for two of the samples.

XMCD is also an extremely sensitive technique. The mass
of our 20 nm UO, films on a substrate of 5 x 10 mm? is
~10 ug, and in the normal incidence configuration the beam
(240 um diameter) illuminates ~10~2 of the sample. The
technique is therefore sensitive to ~10 ng of UO, and the
dichroic signal can be readily observed in a one second per
point scan across the resonant energy. Certainly, experiments
can be done on thinner samples.

The measured values obtained from the XMCD mea-
surements are summarized in Table II. Whereas the values
in the tables are completely consistent for UO,/LSAT and
UO,/STO samples, this is not the case for UO,/LAO. This
sample, where both the UO, and substrate had poor mosaics
(see earlier discussion), showed multiple scattering effects
that made the XMCD analysis difficult, and the values have
error bars between 10%-15%. In contrast, the UO,/LSAT
and UO, /STO samples, with much narrower crystal mosaic in
both the substrate and UO, film, gave clean signals allowing
an accurate determination of the XMCD parameters (1%—
2%). The results also show that the response of the UO, films
is independent of the field orientation, as opposed to the larger
H 1 c values (out-of-plane response) claimed in Ref. [1].

The fifth column of Table II shows the ratio between the
orbital and spin moments, w(L)/u(S), which is related to
the electronic structure (see Ref. [11], Table II therein). We
know that UO, has a 5f? configuration, so that this value
should be —3.0 for Hund’s rule Russell-Saunders coupling,
and for intermediate coupling should be —3.36. Normally for
uranium systems the LS Hund’s rule coupling works well,
but for higher actinides, intermediate coupling is better. We
see here that the difference in values is only by 10%, and
the experimental values are completely consistent with a 5 2
configuration, as expected from comparison with bulk UO,.
Another measure of the electronic configuration is the branch-
ing ratio (BR) [9,11], which is close to that expected [9] for

572,

E. Temperature dependence of the XMCD signal

In the final part of our XMCD experiment we examined
the signal from the UO,/STO sample at the U M, edge as
a function of temperature from 5 K to 60 K, and then with
one point at room temperature. The applied magnetic field
was fixed at 17 T. Since the integrated M5 signal is small (see
Fig. 2), the value of the XMCD signal at the M, edge is a good
representation of the magnetization.

We plot in Fig. 3 this value of the induced moment of
a U atom scaled to a magnetic field of 7 T, as a function
of temperature, together with values from the literature—all
assuming a linear dependence between M and H, as shown in
the Appendix.

The induced moment of our UO,/STO sample is ~2.5
times that of pure UO, at 5 K, but has the same value at 300 K.

III. DISCUSSION

Uranium dioxide has been the subject of much research
since at least the 1950s. We know from work by Arrott
and Goldman [14] that the low-temperature susceptibility is
between 1.5 and 2.2 (x107>) emu/g and this range covers
samples with 0 < x < 0.4 in the notation UO,,,. A more re-
cent study of the susceptibility in bulk stoichiometric (x = 0)
single crystals [16] gives values at 5 K between 1.4 and 1.8
(x1073) emu/g with a difference of about 5% between the
values for the field applied parallel to (100) and (111). This is
in excellent agreement with the earlier work [14]. Bulk UO,
is known to become antiferromagnetic (AF) at 30.8 K with
noncollinear ordering into a complex magnetic arrangement,
together with ordering of the quadrupoles at the uranium
site [3,17], but the global symmetry of this AF configuration
remains cubic. The AF moment magnitude at 5 K is 1.74 pg
[18]. Furthermore, the electronic ground state has been known
since the early (1989) measurements of the crystal field in
UO; [19], and confirmed in more recent experiments using
synchrotron x rays [11] and accompanying theory. These
observations leave no doubt that the ground state is the I's
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FIG. 1. Magnetization results (all with H in-plane) from the
bare substrates [panels (a) and (b)] showing the strong diamag-
netism of the substrates, as well as their temperature dependence,
which is strongest at the lowest temperatures. Panel (c) shows the
results as a function of temperature for the UO,/LSAT sample,
and panel (d) shows the results translated into Bohr magnetons
for the UO,/LSAT sample, assuming that the bare substrates can
be subtracted from the signal obtained from the substrate + film
in the SQUID measurement. As we shall see, this is an incorrect
assumption.
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FIG. 2. Absorption and XMCD signals from the U M, 5 edges of
the UO,/LSAT sample. The relative numbers are shown in Table II.
The magnitudes of the signals are similar to those found in similar
work on UCoGe [13], although in that system the uranium is closer
to 53 than UO,, which is definitely 5 f2.

triplet of the 3H, ground state, which can support a maximum
magnetic ordered moment of 2 .

Another important series of measurements are those re-
ported by Jaime et al. [15], who applied magnetic fields of
up to 60 T to bulk UO, over a range of temperatures. At no
temperature (or magnetic field) was a large magnetic moment
induced. Figure 3(b) of this paper shows the result of field
sweeps up to 30 T, which resembles a straight line with
a susceptibility of 7.12 mug /7. This value corresponds to

0.12 1 .

-O-- UO, magnetisation at 7 T [Arrott]
0.10 - [>- U0, , magnetisation at 7 T [Arrott] .

B UO, magnetisation at 7 T [Gofryk]
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FIG. 3. Temperature dependence of the moment induced on the
U atoms of different UO, samples by a 7-tesla applied magnetic field.
Solid symbols are from stoichiometric UO, single crystals. Black
diamonds from this work. Red squares from Ref. [16]. Open symbols
from polycrystalline materials. Open blue from stoichiometric UO;
and open green triangles from UO, 1, both from Arrott and Goldman
[14].
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1.471 x 107 emu/g, which is identical to the susceptibil-
ity measured by Arrott and Goldman from polycrystalline
samples in 1957 [14]. There are, as discussed in [15], impor-
tant modifications in the AF structure of UO, with large fields
applied along (111), but the overall susceptibility of UO, is a
robust parameter, as is the barrier against destroying the AF
structure at low temperature.

These properties listed above are, of course, relative to
bulk UQO;. The question raised by Ref. [1] is, how much can
the properties be changed by making thin films on perovskite
substrates, which coherently strain the crystals and break the
cubic symmetry? We argue that the strains of ~1% are insuf-
ficient to create a radical change in the properties. Our XMCD
measurements support that opinion. Magnetic moments of
over 3 ug would seem highly unlikely given the electronic
ground state known of bulk UO,. Such moments are proposed
in Fig. 5(c) of [1] for UO,/STO. In contrast, we do find a
significant increase in the susceptibility of the UO,; films (a
factor of ~2.5 at 5 K), but this is totally within the confines
of our model for the magnetic behavior of bulk UO,. The fact
that this increase in the susceptibility appears independent of
the substrate suggests that it may be more dependent on the
thickness of the UO,, and provides motivation for examin-
ing even thinner layers. Given the sensitivity of XMCD, this
should be possible maybe even down to a few nanometers.

The measurement of the magnetization as a function of
temperature (Fig. 3) shows that the low-temperature suscep-
tibility is a factor of about 2.5x greater than found in bulk
AF UQO;. This suggests that the antiferromagnetic correlations
in UQ;, which are present until at least 100 K [20,21], are
reduced in the thin film. Moreover, this is supported by the
absence of any anomaly in the susceptibility in the temper-
ature range around the 7y = 30.8 K of bulk UO,. A similar
situation exists in UO; 1o as shown in Fig. 3, taken from [14].
In this latter material no ordering occurs, and the susceptibility
at low temperature is also higher than in bulk UO,. The
absence of AF order in such a 20 nm film of UQ, is consistent
with the observations reported in [6], where a film of 24 nm of
UO; on LAO was found to order, but no ordering was found
in thinner films of 15 and 8 nm.

As mentioned in Sec. II, our films were capped with Nb,
which was not the case in Ref. [1]. The absence of a cap
means that additional oxygen may be deposited at the surface
when they are exposed to air. The (100) surface is known to
be polar [22] and the favored rearrangement to achieve charge
neutrality with such a termination plane is with extra oxy-
gens at the surface, although such perturbations only extend,
according to theory, some ~3 nm below the surface. These
changes cannot be observed with reflectivity, as they involve
only additional oxygen atoms, which scatter x rays poorly,
especially compared to uranium.

Reference [1] also reports polarized neutron reflectivity
(PNR) experiments that appear to confirm the large moments
in an 11 nm film of UO, on a YAO substrate (Fig. 6 of Ref. [1])
at 10 K and an applied magnetic field of 4.8 T. If UO,/YAO
films have the same susceptibility as those in Table II above,
we should expect an induced moment of ~85 mug. The paper
reports a magnetization of 11.64 emu/cm? and translates this
to 210 myy per uranium atom. This is incorrect. The value of

210 mug per unit cell is correct; however, the unit cell of UO,
contains 4 uranium atoms. Therefore, the value of the mag-
netization per uranium atom would be equal to 51 muy per
uranium. Given the uncertainties in the PNR determination,
such a number is close to our estimate of 85 mug per U atom.
Our modeling shows that the PNR results are consistent with
a volume magnetization of 11.64 emu/cm?, which suggests a
field-induced canting of the U moments leading to a small net
magnetization.

IV. CONCLUSIONS

The most important conclusion of these experiments is that
we do not confirm the results of Ref. [1]. Our results for
the thin films can be explained within our present theoretical
understanding of UO, while the results published in [1] lie
outside of such a theoretical understanding of this material,
specifically in suggesting the antiferromagnetic coupling is
weak, and in stating that magnetic moments well above the
theoretical limit of 2 p; /U atom can be induced by a relatively
small magnetic field.

Although the investigated films remain paramagnetic (the
XMCD technique is not directly sensitive to antiferromag-
netism), they have a value of the magnetization somewhat
larger than found in bulk UO,. The M/H curves, however,
are linear, quite different from what is reported in Ref. [1].
Given the large difference between the substrate and UO; film
thicknesses (25 000 if substrate is 0.5 mm), small effects in
the substrates, such as reported by Khalid et al. [7] and Ney
et al. [8], can easily be ascribed to large effects in the films. In
studies such as this, it is important to use an element-sensitive
technique, such as XMCD.

The larger susceptibility (at low temperature) (Fig. 3) for a
20 nm film of UO,; as compared to the bulk suggests that the
antiferromagnetic correlations are reduced in the thin film. In
turn, this is consistent with the observation that the magneti-
zation has no anomaly at low temperature and such films do
not order magnetically, at least above 5 K.
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APPENDIX

As the XMCD signal integrated over the Ms edge is small,
the amplitude of the XMCD signal at the uranium M, edge is
a good representation of the magnetic moment induced on the
uranium atoms by the applied magnetic field. Figures 4 and 5
demonstrate the absence of any induced ferromagnetic order
in the UQO, thin films grown at the University of Bristol on
(La, Sr)(Al, Ta)O3 (LSAT) and SrTiO3 (STO) substrates.
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FIG. 4. Amplitude of the XMCD signal at the uranium M, edge
measured at 5 K as a function of the applied magnetic field B for a
20.3 nm thick UO; thin film deposited by DC magnetron sputtering
on a (La, Sr)(Al, Ta)Os; (LSAT) substrate of 0.5 mm thickness and
(001) orientation. The solid line is a linear fit to the data.
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FIG. 5. Amplitude of the XMCD signal at the uranium M, edge
measured at 5 K as a function of the applied magnetic field B for a
20.6 nm thick UO; thin film deposited by DC magnetron sputtering
on a SrTiO; (STO) substrate of 0.5 mm thickness and (001) orienta-
tion. The solid line is a linear fit to the data.
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