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Elemental engineering: Epitaxial uranium thin films
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Epitaxial films of the well-known alpha (orthorhombic) structure and an unusual hep form of uranium have
been grown on Nb and Gd buffers, respectively, by sputtering techniques. In a 5000 A film of -U a charge-
density wave has been observed, and its properties are different from those found in the bulk. The 500 A
hep-U film has a ¢/a ratio of 1.90(1), which is unusually large for the hcp structure. Theoretical calculations
show that this hcp form is metastable and predict that it orders magnetically.
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The production of epitaxial films has led to the discovery
of a variety of new electronic, magnetic, and structural phe-
nomena. These effects have had a major impact on our un-
derstanding of fundamental physical properties and on the
development of new devices.! The two-dimensional regime
of thin films and interactions, both electronic and structural
(strain effects), with the substrate can lead to properties
which differ dramatically from those of the bulk. The major-
ity of metallic single-crystal epitaxial films produced so far
have belonged to the transition- or rare-earth-metal series.
We report here the growth of epitaxial films of uranium, the
first element containing 5f electrons of the actinide series, in
both the bulk room temperature (a-U) orthorhombic phase,
as well as the hexagonal-close-packed (hcp-U) structure,
which does not exist in the bulk. Uranium and other light
actinides show a variety of interesting properties,” from
heavy-fermion superconductors to ferromagnets, so that the
growth of thin films opens up many research opportunities.

The films were grown in a dedicated dc magnetron sput-
tering facility at Oxford University with UHV base pressure,
in situ reflection high-energy electron-diffraction (RHEED)
analysis, and substrate heating to 900 °C.3 The substrates

were commercially polished, single-crystal Al,O5(1120)
plates. Buffer layers of niobium were employed and were
deposited on sapphire substrates at 800 °C.

Niobium (bcc) grows epitaxially in the [110] orientation

on sapphire (1120) at elevated temperature and single do-
mains are formed.* Uranium was sputtered at various sub-
strate temperatures in an argon pressure of 5X 107> mbar
and a growth rate of 0.5-1 A/s. In an additional experi-
ment, a buffer layer of 500 A gadolinium was inserted be-
tween the niobium and uranium layers; hcp-Gd grows epi-
taxially in the [0001] orientation on niobium (110). All the
samples were capped with a thin layer of Nb to preserve the
uranium layer from atmospheric attack for ex sifu experi-
ments. The structures were determined using a Pan analytical
x-ray MRD diffractometer in Oxford with a Cu x-ray tube
system equipped with a monochromator and analyzer, to-
gether with a curved focusing mirror.
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PACS number(s): 61.50.Ah, 61.05.cp, 71.15.Ap, 73.20.Mf

The epitaxial relationship derived from the x-ray
experiments® is shown schematically in Fig. 1. The ortho-
rhombic form of a-U grows very well on the (110) plane of
Nb, and the orientation axes of the 5000 A film are shown in
Fig. 1. The lattice mismatches are given in percent as a func-
tion of the uranium lattice spacings. These are large enough
to promote considerable interfacial strain in metallic
systems®’ and, depending on the growth mode, this can re-
sult in grain boundaries, impurities, voids, or dislocations.
However, these effects dominate only in the early stages of
film growth up to thicknesses of some tens of monolayers.’
For the 5000 A sample studied here, the U lattice parameter
in the growth direction is d(110);=2.57 A, which is exactly
the same as the bulk. The mosaic spread as measured from
the transverse scan through the U (110) reflection is 0.15°
and the atomic volume of U=20.7 A3, as in the bulk. All
experiments as a function of temperature were made at the
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FIG. 1. (Color online) Two-dimensional projection illustrating
the growth of the a-U epitaxial film (dashed lines are guides for the
eyes). The initial substrate is single-crystal sapphire a-Al,O3,
which is not shown. The Nb buffer (500 A) (yellow spheres) has a

growth axis [110], and one of the in-plane [111] axes is aligned
parallel to the sapphire [0001]. The growth plane of a-U is (110)
and the in-plane directions are shown.
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FIG. 2. (Color online) Plot of intensity (logarithmic scale) at
T=10 K on the plane (2.5 K L) showing the four principal peaks
from the CDW in the 5000 A a-U film at the positions
(2.5 K*+g, L*q,), where q,=1/6 and q,=2/9. Note the large dif-
ference in intensity between the satellites at (2.5 2* 1¥) and those
at (2.5 27 17). The distortion of the peak shape of the strongest
satellites is due to the weak fifth-order satellites that are identical in
the K index and at 8/9 and 10/9 in the L index. The positions of the
peaks are not exact because of alignment difficulties with such a
large mesh; individual ¢ values are obtained with line scans.

ID20 beamline at the European Synchrotron Radiation Facil-
ity (ESRF) in Grenoble’ with an x-ray wavelength of
1.57 A.

Bulk a-U exhibits a charge-density wave (CDW), initially
at 43 K, and has been extensively characterized by both neu-
tron and x-ray diffraction.'® When the structural instability
occurs due to the CDW, additional satellites appear in the
diffraction pattern corresponding to new periodicities in the
solid. In the case of a-U these new periodicities are found in
all three directions in real space. A signature of the electron-
phonon coupling that drives the CDW can be observed in the
temperature dependence of the lattice parameters.!! In the
film a minimum in the d spacing is observed also, but it is
smaller and more rounded than in the bulk, and occurs at a
slightly lower temperature.

The search for the satellites arising from the CDW in the
5000 A a-U film is summarized in the intensity contours
shown in Fig. 2, which is a cut through the reciprocal lattice
at the position H=2.5 with K and L varying. There are four
main satellite peaks, grouped in pairs with similar intensities
and equally spaced about the center point @=[2.5 2 1].
They represent the first-order satellites of the CDW, and are
similar to those found in bulk samples.10 From line scans, the
individual components [¢, ¢, g,] of the CDW wave vector
q were deduced as a function of temperature and are com-
pared to those found in the bulk!? in Fig. 3. There are im-
portant differences between the CDW as found in the film
and in the bulk:

(1) The large intensity difference (Fig. 2) between the
(2* 27 17) and (2* 27 1*) satellites shows that the do-
mains with their propagation direction closer to the growth
direction are strongly preferred. In a bulk sample,'” intensity
differences in this plane due to structure-factor effects do not
exceed 40%.
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FIG. 3. (Color online) Components of the CDW wave vector ¢
in the 5000 A film of -U as a function of temperature. The bulk
values are indicated by open points and are taken from Ref. 12.
Note that in the bulk there are lock-in transitions (where commen-
surate values are found that are independent of temperature) at
T=38 K for g, and 22 K for g, and g,. No lock-in transitions are
observed in the film. The CDW disappears at 43 K in the bulk and
at below 40 K in the film.

(2) Lock-in transitions, in which the ¢ components take
on commensurate values, are found in the bulk (Fig. 3); how-
ever, none are found in the film. This may be because the
substrate clamps the film and prevents any elastic contribu-
tion to the energy. The CDW wave vector then varies
smoothly with temperature and is controlled largely by the
Fermi-surface nesting.'3

(3) Further support for the quite different role of strain in
the film compared to the bulk is the absence in the film of
any measurable satellite at the “center” position (¢, 0 0),
which, in the bulk, is ascribed to finite domain walls of the
CDW.! The signal in Fig. 2 at (2.5 2 0.95) is independent of
temperature and spurious.

These experiments on the a-U film show that the details
of the CDW are sensitive to a variety of external factors, but
the overall distortion is driven by the strong electron-phonon
interaction found in bulk @-U. An open question concerns
dimensionality effects on the CDW as the film thickness is
reduced.

Turning to other structures of uranium, we note that pre-
vious work!>!6 reported possibly stabilizing hcp-U as thin
films (<100 A) on W(110). We have tried to produce such
films that can be characterized by x-ray diffraction. All at-
tempts with W(110) have, so far, produced a-U films, al-
though their domain arrangements are complex.’ However,
in our work on U/Gd multilayers® we observed that the ura-
nium in these layers formed as hcp-U, although the lack of
in-plane coherence prevented a determination of the in-plane
a axis.

By inserting a 500 A epitaxial Gd buffer on the Nb, we
have succeeded in producing a 500 A film of hcp uranium.
As found for the U/Gd multilayers? the ¢ axis is 5.625(5) A,

and measurements of the off-specular (1014) reflection give
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a=2.96(2) A, compared to c=5.784 A and a=3.637 A for
the Gd buffer. The respective atomic volumes are 21.3(2) A3
for hep-U and 33.1 A3 for Gd. As expected, there is a six-
fold repeat of the Gd off-specular reflections in the basal
hexagonal plane, and the atomic volume is exactly as in the
bulk. The in-plane mosaic is 0.6°, reflecting the relative mis-
fit of Gd on Nb [see Fig. 4(i)], but it grows with one orien-
tation only. For the hcp-U the atomic volume is expanded by
~3% as compared to a-U. However, the real surprise is the
almost 20% in-plane mismatch between the closest U-U dis-
tance (2.96 A) and that of Gd-Gd (3.637 A). The large dif-
ference in the lattice parameters of U and Gd, shown sche-
matically in Fig. 4, allows two different in-plane orientations
of hep-U to exist, rotated 30° to one another, giving rise to
12 reflections of almost equal intensity in plane, whereas
normally one would expect only 6. The rocking curves of
these reflections are large. We find ~1.5° for the hcp-U film,
as compared to <0.2° for the a-U films on Nb, indicating a
large mosaic spread, i.e., there is a large number of small
domains of these two orientations.

To study the electronic structure of U, we have used the
full-potential linear ~ muffin-tin-orbital (FPLMTO)
method.'”!® The calculations were based on the generalized
gradient approximation and we used the Perdew and Wang
parametrization'® for the exchange and correlation potential.
The spin-orbit coupling was included explicitly. Basis func-
tions, electron densities, and potentials were calculated with-
out any geometrical approximation. These quantities were
expanded in combinations of spherical harmonic functions
(with a cutoff /,,=6) inside nonoverlapping spheres sur-
rounding the atomic sites (muffin-tin spheres) and in a Fou-
rier series in the interstitial region. The muffin-tin sphere
occupied approximately 80% of the unit cell. The radial basis
functions within the muffin-tin spheres are linear combina-
tions of radial wave functions and their energy derivatives,
computed at energies appropriate to their site and principal
as well as orbital atomic quantum numbers, whereas outside
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FIG. 4. (Color online) Growth

5134 characteristics of the hcp-U film.

As in Fig. 1, the sapphire substrate

® . is not shown. For the hexagonal

$ e @ ]? systems (Gd and U) the in-plane
® : I‘a\ ® N orientations are denoted as [a] and
® \/ [ [b] [b], referring to [1120]- and
& \.?D [1100]-type directions, respec-

tively. (i) shows the growth of ga-
dolinium on niobium, displaying
the well-known 3Gd:4Nb relation-
ship. (ii) and (iii) show the growth
of hcp-U on Gd. We label the
growth in (ii) domain 1, which has
[aly parallel to [a]gq and a repeat
motif every nine lattice spacings
along [a]gg. (iii) Domain 2 is ori-
ented at 30° to domain 1 and has
[b]y parallel to [a]gy and a repeat
motif every seven lattice spacings
along [a]gg-

the muffin-tin spheres the basis functions are combinations
of Neuman or Hankel functions. In the calculations reported
here, we made use of pseudocore 6s and 6p and valence
band 7s, 7p, 6d, and 5f basis functions with corresponding
two sets of energy parameters, one appropriate for the semi-
core 6s and 6p states, and the other appropriate for the va-
lence states. The resulting basis formed a single, fully hy-
bridizing basis set. This approach has been previously
proven to give a well-converged basis.?’ For sampling the
irreducible wedge of the Brillouin zone, we used the special
k-point method with 512 k points in the irreducible part of
the Brillouin zone. In order to speed up the convergence, we
have associated each calculated eigenvalue with a Gaussian
broadening of 20 mRy width. The total energy difference
between the hep and a-U phases was 0.21 eV/U atom.

To check the accuracy of our results for the hcp phase, we
have first performed FPLMTO calculations for the a-U
orthorhombic phase. Our calculations show that a-U is non-
magnetic. Once we reproduced the «-U phase, we went one
step further and performed a fully relaxed structural calcula-
tion for hcp-U using the FPLMTO method. Our calculated
c/a for hcp-U is 1.84 at an equilibrium volume of
21.22 A3/U. This compares well with the experimental val-
ues of 1.9 (c/a) and 21.3 A3/U (volume). Our calculations
also show a small spin moment of ~0.1up/U and an orbital
moment of ~0.22u/U aligned antiparallel. This small mo-
ment could be related to volume expansion or symmetry of
the structure because under pressure the moment starts to
reduce. We have done some preliminary calculations for the
surface of the hcp phase and our results indicate that the spin
moment is almost double compared to bulk hcp.

In summary, we have shown that a-U films can be grown
relatively easily on Nb buffers deposited on sapphire. On
cooling, the uranium phase diagram contains bce-U— B-U
— a-U transformations, where the 8 phase is complicated.?!
Hence crystals of a-U are hard to produce: epitaxial films
represent an alternative route. In a 5000 A film we have
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found the periodic distortions due to the CDW and there are
differences between those found in this film and the bulk.'?
We shall be looking at thinner films and also search for the
surface magnetism predicted in a-U.??

A characterized hcp-U epitaxial film of 500 A has been
produced, using a hcp-Gd buffer to stabilize this metastable
phase of uranium. The dimensions of the unit cell (T
=295 K) are ¢=5.625(5) A and a=2.96(2) A, giving a
¢/a=1.90(1). For hcp elements the largest values of ¢/a are
found for Zn (1.86) and Cd (1.89), both of which have filled
d shells. Thus, such a large value of ¢/a for uranium, which
has a partially filled 5f-electron shell, is unusual. Interest-
ingly, the closest U-U distances (<3 A) in a-U are (2X)
2.75 and (2X) 2.85 A, whereas they are (6X) 2.96 A in
hep-U.

Whether the hep-U has an electronic instability, leading to
a possible CDW, or magnetic ordering, as predicted by the
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calculations above, awaits further experiments. With these
technical developments of engineering thin epitaxial films of
uranium, we have already stabilized a different form (hcp)
and will attempt to grow films of the high-temperature bulk-
like bcc structure. Theoretically, the three structures bcc
—hcp— a-U can be obtained by successively larger dis-
placement of a TA[110] phonon in the bec phase.?® The abil-
ity to control the growth of such structures in uranium metal
paves the way for new and exciting developments, address-
ing the role of 5f states in the structural stability of the light
actinides.?*

We are grateful to L. Paolasini for help with the experi-
ments on ID20, Keith Belcher for help in producing the
samples, and Bill Stirling, Sean Langridge, and Mike Wells
for useful discussions.
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