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Structural properties of epitaxial α-U thin films on Ti, Zr, W and Nb
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Thin layers of orthorhombic uranium (α-U) have been grown onto buffered sapphire substrates by dc mag-
netron sputtering, resulting in the discovery of new epitaxial matches to Ti(00.1) and Zr(00.1) surfaces. These
systems have been characterized by x-ray diffraction and reflectivity and the optimal deposition temperatures
have been determined. More advanced structural characterization of the known Nb(110) and W(110) buffered
α-U systems has also been carried out, showing that past reports of the domain structures of the U layers
are incomplete. The ability of this low symmetry structure to form crystalline matches across a range of
crystallographic templates highlights the complexity of U metal epitaxy and points naturally toward studies
of the low temperature electronic properties of α-U as a function of epitaxial strain.
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I. INTRODUCTION

Many of the actinides and their compounds exhibit fas-
cinating condensed matter physics, including a plethora of
unusual structural and electronic ground states (e.g., complex
polymorphism, unconventional magnetic ordering, and heavy
fermion superconductivity). These properties often arise as
a result of the outer-shell 5 f electrons being situated on
the boundary between itinerancy and localization [1–5]. The
midseries actinide metals (U, Np, Pu) exemplify these char-
acteristics, with each of the three distinct crystallographic
structures adopted by bulk U exhibiting notable collective
electronic phenomena at low temperatures [6,7].

The thermodynamically stable phase of uranium under
ambient conditions is orthorhombic α-U (Cmcm). This phase
is unique amongst the elements, both for its low symmetry
crystal structure and for its unusual electronic properties,
with bulk α-U crystals undergoing a series of three charge
density wave (CDW) transitions before entering a supercon-
ducting (SC) state. Although the superconducting transition
temperature (Tc) appears to vary unpredictably with sample
crystallinity and purity (Tc = 0.02–0.78 K), it is generally
accepted that isotropic compressive pressure can be used to
suppress the CDW transitions and enhance Tc to a maximum
of 2 K near 1.5 GPa [8–10]. The exact nature of the inter-
action between the SC and CDW states in α-U is yet to be
understood, but a combination of bulk and thin film studies
have since confirmed that pressure-induced changes to the low
temperature states are related primarily to the length of the a
axis [11,12].
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Epitaxial strain engineering can often be used to explore
regions of phase space that are inaccessible in bulk experi-
ments involving uranium. For example, epitaxial layers of α-U
with afilm ≈ abulk host an incommensurate “bulklike” CDW
below 43 K, while U layers with afilm > abulk (i.e., a strain
that would be difficult to attain in bulk crystals) host a near-
commensurate CDW with an increased onset temperature of
120 K [12,13]. Compression of the c axis and expansion of
the b axis are both predicted to stabilize the CDW state in
α-U [14], but the influence of uniaxial strain along these axes
has not yet been explored.

It is also known that deposition onto other crystallographic
templates can produce well-ordered overlayers that are diffi-
cult to stabilize in the bulk. Recently, crystalline layers of the
tetragonal β-U phase have been stabilized at room tempera-
ture via deposition onto Si(111) [15] and single crystal layers
of a pseudo-body-centered-cubic γ -U structure have been re-
alized by the codeposition of U and Mo onto Nb(110) [16].
Uranium may also form a “hexagonal-close-packed” (hcp)
structure that is not found in the bulk when deposited on
W(110) [17–19], Gd(00.1) [13,20], and Cu(111) or Ir(111)
buffer layers, although the U layers in the final two systems
gradually transition back into α-U [21].

Given the rich array of nearly degenerate structural ground
states, it is often difficult to predict the phase and orientation
that a uranium layer will form under specific growth con-
ditions. A key task in this area is, therefore, to examine a
range of metallic buffer layers that can be used to stabilize
high quality epitaxial layers of each U allotrope. The range
of strains, structures, and orientations will allow further ex-
ploration of their intriguing electronic properties, provided
the complex crystallographic domain structures are also fully
characterized. In this work we investigate the epitaxy of α-U
onto two new buffer layers (Ti, Zr) and revisit the Nb and
W systems from Ref. [22] to add new information to the
previously reported domain structures.

Section II of this paper describes the growth and charac-
terization procedures for each thin film system. Section III
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TABLE I. Growth temperatures (T ) and nominal layer thicknesses (t) for α-U thin films (subscript “U”) deposited onto various buffer
layers (subscript “B”) and substrates. Layers grown without any intentional substrate heating are denoted as 20 ◦C. Each sample has been
capped with a passivating layer (thickness tC), deposited at room temperature. Typical room temperature deposition rates for each element
were 0.38 (Ti), 0.70 (Zr) 0.35 (Nb), 0.48 (Ir), 0.44 (W) and 1.2–1.4 Å/s (U).

Substrate Buffer TB (◦C) tB (Å) TU (◦C) tU (Å) Cap tC (Å)

Al2O3(11.0) Nb(110) 800 200 600 5000 Nb 130
Al2O3(11.0) W(110) 750 85 450 1000 W 90
Al2O3(00.1) Zr(00.1) 700 220 20, 250, 400, 500 520 Nb 150
Al2O3(00.1) Ti(00.1) 600 180 20, 200, 400, 600 600 Ir or Ti 85 or 180

explores the structure and orientation of crystalline α-U grown
onto Ti, Zr and W buffers as discerned from laboratory-based
x-ray diffraction (XRD) and x-ray reflectivity (XRR). The
epitaxy and interface quality in the Ti/U and Zr/U systems are
explored as a function of temperature using these techniques.
Also included in Sec. III are synchrotron x-ray diffraction
measurements of epitaxial Nb/α-U(110) systems which reveal
a previously unreported domain. The physical origin of the
domain is discussed.

II. EXPERIMENTAL METHODS

A. Growth of epitaxial α-U films

All samples in this study were grown using the actinide dc
magnetron sputtering system at the University of Bristol, UK.
This ultrahigh vacuum system operates at base pressures of
the order 10−10 mbar and contains four sputtering guns inside
a load-locked chamber [23]. Substrates are loaded onto an
adjustable height stage adjacent to a resistive heater capable of
achieving temperatures of up to 850 ◦C. The substrates for epi-
taxial Ti(00.1) and Zr(00.1) growth were c-plane Al2O3(00.1)
and the substrates for Nb(110) and W(110) growth were a-
plane Al2O3(11.0). All substrates (sourced from MTI Corp)
were polished to optical grade.

The nominal layer thicknesses and growth temperatures are
given in Table I. The buffer growth temperature is denoted as
TB and the uranium growth temperature as TU with respective
film thicknesses tB and tU. Each sample was capped with a
layer of a corrosion resistant metal deposited at room tem-
perature in order to protect the U from ex situ oxidation. All
layers were deposited using approximately 7.5 × 10−3 mbar
high purity argon gas as the sputtering medium.

B. Structural characterization

Structural characterization of the Ti/U, Zr/U and W/U sys-
tems was performed using a Philips X’Pert diffractometer
with a Cu Kα source. XRR profiles were modeled using the
GENX package, where the error bars on each fitting parameter
are calculated from a 5% change in the optimal figure of
merit [24]. Characterization of the Nb/U system was per-
formed using the diffuse scattering diffractometer at the ID28
beamline (ESRF, France) [25]. Synchrotron data were treated
using the CRYSALIS PRO software package [26]; high reso-
lution reciprocal space maps were produced using in-house
programs and visualized in the DECTRIS ALBULA package [27].
All x-ray measurements were conducted at room temperature.

III. RESULTS AND DISCUSSION

A. Titanium buffered system

Titanium was sputtered onto Al2O3(00.1) substrates at
600 ◦C to produce epitaxial hexagonal-close-packed Ti(00.1)
layers with the in-plane relationship [10.0]Ti ‖ [11̄.0]Al2O3 and
thickness 180 Å. Uranium layers with a nominal thickness of
520 Å were subsequently deposited at various temperatures.
Figure 1 shows the coupled 2θ -ω scans and rocking curves
from the temperature series. XRR profiles with discernible
Kiessig fringes are included as Supplemental Material [28].
Table II summarizes the d110 spacings, widths of each rocking
curve (�ω), and the XRR-derived root-mean-square rough-
nesses (σ ) across the series.

At the two lowest tested deposition temperatures, the U
layer forms crystalline α-U(110). At TU = 20 ◦C, the out-of-
plane spacing (d110 = 2.578 Å) is 0.44% larger than bulk
(d110 = 2.567 Å) and the peak asymmetry suggests a strain
gradient from smaller to larger d110 spacings across the ver-
tical extent of the film. Least-squares refinement from the
positions of multiple off-specular reflections gives a = 2.862
Å (+0.26%), b = 5.943 Å (+1.34%), c = 4.988 Å (+0.67%),
and an atomic cell volume of V = 21.207 Å3 (+2.3%), where
all percentages given are relative to bulk U at room tempera-
ture from Ref. [29].

At TU = 200 ◦C, the specular α-U(110) peak is instead
symmetric and close to the bulk value, with lattice parame-
ters of a = 2.858 Å (+0.14%), b = 5.854 Å (−0.25%), c =
4.993 Å (+0.76%), and an atomic volume of V = 20.885 Å3

(+0.65%) indicating that the b-axis strain has changed from
tensile to compressive while the c-axis expansion persists.
The Laue fringes are suggestive of high crystallinity and a
sharp U-Ti interface. The periodicity of the oscillations can
be used to extract the crystalline ordered volume, with the
agreement between tLaue = 500 ± 10 Å and the XRR derived
thickness of tU = 514 ± 6 Å suggesting that crystalline order
is maintained throughout the full thickness of the U layer. The
rocking curve also adopts the distinctive two-component line
shape common to many high quality thin films [30,31].

The in-plane epitaxial relationships in these two well-
ordered systems were determined from the in-plane (φ)
dependence of the Ti(10.3) and U(221) off-specular reflec-
tions. The example data set shown in the top panel of Fig. 2
indicates an approximate alignment of

(00.1)Ti ‖ (110)U, [01.0]Ti ‖ [11̄0]U.

The epitaxy is likely to be governed by the match shown in the
bottom panel of Fig. 2 where the misfit strain (dU − dTi)/dTi at
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FIG. 1. Left: specular XRD (2θ -ω) scans of layers of U deposited onto Ti(00.1) buffers at various temperatures shown on a logarithmic
scale to highlight the Laue fringes. The system transitions from pure, strained α-U(110) into a mixture of elemental metals and intermetallic
compounds as TU increases. Center: detail around 2θ = 35◦ showing a systematic shift of the U(110) peak position with TU. Vertical dashed
line shows the bulk 2θ position. Right: evolution of the α-U(110) rocking curve. In all cases, data sets are offset vertically for clarity and solid
lines are fits to the data.

room temperature is −3.2%. As hcp-Ti is sixfold symmetric
in the (00.1) plane, any 60n◦ (n ∈ Z) in-plane rotation of
the U layer brings the relevant planes into alignment. This
should result in six energetically equivalent ways for the first
monolayer of uranium to nucleate on the Ti(00.1) surface, as
confirmed by the 60◦ separation of the (221)U peaks in the φ

scan.
The stability of epitaxial α-U at these relatively low depo-

sition temperatures was unexpected, as epitaxial Nb(110)/α-
U(110) and W(110)/α-U(001) systems are typically grown
at 450–600 ◦C [12,13,22]. In the case of Ti/U, temperatures
above 200 ◦C are clearly detrimental to the quality of the
interface. The degradation of the XRR signal, rocking curve
profile, and U/Ti Laue fringes all suggest that the sharp U-Ti
interface, and hence the coherent epitaxial match, has been
partially lost at TU = 400 ◦C and fully lost at TU = 600 ◦C.
The additional, nonelemental diffraction peaks seen in the
2θ -ω scans are likely to originate from Ti-rich alloys (2θ =
36–38◦) and U2Ti (2θ110 = 37.2◦) [32].

B. Zirconium buffered system

A similar series was grown using zirconium buffer lay-
ers deposited onto c-plane sapphire at 700 ◦C. These single

TABLE II. Parameters extracted from XRD/XRR measurements
for the Ti/U temperature series. Values are not provided in cases
where U-Ti intermixing has destroyed the coherent Ti buffer. The
rocking curve width (�ω) represents the full width at half maximum
(FWHM) of the broadest component in the peak profile; samples
underlined also contain a resolution-limited Gaussian (see main text
for details). Root-mean-square roughness (σ ) values were extracted
from GenX models fitted to XRR data.

TU (◦C) d110 (Å) �ωU (deg) VXRD (Å3) σU (Å)

20 2.578 0.933 21.207 16 ± 3
200 2.568 0.455 20.885 14 ± 3
400 2.565 0.370
600 2.564 0.543

crystal Zr(00.1) layers adopt an in-plane epitaxial relationship
of Al2O3[10.0] ‖ Zr[10.0] and exhibit rocking curves with
widths of 1–2◦. This limits the mosaic spread and grain size of
subsequent U layers, but the epitaxial relationships are still of
interest. Figure 3 shows the coupled 2θ -ω scans for the series.

At room temperature, the spectrum is primarily α-
U(110) with small inclusions of α-U(001). The off-specular

FIG. 2. Top: angular dependence of the off-specular reflections
in an epitaxial Ti(00.1)/α-U(110) sample deposited at 200 ◦C. Bot-
tom: two-dimensional illustration of the expected epitaxial match
for a single U domain, showing the alignment of dU = cU = 4.955
Å and dTi = 2d100 = 5.12 Å. All quoted lattice parameters are bulk
experimental values at room temperature from literature.
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FIG. 3. 2θ -ω scans of U layers deposited onto Zr(00.1) buffer
layers at various temperatures. Elemental U and Zr peaks are present
across the entire temperature range, but the dominant U orientation
varies with deposition temperature. Data are offset vertically and
presented on a logarithmic intensity scale for clarity.

reflections, included as Supplemental Material [28], suggest
an orientation relationship of

(00.1)Zr ‖ (110)U, [10.0]Zr ‖ [11̄0]U,

where the alignment of dU = 1
2 (a2

U + b2
U) = 3.26 Å and aZr =

3.24 Å produces a low misfit strain of −0.6%. As with the
Ti/α-U(110) system, the hexagonal symmetry of the buffer
facilitates six equivalent matches in 360◦. The measured α-U
lattice parameters are a = 2.853 Å (−0.015%), b = 5.826 Å
(−0.73%), and c = 5.136 Å (+3.6%) and the atomic volume
of V = 21.346 Å3 (+3.1%) is unusually large, even for a
structure as malleable as α-U.

As the deposition temperature is increased toward 400 ◦C,
the sample gradually becomes pure α-U(001), with the (002)U

reflection gaining relatively weak Laue fringes. The orien-
tation relationship between the layers determined from the
Zr(10.5) and α-U(023) reflections (Fig. S3 in the Supplemen-
tal Material [28]) is

(00.1)Zr ‖ (001)U, [10.0]Zr ‖ [100]U,

where the alignment of dU = 5.869 Å and dZr = 5.61 Å
results in a large misfit strain of +4.6%. The refined lattice pa-
rameters are a = 2.865 Å (+0.39%), b = 5.827 Å (−0.71%),
and c = 4.952 Å (−0.05%) and the atomic volume is bulklike
at V = 20.67 Å3. Again, sixfold symmetry is seen in the
α-U(023) φ scan due to the six equivalent matches with the
hexagonal Zr(00.1) surface.

The transition from an α-U(110) layer with a low strain
epitaxial match and a large atomic volume to an α-U(001)
layer with a large misfit strain and a bulklike atomic volume
suggests it is energetically favorable for the α-U structure
to revert to a bulklike atomic volume at the expense of the
epitaxial match and quality of the interface. The formation of
an interfacial U-Zr layer that may influence the epitaxy is also
suggested by the data.

A 1–2 nm reduction in tU with increasing TU is seen via
the XRR-derived U layer thicknesses and, at 500 ◦C, the
reflectivity profile no longer shows Kiessig fringes. A grad-
ual reduction in the intensity of the (00.2)Zr reflection with

FIG. 4. Top: expected epitaxial matches for α-U(001) deposited
onto a twinned W(110) buffer layer, adapted from [22]. Tungsten
domains 1 and 2 represented by filled and open circles. Colors used
to represent “unique” uranium domains. Each vertical tungsten axis
is aligned with Al2O3[00.1]. Bottom: new φ scan of the off-specular
U(023) reflection in a new α-U(001) system. Each peak has been
matched to the relevant colored domains (colored images below) and
individual fitted peak components (black dotted lines) are ascribed to
the relevant W domain, with labels 1 and 2, respectively.

increasing TU also suggests the formation of an interfacial
U-Zr layer that increases in thickness with TU. The strains gen-
erated by the unusually large mismatch between the Zr(00.1)
and α-U(001) layer (+4.6%) may be relieved by such a transi-
tion region, facilitating the observed change in orientation and
reduction in atomic volume.

C. Tungsten buffered systems

The growth of complex, multidomain α-U(001) was first
reported in 2008 [22]. Ward et al. proposed a model wherein
eight domains of α-U nucleate on a twinned W(110) buffer
as a result of a close match between the distances dU = 2.556
Å (d110) and dW = 2.584 Å (2d112). The two W domains and
eight U domains are illustrated in the top panel of Fig. 4. In
this idealized system, certain U domains (shown here in light
blue and purple) are “degenerate” with respect to the buffer
and so a total of six peaks should be resolvable using a point
detector and in-plane φ scans. However, only four domains
were seen in the original study [22].

The bottom panel of Fig. 4 shows a φ scan of the α-U(023)
reflections in a new, high quality W/U sample. This scan maps
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FIG. 5. RSMs for (a) the (h, h + 2, l ) and (b) the (h, k, 2) type planes reconstructed and denoted within the primary domain setting. Scale
is linear white-black and log10 black-red-white. Single reciprocal space net units for the primary (red) and secondary (blue) domains are shown
by dashed lines with select reflections indexed. Examples of sharp sapphire reflections and weak, broad Nb buffer reflections are highlighted
within black dashed circles. (c) 3D reciprocal space schematic showing a selection of indexed reflections. Sphere color corresponds to domain
origin consistent with left-hand panels. Degenerate reflections in the “specular plane” indicated by purple spheres. Reciprocal unit cells are
shown as dashed cuboids with reciprocal lattice vectors marked. A section of the (h, h + 2, l ) type plane shown in panel (a) is highlighted by
a dashed black box and asterisk.

the relative orientations of any (010) planes (i.e., the b axes)
in the α-U(001) layer. The scan shows six well-resolved peaks
at angular separations that correlate well with the matches
predicted by Ward et al. A total of eight peaks are required
for an accurate fit as there is a slight misorientation between
the reflections from the two degenerate (light blue and purple)
pairs of domains, presumably due to strains in the buffer.
These strains are also likely to be the cause of the unequal
peak intensities, which imply there are strong preferences for
certain U orientations. The crystalline quality of the U layer is
significantly improved by reducing the deposition temperature
to 450 ◦C used in Ref. [12] as opposed to 600 ◦C used in
Ref. [22].

D. Niobium buffered systems

To date, all epitaxial films of α-U(110) on Nb(110) have
been reported as single domain systems where the epitaxy is
governed by a unidirectional in-plane match between dU =
1
2 (a2

U + b2
U)

1
2 = 3.264 Å and aNb = 3.311 Å [13,22]. New

reciprocal space maps (RSMs) taken at the ID28 beam-
line (ESRF) reveal a second domain consistently missed
by point-detector measurements. These domains are referred
to as primary “red” and secondary “blue” in the following
discussions.

This unusual situation has arisen as the (hhl) reflections—
i.e., those commonly used to check the symmetry of the U
layer in laboratory φ scans—are coincident, but the degen-
eracy is clearly lifted outside of this plane. The (h, h+2,l)
RSM in Fig. 5(a) shows an example of a fully nondegenerate
plane of reflections in a Nb(110)/U system, while the (h, k,2)
type RSM in Fig. 5(b) demonstrates both the coincidence of
reflections in the (hhl) plane and splitting away from this
plane. Figure 5(c) shows the location in reciprocal space for
a selection of the observed reflections, where the overlapping
reflections from the two distinct domains (red and blue) are
represented by purple spheres. The two α-U domains are
related by an approximately 52◦ clockwise rotation about a

shared c∗ axis set into the page, where the experimentally
determined reciprocal space transformation matrix

1

4010

⎡
⎣

2451 1549 0
−6461 2461 0

0 0 4010

⎤
⎦

⎛
⎝

h1

k1

l1

⎞
⎠ =

⎛
⎝

h2

k2

l2

⎞
⎠ (1)

transforms from primary to secondary Miller indices. The
reverse operation is found by taking the inverse of the 3×3
matrix in Eq. (1).

The origin of this “hidden” domain can be understood as
follows. As U atoms are deposited onto the Nb(110) surface,
each nucleation event initiates the growth of a protodomain
of α-U with a 〈110〉U growth axis. In each of these newly
forming protodomains, the atomic arrangements in the growth
plane (i.e., the lowest layer in Fig. 6) can be considered
identical. However, atoms in the subsequent monolayer have
an energetically degenerate choice of bonding with the long
bond on the left (and short bond on the right) or the reverse,
creating either a left-skewed (B) or right-skewed (B′) layer.
This choice fully constrains the growth axis and defines the
domain. It is important to note that a 180◦ in-plane rotation
fails to map one domain onto the other, instead stacking A/A′
directly above B/B′. The secondary domain origin must be
shifted in-plane to ensure that the atomic sites are coincident
in layer A.

If the growth mode is purely islandlike, the presence of
these left- and right-skewed domains is likely to result in a
columnar domain structure with in-plane antiphase domain
boundaries. Pure layer-by-layer growth would preferentially
create a layer with either left or right skewedness, as vertical
switching of the “skewedness” would require the energetically
unfavorable stacking of atoms almost directly above each
other as shown in Fig. 6. The equal intensities of the two sets
of reflections indicates equal domain occupations and the un-
likelihood of direct atomic stacking suggests an islandlike or
mixed-type growth mode, but a fully conclusive determination
of the atomic stacking pattern across the domain boundaries
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FIG. 6. Schematic representation of the crystallographic relationship between the two domains. Atoms are shown as colored spheres, unit
cells by dashed cuboids, and axes by compass (bottom left). Colors are consistent with Fig. 5. The growth plane (translucent gray) corresponds
to the (110) (primary) and (11̄0) (secondary) planes. The first, degenerate, monolayer is marked with a purple label. The choice of atomic
positions for the second monolayer is indicated by B/B′, with example bonds shown by dashed lines, and the resulting third monolayer
positions by A/A′. The hypothetical atomic positions corresponding to the nonrotational domain switch are shown as dashed black circles and
labeled A′′.

requires the application of a nonaveraged technique, e.g.,
atomic resolution transmission electron microscopy.

It is important to acknowledge that this hidden domain
should also be present in the Ti(00.1)/α-U(110) and
Zr(00.1)/α-U(110) systems from previous sections. Indeed,
these twin domains have been observed in (241) φ scans for
both systems, but the scans have been omitted from this report
due to their complexity. The true number of domains is then
double the value suggested by the symmetry of the (221) φ

scans.

IV. CONCLUSIONS

Several epitaxial α-U systems have been stabilized using
both new (Ti, Zr) and known (Nb, W) elemental metallic
buffer layers, with some U layers forming well-ordered sys-
tems without the need for substrate heating. The range of
epitaxial strains and atomic volumes observed are expected
to produce significant variations in the low temperature elec-
tronic properties. A combination of magnetotransport (e.g.,
Hall coefficient, resistivity, and magnetoresistance) and syn-
chrotron diffraction measurements can now be used to probe
the interplay between the CDW and SC ground states in
these α-U thin films. Specifically, any superconducting states

seen in the Ti, Zr and W buffered samples (where Tc < 1 K
in the buffer) should be compared to those of high purity
α-U single crystals (Tc < 0.02 K) [33], heavily disordered
splat-cooled samples (Tc ≈ 1.2 K) [34], and other crystals of
intermediate quality [7–10] in order to disentangle the impact
of strain and disorder on the superconductivity. Measurements
of superconductivity in the Nb buffered systems will be more
challenging (Tc ≈ 9.2 K in bulk Nb), but Tc in the buffer could
be suppressed by reducing its thickness or adding magnetic
impurities. The complex structural information determined
here will be essential for the accurate analysis and understand-
ing of future electronic transport measurements conducted
using α-U thin films.
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