
PHYSICAL REVIEW B 108, 064108 (2023)

Thermal equation of state of U6Fe from experiments and calculations
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Actinide-bearing intermetallics display unusual electronic, magnetic, and physical properties that arise from
the complex behavior of their 5 f electron orbitals. Temperature (T) effects on actinide intermetallics are well
studied, but high-pressure (P) properties and phase stabilities are known for only a handful of compositions.
Furthermore, almost no data exist for simultaneous high P and high T. We performed ambient-T diamond-
anvil cell x-ray diffraction experiments to study the behavior of the intermetallic U6Fe upon compression up to
82 GPa. U6Fe remains stable in the tetragonal I4/mcm structure over this pressure range. We also performed
ambient-P, low-T diffraction and heat capacity measurements to constrain U6Fe’s thermal behavior. These data
were combined with calculations and fitted to a Mie-Grüneisen/Birch-Murnaghan thermal equation of state
with the following parameter values at ambient P: bulk modulus B0 = 124.0 GPa, pressure derivative B′

0 =
5.6, Grüneisen parameter �0 = 2.028, volume exponent q = 0.934, Debye temperature θ0 = 175 K, and unit-
cell volume V0 = 554.4 Å3. We report T -dependent thermal expansion coefficients and bond lengths of U6Fe,
which demonstrate the anisotropic compressibility and negative thermal expansion of the crystallographic c axis.
Additionally, density-functional theory calculations indicate increased delocalization of U6Fe bonds at high P.

DOI: 10.1103/PhysRevB.108.064108

I. INTRODUCTION

The behavior of 5 f electrons changes as a function of
interatomic spacing over the actinide series, from overlap-
ping and hybridized (3d-like) bands in the light actinides
to nonbonding and localized (4 f -like) orbitals in the heavy
actinides [1]. 5 f properties become even more diverse when
actinides enter intermetallic structures, which exhibit com-
plex bonding environments with a wide range of interactions
both between actinide atoms and between actinides and
other elements [2,3]. The bonding and electronic structure
of actinide-bearing intermetallics have been extensively in-
vestigated, particularly for compounds of U, Np, and Pu, as
these elements span the localized/itinerant crossover in 5 f
behavior and therefore are strongly influenced by their host
structure [4–6].

Because the degree of 5 f participation in bonding is so
consequential, any property that influences the bonds within
an actinide-bearing crystal is likewise significant. Actinide
intermetallics include many superconductors (especially of
the “heavy fermion” variety), so there has been consider-
able investigation of their properties at low temperature (T ),
where interatomic distances are smaller and electron overlap
and hybridization effects are enhanced [7–9]. High pres-
sure (P) also decreases interatomic distances and has been
shown to significantly alter the electronic and magnetic fea-
tures of actinide intermetallics [10–13]. Unfortunately, the
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crystallographic properties underlying these effects are not
fully understood, with compressibility and phase stability
data for actinide intermetallics being particularly limited. A
few equation of state (EoS) studies systematically describe
the high P behavior of intermetallic compositions, but these
are either restricted to ambient T [14–18], relatively low
P [19], or are purely theoretical [20–24]. This limited body
of literature arises from both experimental and computational
challenges associated with actinide crystallography. Actinide-
bearing materials are intrinsically hazardous and often display
low-symmetry structures that make analysis difficult at high P
and T . Additionally, computational techniques such as density
functional theory (DFT) have been unable to robustly capture
the full range of 5 f behavior [25,26], though their perfor-
mance has improved in recent years [27,28]. In this paper, we
combine experiments and calculations to produce a thermal
EoS of U6Fe .

U6Fe is one of two intermetallics known in the U-Fe
system, alongside UFe2. It was first synthesized by Man-
hattan Project chemists [29] and recognized as belonging
to a group of isostructural peritectic “U6X” alloys (where
X can be Mn, Co, Fe, Ni, or a pseudobinary combination
thereof) by Baenziger et al. [30]. The U6X group crystallizes
in the “U6Mn-type” body-centered tetragonal structure (space
group I4/mcm; Fig. 1), which it shares with Np6X and Pu6X
materials [7]. U6Fe has been studied in the context of its
crystalline-to-amorphous transition [31,32] and its potential
as a dispersion fuel in nuclear reactors [33,34], but it is most
well known for its superconducting properties. It was the first
known superconductor to contain either U or Fe [35], and
remains to this day the U-bearing material with the highest
superconducting transition temperature (Tc ≈ 4 K). Besides
its high Tc, U6Fe displays a variety of unusual superconduc-
tivity features, including high-field paramagnetism [36], and
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FIG. 1. Diagram of the U6Fe structure showing the shortest
bonds between each atomic site within a single unit cell. All U sites
lie in ab planes satisfying z = n/2, where z is the c coordinate of
each such layer and n is an integer. Fe sites lie between these layers
and form chains in the c direction. U atoms are more closely packed
within layers than between them. Image created with VESTA [39].

high upper critical-field values [37], and is often considered
an intermediate between heavy fermion materials and other
types of superconductors [38].

Like most actinide intermetallics, the electronic and mag-
netic properties of U6Fe are interpreted to arise from the
bonding environment of its actinide atoms, and thus its inter-
nal structure. Within the U6X group, Tc is inversely correlated
with lattice parameter a, with U6Fe (which has the highest
Tc) having the smallest a [40], and thus the most closely
packed U atoms (the closest U-U spacing is 2.66 Å at ambient
conditions). Furthermore, Tc slightly increases when U atoms
are brought even closer together by increasing P [36,41,42].
These observations imply an important role for structural
factors such as compressibility and thermal expansion, which
control U-U bond lengths but are not well studied. One study
reports bond lengths at low T [43], but not the coefficient of
thermal expansion (α). Another study fits an ambient T EoS
to high-P U6Fe data [44], but improvements in static high-P
techniques and x-ray detectors over the three decades since
then have greatly enhanced the accuracy of EoS determina-
tions. Using updated experimental methods, we extend the
U6Fe EoS to higher P and incorporate measurements of T
effects. Combining these with simple physics models allows
us to extract the parameters needed for a complete thermal
EoS of U6Fe, while DFT simulations help us interpret the
effect of P on its electronic structure.

II. METHODS

A. Experiment

Polycrystalline U6Fe was prepared by arc-melting a stoi-
chiometric ratio of U and Fe on a water-cooled Cu hearth with
a Zr getter. The boule was wrapped in Ta foil and sealed under

vacuum, then annealed at 700 ◦C for 1 month. A piece of the
resulting annealed sample was crushed in a mortar and passed
through a 20-μm sieve to create samples appropriate for pow-
der diffraction. After sieving, the material was annealed at
400 ◦C for 24 h to reduce residual strains from the powdering
process. Ambient-P powder x-ray diffraction (XRD) patterns
were collected using a Malvern Panalytical Empyrean diffrac-
tometer in Bragg-Brentano geometry set to 40 mA and 45 kV
using Cu Kα radiation. To determine the ambient unit-cell
volume (V0), a 60-min exposure was taken at room temper-
ature over the wave-vector range 0.4 Å−1 � Q � 5.8 Å−1. To
determine thermal expansion, a series of 40-min exposures
were taken using an Oxford PheniX cold stage from 12 to
300 K over the wave-vector range 2.1 Å−1 � Q � 5.8 Å−1.
Specific heat capacity (CP) measurements were performed in
a Quantum Design physical properties measurement system
from 2 to 300 K.

High-P powder XRD experiments were performed in a
diamond-anvil cell (DAC). A 10-μm diameter flake of the
starting material was loaded in a 60-μm-diameter sample
chamber drilled into a Re gasket preindented to 20-μm thick-
ness within a symmetric-type DAC using type Ia anvils with
200-μm-diameter culets. In addition to the U6Fe, the sample
chamber was loaded with a Cu flake to serve as the pressure
standard and Ne gas to serve as the pressure-transmitting
medium. Angle-dispersive synchrotron XRD data were col-
lected at Advanced Photon Source Sector 16-BM-D, managed
by the High Pressure Collaborative Access Team (HPCAT).
The beam energy was 30 keV (λ = 0.4133 Å) and the full-
width at half maximum beam spot size was 4 × 4 μm2.
Diffraction patterns were captured with 30-s exposures on a
Pilatus 1M-F detector positioned 211 mm from the sample.
A 50-μm-diameter pinhole was used to clean up the tails of
the beam. The sample P during the experiment was estimated
by live pattern integration in DIOPTAS [45] for 0.7 Å−1 �
Q � 5.5 Å−1 and increased to 82 GPa with an inflating gas
membrane. Further details and diagrams of the membrane-
driven DAC and the HPCAT DAC setup are available in the
literature [46,47].

B. Analysis and calculations

Sample V (for ambient-P and DAC data) and P (for DAC
data) were determined by fitting the positions of eight U6Fe
and three Cu diffraction peaks, respectively, and using these
to calculate the lattice parameters of each phase. In the DAC
experiment, U6Fe diffraction peaks overwhelmed those of Cu
in patterns focused on the sample flake, making it necessary to
collect separate patterns focused on the Cu flake. Using the Cu
lattice parameter refined from these patterns, P was calculated
using the EoS of Dewaele et al. [48]. Given the weak P gradi-
ents present when using Ne as a pressure-transmitting medium
(<0.01 GPa/μm at 50 GPa [49]), using separate patterns did
not significantly affect the determination of P [50].

CP data at low T were used to determine U6Fe’s Tc. The
coefficient of electronic specific heat (γ ), and the low-T limit
of the ambient-P Debye temperature (θ0) were determined
from a fit to the function

CP = γ T + 12π4R

5

(
T

θ0

)3

, (1)
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FIG. 2. Measured specific heat (CP), along with literature
data [38,42,67]. Inset: CP vs T below 5 K. The discontinuity near
T = 4 K indicates the superconducting transition.

where R is the gas constant and the fit was performed over
4–6 K. Low-T XRD data were used to determine the U6Fe
coefficient of thermal expansion (α) by the relationship

αi = 1

ai

(
dai

dT

)
P

, (2)

where ai is unit cell V (or lattice parameter a or c) evaluated
at constant P. High-P XRD data were fit to three isothermal
EoS formulations: Murnaghan [51], Birch-Murnaghan [52],
and Rose-Vinet [53]. These formulations are, respectively,

P = B0

B′
0

[(
V

V0

)−B′
0

− 1

]
, (3)

P = 3B0

2
(η−7 − η−5)

[
1 + 3

4
(B′

0 − 4)(η−2 − 1)

]
, (4)

and

P = 3B0

(
1 − η

η2

)
exp

[
3

2
(B′

0 − 1)(1 − η)

]
, (5)

where B0 is the bulk modulus at ambient P, B′
0 is its pressure

derivative, and η = (V/V0)1/3.
A tabular EoS was constructed based on the SESAME

framework [54], which decomposes the Helmholtz free en-
ergy (F ) into its cold (0 K), thermal ionic, and thermal
electronic contributions. Expressed in terms of specific den-
sity (ρ),

F (ρ, T ) = φ(ρ) + Fion(ρ, T ) + Felec(ρ, T ). (6)

Identical decompositions apply to the internal energy (E ) and
P. The cold contribution (φ) was based on a Birch-Murnaghan
fit to the DAC data reported below. The ionic model pa-
rameters were adjusted in combination with the cold values
of ρ, B, and B′ to recover the experimental values ρ0, B0,
and B′

0 reported below, where the subscript “0” indicates the
ambient reference state. Fion was based on a standard Debye
model [55] in the quasiharmonic approximation [56], where

FIG. 3. Variation of unit-cell parameters a (top), c (center), and
V (bottom) with T . Trend lines shown are quadratic fits to the data.

θ0 was adjusted to match CP data from 0 to 300 K. The den-
sity dependence of θ was governed by that of the Grüneisen
parameter (�),

�(ρ) =
⎧⎨
⎩

�(∞) + c1
(

ρ0

ρ

) + c2
(

ρ0

ρ

)2
, ρ � ρ0

�(0) + c3
(

ρ

ρ0

) + c4
(

ρ

ρ0

)2
, ρ � ρ0,

(7)

where

� = d ln θ

d ln ρ
. (8)

The coefficients c1–c4 were adjusted automatically to main-
tain the continuity of � and its first derivative (�′) at ρ0,
while the values �(0) = 2/3 and �(∞) = 1/2 were set to
those of the monatomic ideal gas and the one-component
plasma [57,58], respectively. �0 = 2.06 to recover the ther-
mal expansion results reported below and �′

0 = −�0 by
convention. The electronic contribution was based on the
Thomas-Fermi-Dirac theory [59,60], whose only input is the
mean atomic number Z̄ = 82.571.
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U6Fe cold energy and electronic structure were calculated
based on DFT with the Perdew-Burke-Ernzerhof exchange-
correlation functional [61]. Calculations were performed
using VASP [62–65], with no spin-orbit coupling or spin polar-
ization applied. VASP cold curve calculations used a 500-eV
kinetic energy plane-wave cutoff, a 2 × 2 × 4 k-point grid,
an energy convergence of 1 × 10−5 eV, and ions were re-
laxed until the Hellmann-Feynman forces [66] on each were
<0.01 eV/Å. A sequence of volumes was generated by
uniform contraction or expansion of a, c, and the internal
degrees of freedom about a reference structure. At each V , all
lattice parameters and degrees of freedom were relaxed to
minimize the internal energy subject to the constraint that
volume be preserved. This yielded an E (V ) locus that was
fit to the volume integral of Eq. (4),

E = E0 + 16V0B0

9
[(η−2 − 1)3B′

0 + (η−2 − 1)2(6 − 4η−2)]

(9)
and then comparison to experiment was made by evaluating
Eq. (4) based on the V0, B0, and B′

0 that resulted.

III. RESULTS

Data from our low-T heat capacity measurements are
shown in Fig. 2. These results generally reproduce previous
measurements and indicate a superconducting transition Tc ≈
4 K [35] with �CP/γ Tc = 1.3. We did not observe any indica-
tions of the structural or charge density wave state transition
that has been suggested to occur near 100 K [42,43,67,68],
although our data may be insufficiently dense to detect subtle
features in this region.

Ambient-P, low-T XRD measurements are shown in Fig. 3
and reproduce the unusual anisotropic thermal expansion pre-
viously reported in U6Fe [43,69]. As T decreases, U6Fe
contracts along the a axis but expands along the c axis; this
orientation-dependent thermal effect is also observed at low

TABLE I. Parameters for thermal expansion coefficients (units of
1/K) as a function of T . Parameter x1 has units of 1/K, x2 has units
of 1/K2, and x3 has units of 1/K3, such that α = x1 + x2T + x3T 2.
Note that Kimball et al. [43] does not explicitly report α; values from
that study were calculated from reported structural parameters.

x1 (× 10−6) x2 (× 10−9) x3 (× 10−12)

αa This study 15.522(2) 9.51(3) −0.25(9)
Kimball et al. 15.8(6) 10.3(1) −11(3)

αc This study −8.365(5) 20.37(5) 0.14(1)
Kimball et al. −7.6(2) 26(2) −27(5)

αV This study 22.663(5) 39.76(8) −1.7(3)
Kimball et al. 23.8(3) 55(4) −67(9)

T in other U-bearing and heavy fermion materials and is
attributed to enhanced electronic effects in these systems [70].
Table I lists the volumetric and directional coefficients of
thermal expansion as a function of T , calculated from the fits
shown in Fig. 3 [71].

A representative XRD pattern from our DAC experiment
is shown in Fig. 4. This pattern was collected at 36 GPa
and shows peaks from the U6Fe sample, the Cu pressure
standard, the Ne pressure-transmitting medium, and the Re
gasket, although the sample is by far the strongest diffractor.
We did not observe peaks that would indicate the presence
of impurities (such as U oxides) in any of our diffraction
patterns. Despite the high signal-to-background ratio we did
not observe U6Fe 002 (which should appear at Q ≈ 2.53 Å−1

in Fig. 4) in the DAC data. This absence is likely due to the
development of a c-axis fiber texture (i.e., preferred orienta-
tion) during compression. If such a texture developed parallel
to the direction of incident x rays, it would be impossible to
observe a reflection from lattice planes orthogonal to the c
direction such as (002). The U6Fe unit-cell parameters were
determined as a function of P up to 82 GPa [72]. U6Fe

110 211 310
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411
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402 + 200

600

611
712550

721220

112

101

111 + 222
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512
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U6Fe
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FIG. 4. An integrated x-ray diffraction pattern (left) and its corresponding caked two-dimensional diffraction image (right). Reflections are
labeled with their corresponding Miller indices and color coded by phase (U6Fe reflections are also labeled with bold text). Intensity variations
in the diffraction rings indicate a degree of preferred orientation in our sample.
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FIG. 5. Unit cell V measured in this study, reported by Olsen
et al. [44], unit cell V calculated with DFT, and corresponding
Birch-Murnaghan EoS fits. The shaded blue region is a 2σ error
envelope calculated from the uncertainty of the fit parameters (Ta-
ble II). The lower panel shows residuals quantified as the difference
between Birch-Murnaghan calculated P and observed P for each of
the measured V .

maintains the body-centered tetragonal (I4/mcm) structure
over this entire pressure range, consistent with the absence of
a room-temperature phase change in pure U until much higher
P [73].

IV. DISCUSSION

Figure 5 shows the change in unit cell V as P increases
at ambient T , and Table II lists EoS parameters fit with V0

fixed at our measured ambient-P value. Treating V0 as a free
parameter in the fit does not change any of the parameter
values within uncertainty, although it does increase the B0, B′

0

covariance by a factor of 4. Compared to values fit to the data
of Olsen et al. [44,74], we find that U6Fe is more compress-
ible (i.e., B0 is lower), with the compressibility increasing
more rapidly as P increases (i.e., B′

0 is higher). Compared with
U6Fe, α-U is slightly more compressible (B0 = 114.5 GPa,
B′

0 = 5.46) [75], while UFe2 is much less compressible (B0 =
239 GPa, B′

0 = 3) [76]. This is unexpected since UX2 inter-
metallics are thought to have localized f electrons that do not
participate in bonding and should therefore have lower bulk
moduli [15,17]. Future measurements of materials within the
U6X , Np6X , or Pu6X groups would allow for a comparison
of compressibility as a function of actinide packing within the
U6Mn-type structure. Table II also lists parameters based on
fits to the DFT cold curve. Because the DFT calculations are
at 0 K, comparison of those results with DAC data requires
that the former be “corrected” to room temperature based on
Fion. Uncertainties in the 0 K parameters are small, while those
in the 300 K values are difficult to estimate. Consistency of
theory and experiment is good: DFT predicts ∼2% lower V0

and ∼6% higher B0.
We used the results of our SESAME calculations to pro-

duce a Mie-Grüneisen thermal EoS of the form

P(V, T ) = Piso + Pthermal, (10)

where Piso is the isothermal pressure at 300 K [Eqs. (3)–(5)]
and Pthermal is the thermal pressure using a quasiharmonic
approximation [56]:

Pthermal = 9nR�

V

[
θ

8
+ T

(
T

θ

)3 ∫ θ/T

0

z3dz

ez − 1

]
, (11)

where � and θ are the Grüneisen parameter and Debye tem-
perature, respectively. These are evaluated with reference to
their ambient values (�0 and θ0) by

� = �0

(
V

V0

)q

(12)

and

θ = θ0e(�−�0 )/q, (13)

where q is a dimensionless fitting parameter. Parameter values
are listed in Table III. Note that we report both the limit of θ0

as T → 0 K and a more broadly applicable θ0 fit over the
entire range of our CP data.

Bond lengths for our XRD experiments were calculated
with Mercury [77] and are shown in Fig. 6. U atoms are most
densely packed within their layers (Fig. 1), meaning that the
shortest bonds between them are all intralayer and lie entirely

TABLE II. Isothermal EoS parameters for U6Fe. Parameters marked “This study” are derived from DAC measurements with V0 fixed at
the measured 0 GPa value and B0 and B′

0 fit by orthogonal distance regression to the data shown in Fig. 5.

Fitting form Data source V0 (Å3) B0 (GPa) B′
0 cov(B0, B′

0)

Rose-Vinet This study 554.4(10) 122.9(11) 5.8(1) −0.0535
Murnaghan This study 554.4(10) 127.3(11) 4.9(3) −0.0613
Birch-Murnaghan This study 554.4(10) 124.0(12) 5.6(1) −0.0364

DFT (0 K) 539.0(1) 137.9(4) 4.8(0) −0.0106
DFT (300 K) 544.6 131.3 4.86
Olsen et al. 555.8(29) 155.4(85) 3.6(6) −3.05
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TABLE III. Thermal parameters (γ , electronic specific heat coefficient; θ0, Debye temperature; Tc, superconducting transition temperature;
�0, Grüneisen parameter; q, Grüneisen volume exponent) compared to values from previous studies [38,42,43,67]. γ and the low-T limit of θ0

were determined by fitting specific heat data from 4 to 6 K.

This study Whitley (2016) Yang et al. (1989) DeLong et al. (1985) Kimball et al. (1985)

γ (mJ mol−1 K−2) 158(20) 154(25) 151.7 150(3)
θ0(T → 0) (K) 118.0(1) 113 114.3 116
θ0 (K) 175 125
Tc (K) 3.9(1) 4 3.695(1) 3.9 3.76(17)
�0 2.208
q 0.934(1)

FIG. 6. Variation of bond lengths in the U6Fe structure with P
at ambient T (top panel) and T at ambient P (bottom panel). The
nearest-neighbor distance between each atomic site is shown, plus
the next-nearest-neighbor distance for U(2)-U(2). Intralayer bonds
lie in the ab plane, while interlayer bonds have a c component (see
Fig. 1).

in the ab plane. Since c is the most compressible crystallo-
graphic direction [72], these intralayer bonds compress more
slowly than the next-nearest-neighbor interlayer U-U bonds,
which have a c component. At very high P, interlayer bonds
may become comparable to the length of intralayer bonds,
possibly changing the coordination of U and leading to a
change in crystal structure. The most compressible bonds are
those of the Fe-Fe chains, which lie entirely in the c direction.
Contrary to their high-P behavior, Fe-Fe bonds lengthen at
low T due to the anisotropic negative thermal expansion men-
tioned above. α-U similarly displays higher compressibility
in the direction of negative thermal expansion [75], but this
behavior is unusual in U-bearing intermetallics. Intermetallics

FIG. 7. Partial density of states of selected orbitals as a function
of energy. There is clear evidence of spectral broadening (and thus
increased delocalization) over our compression range.
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are generally both more thermally expansive and more com-
pressible in the U-U bond direction [78].

The effect of cooling from 300 K to Tc on U-U bond length
is approximately the same as the effect of compressing to
1 GPa. This may be related to the observed increase in Tc

upon compression at low P [41,42] since the superconduc-
tivity of U6X materials depends on the degree of U orbital
hybridization [79]. On the other hand, the partial density of
states (PDOS) for DFT-based unit cells did not demonstrate
significant changes in the distribution of electronic states at
low P. Over a much larger range of compression (0–82 GPa), a
continuous increase in the delocalization of both U 5 f and Fe
3d electrons is implied by the broadening of their respective
PDOS (Fig. 7). As previously predicted for light actinides,
compressing U6Fe increases the U atoms’ 5 f occupancy [80]
from 2.9 electrons at ambient P to 3.6 at 82 GPa.

V. CONCLUSIONS

We have conducted low-T measurements of heat capacity
and thermal expansion and high-P measurements of unit-cell
volume in U6Fe. These data were used to construct a tabular
SESAME EoS and a closed-form Mie-Grüneisen/Birch-
Murnaghan EoS with parameters B0 = 124.0 GPa, B′

0 = 5.6,
�0 = 2.028, θ0 = 175 K, q = 0.934, and V0 = 554.4 Å3. This
approach may be of use for other materials for which it is

impractical to collect simultaneous high-P and -T data. DFT
calculations are consistent with experimental parametrizations
and indicate that U6Fe bonds are increasingly delocalized
at high P. These results contribute to our understanding of
U6Fe crystallography; similar investigations of other U6Mn-
structured compounds will help further explore the role of 5 f
bonds in determining the macroscopic properties of actinide-
bearing intermetallics.
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