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Evidence for persistent spin fluctuations in uranium sesquicarbide
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The low-temperature magnetic susceptibility, heat capacity, and electrical resistivity of uranium sesquicarbide
have been determined down to 2 K by combining measurements carried out on samples of U,Cj, containing UC
as minority phase, and on pure UC specimens. The presence of spin fluctuations with characteristic temperature
Tsr =7 K is revealed by a nonanalytic contribution to the specific heat behaving (well below Ty ) as T3In(T/ T ),
and confirmed by a T2 increase of the electrical resistivity and a 1 — « T'? decrease of the low-temperature magnetic
susceptibility. The analysis of the specific-heat data above T provides a Debye temperature ® = 256 K and
a moderate high value of the Sommerfeld coefficient, y =~ 42 mJ molg1 K~2. The zero-temperature many-body
enhancement of the electron mass is found to be m*/m = 2.7. Our data rule out the occurrence of magnetic
ordering in U,C;. First-principles electronic structure calculations support the absence of a magnetically ordered
ground state but suggest that dynamical spin fluctuations are responsible for the electron mass enhancement.
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I. INTRODUCTION

Mixed uranium-plutonium carbides form an important
family of metallic nuclear fuels with potential advantages
over conventional oxide materials thanks to a larger thermal
conductivity, higher heavy-atom density, sufficiently high
fusion temperature, lower equilibrium vapor pressure, and
excellent structural stability.'™ The perspective use of carbides
as fuel for propulsion system® and for the next generation of
nuclear reactors with high operating temperature is sparking
renewed interest on their physical properties.®'°

Three intermediate phases have been reported for the
uranium-carbon system. The rocksalt NaCl-type structure
exhibited by the monocarbide (UC) is stable over a narrow
range of stoichiometric composition up to approximately
1100 K.'""1? The dicarbide is substoichiometric, with composi-
tion ranging from UC; g¢ to UC; g6;'® below ~2050 K, it crys-
tallizes in the body-centered-tetragonal CaC,-type structure
(-UC,),'? whereas at higher temperatures it takes the KCN-
type structure (8-UC,), isomorphous to the monocarbide.'*
The sesquicarbide U,Cj; crystallizes in a body-centered-cubic
structure, with space group /43d and eight formula weights
per unit cell.'>!

UC is a Fermi liquid with a large 5 f-electron spectral
weight at the Fermi level.'” Strong correlation effects among
the itinerant 5f electrons in this material give rise to a
many-body electron-mass enhancement m*/m of about 4.'°
According to Hill,'”” for U-U spacings less than ~3.5 A,
the 5f wave functions centered on adjacent atoms overlap
creating a narrow band of itinerant electrons across the Fermi
energy, whereas for larger distances direct overlap is prevented
and the 5f electrons are quasilocalized. Magnetic order is
usually expected only in the latter case. The U-U distance
for UC is just ~3.5 A, and indeed this compound is a
Pauli paramagnet at the edge of a magnetic instability,'®
with no localized moment and a Sommerfeld coefficient
y ~ 20 mJ mol~! K=2.1%20 The tetragonal a-UC, is also
metallic,”! with the 5f electrons contributing in part to the
metallic bonding and in part being transferred to the C 2p
states.?2 The U-U distances in o-UC, are ~3.54 and ~3.90 A,
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larger than the Hill limit. Nevertheless, above ~80 K, the
magnetic properties of «-UC, are similar to those of UC,
with a practically temperature-independent susceptibility and
marginal indications for very weak antiferromagnetism.”? Data
at lower temperature are not available. In U,C; the U-C and
the C-C bonds are weaker than those in the other carbides,
which is probably the origin of its weaker thermodynamic
stability and its decomposition at ~2120 K into UC and
B-UC,.2>** However, metal-metal bonding stronger than in
the other carbide phases is observed in U,C3, with the shortest
U-U distance of 3.34 A, matching the weaker metal bonds
in a-uranium. The other U-U distances imposed by the U,C3
structure are 3.38 and 3.68 A, slightly below and above the Hill
limit. The magnetic susceptibility has been reported down to
4 K. A broad maximum observed at T* ~ 59 K,?> accompanied
by a kink in the electrical resistivity,?! was initially interpreted
to signal the onset of antiferromagnetic order.’®>’ Below T*,
the electrical resistivity p(T) increases as T2, whereas above
T* it increases up to about 1100 K where it saturates,?!
with an overall behavior similar to the one observed for the
itinerant antiferromagnet UGa3.?® However, no anomaly in
the temperature dependence of the specific heat was observed
at T*,% and both neutron-diffraction?’” and *C Knight-shift
measurements®” failed to provide evidence for long-range
magnetic order or for structural distortions down to 4 K. On the
other hand, the broad maximum and the overall susceptibility
curve at intermediate temperatures can be reproduced by
a logarithmic term of the form (724 cTHIn(T/T)3' A
relatively high value of the Sommerfeld coefficient, y ~
40 mJ mol~! K~2, has been estimated.?’

The picture of U,C; emerging from the available exper-
imental results bears some similarity with other compounds
where the occurrence of low-temperature persistent spin
fluctuations has been recognized, for instance the cubic
AuCu;-type USn; and UAI; compounds,?® or the cubic Laves
phase UAL.* Here, we present the results we obtained
by measuring down to 2 K the magnetic susceptibility, the
electrical resistivity, and the heat capacity of U,Cj, extend-
ing to lower temperature the data already available. Below
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~4 K we have observed typical fingerprints of spin-fluctuation
effects, namely an enhancement of the electronic specific-heat
coefficient falling off as 7°In(7'), a T? term in the temperature
dependence of the electrical resistivity, and a parabolic
temperature decrease of the magnetic susceptibility. These
observations are consistent with the predictions of the spin-
fluctuation theory and establish U,C3 as a narrow-band 5 f
paramagnetic system with low-temperature spin fluctuations.

II. EXPERIMENTAL DETAILS

The optimal route for the synthesis by arc melting of high
quality samples of U,Cj is still controversial. The final result
depends on many details, such as the grinding and pressing
procedure followed for the pellet preparation, the quality of the
vacuum in the furnace, or the presence of impurities coming
from the electrode. Whilst UC and «-UC, can be obtained
directly as pure compounds by arc melting, the preparation of
U,C; requires a subsequent high-temperature heat treatment,
and it is established that the kinetic of formation prevents
one from obtaining single-phase U,C; samples. The final
material always contains minor amounts of UC, a-UC,, or
of both phases. Nevertheless, the physical behavior of U,C3
can be thoroughly investigated if the amount of secondary
phases present in the sample is accurately estimated. In our
study, measurements of the physical properties have been
performed on freshly prepared samples containing only UC
as a second phase, in quantities accurately determined by
Rietveld refinements of the x-ray-diffraction patterns. The UC
contribution to the measured properties has been determined
using the results of measurements carried out on pure UC
samples, scaled to the estimated UC mass content, by assuming
that the signals of the two phases add linearly.

Samples with a nominal composition of UC, (1.50 <
x < 1.94) were prepared by arc melting graphite (99.98%,
SGL carbon, type 5300) and uranium metal under argon
atmosphere (Ar 6N, 700 mbar) on a water-cooled copper
hearth with a tungsten tip. To remove the oxide layer, the
surface of the uranium metal ingot was electropolished in a
solution of ethanol, ethylene glycol, and phosphoric acid with a
composition 1:1:1. The U-C ingot was melted several times, to
ensure a good homogeneity, and then broken into small pieces
before being ball-milled under helium atmosphere (Retsch ball
miller, type MM400, Y-stabilized ZrO, ball and beaker). The
obtained powder, containing only UC and UC, according to
x-ray-diffraction (XRD) analysis, was pressed at 5 GPa to get
pellets of 5 mm diameter and 2 mm thickness. The pellets
were packed into tantalum foils and annealed under a vacuum
of 2 x 1072 mbar at 1673 K for 40 h.

The pellets were then broken and analyzed for composition
and purity by XRD and chemical analysis using combustion
methods. XRD was carried out on a Bruker D8 Advance
diffractometer installed inside a glove box, using Cu-Ko
radiation selected by a Ge(111) monochromator and recorded
with a Lynxeye linear detector. The diffraction patterns were
measured on a 26 scan spanning the interval from 25° to 120°,
with a step size of 0.009°, and a counting time of 3 s/step.
All samples analyzed were two-phased, well crystallized, and
containing a majority of U,C3 with either UC or UC; as a
second phase. The estimate of the mass percentage of the
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two phases contained in the analyzed samples was obtained
by Rietveld refinement of the x-ray-diffraction patterns. The
quantity of U,C; varied from 50 wt% up to 85 wt%. No
oxide phases have been observed. As already mentioned, only
samples containing UC as second phase have been used for
further measurements. An upper limit of ~2 wt% for the
content of UC, has been obtained from the statistical error
on the background of the diffraction intensity in the angular
region of the strong (1 0 1) UC, Bragg peak. The upper limit
for the presence of uranium dioxide was ~3 wt%.

The overall carbon content was determined by chemical
analysis using combustion under oxygen atmosphere in a
high-frequency induction furnace. The produced CO was
oxidized to CO, on a catalyst. The concentration of CO,
was measured by infrared spectroscopy and the overall carbon
content in the sample was calculated. Thus for a sample with
a nominal composition of UCj s, after heat treatment, the
chemical analysis showed a total carbon content of 6.9(2)
wt%, i.e., UCj4g7. The carbon content calculated from the
results of the Rietveld refinement was 6.7(1) wt%. As the
difference between these two values is within the error range,
no correction for free carbon content was applied.

The temperature dependence of the specific heat was mea-
sured on a Quantum Design PPMS-9 device using 14.83 mg
of a sample containing 84 wt% of U,C;, and a sample
of pure UC. Data have been collected in the temperature
range 2-300 K, both in zero external magnetic field and
in presence of a 9-T field. The magnetic susceptibility was
measured on a Quantum Design MPMS-7 superconducting
quantum interference device magnetometer, using a 34.9-mg
U,C;3-UC sample containing 50 wt% of U,C;. The magnetic
susceptibility of UC was measured on a pure sample of
573.9 mg.

The electrical resistivity has been measured in the tem-
perature range 1.8-300 K using a Quantum Design PPMS-9
platform and a standard four-contact dc technique. Samples
with typical size 1.5 x 0.8 x 0.3 mm? have been polished on
two parallel faces to better determine the form factor. Electrical
contacts have been ensured by using silver epoxy (Dupont
4929) at the contact between silver wires of 100 um and the
sample surface. The electrical current J was injected in the
polished plane (J = 5 mA for all measurements).

III. RESULTS AND DISCUSSION

Figure 1 shows the x-ray-diffraction pattern obtained for the
sample used for the specific-heat measurements. The Rietveld
refinement of the measured profile reveals the presence of two
cubic phases, namely 84 wt% of U,C; and 16 wt% of UC.
The refined lattice parameter for U,Cs is a = 8.0901(6) A.
The unit cell contains eight formula weights, with uranium
atoms located in the 16(c), x x x (x = 0.05), and the carbon
atoms in the 24(d), x01/4 (x = 0.295) special positions.
The x-ray-diffraction patterns obtained for as-cast samples of
UC and UC; are shown in Fig. 2. For both compounds the
samples are single phase, and the Rietveld refinement gives a
crystallographic structure in agreement with previous reports.

Figure 3 shows the temperature dependence of the magnetic
susceptibility (x,U¢) of a pure UC sample and that (x™*) of
a two-phase sample containing UC and U,C; in equal weight
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FIG. 1. (Color online) Rietveld refinement of the x-ray-
diffraction pattern recorded for a sample of U,C; containing UC
as second phase. Red circles are observed intensities, the black solid
line is the calculated diffraction profile. The green (upper) tick marks
correspond to the Bragg peaks from U,C; (space group [43d, no.
220), whereas the blue (lower) set refers to the UC phase. The
crystallographic structure of U,Cj3 is shown in the inset.

percentage. Data have been collected in an applied field of 1 T
and used to evaluate the susceptibility of a virtually pure U,C3
material as [(nuc + nu,c,) x™* — nucx Y1/ nu,c,, where ny
is the number of moles of compound X contained in the
measured sample.

UC has a Pauli paramagnetic behavior, with an almost
temperature-independent value of the magnetic susceptibility
x Y€ ~ 0.84 x 1073 emu/moly, in good agreement with the
data given by Bates et al.’® The susceptibility of U,Cj is
significantly enhanced compared to that of UC. As shown
in Fig. 4, above ~100 K it follows a Curie-Weiss behavior,
with ®cw ~ —138 K and an effective paramagnetic moment
Weff = 2.4(1)p . This value is small compared with the U3t

uc

.o .-° o* II o1l

60

Intensity (arb. units)

i

30 40 50 60
20 (degree)

20 (degree)

FIG. 2. (Color online) X-ray-diffraction pattern of (left panel) UC
and (right panel) «-UC; as-cast samples obtained by arc melting. Both
compounds are single phase and no impurity is detected. Insets show
the crystallographic structure of the two compounds. UC crystallizes
in the space group Fm3m, no. 225, with a = 4.9570(2) A, whereas
a-UC, has a tetragonal 14/mmm structure with a = 3.5245(3) A and
¢ =5.9963(3) A.
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FIG. 3. (Color online) Temperature dependence of the magnetic
susceptibility measured in an applied field of 1 T for (xJC, orange
triangle) a pure UC sample and (x™*, green squares) a sample
containing 50 wt% of U,C; and 50 wt% of UC. Red circles represent
the susceptibility of U,C; evaluated under the assumption that x™*

is a weighted linear combination of the susceptibilities for pure UC
and U2C3.

ionic effective moment of 3.87 g, and could indicate either an
itinerant nature of the 5 f electrons or be an effect of the crystal
field. Indeed, assuming a 5 f* (*Iy) electronic configuration
for the U ions, and Cj site symmetry, Burton Lewis et al.
found a value of ey = 2.3up.>* However, the information
provided by a Curie-Weiss fit on a polycrystalline sample
of anisotropic compound is limited, and we will not further
comments on these results. With decreasing temperature, the
susceptibility curve goes through a broad maximum at 7* ~
59 K. In the temperature range from about 20 to 100 K, as
shown in the lower inset of Fig. 4, the experimental data
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FIG. 4. (Color online) Temperature dependence of the U,C;
inverse magnetic susceptibility evaluated from data measured in
an applied field of 1 T. The dashed blue line is the best fit to the
Curie-Weiss law in the temperature range 100-300 K. The solid red
line is a fit (from 34 to 300 K) to the interconfiguration fluctuation
model described in the text. The lower inset shows the data measured
in the interval between 20 and 100 K fitted (solid line) by a logarithmic
formula given in the text. The upper inset shows the data recorded
below 4 K as a function of T2 and the fit (solid line) to a 1 — « T'?
dependence.
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are well represented by the logarithmic formula suggested by
Misawa in the framework of the Fermi-liquid model,?! Xm =
a{l — [(T/b)> — (T/b)1In(T/T)}, with a = 0.003 emu/mol,
b=118K, and T = 129 K. However, the observed behavior
can also be reproduced by the interconfiguration fluctuation
model elaborated by Sales and Wohlleben,>> and adapted
by Tro¢ and collaborators to describe noninteger valence
in uranium intermetallic compounds.**=3® In such a model,
charge fluctuations would occur between a 5f3 (J = 9/2)
state and a 5 f26d' nonmagnetic singlet originating from the
excited configuration. The susceptibility is given by3*

W21 =1+ @7+ l)exp(ﬁ)]_]}
kg(T + Tey)

where AE is the energy difference between the two fluctuating
states and kpT.r is the characteristic energy for charge
fluctuations. Fitting the U,C; experimental data to Eq. (1)
in the temperature range 35-300 K, we get pe =~ 1.5u3,
AE ~ 249 K, and T,y ~ 59 K. The agreement is good, and
this may suggest that fast charge fluctuations between the 5 f
and the conduction band takes place in U,Cj3, leading to a
noninteger valence as also indicated by the electronic structure
calculations discussed below.

We now turn to the low-temperature interval, the main focus
of this work. Below ~20 K the susceptibility increases with
decreasing temperature, and between 2 and 9 K the data can be
fitted by x,, = (4.54 — 0.0377%)10~3 emu/moly (upper inset
of Fig. 4).

If due to a ferromagnetic impurity, the low-temperature
increase of x, should be suppressed upon application of an
external magnetic field. As shown in Fig. 5, the reduction
observed at 2 K when the magnetic field is increased from
0.1 to 1 T is less than 9%, and less than 30% when the
field is increased to 7 T. Above 20 K the field variation of
the susceptibility curve is within experimental errors. Three
field-cooled magnetization isotherms are shown in the inset of
Fig. 5. At 2 K a small departure from the linear behavior is
observed above ~3 T, but the residual magnetization is smaller
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FIG. 5. (Color online) Temperature dependence of the magnetic
susceptibility of U,C; measured in a magnetic field of 0.1 T (black
squares), 1 T (red circles), and 7 T (green triangles). The inset shows
the magnetization M as a function of the magnetic field at three
different temperatures.
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FIG. 6. (Color online) Specific heat of U,C; (red circles, this
study) compared with literature data (black squares, from Ref. 29).
The inset shows selected temperature intervals in an expanded scale.

than the sensitivity of our instrument. Although these results
cannot rule out the presence of a small amount of magnetic
impurity, they suggest that the observed low-temperature
upturn is associated with an intrinsic physical phenomenon.
Indeed, the susceptibility of a spin fluctuation system, well
below the characteristic temperature Ts, is proportional to
1 — 0.137%(T/ Tsr)*.>° Within this model, the fit shown in
Fig. 5 would correspond to a Tsr = 12.7 K. The attribution of
the low-temperature increase of the susceptibility to a physical
effect is supported by the specific-heat measurements that we
present below.

Figure 6 shows the zero-field temperature dependence
of the specific heat of U,Cj, obtained after subtracting the
contribution of UC, representing 16 wt% of the measured
sample. Our data are in very good agreement with those
obtained by Andon et al. on a three-phase sample?® and extend
previous reports in two aspects. First, the much larger density
of points in the measured curve allows us to exclude the
occurrence of a phase transition, especially around 7* = 59 K
(see top inset in Fig. 6). Second, the much lower temperature
achieved allows us to study the temperature behavior below
10 K that had not been explored so far.

The scattering of data at high temperature is due to the
vacuum grease we used to improve the thermal contact
between the sample and the puck. At 300 K the specific heat
C,reachesavalueof 110] mol~! K=!, close to the Dulong and
Petit value (124.7 J mol~! K~1), which suggests that the Debye
temperature of U, C3 is slightly smaller than room temperature.
In the following we will focus our attention on the temperature
interval below 13 K. The experimental data are shown in Fig. 7
asC,/T vs T2, together with the corresponding curve obtained
for UC.

In the temperature interval between 5 and ~13 K the
experimental data can be fitted to a behavior linear in
T2, C,(T)/T =y + BT?, where y is the linear electronic
specific-heat coefficient, determined by the band-structure
electronic density of states (DOS) at the Fermi level, and ST
is the low-T approximation for the lattice contribution. The
result of the fit provides y ~ 42 mJ molal K2 (per mole of U
atoms) and 8 = 0.57 mJ mol~! K~*. The parameter 8, when
measured in units of J mol~! K™%, is related to the Debye
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FIG. 7. (Color online) Temperature dependence of the specific
heat of (red circles) U,C; and (black triangles) UC, plotted as C,/ T
versus T2 for 2 < T< 13 K. Solid lines are the fit to the function
C,/T =y + BT? in the temperature interval between 5 and ~13 K.
The inset shows the low-temperature enhancement and the fit to a
T?In(T) dependence in the interval between 2 and 4 K (blue solid
line).

temperature by the relation ®p = (1944n/8)'/3, where n is
the number of atoms per formula unit (5 in the present case).
We therefore obtain ® p >~ 256 K, in good agreement with the
value of 349 K reported for the isostructural La,C3,** once
the (M,/My)'/? scaling factor is taken into account. For UC,
we obtain y ~ 21 mJ rnolﬁl K2 and ©®p ~ 262 K. U,C;
has therefore a Sommerfeld coefficient twice as large as UC
and four times larger than La;C3.*° Such a relatively high y
value suggests a high density of electronic states at the Fermi
energy, in agreement with x-ray photoemission spectra*' and
first-principles calculations.?

As shown in the inset of Fig. 7, below 5 K the specific
heat increases considerably with decreasing temperature.
The observed behavior reminds one of that exhibited by
UAl,, where it was interpreted as a signal for the occur-
rence of time-persistent, long-wavelength spin fluctuations
in a Stoner-enhanced paramagnet.’”> In such a scenario,
the electronic specific-heat coefficient becomes tempera-
ture dependent and assumes the form y(T) = y[m*/m +
(T /Tsp)In(T / Tsp)],*> where m*/m is the effective-mass
enhancement factor arising from electron-phonon interactions
and from the emission and absorption of spin fluctuations,
a = 6m%(S —1)?/5S is related to the Stoner exchange-
enhancement factor S, and Tsp is the characteristic temper-
ature for the spin fluctuations.

To verify if U,C; can be described as a spin fluctuator
system, as also suggested by the low-T magnetic susceptibility
behavior, we have fitted the C,/T data below 4 K by the
relation

C,/T = A+ BT?+ DT?In(T), )

The results of the fit are shown in the inset of Fig. 7,
and provide the values A = ym*/m =226(2), B=p8 —
ayIn(Tsrp)/ T3 = —25(1), and D =ay /T2 =129 (5),
when C), is in units of mJ mol~! K~!. From these results, using
the values of y and B given by the fit at higher temperatures,
we obtain m*/m = 2.7, Tsgp ~7 K, and o ~ 8. The value
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FIG. 8. (Color online) Temperature dependence of the specific
heat of U,C; in O (blue circles) and 9 T (red squares) applied magnetic
fields, plotted as C,,/ T versus T2. The lines are the fit to the function
A+ BT? + DT?In(T).

obtained for Tsr is comparable with the one deduced from
the analysis of the magnetic susceptibility, showing that the
interpretation of the observed behaviors in terms of spin
fluctuations effects is consistent. Further support is given by
the data plotted in Fig. 8, demonstrating that the application of
amagnetic field of 9 T does not substantially modify the upturn
of C,/T at low temperature, as predicted by the theory®>*
(the parameters obtained by the fit of the 9-T data differ by less
than half an error bar from those obtained for the zero-field
curve).

Figure 9 shows the normalized electrical resistivity curve
of U,C; measured at zero magnetic field for two different
pieces of a given batch, labeled KR298 and KR299. The data
are reproducible and close to those reported by De Novion
et al.*® A T? dependence is observed at low temperature and
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FIG. 9. (Color online) Normalized resistivity p/p3o0x of U,Cs as
a function of temperature at zero magnetic field for two representative
samples of the same batch. The results are compared to data reported
by De Novion et al. (Ref. 26). Inset: low-temperature dependence of
the resistivity measured on sample KR299. The line is the fit to the
function p = py + A,T?, in the temperature interval indicated by the
arrows.
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U,C,-KR299

B(T)

FIG. 10. (Color online) Normalized  magnetoresistivity
Ap/p =1[p(T,B) — p(T,B =0)]/p(T,B=0) of UyC; as a
function of magnetic field at different temperatures for sample
KR299. Inset: Normalized magnetoresistivity on sample KR299 for
temperature above 30 K. We observe a clear change of behavior
around 80 K, with the magnetoresistivity becoming negative.

is plotted in the inset of Fig. 9 for sample KR299. A fit of
the low-temperature dependence of the electrical resistivity
to the formula p = py + A/,T2 gives pp = 83 w2 cm and
A, =04 uQ cm K~2. It is evident that the T? dependence
extends up to 20 K. Above this temperature, po(T') is linear
in temperature up to an inflection point at about 40 K. The
observed T? dependence of the low-temperature electrical
resistivity is predicted by models describing spin fluctuators
in the clean limit.** We do not observe any deviation from
this 72 dependence as predicted and reported for dirty spin
fluctuations.*346

Magnetoresistivity measurements have been performed on
sample KR299 up to 9 T and are presented in Fig. 10. At low
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temperature, below 40 K, the normalized magnetoresistivity,
[o(T,B) — p(T,B = 0)]/p(T,B = 0), is clearly positive and
achieves ~10% at 2 K. With increasing temperature the
magnetoresistivity decreases and becomes negative at high
fields. These features are reminiscent of the behavior observed
in TiBe, and UAL,* which are compounds considered as
spin-fluctuator systems. The reduced effect at high field
(B =9 T) observed here could be explained by the huge
magnetic field required to induce a significative negative
contribution attributed to spin fluctuations (B ~ 20 T). In
conclusion, measurements of transport properties support the
spin-fluctuation scenario suggested already by heat-capacity
results and magnetic susceptibility results.

IV. ELECTRONIC STRUCTURE CALCULATIONS

To explore further the electronic properties of U,C; we have
performed first-principles local-density approximation (LDA)
calculations including spin-orbit (SO) coupling. We use the
relativistic version of a highly accurate full-potential linearized
augmented plane-wave method (FP-LAPW), in which SO
coupling is included in a self-consistent second-variational
procedure.*® In the calculations we adopt the crystal structure
parameters measured at room temperature. Previous work®
shows that plain density functional theory (DFT) calculations
describe quite well—within the accuracy of 1%—the crystal
structure of U,Cs. In the FP-LAPW calculations we set the
radii of the atomic spheres to 2.85 a.u. (U), and 1.35 a.u. (C).
The parameter Ry, X Kpax = 9.975 determined the basis set
size. The Brillouin zone (BZ) sampling was performed with
351 k points. Charge density self-consistence is achieved to
0.5x107*¢/(a.u.)’.

The total density of states (TDOS), and f'-state partial DOS
(fDOS) are shown in Fig. 11(a). The DOS near the Fermi
energy (Er) has mostly U- f character, with a sharp j = 5/2
peak located at the Er edge. The C-s states are located at the
bottom of the valence band at 6-8 eV below Er, and p states
are spread all over the valence band [see Fig. 11(b)], with the

1 T T T T T T T

—— C-TDOS/spin/f.u. (b)
— C-s-DOS
—— C-p-DOS

DOS (1/eV)
o
3
L

0 I h A
-10 -8 -6 -4 -2 0

Energy (eV)

FIG. 11. (Color online) Total (TDOS) and the U atom f-electron (fDOS) density of states for U,Cs (a), C-atom total (C-TDOS), s- and

p-states DOS (b).
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DOS maximum at ~4 eV below E . This indicates essential
hybridization between C-p and U- f states.

The resulting TDOS at Ep of 5.8 states/eV/f.u. cor-
responds to the noninteracting value of the Sommerfeld
coefficient y ~ 14 mJ/K?/mol, which is substantially lower
than the experimental value of 42 mJ/K?/mol. However, the
theoretical value of the Sommerfeld coefficient is expected
to increase due to the electron mass enhancement caused by
dynamical electron interactions and electron-phonon coupling.

We estimate the electron-phonon coupling Ay from the
Bloch-Griineisen transport theory, assuming that at sufficiently
high temperatures T > 0.7 x ®p,i.e., above 180 K in the case
of U,C3, the temperature dependence of electrical resistivity is
only due to electron-phonon interactions. Next, we employ an
approximate expression,* that relates the electrical resistivity
p and the electron-phonon coupling strength. Calculating
the Drude plasma energy €2, =0.822 eV, and taking the
experimental resistivity at 7 = 300 K of ~624 12 cm (minus
the residual value ~84 12 cm), we get A, = 0.33.

Thus, the electron-phonon coupling alone cannot explain
the difference between the experimental yey, and the LDA
calculated Sommerfeld coefficient yipa (Vexp/¥ipa = 3.1).
Writing y = ”Tzk%N (Ep)m*/m, and removing the electron-
phonon coupling, we estimate the effective-mass enhancement
m*/m = 2.8 due to dynamical electron correlations. This
value of mass enhancement is in surprisingly good agreement
with the value derived from the analysis of the experimental
data based on the assumption of dynamical Stoner-like spin
fluctuations, as discussed above.

As follows from our calculations, LDA gives the Stoner
parameter / = 34 meV, and the product IN(Er)/(per spin) =
0.39 < 1 so that U,C; is far from a magnetic instability.
This yields the Stoner enhancement S = [1 — IN(E)]™' =
1.65, and o =3.03. Thus the ratio of experimental to
LDA estimated values of « is equal to 2.7, close to the
effective-mass enhancement. This gives us the reason to
suggest that dynamical spin fluctuations are responsible for
the enhancement of the electronic specific-heat coefficient.
These dynamical fluctuations are not accounted for either in
our LDA calculations or in previous calculations of Ref. 8.
The LDA/GGA+U nonrelativistic calculations®* constrained
to paramagnetic phase do not include these effects as well.

In order to estimate the effect of dynamical Coulomb
correlations, we calculate the LDA Green’s function,

1
[GLoa@lyy, = o— | &klz+p — Hpa®)],), . (3)
Vez Jrz

where y = (mo) label f spin orbitals on the U atom
site. Next, we calculate the lattice site-diagonal self-energy
2 (z) which contains the electron-electron correlations. The
effective multiorbital impurity Hamiltonian for the complete
seven-orbital f shell including the full spherically symmetric
Coulomb interaction and spin-orbit coupling® is used,

H = Z [Gk]z(:n/rbimabkm’a’ + Z 6ffrrTzor fm(f

kmm'
oo’

+ Y EQ-) e

mm'oo’
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where f,,Tm creates an electron in the f shell and b,TM creates
an electron in the “bath” which consists of those host-band
states that hybridize with the impurity f shell. Diagonalization
is performed making use of the finite-temperature “exact
diagonalization” (ED) method.’' Note that for the ED method
to be applicable, the continuum of the bath states is discretized.

In order to specify the bath parameters, we assume that
LDA represents the noninteracting model for U,Cs, and
associate with it the solution of Eq. (4) without the last
Coulomb-interaction term. Moreover, we assume that the first
and third terms in Eq. (4) are diagonal in {, j,} representation,
and that the only essential hybridization occurs in the vicinity
of Er. Next, we obtain Vk/:ls/ 272 from the LDA hybridization
function A = #Im Tr[G~'(e +i6)] (0.18 eV for j = 5/2,
Ny =6, and 0.21 eV for j=7/2, Ny =38), and adjust

e,fi 21’7/ 1o approximately reproduce LDA values for 5 f-states

occupations ni/z =1.30and n”/* = 1.26.
At last, the local Green’s function G(z) is calculated,

(G, = [Goa®)],), — A€d,y, — [E@lyy. )

where A€ accounts for the difference between the impurity and
the lattice chemical potentials, for the number of f electrons
ny = 2.56 fixed to the LDA value.

The resulting f-orbital DOS [spectral function, N(E)] is
shown in Fig. 12. Comparison with LDA-DOS [see Fig. 11(a)]
shows that the electron correlations have rather a moderate
effect on the occupied part of the spectra. The unoccupied part

5 ‘
— U-f-DOS
— j=b/2
4l j=7/2 |
37
2
3
)
Rot
1 [
O I 1
-6 -4 -2

Energy (eV)

FIG. 12. (Color online) The U atom spectral density of states
(total and j =5/2,7/2 projected) as a result of LDA+‘“exact
diagonalization” calculations.
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of the f manifold is modified substantially due to transitions
to higher multiplets.

We estimate an f contribution to electronic specific-
heat coefficient y = ?k%Tr[N(Ep)(l — L@y o] of ~
31.4 mJ/K?/mol, which compares well with the experimen-
tal value of 42 mJ/K?/mol. This improvement on the y
value prediction is due to the effective-mass enhancement
calculated from a quasiparticle weight Z as m*/m = Z~! =
Tr[N(EF)(1 — )| g, 1/ TH[N(EF)]. Them* /m ~ 2.21is
in reasonable agreement with the mass enhancement value of
2.7, derived from the analysis of the experimental data. It is
somewhat smaller than the m*/m = 3.7 reported in Ref. 10
for UC on the basis of dynamical mean-field theory (DMFT)
calculations. It is consistent with the view that the effects of
dynamical electron correlations are stronger in UC than in
U,C;3. Indeed, our calculations serve rather as an estimate,
and complete self-consistent DMFT calculations are needed.
Due to the complex (as compared to UC) crystal structure
with 20 atoms in the asymmetric portion of the unit cell, these
calculations are left for future consideration.

V. CONCLUSION

Two-phase samples of U,C; mixed with UC have been
obtained in a reproducible way by arc melting of the constituent
elements followed by a thermal treatment at 1673 K. The
magnetic susceptibility, specific heat, and electrical resistivity
have been measured on the mixed material and on pure UC
samples, in order to extract intrinsic quantities for U,Cs. By
extending previous measurements down to 2 K, we have found

PHYSICAL REVIEW B 87, 214414 (2013)

evidence for time-persistent spin fluctuations with a character-
istic temperature Tsr = 7 K, which produce a temperature-
dependent renormalization of the electronic specific-heat
coefficient, decaying as T2In(T), a decrease of the low-
T magnetic susceptibility as 1 —« 72, and a T? increase
of the low-temperature electrical resistivity. The relatively
large Sommerfeld coefficient, y =42 mJ molGI(U) K2,
with a many-body mass enhancement at zero-temperature
m*/m =~ 2.7, suggests a high density of electron states of
5f parentage at the Fermi level, as confirmed by LDA and
LDA+ exact diagonalization electronic structure calculations.
The magnetic susceptibility shows a broad maximum at 59 K,
and between ~25 and 300 K can be fitted by a phenomenolog-
ical relation that has been used to describe mixed valency
in intermetallic uranium compounds.’® We have found no
indications of long-range magnetic order down to 2 K and we
propose that U,C3 is a compound supporting magnetic fluc-
tuations with low excitation energies. Nuclear magnetic reso-
nance measurements of the spin-lattice relaxation rate would
be useful to determine directly the characteristic energy scale
of the persistent spin fluctuations, as done for instance for the
NpPdsAl, unconventional superconductor.’?>?
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