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3 Laboratoire Léon Brillouin, CEA/CNRS-Saclay, 91191 Gif-Sur-Yvette Cédex, France
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Abstract
Measurements of the magnetic susceptibility, magnetization, electrical
resistivity, magnetoresistance, specific heat, thermoelectric power and neutron
powder diffraction on a polycrystalline sample of β-UB2C are reported. It is
found that this compound with enhanced electronic specific-heat coefficient is a
ferromagnet below TC = 74.5(0.5) K. At 1.5 K the ordered magnetic moment
of the uranium ions is found to be 1.12(1) µB (U1 in 3b) and 1.03(1) µB (U2
in 6c), respectively. The uranium moments are close to the ab-plane (� = 47◦
and � = 84◦) forming ferromagnetic chains parallel to the hexagonal c-axis. In
addition to the ferromagnetic transition, we found a characteristic temperature
T ∗ = 37 K, at which both the electrical resistivity and specific heat show
anomalies. The thermoelectric power is positive and displays a maximum at
12 K. The observed features are compared to those of ferromagnetic UGe2 and
UIr, known as superconductors under pressure. We discuss the experimental
data in terms of strong electron correlation effects.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Intermetallic 4f- or 5f-electron compounds exhibit a variety of exotic phenomena such as heavy-
fermion, non-Fermi liquid, anisotropic superconductivity, and so on [1]. This is because the
f-electron states in these materials are unstable and when RKKY interaction and Kondo effect
compete with each other, heavy-mass quasi-particles may form at low temperatures. Since
a few years ago when superconductivity in the ferromagnetic ground state of UGe2 [2–4],
and of URhGe [5], was discovered, a new view on 5f-electron magnetism has appeared in
condensed matter physics. Although the 5f-electrons are believed to exhibit dual nature
itinerant and localized ones [6–8], and therefore are considered to be responsible for both
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magnetism and superconductivity, the most important aspect of these recent discoveries is
that the Curie temperature TC is always higher than the superconducting critical temperature
TSC. In the case of UGe2, TC is even two orders of magnitude higher than TSC. Recently,
superconductivity induced by pressure has been observed by Akazawa et al [9] in the itinerant
electron ferromagnet UIr possessing a relatively high Curie temperature of TC = 46 K. In
view of the interesting behaviour of uranium compounds and also in order to study the role
of strong electron correlations in metallic systems, it was considered fruitful to investigate
fundamental properties of new ferromagnetic U-based intermetallics.

During the investigation of U–B–C system, the borocarbide UB2C was found to exist
in two modifications [10]. The low-temperature form, called α-UB2C, crystallizes in
the orthorhombic space group Pmma [11] whereas the high-temperature form, called β-
UB2C, adopts the rhombohedral ThB2C-type structure (space group R3m) [12]. Preliminary
investigations on UB2C indicated that the α form is a temperature-independent paramagnet,
whilst the β form is ferromagnetic [13].

In this paper, we present details on the fundamental properties of β-UB2C by means
of measurements of magnetization, electrical resistivity, magnetoresistance, thermoelectric
power and neutron powder diffraction. All the obtained data indicate strong correlation effects
in the ferromagnetic compound β-UB2C below TC = 74.5(0.5) K. Another interesting result
is the occurrence of a characteristic temperature T ∗ = 37 K, resembling the behaviour of UGe2

and UIr. For the latter compounds a superconducting state is formed when T ∗ is suppressed
down to 0 K under pressure [3, 4, 9].

2. Experimental details

Following the procedure given in [13], a sample with a total weight of about 15 g was
prepared by argon arc-melting the elements together on a water-cooled copper hearth using a
non-consumable thoriated tungsten electrode in a protective Ti/Zr-gettered high-purity argon
atmosphere. Uranium platelets of nuclear grade (E. Merck, Darmstadt, Germany) were surface
cleaned prior to use in dilute nitric acid. Reactor-grade carbon (impurities <1.4 ppm, Carbone
Lorraine, France) and crystallized boron (98.% 11B-enriched isotope from Tbilisi, Georgia;
impurities <6000 ppm) were used as powders which prior to arc melting were compacted in a
steel die into tablet form. Weight losses were found to be less than 0.5% mass. Starting from
a nominal composition, 23 at.% U, 51 at.% 11B and 26 at.% C, an almost single phase and
well-crystallized product was obtained containing minor amounts of U11B4 (a = 0.7069(3),
c = 0.3967(3) nm) and graphite (a = 0.2506(2), c = 0.6716(5) nm). Precise lattice
parameters and standard deviations were obtained from a least-squares refinement of room-
temperature Guinier–Huber x-ray powder data, using monochromatic Cu Kα1 radiation with
an internal standard of 6N-pure Ge (aGe = 0.565 7906 nm at RT). Neutron powder diffraction in
the temperature range 1.5–295 K was performed at the Orphée 14MW-reactor at the Laboratoire
Léon Brillouin, Saclay using the G4-1 double-axis multicounter neutron powder diffractometer
with a helium cryostat (λn = 0.2426 nm; resolution �d/d = 4 × 10−3). Preferred orientation
effects were minimized by powdering the sample in a WC/Co mortar to a grain size smaller than
30 µm. Precise atom parameters, occupation numbers and profile parameters were derived
from a least-squares full-matrix Rietveld refinement routine [14]. Neutron scattering lengths
were taken from a compilation by Sears in [15].

Magnetization, M(T, H ), was measured using a SQUID (Quantum Design MPMS) in
fields up to µ0 H = 5.5 T and in the temperature range 1.7–350 K. Specific heat, Cp(T ),
measurements were performed in the temperature range 1.8–100 K, using an adiabatic method.
Electrical resistivity, ρ(T ), was measured in the temperature range 1.8–300 K, using a four-
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probe dc-technique with a current of 10 mA. Magnetoresistance, MR, data were collected
in the temperature range 2–100 K and in a fixed magnetic field of 10 T on zero-field-cooled
samples. The isothermal MR data at 1.8 K were collected in fields up to 13 T. The direction
of the applied magnetic fields was perpendicular to the current. Thermoelectric power, S, was
measured with a steady-state method between 2 and 300 K.

3. Results and discussion

3.1. Structural properties

Employing the atom parameter set obtained from the single-crystal x-ray intensity data
refinement of homologous ThB2C [12], the refinement of the neutron data straightforwardly
converged, confirming crystal symmetry, atom site occupation and thus isotypism with the
crystal structure of ThB2C. In β-UB2C, the U atoms occupy two distinct positions: U1 at
3b (0, 0, 1/2) and U2 at 6c (0, 0, zU), while the boron atoms are located at the 18f (xB,
0, 0) and carbon atoms at the 9e (1/2, 0, 0) sites (standardized hexagonal setting calculated
via program Structure Tidy [16]). The crystal refinement with 60 independent reflections
converged to a reasonable level with a fine agreement between the observed and calculated
intensities (RB = 0.049; RF = 0.028) and diffraction profiles (Rp = 0.084). The refined
structural parameters from the neutron powder diagram at RT are as follows: a = 0.6530(2),
c = 1.0764(7) nm, zU = 0.1886(12) and xB = 0.2680(8). The occupancies of all atom sites
have been refined; however, no significant deviation from a full occupation was revealed.

It follows from the crystal structure shown in figure 1 that the U atoms form slightly
puckered hexagonal layers sandwiched between planar non-metal layers consisting of B6- and
B6C3-rings with linear B–C–B segments. The neutron diffraction data confirm the covalent
B–B bonds (dB−2B = 0.1750 nm) as well as the double bond between boron and carbon atoms,
dB−C = 0.1515 nm. Interestingly, the metal coordination around the two uranium atoms U1
and U2 is slightly different. Each U1 has one nearest neighbour U2 along the c-axis at the
U–U distance, d1U−U = 0.3352 nm, as many as six next-nearest neighbours (3U1 + 3U2)

within the puckered layers at d2U−U = 0.3777 and d3U−U = 0.3800 nm, respectively and a
far neighbour U1 at d4U−U = 0.4060 nm. The U2 atoms have two close U1 neighbours at
d1U−U = 0.3352 nm in the direction of the c-axis, and six further U1 at d2U−U = 0.3777 nm
within the puckered metal layer.

3.2. Magnetic susceptibility and magnetization

Figure 2 shows the temperature dependence of the reciprocal magnetic susceptibility χ−1(T )

for β-UB2C measured in a field of 0.5 T. The data were collected on two samples: on the
virgin bulk and powdered ones. The results of the first are believed to represent the magnetic
response of polycrystal, whereas the results of the latter could correspond to that measured
along the easy magnetization direction. The χ−1(T ) curves of both samples deviate from
the linear dependence at high temperatures, implying that the experimental data may follow a
modified Curie–Weiss law (MCW):

χ(T ) = C

T − �p
+ χ0 (1)

where C is a constant related to the effective moment µeff by a relation: C = NA g2µ2
effµ

2
B

3kB
,

�p is the paramagnetic Curie temperature, and χ0 is a temperature-independent term. The
fit of experimental data in the temperature range 115–350 K yields the following parameters:
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Figure 1. Crystal structure of β-UB2C in three-dimensional view along the c-axis and the a-
axis, respectively (top panel), revealing the planar B6 + B6C3 non-metal network between the
puckered hexagonal U-metal layers (bottom panel). Large, middle-size and small circles represent
the uranium, boron and carbon atoms, respectively.

µeff = 1.45(1) µB/U, �p = 75(1) K and χ0 = 0.6 × 10−3 cm3 mol−1 for the bulk sample
and µeff = 2.12(1) µB/U, �p = 66(1) and 1.2 × 10−3 cm3 mol−1 for the powdered sample.
The previously reported µeff -value (1.89 µB) [13] lies between those of the bulk and powdered
samples. The observed µeff -values for β-UB2C are essentially small if compared to those of
free U3+ or U4+ ions (3.62 µB or 3.58 µB). This fact may point to a strong hybridization of the
5f-electrons with the conduction band. The large and positive �p-value may indicate a strong
ferromagnetic interaction in the compound. The parameter χ0 usually describes a contribution
of the conduction electrons,but in the case of polycrystalline sample data,one should be careful
to attach quantitative information to it. The effect associated with the averaging over possible
orientations of crystallites in the sample leads χ0 to have higher values than those originating
from the contribution of the conduction electrons alone. Similarly, the µeff -values obtained by
fitting to the MCW law are often smaller than the intrinsic effective moments.

Below 75 K, the magnetization rapidly increases due to the onset of ferromagnetic order,
which is clearly evidenced by the minimum of the temperature derivative of the magnetization
shown in the inset of figure 2. We may estimate the Curie temperature, TC, to be 74.8 K, as the
inflexion point of the M(T )-curve measured at a low field of 0.05 T. For a typical ferromagnet,
applied magnetic fields shift the inflexion point to higher temperature.
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Figure 2. Temperature dependence of the inverse magnetic susceptibility of the bulk and powdered
samples of β-UB2C. The solid and dashed lines are the fit using a modified Curie–Weiss law. Inset:
temperature dependence of the derivative dM/dT for magnetization measured at 0.05 and 0.5 T.
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Figure 3. Temperature dependence of the magnetization measured at 5 T. The solid line is the fit
based on the spin-wave theory.

The magnetization data (figure 3) below 40 K may be analysed with the help of the equation
predicted by the spin-wave theory [17–19].

M(T )

Ms
= 1 − BT 3/2 − CT 5/2 (2)

where the coefficient B is related to the spin-wave stiffness constant D, through B =
2.612(gµB/M(0))(kB/4π D)3/2 (g is the Landé factor, µB is the Bohr magneton and kB is
the Boltzmann constant). However, the studied compound crystallizes in a rhombohedral
structure, so one might expect a strong magnetocrystalline anisotropy, which could manifest
itself as an anisotropy gap �. This contribution to the total magnetization can be estimated
from the equation [19, 20]:

M(T )

Ms
= 1 − BT 3/2 exp(−�/kBT ). (3)
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Figure 4. The magnetization of the bulk and powdered samples measured at 1.8 K. The inset
shows the magnetization at low fields. The rightwards and leftwards arrows indicate the directions
of increasing and decreasing magnetic field strength, respectively.

The fit of equation (3) for the data in the temperature range 2–35 K gives B = 4 × 10−4 K−3/2

and �/kB = 11(1) K. The result of the fit is shown as the solid line in figure 3. It should be
noted that the derived value of � is rather small in view of large magnetocrystalline anisotropy
of the order of 100 K, that is typically found in U-based systems [21]. This suggests that the
magnetic excitations in β-UB2C can have a complex nature and the deduced gap value must
be confirmed by other experimental methods.

Taking g = 0.67 for U3+, V = 397 Å3, a saturation moment of 0.78 µB (see below)
and the value of B , we have estimated the value of the spin-wave stiffness coefficient D to
be 26 meV Å2. Furthermore, the ratio D

kB TC
characterizing the nearest-neighbour exchange

interaction strength amounts to about 4 Å2. This value is comparable to those observed in
other ferromagnets such as Fe, YFe2, CeFe2 and UFe2 [22]. A relative large D

kB TC
-value is

characteristic of itinerant ferromagnets [23].
In figure 4 we show the magnetization measured at 1.8 K for the bulk and powdered

samples. Apparently, the hysteresis is too small to be identified. In fact, in an enlarged scale
(see inset of figure 4) one sees a low remanence (0.25 µB) and small coercivity (less than
200 Oe) in the powdered sample. The difference in the magnetic behaviour between these
samples appears in the magnetization at high fields. For instance the M at 1.8 K and 5.5 T
M reaches a value of 0.48 µB for the bulk sample but it attains 0.70 µB for the powdered
one. This difference seems to have the same origin as in the case of the µeff -values and
probably it is caused by the magnetocrystalline anisotropy and texture effect. The previously
reported value (0.64 µB [13]) is close to that of the powdered sample. We have estimated the
saturation moment of β-UB2C to be 0.78 µB by plotting the magnetization of the powdered
sample at 1.8 K against 1/H and extrapolating 1/H to zero. However, compared to the value
expected for the U3+ ions (3.6 µB) the saturation magnetization of β-UB2C is considerably
smaller. This feature may result either from an itinerant nature of the uranium moments or
an imbalance between the two magnetic sublattices, associated with a ferrimagnetic ground
state. However, the latter has not been confirmed by either an Arrott plot analysis or by neutron
powder diffraction experiments (see below). Taking into account all facts of a low remanence,
small coercivity and small saturation magnetization, β-UB2C may be a soft magnet.
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Figure 5. (a) The magnetization of the powdered sample measured at several selected temperatures
below 80 K. (b) The M2 versus H/M plots for the isotherms close to TC.

In figure 5 (a) we show the magnetization isotherms measured below 80 K for the powdered
sample. All isotherms below 60 K display a similar dependence characterized by a saturation
at high fields. The magnetization data taken between 70 and 76 K vary in a manner typical for
a weak ferromagnet and the magnetization curve at 80 K corresponds to that of material with
a strong ferromagnetic correlation.

In order to gain insight into the nature of the magnetic ground state of the studied
compound, the isotherm data were analysed with the help of the Arrott plot. In the simple mean-
field case, the M2 versus H/M dependence at various temperatures should show a series of
parallel lines in accordance with the magnetic equation of state of the form M2 = A+ B∗H/M .
For ferromagnets, the coefficient A > 0 in the ordered state, but A < 0 in the paramagnetic
state and A = 0 at the Curie temperature. As can be seen in figure 5(b), the isotherms below
75 K show positive A, i.e., there exists a spontaneous magnetization, which evidences that
a ferromagnetic state sets in in the compound. For β-UB2C, however, some deviation from
linearity is clearly seen in these isotherms. Nevertheless, according to Arrot and Noakes [24],
one improves the linearity of the isotherms by varying the critical exponents β and γ in the
equation:

H/M1/γ = T − TC

T1
+

(
M

M1

)1/β

. (4)
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illustrate the validity of the modified Arrott plot. (b) Temperature dependence of spontaneous
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Such an expression does contain the information on spontaneous magnetization σs below TC

σs ∼ (TC − T )β (5)

and the inverse susceptibility just above TC where T1 and M1 are constants. The fitting of
the experimental data to equation (4) yields β = 0.455(2) and γ = 1.10(1). Based on these
parameters the modified Arrott plots (figure 6(a)) can be constructed. The isotherms now are
almost straight lines, and then they could prove the validity of the choice of β and γ . From
figure 6 we have derived the spontaneous magnetization which is shown in figure 6(b) as a
function of temperature. This figure allows us to evaluate the value of the Curie temperature
to be of 75.2(3) K.

3.3. Magnetic structure

The powder patterns observed below TC reveal no new diffraction peaks; however, significant
intensity changes are observed when compared to the 100 K pattern. The most prominent
contributions of magnetic origin are observed for (003), (110), (113), (311) and (300)
reflections. With decreasing temperature, the intensities of the magnetic peaks increase in
the manner shown in the inset of figure 7. The temperature dependence of the intensity of
the magnetic peak (110) yields TC, which is in good agreement with that determined in the
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Table 1. Observed and calculated intensities of the magnetic reflections in β-UB2C at 1.5 K.

hkl Iobs Ical

003 1085 912
110 649 649
113 3287 3286

magnetic susceptibility, electrical resistivity and heat capacity studies. In figure 7 we show
the difference between pattern collected at 1.5 and 100 K. However, the resolution of two
higher-angle reflections is limited. Thus, to elucidate the magnetic structure, we have taken
into account the intensities of the first three magnetic reflections only. Employing Monte
Carlo methods [14], the magnetic structure of β-UB2C at 1.5 K was resolved as being a
colinear ferromagnet with ordered magnetic moments for both the uranium sites close to the
ab-plane. With free variables for the size and the coupled direction of the uranium moments, the
refinements (table 1) converged at the magnetic R-factor of 0.140 and M(U1) = 1.12(1) µB,
M(U2) = 1.03(1) µB, and � = 47(1)◦ and � = 84(2)◦. � and � are the spherical angles
referred to the crystal axes x and z, respectively. The small deviation of � from 90◦ accounts
for the puckering of the uranium metal layers. Inspecting the fitted moments, we see a slight
difference between M(U1) and M(U2), which is believed to be of no significance. An average
value of 1.06 µB/U-atom is in agreement with that obtained from the magnetization on the
powdered sample (0.78 µB) if one takes into account that the saturation moment observed in
a powder is π/4 of the easy-plane value in an easy-plane system. In figure 8 we illustrate the
arrangement of the uranium ions. However, we must admit that with the few magnetic peaks
available the magnetic structure may be more complicated than the simple model suggests.
In particular, due to the presence of the two crystallographically inequivalent U sites, the
occurrence of a ferrimagnetic order cannot be excluded at present. The proper magnetic
structure can only be ascertained from large single crystals, which are not available.

3.4. Specific heat

In figure 9 we show the specific heat divided by temperature Cp/T of β-UB2C below 100 K.
The sharp peak near 75 K is consistent with the ferromagnetic transition implied by magnetic
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the magnetic contribution, Cmag = Cp − Cel − Cph. The solid line is the fit (see text).

and resistivity (see below) measurements. The specific heat data in the temperature range
2–8 K may be analysed as a sum of two different contributions: the electronic Cel and phonon
Cph contributions, which are assumed to be dependent on temperature as Cel(T ) = γ T
and Cph(T ) = βT 3, respectively. From the fit of the experimental data we obtained
γ = 34.7(2) mJ mol−1 K−2 and β = 0.25(1) mJ mol−1 K−4. The first value allows us to
estimate the electronic density of states at the Fermi level N(EF) assuming

γ = 1
3π2k2

B N(EF). (6)
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Using the above equation we obtained N(EF) = 14.7 eV−1/atom. From the coefficient of
the electronic specific heat and the jump of Cp at TC we obtained �Cp

γ TC
= 2. The latter value

is remarkably larger than the BCS value of 1.43. Because the BCS theory developed for
superconductors with a weak coupling, any deviation from the BCS value may indicate a
strong correlation between electrons.

In a strong coupling regime, the BCS ratio has been corrected by Allen and Dynes, who
took into account the coupling parameter λ, which is proportional to the density of state [25].
Note that both the phonon–electron λe−ph and electron–electron λe−e coupling parameters are
associated with the effective electron mass.

Through the relation

β = 12

5
Rπ4

(
T

�D

)3

. (7)

we determined the Debye temperature to amount to �D = 314 K.
In order to ascertain the nature of magnetic state one needs to separate the magnetic

contribution from the others, i.e., by subtracting the phonon and electronic contributions from
the total specific heat. However, for β-UB2C, there is still a lack of a suitable non-f-electron
reference compound. Therefore, in the first approximation we assumed Cph to be described

by the Debye function: Cph = 9NAkB T 3

�3
D

∫ �D/T
0

x4 exp(x)

(exp(x)−1)2 dx with �D deduced from the low-

temperature data. Bearing in mind that the Debye function works only for T < �D/50
and T > �D/2, we further have taken into account the Einstein contribution, which is seen
when plotting the ratio Cp/T 3 versus T . The presence of a broad maximum at 22 K with
an amplitude of 0.52 × 10−4 J mol−1 K−4 in the Cp/T 3 versus T curve implies the existence
of the Einstein contribution with an Einstein temperature of �E = 110 K and a number
of Einstein vibrators of nE = 0.18. Including the electronic and phonon contributions we
simulated their contributions as the dashed line in figure 9. The magnetic contribution shown
in figure 9 as open points was deduced from the relation Cmag = Cp − Cph,D − Cph,E − Cel.
From this figure one recognizes that there is a considerable contribution of Cmag to the total
specific heat, especially for temperatures around T ∗ = 35 K, where Cmag displays a prominent
maximum. This anomaly should be confirmed by any future studies when the proper phonon
contribution will be available. Nevertheless, the observed feature resembles the behaviour of
the ferromagnetic superconductor UGe2 [4, 26], for which a hump around 30 K in Cmag/T has
been attributed to the Kohn effect [27], associated with the coupled charge-density wave and
spin-density wave ordering. Alternatively, a maximum in the specific heat below TC might be
observed due to the quantum fluctuations of the spin. This behaviour has been predicted by
Fishman and Liu in the Heisenberg model of ferromagnetism [28]. Besides these mechanisms
mentioned above we would like to add that the specific heat of magnetically ordered systems
may show a hump below their TC/N if the angular momentum J is larger than 1/2. This fact
can be explained in mean-field theory by Zeeman splitting of a high-J state owing to the strong
molecular field. Examples of such a behaviour are compounds based on Gd [29, 30].

The magnetic specific heat data of β-UB2C might be analysed within the model developed
by Andersen and Smith for the electron–magnon scattering in ferromagnets [31]. According
to this model, the magnetic contribution to the total specific heat is given by Cmag(T ) =
σ T 0.5 exp(−�/kBT ), where � is the energy gap in the magnon spectrum. For the experimental
data between 2–10 K, the fit is shown in figure 9 as a solid line. We obtained fitting parameters
σ = 0.17 J mol−1 K−1.5 and � = 14.8(5) K. The latter value is consistent with the gap
determined from the magnetization data. Comparing to the gap values found in other uranium
ferromagnets, for instance in UPt (35 K) [32, 33], UPtAl (55 K) [34] and UAuSb2 (61 K) [35],
we suspect that a large excitation energy occurs in compounds with a huge magnetocrystalline
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Figure 10. Temperature dependence of the electrical resistivity at 0 and 10 T. The solid lines present
the fit of data (see text). The inset shows the temperature derivative of the resistivity dρ(T )/dT
as a function of the reduced temperature T/TC. These data are compared to those measured on a
single-crystal UGe2 from [36].

anisotropy. The small value of gap for β-UB2C is probably due to a strong hybridization of
the 5f states with other states in the compound.

The magnetic specific heat data presented above allow us to estimate the magnetic entropy
Smag (see the inset of figure 9). At TC, Smag approaches 72% of the value of R ln 2, as expected
for a doublet ground state. In the case of absence of the Kondo effect, the reduction in the
magnetic entropy is interpreted in terms of strong hybridization of the localized 5f-electron
state with the itinerant conduction electron state.

3.5. Transport properties

The electrical resistivity of β-UB2C measured at 0 and 10 T as a function of temperature is
depicted in figure 10. Some interesting features are observed in the ρ(T )-curves: (i) a sharp
drop in the ρ(T )-curve at 0 T below 74.5 K supporting the onset of ferromagnetic order,
(ii) the magnetoresistance is positive at temperatures below ∼40 K, and (iii) this temperature
coincides with a broad hump visible as a pronounced maximum in the temperature derivative
of the resistivity dρ(T )/dT . The occurrence of the maximum of dρ(T )/dT of β-UB2C at
T ∗ = 37 K quantitatively resembles that of UGe2 [36], and UIr [37]. This similarity is
illustrated by plotting the derivative dρ(T )/dT versus the reduced temperature T/TC (see
the inset of figure 10). Clearly, for both β-UB2C and UGe2 intermetallics, the ratio T ∗/TC

approaches 0.55. We recall that for UGe2 under a pressure of 1.2 GPa, T ∗ becomes suppressed
to zero [36], and simultaneously superconductivity was found [2].

The resistivity data of β-UB2C at 0 T and in the temperature range 2–30 K may be fitted
with the equation

ρ(T ) = ρ0 + AT 2 + bT

(
1 +

2kBT

�

)
exp

(
− �

kBT

)
. (8)

In this equation ρ0 is a temperature-independent term representing the defect scattering, the
second term is a Fermi-liquid-like contribution, and the last term is given in [31] for the
electron–magnon scattering process. In the fitting we fixed the magnon gap at the value of
15 K deduced from the specific heat measurement and residual resistivity ρ0 = 105.5 µ� cm.
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Figure 11. Temperature dependence of the magnetoresistance measured at 10 T. The inset shows
the magnetoresistance at 1.8 K as a function of field up to 13 T.

The result of the fit with A = 0.04(1) µ� cm K−2 and b = 0.172(3) µ� cm K−1 is indicated
as a solid line in figure 10. Using the relation given by Kadowaki and Woods (KW) [38],and the
above values for A and γ , we find the ratio rKW = A/γ 2 = 3.32×10−5 µ� cm/(mJ/mol K2)2

for β-UB2C. This is much higher than the common value of 1×10−5 µ� cm/(mJ/mol K2)2 for
heavy-fermion compounds. The origin of the enhanced rKW ratio in β-UB2C is not understood
at present. However, for intermetallic compounds, there are several mechanisms leading to an
enlargement of the KW ratio. As pointed out by Takimoto and Moriya [39], the large rKW ratio
may be ascribed to the effect associated with spin fluctuations. On the other hand, Miyake
et al [40] have shown that the effect of many-body correlations in heavy-fermion systems can
enhance the rKW-value to even 25 times larger than that in the case of a single-body band.
Finally, enhanced values of rKW are also found to be due to an enhanced magnitude of the
electron–electron scattering resulting from the magnetic frustration or from the proximity of
a nearby magnetic quantum critical point, such as these recently observed, for instance, in
YbRh2Si2 [41] and CeCoIn5 [42].

From the data collected at 10 T, it is clear that the field suppresses critical fluctuations
at TC, smearing out the ferromagnetic transition. Comparing the temperature dependences
of the derivative dρ(T )/dT at 0 and 10 T we observe that the position of T ∗ seems to be
little increased by the field. At a field of 10 T, the resistivity at low temperatures still follows
equation (8). A remarkable feature is also that the applied field increases the residual value up
to 116 µ� cm, resulting in a positive magnetoresistance of 10% (see figure 11). A positive
magnetoresistance has also been reported for UGe2 at low temperatures [43–46]. In the case
of β-UB2C we observe the sign change in the magnetoresistance near T ∗.

The thermoelectric power S of β-UB2C is displayed in figure 12. S is positive at all
measured temperatures. No clear anomaly near TC is found, indicating a negligible magnetic
contribution to S. Interestingly, S displays a maximum at about 12 K. The origin of this
phenomenon is not clear at present, but this tracks the thermoelectric power behaviour of
UGe2 at 10 K [47]. At temperatures below 10 K, the S(T ) dependence takes the form

S = αT + βT 3/2 (9)
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in consistency with that predicted for ferromagnets by the spin-wave theory. At high
temperatures, S depends approximately linearly on T . Such a dependence is expected for
the diffusion thermopower in the case of dominant electron–phonon scattering. We have
measured the Hall coefficient RH at room temperature and have found RH to amount to
1.44 × 10−9 m3 C−1. The positive thermopower and Hall coefficient suggest that hole-type
carriers dominate the transport properties of β-UB2C. In the free-electron approximation,
the diffusion thermopower varies with temperature as Sd = [2k2

Bme]/[eh̄2(3nπ)2/3]T . Using
the charge-carrier concentration n = 1/eRH extracted from the Hall coefficient at 300 K and
assuming the electron mass me to be that of the free electron, we calculated Sd. The dashed
line shown in figure 12 fits well to the experimental data.

4. Summary

In summary, by means of the magnetization, specific heat, resistivity and neutron powder
diffraction measurements we have confirmed that β-UB2C orders ferromagnetically below
74.5(±0.5) K. We have demonstrated that the electronic specific heat coefficient of this
compound is enhanced. Together with the reduced magnetic entropy at TC and the small value
of the ordered uranium moment, all these features strongly indicate that the 5f-electrons in
β-UB2C hybridize with the conduction electrons. In the ferromagnetic state, the transport and
thermodynamic properties are found to be governed by a combination of the electron scattering
on magnons and an additional mechanism revealing a characteristic temperature T ∗. The latter
feature resembles that of UGe2 and UIr, and further investigations, notably measurements of
the electrical resistivity under pressure, are planned to clarify it.
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