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Single-crystal growth and physical properties of URhIns
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‘We have grown the uranium compound URhIns with the tetragonal HoCoGas-type by the In self-flux method. In
contrast to the nonmagnetic ground state of the isoelectronic analog URhGas, URhIns is an antiferromagnet with
antiferromagnetic transition temperature Ty = 98 K. The moderately large electronic specific heat coefficient
y = 50 mJ/K*mol demonstrates the contribution of 5 f electrons to the conduction band. On the other hand,
magnetic susceptibility in the paramagnetic state roughly follows a Curie-Weiss law with a paramagnetic effective
moment corresponding to a localized uranium ion. The crossover from localized to itinerant character at low
temperature may occur around the characteristic temperature 150 K where the magnetic susceptibility and

electrical resistivity show a marked anomaly.

DOI: 10.1103/PhysRevB.88.045120

I. INTRODUCTION

Actinide elements and their compounds are characterized
by the 5f electrons. Because of the large spatial extent of
the wave functions, 5 f electrons are sensitive to the physical
or chemical environments surrounding them. Some of the
most astonishing behavior can be found in plutonium metal. It
shows successive structural phase transitions with six different
crystal structures as a function of temperature.! Among these
structures, cubic §-phase plutonium (6-Pu) has about 20%
larger unit cell volume than that of the «-phase at room
temperature. Such a large volume change might accompany
a change in the valence state. A magnetic ground state is
theoretically predicted for §-Pu with its large volume, although
no magnetic moment has been detected experimentally.’>
Valence change now attracts attention because of the possi-
bility of a superconducting pairing interaction mediated by
valence fluctuations.* Recent experimental discovery of the
isostructural superconductors PuTXs (T = Co and Rh, X =
Ga and In) with the tetragonal HoCoGas-type structure has
stimulated those discussions.>™® Actinide elements and their
compounds have accordingly been extensively studied despite
their attendant experimental difficulties.

In this paper, we report an attempt to change the ground
state of a 5 f electron by changing its relative volume. In this
context, compounds with the tetragonal HoCoGas-type (115)
structure are suitable because a series of compounds with the
same structure widely exist in rare-earth and actinide systems.
Due to the occurrence of unconventional superconductivity,
the heavy Fermion state, and magnetic ordering and their
coexistence in Ce and Pu analogs, physical properties
have been extensively investigated in this system and as a
consequence well characterized high-quality single crystals
are available.’

The crystal structure of the so-called 115 compounds is
shown in Fig. 1. The uniaxially distorted AX3 layers with
similar arrangement to the cubic AuCus-type structure and
TX, layers are stacked sequentially along the [001] direction.
The 115 structure is generally written as ATXs where A is
a rare earth, actinide, or tetravalent transition metal. Group

1098-0121/2013/88(4)/045120(6)

045120-1

PACS number(s): 71.27.+a, 75.10.Lp

9-11 transition metals can be a constituent of the actinide
115 compounds, but only group 9 transition metals are found
forming the rare earth 115s. Because of its larger ionic radius,
In occupies the X site in the 115 compounds with larger unit
cell volume, namely A = rare earths in most cases, while
uranium with its small ionic radius forms 115 structures stable
only when Ga occupies the X site.!*!!

Consistent with this, the Fermi surfaces of the uranium
115 compounds experimentally determined by means of de
Haas—van Alphen (dHvA) or angular-resolved photoemission
(ARPES) are well explained by band calculations where 5 f
electrons are treated as band electrons, namely 5 f electrons
can be regarded as itinerant.!”'® Among them, URhGas
is a nonmagnetic metal with semimetallic behavior.'® Its
magnetic susceptibility is almost constant as a function of
temperature, in contrast to the magnetic ground state observed
in NpRhGas'%?° and the temperature-dependent paramagnetic
behavior in the superconductor PuRhGas.?! The small carrier
number determined from dHvVA experiments and the small
electronic specific heat are consistent with the 5 f-itinerant
band calculations demonstrating the small overlap of the
conduction bands and resulting small density of states at the
Fermi energy.””

We report here the first synthesis of a single crystalline
URhIns with a significantly larger unit cell volume than
URhGas. As might be expected, a magnetic ground state is
realized in this compound.

II. EXPERIMENT

Single crystals of URhIns were grown using the In self-flux
method in a sealed quartz tube, using 3N8 (99.98% purity) U,
4N Rh, and 5N In. A prereacted U-Rh-In alloy and excess
indium were placed in an alumina crucible and sealed in
an evacuated quartz tube. The sealed tubes were heated to
1150°C, soaked for 12 h, then cooled down to 150°C in 168 h.
The excess In was spun off in a centrifuge. A photograph of
single-crystal URhIns is shown in Fig 1. We also attempted
unsuccessfully growths of UColns and Ulrlns.

©2013 American Physical Society
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FIG. 1. (Color online) Photograph of a single crystal of URhIns
and its crystal structure.

The chemical composition and homogeneity of the crystals
were confirmed by electron-probe microanalysis (EPMA)
using JEOL JX-8900. The crystal structure of URhIns was
determined via single-crystal x-ray diffraction measurements
with Mo K, radiation using an R-AXIS RAPID (Rigaku)
diffractometer. Of the 1811 Bragg reflections collected, 175
were unique. Crystallographic parameters were determined
and refined using the SHELX-97 program.?* Both EPMA and
x-ray diffraction suggested that there is no significant deviation
from the stoichiometry.

Table I shows atomic coordinates and the equivalent
isotropic atomic displacement parameters B, of URhIns at
292 K. The lattice constants a and ¢ of URhIns are 4.6205 and
7.4168 A, respectively, and the positional parameter of the
In(2) site was determined as (0 0 0.3018). As mentioned in the
Introduction, the local atomic arrangement around the uranium
site is similar to that in the cubic AuCus-type structure. Using
the crystallographic parameters determined in this study, the
bond angle between U-In(2)-U was determined as 91.8° being
slightly larger than the 90° expected for the ideal AuCus
structure, indicating a small tetragonal distortion. Compared
to the existing cubic Ulns (a = 4.701 A)?*, the Uln; building
block in URhIn;s is compressed 1.9% and 4.7% along a and ¢
directions, respectively.

Specific heat measurements were performed using a home-
built apparatus by the heat relaxation method in a *He cryostat.
The electrical resistivity measurements were performed using
a conventional DC four-terminal technique. DC magnetiza-

TABLE 1. Atomic coordinates and equivalent isotropic atomic
displacement parameters B, of URhIns at 292 K. The number in
parentheses is the standard deviation of the last digit. The least-
squares refinement was based on 175 independent reflections and
converged with a conventional agreement factor R; = 0.0319.

Atom X y z By

U 0 0 0 0.64(3)
Rh 0 0 1/2 0.71(4)
In(1) 1/2 1/2 0 0.87(3)
In(2) 1/2 0 0.3018(1) 0.85(3)
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tion measurements were performed using a superconducting
quantum interference device magnetometer (Quantum Design
MPMS) from 300 to 2 K in magnetic fields up to 7 T.

To study the effect of pressure on the antiferromagnetic
transition temperature Ty in URhIns, we measured the
temperature dependence of the electrical resistivity using a
piston-cylinder type high-pressure cell with Daphne 7373 oil
as the pressure-transmitting medium.?’

III. RESULTS

We measured the temperature dependence of the resistivity,
magnetic susceptibility, specific heat, and lattice parameter
of URhIns. First, we show the temperature dependence of
resistivity in URhIns for current along the [100] direction
in Fig. 2. Also plotted in Fig. 2 is the magnetic contribu-
tion to resistivity where the resistivity of the nonmagnetic
analog ThRhIns for the lattice contribution was subtracted:
Pm(= PURKINs — /oTth]nS).z6 The p,, increases with decreasing
temperature, suggesting an enhancement of magnetic scatter-
ing at lower temperatures. It has a maximum around 170 K.
The gradual increase of magnetic resistivity is frequently seen
in other uranium or rare—earth compounds and is attributed
to the Kondo effect. This point will be discussed later. With
further decreasing temperature, p,, has a weak kink at 98 K
and a subsequent hump, implying a phase transition with
formation of a gap at the Fermi surface. A distinct anomaly in
magnetic susceptibility at 98 K, without spontaneous moment
as described below, strongly suggests that an antiferromagnetic
transition takes place at Ty = 98 K.

The p,, rapidly decreases with decreasing temperature
below Tn. At low temperatures, the electrical resistivity
can be well fit with the expression p,(T) = po+ AT? +
DT/A(1 +2T/A)e */T, where py is the residual resistivity,
A is the coefficient of T2 term arising from electron-electron
scattering in Fermi liquid, D involves the electron-magnon
and the spin-disorder scattering, and A is the magnitude of the
energy gap in magnetic excitation. By fitting this equation

200 T T T T T
PURNIng
URnhIn;
J || [100]
150+ \ —T]
— Pm
g 2.5 r -
% 100F 20 .......o 1 4
Q 1.5 ..........0 .
50 | 1 0 ‘&&«“.uuo.o i |
0.5 L
250 ) 100
T (K
L ()

0 50 100 150 200 250 300
Temperature (K)
FIG. 2. (Color online) Temperature dependence of the resistivity

PURKIng and magnetic resistivity pm = Purnins - Othrnms Of URIns for
current along [100] direction. prhrumg is taken from Ref. 26.
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FIG. 3. (Color online) Temperature dependence of the C/T of
URhIns and ThRhIns. The open circle indicates the temperature
dependence of URhIns. The open square indicates the temperature
dependence of ThRhins.

to the experimental data, we obtained p9p = 0.78 wQcm,
A =0.0134Qcm/K?, D = 0.023uQcm/K, and A =37 K.
The large residual resistivity ratio RRR = 220 demonstrates
the extremely high quality of the present single-crystal sample.

Figure 3 displays the temperature dependence of specific
heat C(T) divided by temperature for URhIns and ThRhIns.
A A-shaped anomaly corresponding to a second-order phase
transition is observed at 98 K. At low temperature, specific
heat involves electronic specific heat and phonon contributions
C = yT + BT?3, where B is related to the Debye temperature.
We obtained the electronic specific heat coefficient y and
Debye temperature 6, of URhIns as 50 mJ/mol K? and 187 K,
respectively, and those of ThRhIns as 10 mJ/mol K? and
179 K, respectively. The effective mass of URhIns is weakly
enhanced. The specific heat of reference compound ThRhIns
is larger than that of URhIns at high temperature due to the
differing lattice specific heat. Therefore, we could not obtain
the magnetic specific heat C,, of URhIns by subtracting the
specific heat of ThRhlIns.

Figure 4 shows the magnetic susceptibility of URhIns
in a magnetic field of 1 T for magnetic field along the
[001] and [100] directions. The magnetic susceptibility at
room temperature has a marked anisotropy with magnetic
easy axis along [001]. The susceptibility increases with
decreasing temperature and has a maximum around 150 K.
The magnitude of the susceptibility is significantly smaller
than that expected for a free paramagnetic uranium ion U3+ or
U**. The reduction of the magnetic moments may originate
from itinerant characteristics of 5 f electrons or a Kondo effect
with a very large characteristic temperature. In either case,
a temperature-independent Pauli susceptibility arises at low
temperatures. The present temperature dependence of the total
susceptibility can be fit with a generalized Curie-Weiss law:
x(T) = xo + xcw(T + 6,), where xo is the Pauli suscepti-
bility and xcw is the Curie-Weiss term with a paramagnetic
Curie temperature 6,, giving yo = 2.5 x 10~*emu/mol and
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FIG. 4. (Color online) Temperature dependencies of magnetic
susceptibility of URhIns at 1 T for a magnetic field along the [001]
and [100] directions. The open circles indicate the susceptibility for

magnetic field along the [001] direction. The closed squares indicate
the susceptibility for magnetic field along the [100] direction.

the effective moment roughly corresponding to that of free
uranium ion. 6, is extremely large, —400 K, as we inferred
above. It should be noted, however, that only the measurements
at higher temperature are used for the determination of the
parameters. These results will be discussed together with other
properties in the next section.

The susceptibility rapidly decreases with decreasing tem-
perature below Ty. The decreasing of susceptibility at Ty for
magnetic field along the [001] direction is much larger than
that for magnetic field along the [100] direction, indicating
that the ordered moments point along the [001] direction in the
antiferromagnetic state. Recent nuclear quadrupole resonance
measurements on URhIns agree with this speculation.?’
The susceptibility slightly increases with decreasing temper-
ature below 40 K. Such an increase is usually attributed to
paramagnetic impurities. In URhIns, however, the increase
is more significant for the field direction along the [100].
The present increase in magnetic susceptibility might be an
intrinsic one and needs further investigation.

Figure 5 shows the magnetization as a function of the
magnetic field for magnetic field along the [001] and [100]
directions at 2 K. The magnetization for magnetic field along
the [001] and [100] directions increases almost linearly with
magnetic field up to 7 T. The magnetization for magnetic field
along the [100] direction is about twice that along the [001]
direction.

Here the occurrence of a magnetic ground state is well
established. As mentioned in the Introduction, the larger unit
cell volume of URhIns as compared to isoelectronic URhGas
might change the 5 f electronic state, leading to a magnetic
moment on the uranium site. It is therefore interesting to
investigate the effect of unit cell volume on magnetic ordering.

‘We show in Fig. 6 preliminary data of the lattice parameters
as a function of temperature. The antiferromagnetic ordering
is seen in the thermal expansion. The full scale of the vertical
axis in Fig. 6 corresponds to 0.4% of length change. Above
Tn, the lattice parameters linearly decrease with decreasing
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FIG. 5. (Color online) Magnetism vs magnetic field of URhIn;
at 2 K for a magnetic field along [001] and [100] direction. The
open circles indicate the susceptibility for magnetic field along [001]
direction. The closed squares indicate the susceptibility for magnetic
field along [100] direction.

temperature. The thermal expansion along the a and c¢
directions is seen to be almost isotropic. Below Ty = 98 K,
however, there is a small but significant difference between
the a and c directions. For the a direction, the slope is almost
constant through 7y, while the ¢ lattice parameter decreases
faster below Tn. This behavior is significantly different from
other magnetically ordered uranium-based 115 compounds.
On the other hand, there was no significant temperature
variation of the positional parameter of the In(2) site, consistent
with the almost isotropic thermal expansion over the entire
temperature range. Using these data, the volume expansion
can be deduced (not shown) and will be discussed later.
Figure 7 shows the pressure-temperature phase diagram
of URhIns. The inset of the figure shows the temperature
dependence of the electrical resistivity p at 1 bar and
1.85 GPanear Ty. The transition temperature 7y increases with
increasing pressure. The value of Ty is changed from 98.1 K
to 111.4 K at 1 bar and 2.19 GPa, respectively. Assuming

, , 7.42
,a
4.620 - URhIng .
O,”
/”6
—{7.41
46151 Tn 5 _
= <
b i = o
4610 %%" -7.40
e 0.1 %
0000 o e
ooood
4.605 |- - |
0 100 200 300

Temperature (K)

FIG. 6. (Color online) Temperature dependence of the lattice
parameters.
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FIG. 7. (Color online) Temperature-pressure phase diagram of
URhlIns. Inset shows the temperature dependence of the electrical
resistivity at 1 bar and 1.85 GPa.

the linear pressure dependence of Ty, the value of a7y /9 P is
estimated as 5.8 £ 0.2 K.

The antiferromagnetic transition temperature is second
order. The initial hydrostatic pressure dependence of Ty
can be calculated by means of the Ehrenfest relation:
(0Tn/0P)p—0 = InVmol(AB/AC). Here, Vi are the molar
volume. AB and AC are the jump of the thermal expansion
coefficient 8 = V~1(3V /dT)p and the specific heat C, respec-
tively, at Ty. The derived pressure coefficient of (07n/9 P)p—0
is 5.1 £ 0.8 K, which is consistent with the experimentally
obtained value.

IV. DISCUSSION

We succeeded in growing a uranium material URhIns and
measured its physical properties. URhIns is supposed to be
isoelectronic to URhGas with the same crystal structure.
In contrast to the nonmagnetic semimetallic behavior of
URhGas the present experimental data suggest that magnetic
moments are located on the uranium sites in URhIns and order
antiferromagnetically with Néel temperature 98 K. In this
section we discuss the remarkable difference between these
compounds.

As mentioned in the Introduction, a uranium atom, in
general, has a small atomic radius due to the itinerant tendency
of its 5 f electrons. Therefore uranium-based ATXs compounds
so far appear only to be stable when X sites are occupied by Ga.
The unit cell volume of URhIns (158.34 A) is 26% larger than
that of URhGas (158.34 A) and hence 5 f electrons would have
amore localized character. In fact, a modified Curie-Weiss-like
behavior with a significant Pauli susceptibility was observed
for the temperature dependence of the magnetic susceptibility
as shown in the previous section.

The origin of the Pauli susceptibility might be due to an
enhanced density states of the conduction bands. The magnetic
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part of the electrical resistivity of URhIns increases with
decreasing temperature above 200 K with the appearance of a
broad maximum around 180 K. Additionally, the paramagnetic
susceptibility follows Curie-Weiss behavior above 200 K,
but deviates to have a maximum at 150 K. This behavior
is reminiscent of the Kondo effect with a characteristic
temperature of about 150 K. The electronic state below this
temperature can be regarded as a renormalized Fermi liquid
state where the spin degrees of freedom at high temperature
are quenched via the Kondo effect. The resulting renormalized
effective mass of the Fermi liquid is reflected in an enhanced
electronic specific coefficient y = RIn2/Tx for an s = %
Kondo state with a characteristic temperature Tx. In URhIns,
¥ = 50 mJ/K?mol corresponds to Tx = 200 K in agreement
with the characteristic temperature scale ~150 K, suggesting
the present picture is applicable. The enhancement of y is
consistent with the electron-electron scattering observed in
electrical resistivity with the Kadowaki-Woods relation. It
should be noted, however, that the ground state of URhIns
is an antiferromagnetic state occurring at 98 K, which is not
reflected in the discussion above.

The Fermi liquid contribution to the magnetic susceptibility,
namely the Pauli susceptibility is estimated by using a
Wilson ratio of 1 x 1073 emu/mol at low temperature. The
experimentally obtained low-temperature susceptibility at low
temperature is about 1 x 1073, Assuming an antiferromagnetic
structure with ordered moments pointing in the [001] direction,
the low temperature susceptibility for the [001] should vanish
at T = 0, while the susceptibility for [100] remains constant.
The remaining susceptibilityat 7 = Ofor H ||[001] is regarded
as the contribution from conduction electrons. Taking the Pauli
susceptibility mentioned above into account, the experimental
susceptibility of URhIns can be successfully explained.

Another important characteristics of the magnetic suscep-
tibility is unusually large paramagnetic Curie temperature 6,,.
Based on the correction discussed above, 6, for the [001]
direction is estimated as —400 K. This value is considerably
larger than the antiferromagnetic transition temperature 98 K
or Kondo characteristic temperature 150 K, where both
interactions are reflected in 6,. As a result of the large 6,,
the susceptibility is less temperature dependent than that of a
typical localized magnet. This might be attributed to a partly
itinerant nature of URhIns.

Finally, we compare URhIns to Uln;. Ulns is an antifer-
romagnet with Ty = 88 K. A Kondo effect behavior seen in
the temperature dependence of resistivity and susceptibility
with A coefficient = 0.013 1 Qcm/K? and y = 40 mJ/K*mol
is similar to that seen in URhIns with a slightly different
Tx. The Curie-Weiss behavior with e = 3.25u5/U and
NMR measurements suggested localized 5f behavior at
high temperatures.?®3? Hydrostatic pressure applied to Ulnz
increases the transition temperature: 7y = 88 K at ambient

PHYSICAL REVIEW B 88, 045120 (2013)

pressure monotonically increases with increasing pressure.’!

On the other hand, the unit cell volume of the Ulnjz block in
URhlIns is about 2% smaller than that of Uln; at ambient
pressure, corresponding to a chemical pressure of about
2 GPa.* It is interesting to note that URhIns and Uln; under
2 GPa both have the same Ty = 98 K. These observations
suggest that the physical properties are mainly dominated by
the Uln; block and that the Rhln; layers are less important.

It is further interesting to compare URhIns with URhGas.
Naively thinking one might expect a nonmagnetic ground state
for URhIns in the high-pressure limit similar to URhGas, but
our preliminary high-pressure resistivity measurement up to
2 GPa and our thermal expansion experiment demonstrated
an increase of transition temperature at high pressure. For
URhGas, dHvVA experiments and band calculations have
shown that an itinerant picture for its 5f electrons is well
established. It will be interesting to investigate the Fermi
surface in URhIns to clarify the 5 f electronic state and the
appearance of magnetism. A dHVA signal has been detected
in URhIns and detailed measurements are a subject for future
research.

The volume-driven electronic change arising from valence
change is commonly observed in condensed matter physics.
In particular, such changes and fluctuations can often be
easily achieved in the case of strongly correlated f-electron
systems and are widely discussed as a source for such strongly
correlated phenomena as unconventional superconductivity.
The present example demonstrates that 5f magnetism can
appear while keeping the number of valence electrons constant
at ambient pressure and contributes to the discussion of
electronic states in 5 f metallic systems both experimentally
and theoretically.

V. SUMMARY

We have prepared a uranium compound URhlIns as high-
quality single crystals. URhIns is an itinerant antiferromag-
net with 7y =98 K with a weakly mass enhanced y =
50 mJ/K?mol. The physical properties of URhIns are very
similar to that of Ulns.
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