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The locally noncentrosymmetric ferromagnet URhGe,, which undergoes ordering at the Curie temperature
Te = 25 K, was subjected to a comprehensive investigation employing x-ray diffraction, magnetic susceptibility,
electrical resistivity, and specific heat measurements. Our results reveal a significant heat capacity anomaly
in the paramagnetic state near 30 K which is due to two simultaneous phase transitions characterized by
temperatures 7, >~ 29.5 K and 7,, >~ 30 K. In particular, with increasing applied magnetic field, 7,, shifts
to higher temperatures, while 7, remains unaffected, suggesting a different nature of these transitions and
leading to a complex temperature-magnetic field phase diagram. The field-independent phase transition can
be interpreted in terms of structural distortions, while the second transition defies typical behavior for ferro- or
antiferromagnetic phases, suggesting a more intricate magnetic structure or multipole ordering. The electron
transport shows strong anisotropy, not only in the magnitude of the resistivity but also in its temperature
dependence. The three times higher residual resistivity along the crystallographic ¢ axis, compared to the a axis
component significantly influences its temperature dependence. While the a-axis resistivity behaves typically for
normal ferromagnets, the c-axis resistivity shows a minimum in its temperature dependence well below 7. This
behavior results from the competition between electron spin wave scattering and quantum corrections, dominated
by the AqcT '/ contribution due to impurity scattering assisted electron-electron interaction. Remarkably, the
AqcT '/ dependence with a comparable Aqc coefficient is also observed for T > Tc, indicating the relevance of

interaction quantum effects in electron transport also in the paramagnetic state.
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I. INTRODUCTION

Recently, there has been a growing focus on locally
noncentrosymmetric electron systems within the field of con-
densed matter physics. Research has shown that, even when
the global inversion symmetry of a crystal remains intact,
specific instances of local symmetry violation can lead to
the emergence of novel exotic phases. These locally non-
centrosymmetric structures are commonly studied in layered
crystals [1], as well as in artificial superlattices [2,3] and crys-
tals exhibiting structural disorder [4-7]. Recently, particular
attention has been directed towards understanding the physics
of local symmetry breaking, with a special focus on its con-
nection to superconductivity [1,8—11]. Theoretical predictions
suggest that certain features associated with noncentrosym-
metric superconductors, such as parity mixing of Cooper pair
states and their unconventional response to magnetic fields,
may also manifest in electron systems in which inversion sym-
metry is only locally broken. It is important to note, however,
that local noncentrosymmetry can also give rise to a variety
of other emergent properties, including odd-parity multipole
ordering [12—14], the formation of complex magnetic tex-
tures [15,16], and even the development of boson peaks in
glasses or defective crystals [6].

Among numerous electronic systems, a considerable num-
ber of representatives of f-electron compounds with locally
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broken inversion symmetry exist [1,12]. Interestingly, the
ferromagnetic superconductors UGe, [17], URhGe [18],
and UCoGe [19] also fall into this category of multior-
bital systems. In these compounds, uranium atoms form
three-dimensional coupled zigzag chains, representing a char-
acteristic example of crystal structures lacking local inversion
symmetry. This particular structural motif is believed to play
arole in promoting unconventional superconductivity [20], as
well as being discussed in the context of odd-parity multipole
ordering due to local parity mixing [12,13]. The peculiar
properties exhibited by this group of compounds thus moti-
vate the search for new locally noncentrosymmetric uranium
germanides or a more comprehensive investigation of existing
ones.

In recent years, nonstoichiometric ternary germanides
with the general formula UT7|_,Ge,, where T represents a
transition-metal element, have garnered significant attention
due to their close structural resemblance to the orthorhom-
bic ZrGa, crystal structure adopted by UGe,. Previous
investigations categorized these compounds into two dis-
tinct groups based on their crystal symmetry. In particular,
iron- and nickel-based compounds crystallize in the or-
thorhombic CeNiSi,-type structure, while those containing
ruthenium or osmium exhibit a monoclinic phase with a
novel structure [21-26]. Notably, UFe(39Ge,, URug29Ges,
and UOs(25Ge, exhibit ferromagnetic behavior with Curie
temperatures 7c of 37 K [21], 63 K [24], and 54 K [26],
respectively. In contrast, UNig 45Ge, has been reported to dis-
play antiferromagnetic ordering with a Néel temperature Ty
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of 47 K [22,23]. Importantly, these studies have revealed that
irrespective of the magnetic ground state, structural disorder
strongly influences electron conduction in these compounds,
leading to the emergence of quantum interference effects in
the electrical resistivity well below the magnetic phase transi-
tion [21,22,24].

Among the compounds with the general formula
UT;_,Ge,, one can also distinguish those with x = 0. In
contrast to their transition-metal-deficient counterparts,
the stoichiometric variants adopt a YIrGe,-type crystal
structure. It is important to emphasize that, as in the
nonstoichiometric compounds, none of the atoms occupy
special positions in the unit cell where an inversion center
exists. Consequently, the coordination environment of
each atom in the centrosymmetric crystal structure is
noncentrosymmetric. However, despite the existence of
numerous locally noncentrosymmetric phases of YIrGe, [27],
only two uranium-based compounds, UlrGe, [28] and
URhGe; [28,29], have been reported. UlrGe, exhibits simple
paramagnetic behavior with no observed phase transitions,
whereas URhGe, shows ferromagnetic properties with
Tc =25 K and the easy axis of magnetization oriented
along the longest lattice constant [29]. Interestingly, URhGe,
undergoes an additional phase transition at 30 K, manifested
only in electrical resistivity and heat capacity measurements,
with no clear indication in magnetic susceptibility [29].
Furthermore, resistivity measurements indicate that the
temperature of this phase transition increases under external
pressure [30], although the origin of this transition remains a
mystery.

Consequently, we carried out further investigations of sin-
gle crystalline URhGe, to gain a deeper understanding of
the underlying nature of the phase transitions observed in the
paramagnetic state. Our study focused on exploring the mag-
netic field dependence of the physical properties of URhGe;,
which allowed us to construct an H-T phase diagram. In
addition, we present a comprehensive analysis of the electron
transport properties of URhGe, probed by electric current
along two different crystallographic directions, termed a and
c. Our results show that distinctly different temperature de-
pendences of the resistivities, p, and p., arise from their
respective residual values, which are strongly anisotropic in
the studied URhGe,.

II. EXPERIMENTAL DETAILS

A single crystal of URhGe, was grown in an ultrapure
argon atmosphere with the Czochralski pulling technique us-
ing a tetra-arc furnace. X-ray diffraction data were collected
on an Oxford Diffraction four-circle single-crystal diffrac-
tometer. Raw data were processed using the CRYSALIS data
reduction program (CRYSALISPRO version 1.171.42.49). Ab-
sorption correction was applied to optimize the crystal size
and shape. The computer programs SHELXS-2018, SHELXL-
2018, and SHELXLE [31-33] were used, along with DIAMOND
version 3.2k for visualization [34]. The magnetic properties
of the compound were measured in the temperature range
1.72-400 K and in magnetic fields up to 7 T using a Quan-
tum Design MPMS-7 superconducting quantum interference
design magnetometer. Heat capacity was measured over the

FIG. 1. Perspective view of the crystal packing of URhGe;.

temperature range of 2—60 K and in magnetic fieldsup to 9 T
using a Quantum Design PPMS-9 platform. Four-point AC
resistivity was measured in magnetic fields up to 9 T using a
Quantum Design PPMS-9 device in the temperature range of
2-300 K. Resistivity measurements were made on oriented
single-crystalline samples with current flowing along the a
and ¢ axes of the crystallographic unit cell.

III. RESULTS AND DISCUSSION

A. Crystal structure and thermodynamic properties

A perspective view of the crystal packing and unit cell of
URhGe; is shown in Fig. 1, while crystal data and structure
refinement details for URhGe, are presented in Table I. The
x-ray diffraction measurements confirm that URhGe, crystal-
lizes in the orthorhombic crystal system (space group Immm)
and adopts the structure type of YIrGe, [35]. The obtained
lattice parameters are in good agreement with the previously
reported data [28,35]. All the atoms are placed in special
positions, i.e., Ul in the m2m site symmetry and 47 Wyckoff
position, U2 in m2m and 4j, Rhl in m.. and 8/, Gel in .m.
and 8m, Ge2 in mm?2 and 4i, and Ge3 in m.. and 8[. The
atomic coordinates and displacement parameters are given in
Tables II and III, respectively. In the preliminary stages of
the crystal structure refinement, a large value of the parameter
U, was observed for the Gel atom. This structural model is
very similar to the recently reported high-temperature phase
of YPtGe, and GdPtGe, [27], but the prolate ellipsoid for
Gel in URhGe, is more pronounced, and therefore, the Gel
atom is split into two positions in the final model. Since these
two positions are related to each other by the mirror plane
perpendicular to the a axis at a relatively short distance of
0.392(15) A, the site occupancy factor was set to 0.5. Thus,
the splitting describes a disorder of the Gel atom along the a
direction, and no additional germanium atoms were included
in the definition of the symmetry-independent part of the unit
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TABLE 1. Crystal data and structure refinement details for

TABLE III. Anisotropic displacement parameters for the atoms

URhGe,. in the URhGe, unit cell (in Az). For all atoms U, = 0.
Parameter Value U11 U22 U33 U23 U13
Compound URhGe, U(l) 0.00703) 0.0157(3) 0.0076(3) 0 0
M; (g mol™!) 486.12 UR2) 0.0054(3) 0.0068(3) 0.0061(3) 0 0
Crystal system, space group Orthorombic, Immm Rh(1) 0.0058(4) 0.0059(4) 0.0065(4) —0.0001(3) 0
Temperature (K) 295 Ge(1) 0.026(5) 0.0064(8) 0.0081(7) 0 0.0005(11)
a, b, c(A) 4.30056(11), 8.7463(2), Ge(2) 0.0111(7) 0.0068(7) 0.0054(6) 0 0
15.9570(3) Ge(3) 0.0056(5) 0.0073(5) 0.0084(5) —0.0017(4) 0

V(A%) 600.21(2)
VA 8
Radla“?? type Mo Ko where [Ler, Op, and xq are the effective magnetic moment, the
p (mm _) 3 78.71 paramagnetic Curie-Weiss temperature, and the Pauli para-
C?yStal size (mm”) 0'0550’04X0‘02 magnetic susceptibility, respectively. Least-squares fitting of
Diffractometer Xcalibur, Atlas . . .

. . . this formula to the experimental data yields s = 2.9usg,
Absorption coefficient Gaussian 4 .
T To 0.101, 0.281 Op =20 K, xo = 4x107™* emu/mol. The thus derived effec-

No. of measured, independent,

and observed [/ > 20 (I)] reflections
Rinl

(N6 /X )max (A1)

R[F? > 20(F*)], wR(F?), S

No. of reflections

No. of parameters

Apmaxa Alomin (C/A73)

9142, 463, 443
0.053

0.667

0.022, 0.048, 1.16
463

32

6.08, —1.33

cell. It is worth noting that despite modeling the disorder, the
U, parameter for Gel remains four and three times larger
than Uy, and Uss, respectively. In addition, an elongated ellip-
soid is also noticeable for Ge2. This effect is probably related
to the layered structure of URhGe,. Each layer consists of the
atoms U2, Rhl, and Ge3. Neighboring layers are connected
by the Ul atoms, and both Gel and Ge2 atoms are also lo-
cated between the layers. The interlayer position of these two
germanium atoms seems to be important for understanding
the disorder and the large U;; parameter, especially why the
germanium atoms are surrounded by the uranium and rhodium
atoms with large ionic radius.

The thermodynamic properties of single-crystal URhGe;
are summarized in Fig. 2. As shown in Fig. 2(a), the reciprocal
magnetic susceptibility x ~! in the paramagnetic region varies
with temperature according to the modified Curie-Weiss law:

x = (12 /8)/(T —6p) + x0 (1)

TABLEII. Atomic coordinates and equivalent isotropic displace-
ment parameters for URhGe,. U, is defined as one third of the trace
of the orthogonalized U;; tensor.

Atom X y z Ueq
U(l) 0.5 0.23850(7) 0 0.01007(18)
UQR) 0.5 0 0.20634(3) 0.00611(18)
Rh(1) 0.5 0.24928(8)  0.35283(5)  0.0061(2)
Ge(l) 0.4545(18) 0 0.42363(12) 0.0136(15)
Ge(2) 0 0 0.07596(9) 0.0078(3)
Ge(3) 0.5 0.34652(12)  0.19670(6)  0.0071(2)

tive magnetic moment is close to the value of u.s = 3.0up
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FIG. 2. (a) Inverse molar magnetic susceptibility of single-
crystalline URhGe, as a function of temperature. The solid line
represents the modified Curie-Weiss behavior. The top and bottom
insets show the magnetization as a function of temperature and
external magnetic field, respectively. The open and solid symbols in
the top inset represent the data obtained in the zero-field-cooled and
field-cooled modes, respectively. The open and solid symbols in the
bottom inset represent the data obtained with increasing and decreas-
ing magnetic field, respectively. The magnetic field was oriented
along the crystallographic ¢ direction. (b) Temperature dependence
of the specific heat of URhGe,. The insets show enlarged views of
two peaks observed in the C(T').
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FIG. 3. (a) Magnetization of URhGe, measured between 15 and
40 K in selected magnetic fields in the range 0.1-7 T, oriented
along the easy axis of magnetization. (b) First derivatives of the
magnetization data.

obtained in a previous study using the simple Curie-Weiss
law [29]. This value is smaller than that predicted for free Ut
and U** ions (3.62up and 3.58 g, respectively), most likely
due to partial delocalization of U 5f electrons or crystal field
effects. A positive value of 6p indicates that the interactions
between magnetic moments are mostly ferromagnetic.

As can be seen in the top inset in Fig. 2(a), at 25 K the
magnetization as a function of temperature, measured in a
small external field of 5 mT, changes in a steplike manner,
which is characteristic of ferromagnets. Below 25 K the zero-
field-cooled and field-cooled magnetizations are distinctly
different, clearly demonstrating the presence of the ferromag-
netic domains. However, as shown in the bottom inset in
Fig. 2(a) a very small magnetic field of 0.05 T is required to
reorient the magnetic moments within each domain along the
direction of the external magnetic field. At higher magnetic
fields the magnetization saturates, and the ordered moment
measured at 7 T at a temperature of 1.72 K is 0.78up, in
agreement with the previously reported value [29].

The temperature variation of the heat capacity C(7T') of
URhGe; below 60 K is shown in Fig. 2(b). As can be seen,
there are two well-defined maxima in C(7) which mark
phase transitions and indicate the bulk nature of both. Their
positions are in very good agreement with those previously
reported, as well as with the estimated value of the electronic
specific heat coefficient y, which is 0.1] mol™' K2 [29].
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FIG. 4. The heat capacity of URhGe, measured at different mag-
netic fields in the range 0-9 T in the temperature interval (a) 23-28 K
and (b) 28-35 K.

However, if we look more closely at the insets in Fig. 2(b),
which cover the temperature range immediately around these
peaks, we can see some tiny differences in their character. The
peak observed at 25 K has a A-like shape, while in the second
case we can observe a slight broadening of the peak in the
middle of its height.

B. H-T phase diagram

In order to shed more light on the possible origin of the
anomaly in the C(T) observed at 30 K we carried out detailed
studies of the temperature dependence of the specific heat
and magnetization in different external magnetic fields. The
evolution of M(T) with increasing magnetic field up to 7 T
is shown in Fig. 3(a). At initial fields of 0.1 T there is still
a well-defined jump in magnetization, although the transition
is much broader than that observed at a field of 5 mT. With
increasing magnetic field, the jump in M(T') shifts towards
higher temperatures, as expected for ferromagnets, while at
higher fields, it becomes blurred, making it difficult to un-
ambiguously define 7¢ above 1 T. At the same time, for a
field of B >~ 1 T, there is a very small kink in M(T ), which
shifts slightly towards higher temperatures as the magnetic
field increases. To study this anomaly in more detail, we
determined the first derivatives of M (T ), shown in Fig. 3(b).
The Curie temperature Tc, defined as the inflection point on
the M (T) curve, corresponds to the minimum in dM/dT . The
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FIG. 5. (a) and (b) Zoom of the electrical resistivity anomalies
measured along the crystallographic ¢ axis and a axis, respectively.
(c) and (d) First derivative of p.(T) and p,(T'), respectively, showing
the evolution of 7,, with magnetic field.

so-derived Curie temperature is 25 K at 0.1 T, but as the field
is increased, the minimum in dM/dT shifts towards higher
temperatures, reaching 28.5 K at 1 T. Interestingly, a careful
examination of dM/dT at B < 1 T reveals the presence of a
small jump at 7}, = 30 K, implying that the kink in M (T) is,
in fact, not induced by the magnetic field. The position of this
anomaly overlaps with the onset of the jump in C(T). This
could also suggest that there is an additional phase transition
near 30 K, but due to its small effect on the magnetization, it
is hidden in the paramagnetic signal, just above T¢.

Figures 4(a) and 4(b) show the evolution of the maxima in
C(T ) under an external magnetic field. As shown in Fig. 4(a),
the magnetic field shifts the anomaly associated with 7¢ to-
wards higher temperatures and reduces its magnitude. For a
magnetic field of 0.5 T, only a barely visible hump in the tem-
perature dependence of the heat capacity can be observed at
about 26.5 K. Remarkably, the field evolution of the anomaly
at 30 K is much more complex. At a field of 0.5 T the peak is
initially broader, but at higher fields B > 1 T two subsequent
maxima can be well distinguished on the C(7") curves. Further
increases in magnetic field show that the second peak shifts
to higher temperatures, while the position of the first peak
remains unaffected. This confirms our earlier suggestion that
the broad anomaly observed at zero field is, in fact, composed
of two closely spaced peaks.

The characteristic temperatures obtained from heat capac-
ity and magnetization can be compared with those obtained
from the resistivity measurements. The results of p(7, B =
const) for the two crystallographic directions, ¢ and a, to-
gether with their first derivatives are shown in Fig. 5. The
behavior is identical in both directions. In the absence of
a magnetic field there are two anomalies whose positions
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FIG. 6. Temperature-magnetic-field phase diagram of URhGe,
determined for the magnetic field oriented along the easy axis of
magnetization. The dashed lines are guides to the eyes.

coincide with 7¢ and T, determined from magnetization and
heat capacity. As the magnetic field strength increases, the
anomaly at T¢ vanishes for a field of 1 T. In turn, the evo-
lution of 7,, with field closely mirrors what is observed in
the magnetic susceptibility. The kink in p(7") shifts towards
higher temperatures and reaches 34 K for a field of 9 T. It is
noteworthy that, similar to the magnetization, the resistivity
data show no anomaly at Ty = 29.5 K under applied magnetic
fields. This suggests that structural changes in URhGe, are
most likely minimal and have little effect on the conduction
electron scattering. It is also worth noting that the residual
resistivity in URhGe; is significant, being 10-30 times higher
than in its nonmagnetic counterpart, YPtGe,, depending on
the crystallographic direction [27]. In this context, the detec-
tion of any changes in resistivity may prove challenging.

All the characteristic temperatures derived from the C(T),
o(T), and p(T) curves are compiled in Fig. 6. On this con-
structed H-T phase diagram we can distinguish three lines
representing phase transitions. The bottom line represents the
transition to the ferromagnetic state. In the middle of the
diagram there is a straight line formed by the phase transition
points 7. Remarkably, the transition temperature 7; remains
constant at 29.5 K over the whole range of magnetic fields
studied, indicating that URhGe, is likely to undergo a struc-
tural phase transition during cooling. This behavior mirrors
that recently observed in isostructural compounds such as
YPtGe, and GdPtGe, [27], in which structural transitions to
the modulated phase occur below 174 and 145 K, respectively.
It is concluded that these transitions are likely associated with
increased Uj; displacement parameters of the Gel atoms.

In the upper part of the diagram we observe an addi-
tional phase transition line, 7,,. Although this characteristic
temperature increases with the magnetic field, the observed
anomaly in the heat capacity is not consistent with the behav-
ior typically seen in ferromagnets. Furthermore, the response
to the magnetic field does not match that of simple antiferro-
magnetic compounds, which typically show a decrease in Ty
with increasing magnetic field strength. A similar behavior
was recently observed in ferromagnetic URhSn with T =
16 K [36]. The well-defined peak in C(T') is accompanied by a
small kink in the magnetic susceptibility at 7o = 54 K. Similar
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FIG. 7. (a) Resistivity of URhGe, measured along the crystallo-
graphic a axis. The inset shows the low-T region of p,. The solid line
represents the result of the least-squares fit of the experimental data
for Eq. (2), while the dashed and dotted lines represent the Fermi
liquid and electron spin wave scattering contributions, respectively.
(b) Resistivity of URhGe, measured along the crystallographic a
axis. The inset shows p. versus T'/2. The dashed and solid lines
represent the fitting results using the —7'/? relation and modified
Eq. (2), respectively (see text for a detailed description).

to the studied URhGe,, this anomaly shifts slightly towards
higher temperatures with increasing magnetic field. This be-
havior in the URhSn compound is thought to be related to
a complex magnetic structure (e.g., canted antiferromagnetic
or helimagnetic ordering) or to the presence of quadrupole
ordering. However, since we do not observe any effect of
the magnetic field on the height of the peak in C(T), it is
more likely that the transition at 7,, in the studied URhGe,
is associated with multipole ordering. Interestingly, in some
cases of antiferroquadrupolar phases, the ordering tempera-
ture also shifts to higher values with increasing magnetic field
strength [37].

C. The interplay between ferromagnetic order
and atomic disorder

Figures 7(a) and 7(b) show the resistivities of URhGe,
measured along the crystallographic a axis (p,) and ¢ axis
(pc) in the temperature range 2—-300 K. At higher temperatures
the resistivity p, is almost temperature independent. This sug-
gests that the electron-phonon interaction is less important in

this case and that the dominant scattering mechanism in the
paramagnetic regime is spin disorder scattering. Below about
150 K p, decreases down to the lowest temperature of the
experiment. p,(T) in the ferromagnetic range can be fitted
with the expression

A 2T
o(T) = po +Ap.T* + aATexp(—?> (1 + K)’ @)

where the first term represents the residual resistivity, the
second term is a Fermi liquid term, and the third term repre-
sents a contribution due to electron-magnon scattering [38].
Ap. and a are proportional coefficients, while A denotes
the energy gap in the magnon spectrum. As shown by the
solid line in the inset of Fig. 7(a), the experimental data
are very well reproduced by the above expression with py =
141 pQcm, a = 0.045 uQem K2, A =51.5 K, and Ap, =
0.063 £ cm K2, Comparing the individual components of
the temperature dependence of the resistivity, it can be seen
that the low-temperature region is dominated by the Fermi
liquid contribution, which is consistent with the rather large
y value observed in the specific heat. Furthermore, due to the
large value of A, electron scattering from the spin waves is
ineffective when 7' << A.

In contrast, the temperature variation of p. is very different
from p,. Throughout the paramagnetic range, the resistivity
p. increases with decreasing temperature. Initially, between
room temperature and about 100 K, the resistivity follows
the 7'/ dependence. Below 100 K, however, the increase in
resistivity becomes more pronounced up to a temperature of
30 K. At 30 K there is a sharp anomaly in p.(T"), below which
the resistivity continues to increase, reaching its maximum
value at 25 K. Below T¢ the resistivity decreases due to the re-
duction in the spin disorder resistivity, but remarkably, it does
not asymptotically approach the constant value as one would
expect for typical ferromagnetic compounds. The decrease in
resistivity is interrupted by the local minimum at a tempera-
ture of 7 K, below which the resistivity again changes as T'!/2,
in a manner analogous to that observed in the paramagnetic
state for T > Tc.

It is also worth noting that the residual resistivity ratio
p(300 K)/p(2 K) is only 0.93, which is two times lower than
the corresponding value obtained for the crystallographic ¢
axis. The near-unity value of this ratio, together with a large
residual resistivity, which is as high as 440 @2 cm, indicates
that the conductivity along this direction is strongly limited
by electron scattering off imperfections in the crystal struc-
ture. The origin of the minimum in p.(7") can therefore be
explained as a result of the competition between classical and
quantum phenomena in diffusive electron transport, which
are responsible for positive and negative contributions to the
temperature coefficient of resistivity (TCR), respectively.

Consequently, assuming that below T¢ the classical trans-
port is mainly governed by electron-spin wave scattering,
pc(T) in the ferromagnetic state can be approximated
by relation (2), but with the Fermi liquid term replaced
by the electron interaction quantum correction AgcT!/?
(also known as the Altshuler-Aronov quantum correc-
tion) [39,40]. The best fit between 2 and 20 K gives
po =426 uQcem, a=0.045 uQecmK2, A =15 K, and
Agc = —2.61 uQcm K™/, These results indicate that a is
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comparable to that obtained for the a axis, while the gap
of the ferromagnetic spin waves is anisotropic over the
two examined current directions. In turn, the Agc coeffi-
cient has rather moderate values. For example, in La,;NiSis,
which can be classified as a weakly disordered compound,
the increase in p(T') is relatively small, giving Aqc =
—0.053 u2cm K~!/2 [41]. On the other hand, it can reach
very high values in the case of highly disordered compounds.
Recently, it was that in the half-Heusler YPdSb Aqc =
—170 u2cm K~1/2, which causes the 7'!/? dependence of the
resistivity to extend to temperatures as high as 80 K [42].

It is worth noting that quantum corrections have also been
well documented in disordered ferromagnets and spin glasses
in various studies [43—48]. However, among single-crystalline
compounds, URhGe, stands out for its unique property of
exhibiting the absence of quantum corrections in resistivity
along a specific crystallographic direction, namely, the a axis.
In general, the magnitude of the interaction quantum correc-
tions is typically quantified by the coefficient Aqc, which is
mainly influenced by the residual resistivity. Another crucial
aspect to consider is how the resistivity associated with clas-
sical electron transport evolves with temperature above the
minimum. Since p./p, = 3 and p, experiences a rapid decline
below 7¢ due to the damping of spin wave excitations, the
minimum does not appear in p, (7).

Similar to low-temperature resistivity, the absence of a
negative TCR in p, can be attributed to the much longer
mean free path associated with atomic and spin disorder
scattering along the crystallographic a axis compared to the
¢ axis. Furthermore, there may be an additional mecha-
nism relevant to disordered ferromagnets which takes into
account the interplay between weak localization and crit-
ical spin fluctuations when the mean free path is shorter
than the magnetic correlation length [49]. In this context it
has been shown that the temperature-dependent resistivity
as one approaches 7¢ from above depends on the strength
of the spin-orbit coupling. When the spin-orbit coupling is
robust, the resistivity exhibits a more pronounced anomaly
due to conduction electron scattering from spin fluctuations
than would be predicted by classical approaches based on
Boltzmann theory. Conversely, in the absence of significant
spin-orbit coupling, the opposite scenario is observed; namely,
the resistivity decreases with decreasing temperature when
the magnetic correlation length becomes comparable to the
mean free path. These two extreme cases may provide in-
sight into the temperature dependence of p, and p. in the
studied URhGe; under the assumption of weak and strong
spin-orbit coupling in these two crystallographic directions,
respectively.

It is important to note that when studying the transport
properties of f-electron systems in the paramagnetic regime,
they are typically approached from the perspective of the
Kondo effect, regardless of the strength of impurity scattering.
However, as shown in Fig. 7(b), the resistivity p. at temper-
atures well above the critical temperature (T > T¢) does not
exhibit the characteristic logarithmic dependence on temper-
ature associated with the Kondo effect and instead follows a
T'/? relationship. Interestingly, if we fit the Aqc7 !/ relation-
ship to the resistivity data in the temperature range of 100
to 300 K, we obtain a value of Agc = —2.83 uQ2cm K172,

(a) 20 T T T (b)
_ URhGe, _ 0.0F
e\il(y Jlla Hllc 05‘/_0_1,
v v
~ 121 021 °
< E
5 sl 5 03f °
L]
S 4 S04
0sp "
0
0 5 10 15 20 1.0
T (K) 712 (K'?)
() 0 T T T @ o T T
URhGe, URhGe,
Jlla Hile Jlle Hlle
1k
g1t g
= =
2+
2t
L L L L 3
0 2 4 6 8 0 3 6 9
HoH (T) HoH (T)
(&) 0 , ; ; (f)-20 ; ; ;
URhGe, URhGe,
20 jlla Hlle ille Hile
S 4 Q 2.5+ R
N N
& 6l 24
= = 30t 1
-8+
-10 L L L 35 1 ! I
0 10 20 30 40 0 10 20 30 40
T (K) T (K)

FIG. 8. (a) and (b) The resistivities p, and p. of URhGe, mea-
sured at low temperatures in selected magnetic fields in the range
0-9 T. (¢) and (d) The magnetoresistances MR, and MR, versus
external magnetic field at 2, 4, 6, 8, and 10 K. (e) and (f) The
magnetoresistances MR, and MR, as a function of temperature,
measured for a magnetic field of 9 T.

which closely matches the value derived from the analysis at
lower temperatures. The slight increase in the coefficient Agc
for T > T¢ can be attributed to the shorter mean free path, as
the conduction electrons experience increased scattering due
to both spin disorder and atomic disorder in the paramagnetic
state.

It is also worth noting that there are alternative mechanisms
related to enhanced electron disorder scattering that can ex-
plain the negative TCR. One such mechanism is an extension
of the Faber-Ziman theory [50], while the other is associated
with disorder-assisted polaron formation [51]. It is important
to note that these mechanisms do not exclude the presence
of quantum corrections; however, they lead to a resistivity
that follows a linear or quasilinear dependence on temperature
at higher temperature limits, which is significantly different
from the behavior observed in the studied URhGe,.

The influence of a magnetic field on the resistivities p, and
p. in the ferromagnetic state is shown in Figs. 8(a) and 8(b),
respectively. In particular, p,(7) remains unchanged by the
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external magnetic field below 6 K, whereas the increase in
p.(T) is attenuated with increasing field strength, leading to a
slight shift of the minimum in p,(7") towards lower tempera-
tures. This behavior is different from what would be expected
for nonmagnetic disordered conductors, in which interaction
corrections are typically weakly affected by magnetic fields.
This suggests the possibility of additional corrections con-
tributing to the increase in resistivity at low temperatures. This
hypothesis is supported by the results of magnetoresistance
(MR) measurements made as a function of both magnetic
field and temperature, shown in Figs. 8(c) and 8(d) and 8(e)
and 8(f), respectively. Although both [MR,| and |MR.| are
negative and vary with field in a similar way, their tempera-
ture dependences are different. In particular, [MR,| increases
with increasing temperature and reaches its maximum at the
critical temperature Tc, as expected for ferromagnetic materi-
als [52,53]. On the other hand, the magnitude of |[MR,| shows
anonmonotonic behavior. Unlike [MR, |, which converges to a
constant value, [MR.| increases below 14 K. This observation
implies that while the primary contribution to the negative
magnetoresistance in both crystallographic directions is due
to the suppression of spin fluctuation excitations, there is an
additional negative contribution to |[MR.| responsible for the
reduction of the low-temperature rise of p.(7") in the presence
of an external magnetic field. This additional quantum cor-
rection being susceptible to magnetic field can be attributed
to the weak localization effect, which can induce negative
magnetoresistance in the presence of spin-orbit interactions
in ferromagnetic systems [54,55]. Furthermore, the presence
of another quantum correction to the conductivity, such as
the spin wave mediated Altshuler-Aronov correction [S6-58],
cannot be ruled out. It is important to note that this type
of correction is specific to magnetically ordered systems
and has been identified in only a limited number of com-
pounds [58—60].

IV. SUMMARY

We carried out a comprehensive investigation of the physi-
cal properties of the locally noncentrosymmetric ferromagnet
URhGe, using single-crystalline samples. Our results re-
vealed an additional singularity in the specific heat within

the paramagnetic region, in close proximity to the previously
discovered phase transition at 30 K. The slight variations
in the characteristic temperatures of these phase transitions
cause them to overlap, forming a broad peak below 30 K. In-
terestingly, our analysis showed that these transitions respond
differently to an external magnetic field, implying different
natures for each. By studying the influence of the magnetic
field on the characteristic temperatures, we constructed a
phase diagram. This diagram shows that one of these transi-
tions is independent of the external magnetic field, indicating
that it could be considered a structural phase transition. In
contrast, the characteristic temperature of the other phase tran-
sition shifts to higher temperatures with increasing magnetic
field. The nature of these changes is complicated and does not
fit either antiferromagnetic or ferromagnetic transitions. We
hypothesize that it may be related to multipole ordering, but
further investigation is essential to clarify the nature of these
two phase transitions and their possible interrelationships.

In addition, our research highlights the relationship be-
tween the temperature dependence of the resistivity of
single-crystalline URhGe, along the a and c crystallographic
axes and the magnitude of the residual resistivity. A lower
residual resistivity p, compared to p. suggests that electron
transport in the a direction can be treated classically. However,
since p, is three times higher than p,, the influence of disorder
on electron transport in the ¢ direction cannot be ignored.
Consequently, the low-temperature resistivity p, is dominated
by the Ap.T? contribution, which is characteristic of the
electron-electron interaction in a clean system. Meanwhile,
the electron-electron interaction in the presence of significant
impurity scattering causes the Altshuler-Aronov correction
AqcT'/? to become essential in the temperature dependence
of p.. In the ferromagnetic state, this interaction correction
competes with electron spin wave scattering, leading to a
minimum in the p.(7T ), similar to transition-element-deficient
UT,_,Ge, compounds. Notably, our results show that the
interaction correction remains relevant in the paramagnetic
state, likely due to the spin disorder resistivity contribution.
At T > T¢ this additional scattering mechanism adds to the
scattering of conduction electrons on atomic disorder, leading
to a reduction of the mean free path, thus creating the possi-
bility to observe a quantum correction above T¢.
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