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Single-crystal study of the kagome antiferromagnet U;Ru Al
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A ternary intermetallic compound, Us;Ru4Al;, in a single-crystal form, was studied by measurement of
susceptibility, magnetization, electrical resistivity, magnetoresistivity, thermopower, and heat capacity, as well
as neutron diffraction, revealing that this aluminide is an antiferromagnetically ordered (7y = 9.5 K) dense
Kondo system (7x =~ 30 K) with a considerable enhancement of the Sommerfeld coefficient y(0) of about
200 mJ moly "' K2, The electrical resistivity and thermopower of Us;RuyAl;; show characteristic features of
the interplay between anisotropic magnetic exchange, Kondo, and crystal field effects. A pronounced in-plane
anisotropy and a unique noncollinear antiferromagnetic structure in the (a,b) hexagonal plane, found by neutron
diffraction, are discussed in view of the effect of geometrical frustration caused by the distorted kagome lattice
of a Gd;RuyAlj,-type crystal structure. Thus, the overall behavior of UsRusAl;; resembles that observed for the

orthorhombic compound UCusIn, reported earlier as a spin density wave material.
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I. INTRODUCTION

Investigation into the magnetic properties of various fam-
ilies of solids containing magnetic atoms forming geomet-
rical frustration, as in triangular, kagome-like spinels and
pyrochlore lattices, is a hot topic for physicists today. Be-
cause of the complicated geometrical frustrations induced by
specific crystal structures, a number of unusual behaviors take
place, such as multiple-phase transitions, complex magnetic
structures (e.g., with coexistence of magnetic and nonmagnetic
sites), and suppression of magnetic ordering temperatures.'™
We will only mention here some examples of rare earth—(R)
or uranium-based intermetallic antiferromagnets in which R
or U atoms are connected in a two-dimensional (2D) network
of triangles sharing vertices, forming a kagome-like network
in the hexagonal basal plane.*> For the latter case, the
triangular lattice of Er or U ions in ErNiAl® and UNiyB,’
respectively, means their magnetic moments, which lie in the
basal hexagonal plane, can only form an angle between one
another. For example, the phenomenon of frustration occurs
fairly often in the antiferromagnetic ternary aluminides like
R(Ni,Pd,Pt)Al and UNiAl, which crystallize like ErNiAl in
the hexagonal ZrNiAl-type structure, where all R or U atoms
are located on crystallographically equivalent 3 f sites. Thus,
the symmetry of the triangular lattice of this site in the (a,b)
plane resembles that of the kagome lattice.® As expected,
many representative compounds containing R atoms forming
this kind of network are characterized by a complex magnetic
structure, like that reported, for example, for PrPdAl,° from the
interplay between frustrated anisotropic exchange interactions
and magnetocrystalline anisotropy of the hexagonal structure.
In isostructural 5f compounds, the antiferromagnetic coupling
of moments usually occurs along the c axis; thus, no frustration
takes place. The close packing of U and T (transition metal)
atoms in the basal plane of the ZrNiAl-type structure results
in a strong 5f-d hybridization that, as a consequence, leads
to an Ising-like system of strongly ferromagnetically coupled
moments in this plane. Nevertheless, a notable exception is
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UNiAl, in which the magnetic moments are arranged parallel
to the ¢ axis but their amplitude forms in the basal plane
a modulated, frustrated structure with magnetic propagation
vector k = (0.1, 0.1, 0.5).1°

Also within the Gd;Ru4Al}, structure type (space group
P63 /mmc, no. 194),11:12 the f element located at the 6/ site
forms a distorted 2D kagome lattice, wherein small [U3] trian-
gles share vertices with larger ones, and vice versa. Knowing
that uranium magnetic moments have a strong tendency to
order collinearly along the ¢ axis in hexagonal structures,
wherein moments lie ferromagnetically ordered perpendicular
to the network of nearest neighbor (n-n) links between uranium
atoms in basal planes,'® it was obvious that this geometry,
in the case of (n-n) antiferromagnetic-type interactions in
the basal plane, will be responsible for magnetic frustrations
(e.g., inducing a spin-glass behavior in UsFesAl;, [Ref. 14
and U3Coyy,Aljp—, [Refs. 15,16)] crystallizing in the above
structure type. In this context, it was quite surprising that the
isostructural U3zRugAl;, exhibits an antiferromagnetic order-
ing at Ty = 8.4 K in the presence of Kondo-like interactions.'’

To further investigate the physical properties of the latter
aluminide, a single crystal of U3Ru4Al}, was grown and ana-
lyzed by conducting magnetic, electrical transport (resistivity
in magnetic fields from O up to 8 T), thermopower, and specific
heat measurements, as well as neutron diffraction. The aim of
this paper is to present the various results and try to understand
the formation of the antiferromagnetically ordered state in
the kagome-like network. Elhajal et al.'® have shown that
antisymmetric Dzyaloshinsky—Moriya interactions are present
in such a lattice type and that they can drive the system to
ordered states.

II. EXPERIMENTAL DETAILS

A single crystal of UsRuyAl;, was grown by the Czochral-
ski pulling method in a tetra-arc furnace under an argon
atmosphere. The starting components were high-purity ele-
ments (U-3N, Ru-4N, and Al-5N). The obtained crystal was
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a cylinder 4 mm in diameter and 15 mm in length. It was
easily pulled along the twofold a axis. The crystal was not
given any additional heat treatment. The sixfold symmetry
clearly appears on the Laue pattern taken from the plane
perpendicular to the ¢ axis. The x-ray diffraction (XRD)
performed on powdered small crystals enlarged the lattice
parameters slightly (¢ = 0.8838[5] and ¢ = 0.9439[5] nm)
compared with those reported previously.!” The specimens for
microanalysis and physical measurements were cut from an
x-ray—oriented crystal using a wire saw.

Magnetic properties of the oriented single crystals were
investigated in a temperature range of 2—400 K and magnetic
fields up to 5 T using a superconducting quantum interference
device magnetometer. Unpolarized neutron diffraction studies
were performed at 7 = 1.6 and 10 K on the 6C2 diffractometer
(A = 0.9 A) at the Orphée reactor of the Laboratoire Léon
Brillouin, Saclay, France. The MAGLSQ program from the
Cambridge Crystallography Subroutine Library!'® was used to
refine the parameters of the nuclear and magnetic structures.

Electrical resistivity measurements were performed with
the usual DC four-probe technique from room temperature
(RT) down to 350 mK, whereas the magnetoresistivity was
measured in the temperature range 4.2-35 K in magnetic
fields up to 8 T. External magnetic field was always applied
perpendicular to the current j. Specific heat was determined
using a relaxation calorimeter in the temperature range 4—
70 K. Finally, the Seebeck coefficient was measured in the
temperature range 5-300 K with a steady-state method.

III. RESULTS AND DISCUSSION

A. Magnetic properties

The thermal variation of the magnetic susceptibility (inset)
of UsRu,Aly; and its inverse, measured along the a and ¢ axes,
are presented in Fig. 1 and compared with the polycrystalline
sample data.

As expected from the hexagonal Gd;Ruy Al structure type
of this intermetallic compound, a remarkable anisotropy is
observed between measurements along both crystallographic
directions. Despite this anisotropy, the high temperature of the
x "' vs. T curves, measured in fields oriented along the a (x,)
and ¢ (x.) axes, follow a modified Curie-Weiss law in the
temperature range 30—400 K: y; = G, AT — Oli) + Xé (where
Cis a Curie constant, 6, is the paramagnetic Curie temperature,
Xo is the temperature-independent susceptibility, and i = a and
c¢) with the following fitting parameters:

x¢ = 3.60(5) 10~*emu mol™"; ul; =2.72 up
and 9{; —19.1(3) K (along the a axis);

X6 = 4.20(8) 10~ *emumol™'; uly = 2.45 up
and «9;' = —40.5(3) K (along the c axis).

The moderately negative values of 9[’; are characteristic of the
presence of antiferromagnetic interactions. Thus, the derived
values 91’; < 0 for both crystallographic directions provide an
estimate for the strength of magnetic interactions for an anti-
ferromagnet and set a scale for magnetic anisotropy according
to the following definition of the frustration parameter f,
where f = |0]|/Tx. The obtained values f* > 2-5 indicate a
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FIG. 1. (Color online) Temperature dependencies of reverse
molar susceptibility measured under a magnetic field of 0.5 T
applied parallel to the a and ¢ axes. Solid lines represent fits to
the modified Curie—Weiss law of the experimental data above about
20 K. Dependencies for average susceptibility for the polycrystalline
sample are also displayed. The inset shows all these susceptibilities
at low temperature.

suppression of ordering temperature as a result of frustration.'
The small values of x found for both axes highlight a small
curvature of both x,~! = £(T') curves, which mainly originates
from the presence of the crystal electric field (CEF) acting
on the uranium ion in this aluminide. Also note in Fig. 1
that the average inverse susceptibility data of 1/(>/3x. +
!/3x.) match quite well the polycrystalline sample data, with
a mean maximum value located at Tx(average) = Tn(poly) =
8.4 K (Ref. 17;1.e., about 1 K lower than the value found from
measurements on the single crystal, i.e., Ty = 9.5 K).

The low-temperature thermal variations of the magnetic
susceptibility are shown in the inset to Fig. 1. Susceptibility
along the a axis (x,) presents rather a sharp maximum at
Tx, characteristic of an antiferromagnetic transition, whereas
along the ¢ axis (x.), the transition is much less visible,
and only a broad small hump appears with its maximum,
however, at 6(1) K. This signals a noncollinear magnetic
structure formed within the hexagonal basal plane in which
none of the components of the susceptibility is expected to
show a tendency to fall to zero, far below Ty. Also, the
overall magnitudes of susceptibilities x, > x. indicate that
the ordering of magnetic moments is confined just in the (a,b)
hexagonal basal plane (i.e., in the uranium-distorted kagome
net plane). This finding is in accord with the neutron diffraction
data presented below. As one expects in the case of an existing
kagome plane, various antiferromagnetic arrangements of the
uranium moments are possible.

The magnetic field dependencies of the magnetization taken
at 2 K along the a and ¢ axes are presented in Fig. 2. As seen
along the ¢ axis, the magnetization M.(B | c) measured up to
uoH = 5 T is linear and fully reversible, as expected for a
paramagnetic or an antiferromagnetic state. However at this
temperature, the susceptibility x. (taken as the slope of the
M, vs. B straight line) is greater than x, if one compares
the slope for this direction below about uoH =~ 1 T. Above
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FIG. 2. (Color online) Magnetization isotherms with field parallel
to the a and ¢ axes taken at 2 K. Solid lines show straight-line behavior
below 1 T along the a axis and up to 5 T along the ¢ axis. The open and
closed symbols are the measured increasing and decreasing magnetic
fields, respectively.

this field, M,(B|la) increases in a manner we have already
observed for the polycrystalline sample,'” keeping, however,
a slope similar to M (B|c). We think that some tendency to
moderate the field-induced metamagnetic transition in the (a,b)
plane can explain this observation. Therefore, the increase in
slope of M,(B|la) mentioned above may be ascribed to the
partial release of magnetic frustration, as, for example, that
reported for another kagome-like system, namely YbAgGe,*°
crystallizing in the ZrNiAl-type structure, for which a change
in the initial slope of M (B|la) was observed above 4.5 T.

B. Neutron diffraction

To determine the precise magnetic structure of UsRusAlj»,
single-crystal neutron diffraction measurements were per-
formed. As many as 136 Bragg reflections were collected
up to sind/A = 0.45 A~ at 1.6 K. The nuclear structure
parameters were deduced from the measurements at 10 K,
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corroborating these obtained at room temperature by single-
crystal XRD. The integrated intensities of the measured
reflections were used to refine the components of the uranium
magnetic moments using the symmetry constraints described
below. All the observed reflections at 1.6 K can be indexed
with a magnetic propagation vector k = 0. This means no
loss in translational symmetry from the magnetic moment
arrangement and identity of the magnetic and chemical cells.
To analyze the possible magnetic structure of U;RuyAlj,,
a systematic search was performed based on the theory of
representations of space groups proposed by Bertaut’' and
Izyumov and Naish.?? It allows one to consider all possible
models of magnetic structures consistent with a given crystal
structure of space group G. According to this method, the
magnetic structure can be expressed via the basis vectors of
the irreducible representations of group G. To calculate the
irreducible representations, the program SARAh?® was used.
The magnetic representation for the U ions occupying the 64
site in the P63 /mmc space group with k = 0 can be written as
Iy = 100 + 1030 + 10, + 1050 + 11060 4+ 110, +
2I0@ + 1T9@ + 1T, @ + 2I'1,@, following the numbering
scheme of Kovalev.>* The basis vectors describing moments
of the U3* ions, which transform according to the irreducible
representations from I', to I'y;, can be ruled out because
they do not allow any contribution to the strongest measured
magnetic reflection (001) and provide a poor description of
other magnetic reflections (x> = 2.1-2.5). In contrast, only
the 2D representation '}, yields a correct description of our
neutron diffraction data (x2 = 1.2).

The planar triangular noncollinear magnetic structure re-
sulting from the refinement in I';; is illustrated in Fig. 3. The
relatively large U™ magnetic moments of 2.5(2) u, lie in the
(a,b) plane, as expected. They are parallel, either to the a axis
or the b axis, as well as to the shortest diagonal of the rhombus
formed by those axes. The three uranium moments form an
angle o =2 /3 = 120° at the three apexes of the smallest [U3]
triangles of the kagome network. The interatomic distances in
this triangle are dy-y = 3.575(1) A, a value not far from
the 3.5-A Hill criterion for appearance of magnetic ordering.
This and the other dy-y distances are visualized in Fig. 3. It
should be noted that the classical ground state of a kagome
lattice antiferromagnet is an ordered state in which the three
spins around any triangle are oriented 120 degrees apart, such

FIG. 3. (Color online) Magnetic structure (left panel) of UsRuyAl;, and its projection on the basal (a,b) plane (right panel). For clarity,

only the uranium atoms are presented.
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that the sum of these three spins shows no net moment on
the triangle. Surprisingly, the magnetic structure found for
UsRuyAl; features a net moment on each triangle, in which
the spins are rotated —60°, 0°, and +60° from the b axis.
Thus, two thirds of all nearest neighbor bonds are slightly
ferromagnetic, whereas one third are antiferromagnetic, lead-
ing to the ferromagnetic-like component in the layer. The
nearest neighbor layers are coupled in such a way that their
ferromagnetic-like components compensate each other, which
results in an overall antiferromagnetic structure. This unique
noncollinear magnetic order arises as a result of a compromise
between the various anisotropic interactions.

C. Electrical transport

The thermal variations of the electrical resistivity for
UsRuyAlj; measured along the main crystallographic axes
are presented in Fig. 4. As can be seen, resistivity in the
high-temperature region measured along the a axis (p,) first
increases slowly with decreasing temperature below RT. Then,
at about 100 K, it begins to rise more rapidly, finally reaching
the Néel temperature found from susceptibility measurements
[i.e., Tn = 9.5(5) K]. As in the case of the polycrystalline
sample,17 we tend to describe this behavior with CEF effects in
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FIG. 4. (Color online) Temperature dependencies of electrical
resistivity measured with current flowing along the two main
crystallographic directions. Upper and lower insets present resistivity
for current flowing along the ¢ and a axes, respectively, versus log 7.
Solid lines show logarithmic behavior, with slopes c; for resistivity
in the paramagnetic state.
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the presence of Kondo interactions, as highlighted in the lower
inset to Fig. 4, showing —log T behavior of p,(T). As is seen,
this function behaves with different logarithmic slopes ci; and
¢k in two regions (i.e., between 20 and 180 K and 180 and
300 K, respectively). According to Cornut and Coqgblin,” who
combined the influence of the Kondo effect and crystal field
interactions on the electrical properties of cerium intermetallic
compounds, the logarithmic slopes ¢; may be proportional to
the squared effective degeneracy of the thermally populated
crystal field levels. Such an observation has been made for
many Ce*-containing compounds, as, for example, in the case
of the tetragonal Ce, T,In-type (T = Pd, Cu, Au) compounds?®
that were shown to behave quantitatively according to the
theory of Cornut and Cogblin.>> Furthermore, the transport
studies?” of the solid solutions between antiferromagnetically
ordered Ce,CuyIn (Ty = 5.5 K) and intermediate valence
system Ce;NiIn, where the effect of delocalization of 4 f
electrons increases with increasing Ni concentration, have
revealed many similarities in the logarithmic characteristics
of resistivity between some intermediate compositions and
those presented here for UsRuyAly5.

In turn, the p,(T) dependence of UsRusAl;,, after passing
a kink at Ty, forms a sharp peak at T,,,x = 5.6(5) K and
then decreases to a large value of the residual resistivity py =
420 1 2cm. An overall behavior found below Ty in p,(T) for
this compound is similar to a few examples determined earlier
for the rare earth and uranium compounds. For the latter cases,
we only mention here the occurrence of a similar sharp peak
in p(T') just below the temperature of a given phase transition,
as for UCu,Sn,2® UCus,?° and UNi,Ge,.>° Thus, for all cases,
a low-temperature gapping of the Fermi surface (FS) has been
postulated. In general such a drastic change in the FS may be
caused by (i) the difference between the unit cells of the crystal
and magnetic structures brought about by the occurrence of
new Brillouin superzone boundaries?! or (ii) the rise of a spin
density wave (SDW) state like that in Cr,*2 where the FS
becomes partially gapped. Initially, the situation in UCu,Sn,
crystallizing in the hexagonal ZrCu,Al-type structure, was
attributed to the first (i) origin, but later, the sharp peak in
p(T) observed just below the phase transition for UCu,Sn was
explained by a nonmagnetic effect at 7o = 16 K, caused by
a quadrupolar ordering®® in a way similar to those reported
earlier for UPd;** and URu,Si,.* The second (ii) possibility
was described in detail (e.g., in the case of UCus*° crystallizing
in the cubic AuBes-type structure), which shows a coherent
Kondo state with antiferromagnetic (AFM) ordering below
Tn = 15 K. In view of the additional 1 K phase transition
existing in this compound,*® the muon spin resonance (41SR)
data®” have revealed that, except for conventional antiferro-
magnetism with 4¢- and 1¢-type magnetic structures realized
below the higher and lower temperature phase transitions,
respectively,*® a quasi-independent subsystem with very small
ordered moments associated with static SDW sets in at the
lowest temperatures by the heavy quasiparticles.’’

However, electrical transport properties most similar to
that reported in this paper for the aluminide were found
for the medium-heavy fermion antiferromagnet UCusln
(Tn = 25 K) crystallizing in the orthorhombic CeCusAu-type
structure.’ The resistivity measurements performed along
the a, b, and c directions revealed negative Kondo-like
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temperature coefficients and pronounced maxima of a similar
shape, centered at about 15 K along all three axes, practically
independent of an applied pressure up to 2.2 GPa in both the
shape and Ty value.*® This indicates unambiguously that the
observed feature is not a Kondo coherence peak, but it may
originate from the SDW formation, as suggested earlier in
Ref. 39. Such a conclusion comes from the fact that UCusIn
exhibits a noncollinear antiferromagnetic structure of uranium
moments confined to the (a,c) plane with a magnetic unit cell
of the same size as that of the chemical unit cell.*

We found quite different behavior from that of p,(T) for
p(T) in both the paramagnetic and ordered temperature re-
gions. As Fig. 4 demonstrates, this dependence with decreasing
temperature below RT manifests, first, a very diffuse maximum
(on the scale of this figure) and then, below about 100 K,
it goes through a distinct knee to fall rapidly at Ty. From
the upper inset of this figure, where the above behavior is
presented as —log T on an enlarged scale, it becomes clear
that for this case we also have two different logarithmic slopes
cxi- One may compare these two features with those we have
described above for the p,(T") curve, but it happens to be true
in slightly different temperature ranges. Because we also show
the curves containing the phonon contribution [the magnetic
part pn(T) could not be isolated], we restrict ourselves only
to pointing out that this phenomenon has not been detected
earlier for any other uranium compound. Although it was not
strictly said, such a behavior can also be seen for UCusIn from
Fig. 1 of Ref. 39. It is worthwhile noting that the magnetic
and transport properties of single-crystal UNi,Ge, are also
very close to those of UsRusAl;,. This tetragonal germanide
(ThCr,Si,-type) exhibits AFM ordering (7y = 78 K) and
large anisotropy in resistivity. The difference appears mainly
in the crystallographic directions. Here, resistivity shows a
Kondo-type behavior and a sharp resistivity peak along the ¢
axis.

We have also analyzed the resistivity behavior of
UsRuy Aly; in the low-temperature region down to 0.3 K within
the AFM state. In Fig. 5, we present the resistivities [Fig. 5(a)]
and their derivatives [Figs. 5(b) and 5(c)], dp;(T')/d T, as func-
tions of temperature. As seen from Fig. 5(a), the Fermi liquid
behavior [i.e., p;(T) = poi + A;T?] is followed for current
j flowing along both main crystallographic directions. The
corresponding parameters are given in the figure. However,
the above equation for both p,(7T") and p.(T) is obeyed only
below 4.5 K. Along the a axis, the electrical resistivity is
characterized by a distinct negative anomaly in dp,(T)/dT,
appearing close to Ty [Fig. 5(b)], as previously observed for
UCus (Fig. 5 in Ref. 36). Bernasconi et al.’® took a similar
approach for UCus as that in Cr*? to show the effect of AFM
ordering on the FS in UCus. This effect gives rise to gapping
of a part of the FS due to additional Brillouin-zone boundaries.
In contrast, along the ¢ axis, the picture is typical of that in
the usual, magnetically ordered f-electron system but shows
additionally the presence of SDW-like fluctuations evidenced
by a diffuse peak at T* (as is, e.g., the case of UGe;)*
[Fig. 5(c)]. Almost the same general behavior of dpi(T)/dT,
but with the axes reversed (the c-axis is here the direction
of antiferromagnetically ordered magnetic moments below
Tn = 36 K), is presented in Ref. 41 for single-crystal UPt,Si,
crystallizing in the tetragonal CaBe,Ge,-type structure.
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FIG. 5. (Color online) (a) Low-temperature variations of the
electrical resistivity of UszRusAlj; measured along the a and ¢
directions (upper panel). (b) and (c) Temperature derivatives of
resistivity calculated for both crystallographic directions (lower
panel). Explanation of 7™ is given in the text.

The whole discussion given above leads to the conclusion
that a number of uranium binary and ternary intermetallics
show transport behavior reminiscent of that first described
for metallic chromium, independent of their crystal structures.
However, the simultaneous presence of conventional, local
AFM ordering makes it experimentally difficult to understand
clearly the existence of two quasi-independent electronic
subsystems. They originate from a dual character of the
5f electrons in some uranium metallic compounds (one is
itinerant and the other is more localized in character). This
requires more sophisticated studies in the future than have been
done up to now to explain the roles played by each subsystem
separately.

D. Transverse magnetoresistivity

The transverse magnetoresistivity (TMR), defined as
Ap/po=(psT — Por)/Por, Were measured as a function of an
applied magnetic field perpendicular to j at several temperature
values and as a function of temperature at uoH = 8 T. The
results for j along the a and c axes are depicted in Figs. 6
and 7, respectively. Along the a axis, the field-dependent
variation of TMR shows a slight negative curvature above
Tx, following the —a(T)B" function, with fitting parameters
« and n presented in Table 1. Below Ty, the negative curvature
is more pronounced, and a deviation from the above variation
is observed at high magnetic fields.

As Table I demonstrates, the power factor n varies from 1.08
to 1.42 and yields smaller values than the expected value n =2,
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TABLE 1. Fit parameters of transverse magnetoresistivity along the a axis to the —«(7)B" law.

T (K) 4 6 10 20 30
a(T™) 0.600(5) 0.500(5) 0.225(5) 0.235(5) 0.175(5) 0.130(5)
n 1.42(2) 1.34(2) 1.172) 1.112) 1.08(2) 1.08(2)

showing the coexistence of at least two different components
in TMR. This result is a little surprising as long as the polycrys-
talline sample strictly follows the —a(7)B? law.!” In turn, the
thermal variation of TMR, taken at a constant magnetic field of
8 T and presented in the inset to Fig. 6, confirms the negative
character in the entire studied temperature range. The TMR
behavior of UsRusAlj;, measured for the configuration j|ja
and B||c in the paramagnetic range of temperatures, changes
only weakly with temperature. Subsequently, just below Ty,
Ap/po(T) first goes through a small negative maximum and
then it falls rapidly with decreasing temperature, achieving at
4.2 K a large value of about —10%. As is further seen from
this inset, the slope of magnetoresistivity changes radically
below Ty after formation of the above peak, which proves the

jlla, B1j
O T (K)
) < iz S0
20
i 10
' 8
-4k
) 6
o -8}
Ne3
s 0
- 2t 4
4
12 b= M
-6f
-8t
- M H = 8T
=103 = 70 20 30
_16 " 1 i T(Iﬁ) i 1 i 1
0 2 4 6 8
M,H (T)

FIG. 6. (Color online) Transverse magnetoresistivity Ap/po for
the current j flowing along the a axis in a magnetic field applied
perpendicular to the current and measured for several temperatures
between 4.2 and 30 K. Blue and red points show differences between
AFM ordered and paramagnetic regions of measured temperatures.
The inset shows magnetoresistivity taken at 8 T along this axis and
measured as a function of temperature. The filled red dots in the inset
correspond to the values obtained at 8 T on the main graph. The solid
lines are fittings to the —«(7") B" function (see Table I).

existence of the gap in a part of the FS attributed to SDW and
surviving even in an applied magnetic field as large as 8 T.
It is interesting to recall here the high magnetic field study
performed by Andraka et al.*> on UCus also was regarded as
exhibiting SDW properties below Ty. It turned out that even
the 10-T field had only a negligible effect on the resistivity
hump formed in the vicinity of 7.

The TMR behavior along the c¢ axis, is displayed in Fig. 7.
As this figure illustrates, in the temperature range above 7Ty,
there is a tiny negative curvature in A p/py(B) with increasing
magnetic field strength, but the Ap/pg magnitudes measured
at T = 10, 20, and 30 K are almost the same, in agreement
with the temperature variations of TMR at 8 T (see the inset
to Fig. 7). Nevertheless, below Ty, this variation changes
radically: at T = 8 K, a sharp increase from almost 0% to
positive values of TMR is observed, but only above a critical
field woH, = 4.2 T. Then, this quantity above about 6 T begins
to show a tendency to form a maximum, reaching a value of
about 9% at uoH = 8 T. A further decrease in temperature
results in a decrease in the Ap/po magnitudes, shifting a
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FIG. 7. (Color online) Same as in Fig. 6, but for current j flowing
along the ¢ axis.
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weakly marked wide maximum to lower magnetic fields. Also,
the initial uo H, field required for their rise falls to about 1 T for
the 6-K and 4.2-K magnetoresistivity isotherms. As depicted
in the inset to Fig. 7, these observations are correlated to the
presence of a sharp peak below Ty in the thermal variation of
TMR taken for this direction at woH = 8 T. The SDW state
postulated in this work, owing to the resistivity peak apparent
along the a axis just below Ty in the absence of a magnetic
field, seems thus to propagate along the ¢ axis above a certain
critical magnetic field, poHc > ~ 1 T, depending on the
temperature of measurements. This aspect of measurements
has to be investigated further (e.g., by making ;SR or neutron
diffraction studies in applied magnetic fields). Such data are
necessary to infer more conclusive explanations of the TMR
results presented in this paper.

Now we can only conclude that in the ordered state of
UsRuyAly;, the SDW state can also be generated along the
c axis by applying an external magnetic field. As mentioned
above, the SDW hump is seen along all three main directions
in the case of the orthorhombic UCusIn.*® Furthermore, in
the ordered magnetic state, an applied magnetic field also
seems to enhance the electrical conductivity in the (a,b)
plane containing the magnetic moments and to decrease this
conductivity perpendicular to this plane.

E. Seebeck coefficient

Thermal variation of the thermoelectric power (TEP), S;,
shown in Fig. 8, demonstrates remarkable anisotropy between
the a and ¢ axes. Moreover, it presents many common features
with that of the Spo1y(7) behavior,'” whose overall values are
located rather closer to the S,(7) variation, as is also the
case for the corresponding temperature dependencies of the
resistivity.

At high temperatures, the Seebeck coefficient is negative
for both main axes and goes through a broad minimum at
200 K and 230 K, attaining values of —16.0 and —8.5 uV
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FIG. 8. (Color online) Temperature dependencies of thermo-
electric power S; measured along the a and ¢ axes and for the
polycrystalline sample (Ref. 17). The inset shows 7'/S; as a function
of temperature squared. Solid lines show the straight-line behavior of
this dependence.
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K~!, for S,(T) and S.(T), which in turn become positive below
T = 12 and 46 K, respectively. Finally, both of these curves
go through a positive maximum at the vicinity of Ty, and
afterward, their extrapolations drop to zero at T = 0 K. It
should be noted that if the former maximum is only very
weakly marked, the latter one, at the same time, is fairly well
pronounced. These variations are in line with those previously
reported for the polycrystalline sample and were attributed to
Kondo-like interactions in the presence of CEF effects, as well
as to a change in the density of states (DOS) at the Fermi
level at temperatures close to Ty, owing to the change in sign
of S;(T). It should be emphasized here that the sign change
and the subsequent positive low-temperature increase of TEP
forming a maximum are typical features of a Kondo system.**
At the same time, in such a system with an AFM ground
state, S(T') reaches a maximum at 7y together with a tendency
to reach a Kondo resonance as the temperature is lowered.
Finally, this results in the occurrence of a positive maximum
in S(T). For confirmation of this conclusion, one can find
almost identical behavior of S(7') in UCusIn.*®

In a procedure similar to that applied to the polycrystalline
sample, the T /S vs. T? plots have been drawn in the inset to
Fig. 8, highlighting the linear variation of those plots at high
temperature in the paramagnetic state. This linear variation
is followed by S, just for T > Ty, while in the case of S,
this is only true above 170 K. As shown for both of the
crystallographic axes, the above linearity means that S;(7T")
of UsRuyAlj, satisfies the single Lorentzian band model*
described by Eq. (1),

sary= AT (1)
B2+ T2
2A 3(A2 42
with A="" and Bzz(—+2)’
le| (mkp)

where A, = ¢5r — ef is a measure of the position es¢ of the
5f DOS peak with respect to the Fermi level g, and T, is
the width of the Lorentzian-shaped 5f band. The fitting of
experimental data to Eq. (1) gives the following values: I', =
27.9 meV and A, = —2.82 meV along the a axis and I', =
38.4meV and A, = —2.06 meV along the c axis. These values
are comparable to those observed for different aluminides like
CeAl, or UAL,,* being moderately heavy fermions. It is worth
adding that a number of uranium compounds crystallizing in
different hexagonal structures, like UPt,In, UNi4B, UNi,Als,
UPd,Als, and UCu3Ga,,*® have positive TEP in a whole
range of temperatures below RT, and this quantity can only
be described with the use of a two—Lorentzian band model.

F. Specific heat

The thermal dependence of specific heat Cp(T) of
UsRugAlj; was measured in the temperature range 4—66 K,
and the results are presented in Fig. 9 and in the lower
inset, where Cp(T) is shown in the vicinity of Ty on an
enlarged scale. As shown, the temperature AFM ordering Ty
(= 9.5 K) for this aluminide lies at a minimum of C,(7T') just
before going by this function through a faint hump with Ti,.x =
7.3 K. This hump is better seen in the upper inset of this
figure, where the function C,/T = f(T?) is plotted at low
temperatures. Unfortunately, we were not able to determine
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FIG. 9. (Color online) Temperature dependence of the specific
heat C, measured between 4.2 and 66 K. Both solid lines (blue and
red) show C,, vs. T behavior with a different coefficient 8. Upper and
lower insets present C,/T vs. T? and C, vs. T on expanded scales,
respectively. Note a large y (0) value of 200 mJ moly; ' K2 The solid
line at the lower inset shows the 73 behavior of specific heat in the
antiferromagnetic state.

the magnetic entropy at Ty for UsRuyAly; for lack of a proper
corresponding phonon reference. Our numerous attempts to
obtain ThsRu4Al;,, regarded as a good reference in this case,
ended in failure. It is highly probable that such a compound
does not exist. Nevertheless, removing magnetic entropy by
AFM ordering, obtained by considering only the peak in the
Cp/T vs. T? dependence of Us;RusAlj; and limited by the
red straight line (see the upper inset of Fig. 9), is rather
small and amounts only to 0.22R In 2. Therefore, we judge
that it is the reason for the large Sommerfeld coefficient
y(0) =200 mJ mola1 K2 per U atom, as derived from the
formula Cp/T = y + BT?, where the first term accounts
for the electronic contribution and the second term accounts
for both the phonon and spin wave contributions, for which
C,(T) follows the same simple 7 law. As the upper inset
to Fig. 9 demonstrates, both curves extrapolated from above
T2 and below T2, to T = 0 K show the expected linear
behavior, yielding the same value y (0). The high magnitude of
this coefficient classifies this uranium intermetallic compound
as a moderately heavy fermion system, probably because of
the presence of Kondo-like interactions. Almost the same
Cp(T) behavior as that found above for UsRu4Al;; has
been reported for UCusIn.** The latter compound revealed
y(0) =210 mJ mola1 K2 per U atom and only a small, very
broad anomaly, which, as in our case, started to develop just
below Tn. These two high values of y(0) gives almost the
same Tk = 30 K for both compounds discussed here using the
well-known Eq. (2) given by Oliveira and Wilkins,*’

Tk ~ 0.68 R/y(0). 2)

The lack of a distinct A-type anomaly in C,(T) at Ty for
these two compounds despite large ordered magnetic moments
of 2.5 and 1.55 up, respectively, is quite puzzling. Quite
opposite results to the above data have been reported (e.g.,
for UCu,Sn?*3? or UPd3**). The quadrupolar ordering of the
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non-Kramers I's ground state doublet in these two compounds
causes a pronounced, sharp A-type anomaly, and entropy
attains exactly a value of R In 2 expected for a doublet at
Tg. In turn, UCus, also regarded as a SDW system, does
develops a A-type anomaly in Cp(T'), but the magnetic entropy
at Ty achieves a rather low value of 0.6RIn2, but with
a very high y(0) =380 mJ mola1 K2, inferred from the
temperature region just above 1 K and extrapolated to T =
0 K. Below 1 K, another first-order transition takes place.?’

IV. CONCLUSIONS

As previous investigations have pointed out, the distorted
kagome lattice of uranium atoms, characteristic of UsT4Al;,-
type compounds (when T = Fe and Co), induces a spin glass
behavior. Contrary to this observation, the antiferromagnetic
ordering first reported for the polycrystalline sample of
UsRuyAl; is now confirmed by single-crystal investigations
with a neutron diffraction study. The geometrical frustration of
the hexagonal structure in which the above three compounds
crystallize, in the case of a domination of AFM-type interac-
tions between uranium moments, leads to magnetic ordering in
the (a,b) hexagonal plane. A noncollinear magnetic structure
is formed because the system cannot satisfy all possible
couplings, so the resulting magnetic structure is a compromise
between various anisotropic interactions. Because of this, a
number of interesting anomalous behaviors take place at low
temperatures, which have been investigated here by magnetic,
electrical transport, and thermal measurements.

For example, instead of a rapid decrease of electrical
resistivity below Ty, as expected from a decrease of spin
disorder resistivity, as is indeed observed along the ¢ axis, we
found a sharp peak just below Ty along the a axis, highlighting
a strong modification of the Fermi surface in the vicinity of
Tx, probably because of a gap opening in the FS, which in
turn is induced by SDW excitations similar to that observed
in UCus. The latter conclusion has been inferred for this
compound from a study*® of absorption in the far infrared that
develops below Ty. It is interesting to note that the transverse
magnetoresistivity measurements prove that this spin-density
wave gap survives in UsRuyAl;, in applied magnetic fields up
to 8 T but also starts to propagate along the ¢ direction below
Tx and above 2 T. Both the low-temperature sharp maximum
in p(T) and the hump in Cu(T) just below Ty, observed
previously for UCusIn® and now for UsRusAl,, become a
hallmark of a gap opening in the FS from SDW formation
in these ternaries. The exciting findings presented here for
UsRuy Aly; call for further experimental and theoretical studies
of this aluminide.
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