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Electronic properties of a distorted kagome lattice antiferromagnet Dy;Ru Al
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Electronic properties of Dy;RusAl, (hexagonal crystal structure, Dy atoms form distorted kagome nets)
are studied on a single crystal by means of magnetization, neutron diffraction, specific heat, and resistivity
measurements. The onset of a long-range magnetic order of Dy moments occurs at 7 K through a first-order phase
transition. The compound has a noncollinear antiferromagnetic structure with a propagation vector (1/2 0 1/2).
The configuration of the Dy moments is consistent with the monoclinic Shubnikov group C.2/c. The y coefficient
in the temperature linear term of the specific heat is strongly enhanced to 500 mJ mol~! K2 taking into account the
localized nature of Dy magnetism. An additional contribution originates from spin fluctuations induced in the 4d
subsystem of Ru by the exchange field acting from the Dy 4 f moments. In an applied magnetic field Dy;RuyAl,,
displays magnetization jumps along all crystallographic directions. All the metamagnetic transitions are accom-
panied by large positive magnetoresistance. The maximum effect (125%—-140%) is attained for current along the
[100] axis and field along the [120] or [001] axes. The large positive effect is explained by changes in the conduc-
tion electron spectra through the jumps as the conduction electrons interact with localized magnetic moments.

DOI: 10.1103/PhysRevB.90.094405

I. INTRODUCTION

Solids that contain magnetic ions forming geometrical
frustration have in common a triangular arrangement as an
elementary object of the structure. In two dimensions, Heisen-
berg spins on triangular and corner sharing kagome lattices
show this effect [1-4], while in three dimensions the most
well studied systems are those having a pyrochlore structure,
in which the magnetic ions occupy a lattice of corner sharing
tetrahedra [1,5-7]. In such systems, a highly degenerate ground
state is often favored since it is not possible to satisfy all the
interactions. As a result, this geometry frustrates the ordering
of the spins and a unique ground state might be selected
by a subtle interplay of other weaker perturbations. In some
compounds based on rare-earth elements R the crucial role is
played by the single-ion crystal-field-induced anisotropy [8].

Among intermetallic compounds showing frustration ef-
fects, those crystallizing in the hexagonal structure of the
ZrNiAl type can be distinguished. In RNiAl systems the R
atoms reside on a crystallographic site that has a triangular
symmetry similar to the kagome lattice. The topological
frustration reduces the size of the ordered magnetic moments
(R-Tb) [9-12] or even leads to a paramagnetic state of some
magnetic moments in the antiferromagnetically ordered state
as found in isostructural CePdAl [13]. The complex balance
among all the interactions leads to complicated magnetic
structures as found, e.g., in HoNiAl [14] and ErNiAl [15].
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Equally interesting physics is found in uranium intermetal-
lic compounds where a geometrical frustration due to the
lattice configuration dominates. An example is provided by
the UsFeqy,Aljp—y and U3zCoyqAljr—, systems having the
hexagonal crystal structure of the Gd;RusAl;, type [16—18].
Their magnetism is dominated by uranium whose atoms
form a distorted kagome net. As a result of this geometry
UsFeq,Aljp—y and UszCoqyyAljp—, enter a spin-glass state
at low temperatures. Remarkably, the isostructural compound
UsRuyAly; was found to display an antiferromagnetic order
with the Néel temperature Ty = 9.5 K [19,20]. The uranium
magnetic moment was determined to be 2.5 ug per atom which
is arather high value for uranium in metallic systems reflecting
ahigh degree of localization of the 5 f states. Between the basal
plane and the hexagonal ¢ axis a weak magnetic anisotropy was
found, unusual for a uranium intermetallic.

It is known that in uranium intermetallic compounds whose
structure has a unique axis (e.g., hexagonal or tetragonal), the
U magnetic moments are oriented perpendicular to the shortest
U-U links. In UzRu4Al;, the shortest interuranium distance,
3.575 A, occurs within the basal plane (U atoms along the ¢ axis
are 5.529 A apart). Contrary to the expectations, the magnetic
moments are confined to the basal plane. The formation of the
magnetically ordered state and the orientation of the magnetic
moments in UzRuyAl;, reflect a complex mutual influence of
all interactions present in the system.

Since the 5f electrons are involved in bonding, under-
standing of the 5 f magnetism in U3Ru4Alj; is complicated.
The formation of a magnetic order and its properties can be
clarified by studying a magnetic order provided in the same
atomic arrangement by fully localized electronic states. To

©2014 American Physical Society


http://dx.doi.org/10.1103/PhysRevB.90.094405

D. I. GORBUNOV et al.

this end, uranium can be replaced by rare-earth elements
with 4 f electrons. Moreover, R3;RusAl;; compounds are
themselves interesting objects and deserve special attention
despite the interesting physics of UsRusAl;,. Several studies
were performed on the R;Ru4Alj; systems with R = La,
Ce, Pr, Nd, and Yb where it was demonstrated that the
presence of a magnetic order and its type strongly depend
on the rare-earth component [21,22]. This finding indicates
that exchange interactions and magnetocrystalline anisotropy
lift the geometrical frustration, at least partially, and lead to
magnetically ordered ground states of R3RusAl);.

The object of the present study is the Dy;RusAl;; com-
pound. Dysprosium was chosen due to its highest mag-
netic moment (10up per atom) among the lanthanides and
high second-order Stevens factor «; [23]. «,; describes
the asphericity of the 4 f charge cloud. The shape of the
4 f orbital and the crystalline electric field determine the
magnetocrystalline anisotropy. In this work the ground state of
the Dy;RusAlj, compound is determined and its electronic
properties studied. It is demonstrated that the electronic state
is to a great extent defined by the 4f electronic shells.
Dy;Ru4Al;; displays a magnetic order with some fingerprints
of geometrical frustration. The latter leads to a complicated
noncollinear magnetic structure and a complex behavior of
the magnetization and electrical resistivity in magnetic field.
Additionally, the electronic effective mass is found to be
strongly enhanced by spin fluctuations induced in the Ru
4d subsystem by the exchange field acting from the Dy 4 f
shells.

This paper is organized as follows. Upon a presentation
of the experimental procedure (Sec. II), the obtained results
are reported (Sec. III). This is followed by a discussion and
conclusions (Sec. IV).

II. EXPERIMENTAL DETAILS

A Dy;RuyAl, single crystal was grown by a modified
Czochralski method in a triarc furnace from a quasistoichio-
metric mixture of the pure elements (99.9% Dy, 99.99% Ru,
and 99.999% Al) having an Al mass excess of 1% on a rotating
water cooled copper crucible under protective Ar atmosphere.
For the crystal structure determination, a standard powder
x-ray diffraction analysis was performed on a part of the single
crystal crushed into a fine powder using Cu Ko radiation
(A = 1.54184 A). The diffraction patterns were refined by
means of Rietveld analysis using FULLPROF/WINPLOTR soft-
ware [24]. The compound was found to crystallize in a hexag-
onal crystal structure of the GdsRusAl;, type (space group
P65/mmc), isostructural with UsRuyAlj, [19,20]. Detailed
analyses of this crystal structure are given in Refs. [25-27].
The obtained lattice parameters are a = 8.774 A and
¢ = 9.530 A. Backscattered Laue patterns were used to check
the crystal quality and to orient it along the [100], [120],
and [001] axes to cut the samples for the magnetization and
resistivity measurements and for a neutron diffraction study.

Anisostructural Y3;RugAlj; compound was arc melted with
nonmagnetic Y to be used as a reference compound for the
determination of the electronic and lattice contributions to the
specific heat. The obtained lattice parameters are a = 8.783 A
and ¢ = 9.534 A. Attempts were also made to prepare the
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LusRugAlj; compound with nonmagnetic Lu in poly- and
single-crystalline form, but the resulting samples were not
single phase.

Temperature and field variations of the magnetization at
T = 2-300 K were measured along the principal crystal-
lographic directions of a 10 mg sample using a standard
PPMS-14 magnetometer (Quantum Design) in magnetic fields
upto 14 T.

PPMS-14 was also used for specific heat and resistivity
measurements. Specific heat in a zero magnetic field was
measured by the relaxation method. Temperature and field
variations of the electrical resistivity were measured on an
oriented sample by the four-contact technique. The excitation
current / = 1.5 mA was chosen to flow along either the [100]
or the [001] axis.

High-field magnetization curves were measured at
T =2 K in pulsed magnetic fields up to 60 T (pulse duration
20 ms) at the High-Field Laboratory in Dresden-Rossendorf.
The magnetization was measured by the induction method
using a coaxial pickup coil system. A detailed description of
the high-field magnetometer is given in Ref. [28].

A neutron diffraction study was performed at 7 = 1.5 and
10 K (wavelength A = 0.9 A)ona3 x 3 x 3 mm’ sample
using the Super-6T2 diffractometer at the Orphée reactor of the
Laboratoire Léon Brillouin, Saclay, France [29]. First, neutron
scattering intensity maps were measured at both temperatures
by rotating the sample about the vertical axis with 0.1° step
and recording a scattering pattern with an area detector. This
procedure allowed us to explore a large three-dimensional (3D)
segment of the reciprocal space by transforming a complete
set of area detector images in the crystal reciprocal space.
Next, 300 nuclear (89 merged equivalents) and 170 magnetic
reflections were collected up to sin /A = 0.69 A1 at
T = 1.5 K in a single detector mode. The nuclear structure
was ascertained at 7 = 1.5 and 10 K. In order to check the
structural model, an x-ray diffraction study was performed
at the Institute of Physics, Prague, Czech Republic. A single
crystal of dimensions 0.6 x 0.3 x 0.2 mm? was chosen for the
experiment. Crystallographic measurements were carried out
at T = 100 K on a four-circle CCD diffractometer Xcalibur,
Atlas, Gemini ultra, using Mo K« radiation (A = 0.71073 A)
with graphite monochromator. The JANA2006 package [30] was
used to refine the nuclear structure from the x-ray data and
the magnetic structure from the neutron data. The refinement
confirmed the correctness of the structural model determined
by powder and single-crystal x-ray diffraction. The lattice
parameters obtained from the single-crystal x-ray diffraction
are a = 8.740(4) A and ¢ = 9.498(4) A with the R-factor
Rops = 1.91%. Refined atomic positions and atomic displace-
ment parameters (ADP) are presented in Table I. However, the
standard deviation yielded by the nuclear reflections collected
by neutron radiation was relatively large and led us to use the
more accurate model as refined from x-ray diffraction with
isotropic ADP fixed to a small value of Ujs, = 0.001 A? at
T = 1.5 K. This gave Rops = 14.27%. One of the reasons for
such a high R,ps might be that magnetic reflections are much
weaker than nuclear reflections (this is best seen in Fig. 6
below). Nevertheless, it does not affect the correctness of the
refined magnetic structure since all other tested models led to
considerably higher Rps.
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TABLE I. Refined atomic parameters for Dy;RusAly,.
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TABLE II. Effective magnetic moment per Dy atom and para-
magnetic Curie temperatures along the [100], [120], and [001] axes

Wyckoff of Dy;RuyAl,, obtained from fittings using Eq. (1) in the indicated
Atom position X y Z Ugq (A% temperatures regions.
Dy 6h 0.19255(3) 0.38509(3) 1/4 0.0041(1) [100] [120] [001]
Rul 6g 0.5 0 0 0.0040(2)
Ru2 2a 0 0 0 0.0034(2)  Herrs 4B/Dy 10.1 10.2 10.1
All 12k 0.1625(1)  0.3249(1) 0.5761(2) 0.0051(6) 6, K 3 4 56
Al2 6h 0.5614(2)  0.1228(2) 1/4 0.0045(7) Temperature range (K) 100-300 100-300 170-300
Al3 4f 1/3 2/3 0.0152(3) 0.0052(6)
Al4 2b 0 0 1/4 0.0049(8)

III. RESULTS AND DISCUSSION

A. Magnetization

The upper panel in Fig. 1 shows the temperature depen-
dence of the magnetization M of the Dy;RuyAl,; single crystal
measured along the principal crystallographic directions in a
field of 1 T. A sharp growth of the magnetization is observed
below 100 K. It displays an anisotropic behavior with higher
values along the [001] axis than those along the basal plane
directions. This agrees with the fact that the largest projection
of the Dy magnetic moments is along the [001] axis (Fig. 8).
The inset in Fig. 1 presents the M(7T') variation in a lower field,
0.1 T, along the [100] axis. These data indicate that a transition
from paramagnetic to a magnetically ordered state occurs at
T=7K.
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FIG. 1. (Color online) Magnetization (upper panel) and inverse
susceptibility (lower panel) as a function of temperature along the
[100], [120], and [001] axes of the Dy;Ru4Al;, single crystal in a
field of 1 T. The inset shows the magnetization along the [100] axis
in a field of 0.1 T in the vicinity of Ty =7 K.

The lower panel in Fig. 1 shows the temperature dependence
of the inverse susceptibility x ~!. In the high temperature range
the x ~'(T") functions follow the modified Curie-Weiss law

X = + o, ey

T -6,

where C is the Curie constant proportional to the effective
magnetic moment fief, 6p is the paramagnetic Curie tempera-
ture, and o is the temperature-independent term. The values
of pegr per Dy atom and of 6, are listed in Table II for the [100],
[120], and [001] axes (o was found to be 10~8 m> mol~! forall
directions). The effective Dy magnetic moments are slightly
lower than the theoretical value g;/J(J + 1) = 10.63up.
Although this might be explained by the presence of extraneous
phases, our powder and single-crystal x-ray diffraction did
not allow us to detect them within the accuracy provided
by the method. The low u.s should therefore reflect specific
interactions that involve the Dy 4 f electrons, such as crystal-
field effects. The reduced values of w.¢ may be attributed
to the low measuring temperatures in comparison with the
total splitting of the energy levels of Dyt in the strong
crystal field. The 6, values are practically the same for the
two axes within the basal plane of the hexagonal lattice.
However, the difference between the paramagnetic Curie
temperatures between the basal plane and the [001] axis is
high, which reflects a strong anisotropy of magnetic properties
between them. Deviations from the Curie-Weiss behavior
appear already below 170 K, which indicates the persistence
of spin correlations above magnetic ordering temperature.

Magnetization curves along the [100], [120], and [001] axes
of the Dy;RusAlj, single crystal at 7 = 2 K are presented
in Fig. 2. The spontaneous magnetic moment is zero along
all the directions, which means that the compound is an
antiferromagnet. Dy;Ruy Al,, displays a complicated behavior
in a magnetic field manifested by field-induced magnetic
phase transitions: one along [100], two along [120], and two
along [001]. First, the magnetization experiences a jump at
the critical field 0.9 T along the [100] and [120] axes and at
0.4 T along the [001] axis (the critical fields of the transitions
were determined as the average field between their ascending
and descending branches). With a further field increase, an
additional transition is observed along the [001] axis at 1.2 T
and at a much higher field, 7 T, along the [120] axis. The mag-
netization value which corresponds to the ferrimagneticlike
state observed after the first metamagnetic transition along the
[001] direction is about one-third (~8ug /f.u.) of the saturation
value. All the transitions exhibit hysteresis and are of first
order. Above the transitions the magnetization continues to
grow as the magnetic moments continue to rotate. In this field
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FIG. 2. (Color online) Magnetization curves along the [100] (a),
[120] (b), and [001] (c) axes of the Dy;RusAl, single crystal at
T =2K.

region the highest magnetization is attained along the [001]
axis, ~24ug/f.u.

The temperature evolution of the magnetization along
the [100] and [001] axes in fields up to 3 T is shown
in Fig. 3. With increasing temperature the magnetization
jumps become more smeared out and finally disappear in the
vicinity of the Néel temperature, Ty = 7 K. Hysteresis at all
magnetization jumps is negligible at T > 4 K. The transition
fields display practically no temperature dependence below
6 K. The magnetization curve along the [120] axis (not shown)
changes with temperature in a similar manner.

The observed field-induced phase transitions reflect rotation
of the magnetic moments from the initial antiferromagnetic
state to a noncollinear ferromagnetic state. The magnetiza-
tion of the collinear ferromagnetic state is three times Dy
magnetic moment Mpy = g;J = 10 up: Mierro = 3 X Mpy =

PHYSICAL REVIEW B 90, 094405 (2014)
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FIG. 3. (Color online) Temperature evolution of the magnetiza-
tion curves along the [100] (a) and [001] (b) axes of the Dy;Ru4Al;,
single crystal in the range 7' = 2-10 K.

30up/f.u. The collinear ferromagnetic state is not reached
along any direction in fields up to 14 T.

From the data presented in Figs. 2 and 3 it is clear that
Dy;Ru4Al;, displays strong magnetocrystalline anisotropy.
Along the two axes in the basal plane the magnetization is
rather close in absolute value, whereas the difference between
the basal plane and the [001] axis is much larger. This result
correlates well with the 6, values obtained for the same axes
(see Fig. 1 and Table II).

Figure 4 shows an extension of the magnetization curves
of Dy;RusAl; to 60 T. No more magnetization jumps are
observed; the magnetization grows monotonously up to the
highest available field. The magnetocrystalline anisotropy is
seen up to 60 T.

The complex behavior of the magnetization of Dy;Rus Al
reflects an intricate balance among exchange interactions,
magnetocrystalline anisotropy, and Zeeman energy. The
compound’s magnetic structure is expected to be rather
complicated. Moreover, it should be noted that, although
Dy;Ru4Al; is an antiferromagnet, positive paramagnetic
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FIG. 4. (Color online) Magnetization curves along the [100],
[120], and [001] axes of the Dy;RusAl;, single crystal at
T =2 K in pulsed magnetic fields up to 60 T.

Curie temperatures point to a dominance of ferromagnetic
exchange interactions. In order to determine the magnetic
structure of the Dy;RusAlj; compound, a single-crystal
neutron diffraction study was undertaken.

B. Neutron diffraction

A typical 3D representation of an equal scattering intensity
surface at 7 = 1.5 K is shown in Fig. 5. From this pattern, a
series of conventional 2D cuts (hhl) perpendicular to the [001]
axis were extracted, which showed the presence of magnetic
satellites with propagation vector k = (1/2 0 1/2) and its
equivalent ones. This can be seen from Fig. 6, where the (hh0)
and (h h 1/2) cuts are shown. Thus, the magnetic structure of
Dy;Ru4Al;; can be described in a magnetic cell doubled in
the a and c directions with respect to the structural unit cell.

The temperature evolution of some magnetic reflections
was followed to monitor the transition from the magnetically
ordered to the paramagnetic state. Figure 7 presents the tem-
perature variation of the magnetic reflection (5/2 —5/2 1/2).
An abrupt decrease of the magnetic intensity occurs around
T = 7K, at the Néel temperature of the compound. A similar
behavior was observed for other magnetic reflections. No
hysteresis was detected in the “order-disorder” transition.

Two solutions of the magnetic structure providing the
best fit with the experimental data were obtained within
the monoclinic centrosymmetric Shubnikov group C.2/c.
The two corresponding magnetic space groups, C.2/c and
C.2/c+(0 0 1/4), differ in the origin position. The resulting
magnetic structure models cannot be distinguished from the
refinements as they both give almost identical R values. The
two possible magnetic structures are compared in Fig. 8 with
only the Dy atoms displayed for clarity. For this figure we
used an orthorhombic unit cell with parameters ag = 8.740 A
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FIG. 5. (Color online) 3D equal intensity surfaces in the recipro-
cal space of Dy;Ru4Al;; at T = 1.5 K. The reconstructed volume was
completed with its symmetrically equivalent orientations employing
the Laue symmetry of the structure.

FIG. 6. (Color online) Nuclear reflections in the (240) plane (top
figure) and magnetic satellites in the (& h 1/2) plane (bottom) at
T=15K.
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FIG. 7. Temperature dependence of the intensity of the magnetic
reflection (5/2 —5/2 1/2).

bo = 15.139 A, and co = 18.997 A related to the original
hexagonal basis by the equations ag = ag,bo = ag + 2by,
and ¢g = 2cy. This nonstandard setting (the monoclinic axis
is oriented along ag) has been chosen to keep consistency
with magnetic measurements. In this setting the magnetic
symmetries are alternatively described by the nonstandard
Shubnikov symbols 7.2/c and I.2/c 4+ (00 1/4).

The magnetic structure of Dy;Rus Alj; is noncollinear, with
the magnetic moments not confined to any high-symmetry
crystallographic directions. Each Dy atom carries an ordered
magnetic moment, and the magnetic structure refinement
yielded close values of the magnetic moment Mpy, at
T = 1.5 K, nearly 10ug, for all Dy atoms. As seen from
Figs. 8(b) and 8(d), the vertical layers of the Dy atoms lying
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FIG. 8. (Color online) Two possible magnetic structures of the
Dy;Ru4Al;; compound: (a) C.2/c and (c) C.2/c + (00 1/4), and [(b)
and (d)] the view of their (ac) plane. The structures are represented
within an orthorhombic unit cell. For clarity only the Dy atoms are
shown.

PHYSICAL REVIEW B 90, 094405 (2014)

on the faces of the parallelepiped and the vertical layer in
the middle have the magnetic moments confined to the (bc)
plane as there is no projection onto the a axis. For the space
group C.2/c [C.2/c+(00 1/4)] these moments form the angle
of 50.5° (52°) with the ¢ axis and 39.5° (38°) with the b
axis. The magnetic moments of the rest of the Dy atoms do
have projections onto the three perpendicular directions. The
corresponding components of the magnetic moments make the
following angles with the a, b, and ¢ axes: 53.5° (50°), 89°
(89°), and 36.5° (40°), respectively. Thus, for both possible
magnetic structures the largest component of the Dy magnetic
moments is the one projected onto the ¢ axis.

In the presented orthorhombic structure four horizontal
layers of Dy atoms can also be distinguished. To the left
of Figs. 8(a) and 8(c) the net magnetic moments within
each layer are shown. In the structure having the symmetry
1.2/c the upper and lower layers give a net ferromagnetic
component pointing to the lower left corner of the displayed
orthorhombic unit cell. The two layers in the middle give the
same ferromagnetic component but it points to the upper right
corner. In the structure with the shifted origin, 1.2/c4+(00 1/4),
the same ferromagnetic components are formed by the two
upper and two lower layers. Again, they point in the opposite
directions. Thus, the net magnetic moment of the whole
structure is zero, in accordance with the magnetization data
that indicate an antiferromagnetic state of Dy;RusAl;;.

A refinement of a magnetic moment on the Ru atoms
was also attempted using the same Shubnikov groups. This
increased the number of parameters refined from 6 to 30 but
no significant improvement of the R factor was detected. This
allows us to conclude that the moment of Ru (if any) is less than
0.5, which corresponds to the error bars of our refinement.

C. Specific heat

The temperature dependence of the specific heat C,, of the
Dy;RusAl;; single crystal is shown in Fig. 9(a). The sharp
maximum at Ty = 7 K indicates the phase transition from the
antiferromagnetic to the paramagnetic state [see also lower
inset in Fig. 9(a)]. In order to study the nature of the transition
more thoroughly, the temperature-time relaxation curve was
followed for a heat pulse [red curve in Fig. 9(b)] driving
the sample above 7y. Both the heating and cooling regimes
display plateaus [black curve in Fig. 9(b)] which are a feature
of transitions involving latent heat.

The temperature dependence of the specific heat may be
described by the expression

Cp = Cq + Cph + Cmagn (2)
that represents the electronic Ce; = y T, phonon Cpy = ﬂT3
[described by Eq. (3) below], and magnetic Ciagn contribu-
tions.

Since the “order-disorder” transition occurs for
Dy;Ru4Al;; at a rather low temperature, the electronic
contribution to the specific heat cannot be determined
precisely. An approximate value of this parameter, y(0),
can be found by extrapolating to zero the linear part of the
C,/T(T?) function just above the transition [upper inset in
Fig. 9(a)]. The thus determined value of y(0) is about 500 mJ
mol~! K2, The strongly enhanced y(0) in comparison with
y for YsRu4Alj,, also shown in the upper inset in Fig. 9(a),
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FIG. 9. (Color online) (a) Temperature dependence of the spe-
cific heat of Dy;Ru,Al,,: total measured and calculated nonmagnetic
part. The lower inset shows the C,(T') function for Dy;Ru4Al,,, and
the upper inset shows the C,/T(T?) function for Y;RusAl;, and
Dy;RusAlyj; in the vicinity of Ty = 7 K. (b) The time dependence
of power P supplied to the sample (red) and the temperature-time
relaxation curve (black) around Ty of Dy;Ru4Al;,. The shaded areas
indicate the arrests due to the latent heat at the phase transition.

points to an additional contribution to the 7T'-linear specific
heat term. A high y(0) value, ~600 mJ mol~! K2, was also
reported for the U-based compound, UsRusAl;, [20].

In order to explain the effective mass enhancement
in Dy;Ru4Al;, we consider three main mechanisms: (a)
electron-phonon interaction, (b) electron-magnon interaction,
and (c) spin fluctuations.

In principle, the electron-phonon effects can be excluded
as the primary origin of the observed mass enhancement since
Dy;Ru4Al;; and YsRusAlj, have the same crystal structure
with very close values of the lattice parameters, and their
molar masses, 1216 and 995 g/mol, respectively, differ by
only about 20%. Nevertheless, as the phonon dispersion
relation depends on the mass of the vibrating atoms, the mass
differences between Y and Dy might give rise to a different
contribution to the electron-phonon interaction between the
two compounds. The electron-magnon interaction is also
very unlikely to lead to the high y(0) value in Dy;RusAly>,
as follows from a comparison between the Sommerfeld
coefficients of pure Dy and Y: y = 4.9 mJ mol~' K2 [31] and
y=79m] mol~' K=2[32], respectively. Since the difference
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between the two y values is small, the presence of a magnetic
order in Dy does not significantly affect the electronic effective
mass in comparison with Y.

The third proposed mechanism takes into account exchange
interactions in Dy;Ruy4Al;>. The magnetic order in this system
is mediated by the indirect 4 f-4f exchange coupling. It
is known to proceed via the intra-atomic 4 f-5d and inter-
atomic 5d-5d exchange interactions between spin-polarized
5d electrons of neighboring atoms [33]. As regards the 4d-4d
exchange interaction within the Ru sublattice, it should not be
sufficiently strong to induce the 4d-band splitting. However,
the exchange field acting from the Dy 4 f shells may induce
magnetic moments and/or spin fluctuations in the Ru 44 elec-
tron subsystem through the 4 f-5d-4d-5d-4 f mechanism and
the 4d-5d hybridization. Therefore, the 4d electrons may be
involved in the exchange interactions, thus affecting physical
properties of Dy;RusAlj, despite the absence or a very low
value of the Ru magnetic moment (the neutron diffraction data
do not allow us to detect an ordered moment on Ru; see above).
The spin fluctuations in the 4d electron subsystem should give
an additional contribution to the specific heat.

In fact, an enhancement of the electronic effective mass was
earlier observed in binary R-Rh and R-Ni compounds [34,35].
In particular, R3Rh, RNi, and RNi, systems with nonmagnetic
rare-earth elements are paramagnetic (see, e.g., [36—38]). Their
y values are of the order of 10 mJ mol~! K~2 [34,35].
The presence of a magnetic rare-earth component stabilizes
a magnetic order in these systems. Due to an exchange field
acting from the Gd subsystem on the d electron subsystem of
Rh the electronic contribution to the specific heat of Gd;Rh
increases by an order of magnitude [34]. In the GdNi and
GdNi, compounds the Ni atoms were found to carry an induced
magnetic moment ~0.1up [39-41], and just as strong en-
hancement of y was observed [35]. Spin fluctuations induced
by the f-d exchange interaction were considered responsible
for the additional contribution to the T -linear specific heat.

The magnetic contribution to C, of Dy;RusAl;; was
determined by subtracting the nonmagnetic part, Cej + Cpp,
from the total specific heat. For the electronic contribution,
Ce = yT, the value y = 32 mJ mol~' K2 for Y3Ru4Al;,
was used [see upper inset in Fig. 9(a)]. In order to calculate the
phonon contribution, the Debye function was implemented:

T 3 ,0p/T xéet
Con(T) =9Nkg| — ——dx, 3
ph(T) B<® ) /0 R 3)

D

where N is the number of atoms per formula unit (N = 19) and
O®p is the Debye temperature. Although one has to take into
consideration that Y has a significantly smaller atomic mass in
comparison with Dy, which might account for underestimation
of the lattice contribution to the specific heat in the case of
Dy;RuyAl,, its Debye temperature might be rescaled to better
reflect the lattice dynamics. The ®p value for Dy;Ru4Al;; can
be derived using its molar mass m and unit cell volume v and
those of Y;RusAl;:

Op(Dy3;RuyAlpp)
©p(Y3RuyAlyn)

1/391/2
_ |:< MY;RuAlL )( UY;RuyAlp ) :| (4)
mDy3RU4A1]2 UDy3Ru4A112
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An assumption behind the validity of this equation is that
the binding forces in the R3RusAl;, compounds vary roughly
as v 173, Using ®p = 476 K for Y;RusAlj;, we obtained
®p = 431 K for Dy;RusAlj;. The resulting magnetic
contribution to the specific heat of Dy;RusAl;, is seen in
Fig. 9(a) as the difference between the measured (black) and
calculated (pink) curves.

The magnetic entropy gain at the Néel temperature is
estimated to be Sppe = 13 J mol™' K™!' for Dy;RusAlj,.
This value is of course much lower than the expected value,
Smag = 3R In2J+1) = 69 ] mol~! K~! (J = 15/2 for
Dy). The Kramers character of the Dy ion implies a
splitting of the J = 15/2 ground state multiplet into eight
doublets by crystal-field interactions. An internal molecular
field or external magnetic field induces a Zeeman splitting
of the doublets. If only the lower doublet is involved in the
formation of a magnetically ordered state in Dy;Ru4Al;,, the
magnetic entropy gain at 7 = Ty should reach a value of
3R In(2) = 17.3 J mol~' K~!. Together with crystal-field
effects the huge difference between Sma, and Sjie can be
attributed to the presence of short-range correlations between
Dy moments well above Ty. Moreover, Dy alone cannot
account for the total magnetic entropy that is estimated to be
95 J mol~! K~!, higher than Siag- This suggests an additional
contribution to the magnetic entropy which we attribute to Ru,
in accordance with the analysis above.

Despite a rather high magnetic moment in UzRusAl;,,
2.5 up per U atom, the compound displays a weak A-type
anomaly at Ty = 9.5 K [20]. Consequently, the estimated
magnetic entropy at the Néel temperature is very low,
Smag = 1.3 mol~! K~!. The reason is not clear. For the
Dy;Ru4Alj; compound, being a localized system with an
ordered magnetic moment of 10up per Dy atom, Sy, at
T = Ty is an order of magnitude higher.

D. Electrical resistivity

The temperature dependence of the electrical resistivity
p(T) of Dy;RusAl;; is presented in Fig. 10 for two current
flowing directions, [100] and [001]. At T = 2 K the resistivity
has typical metallic values not exceeding 30 n$2 cm. The
transition into the disordered state is accompanied by an abrupt
stepwise increase in the electrical resistivity (see also inset in
Fig. 10). Above the transition the p(T') curve displays metallic
behavior. It can be well described by the Bloch-Griineisen-
Mott expression [42]

T 5
0 = po1 + C®D(®_D)

Op/T x5
X f - = _KT? (5)
0 [e¥ — 1][1 —e™™]

where py; is the resistivity just above the phase transition, the
second term (Bloch-Griineisen formula) represents the scat-
tering of conduction electrons on thermally excited phonons,
and the third term describes s-d interband scattering. The
fits are also shown in Fig. 10, and the fitting parameters are
given in Table III. The large discrepancy between the Debye
temperatures determined for Dy;RusAl;,; from specific heat
and resistivity measurements should result from limitations of

PHYSICAL REVIEW B 90, 094405 (2014)

150 : : , . .
Dy,Ru,Al,, ‘
—o— experiment, 1| [100] &
—— fit, /]| [100] s
| —O— experiment, /|| [001] S
100 —— fit, /]| [001]

----------
¢ ccs55 D

e 77

& 5

p =

&

& 0
ST

e

p (uQ cm)

50

16 20

0 100 200 300
T (K)

FIG. 10. (Color online) Temperature dependence of the electrical
resistivity of Dy;RuyAl,,. The inset shows the p(7') functions in the
vicinity of Ty = 7 K.

the Bloch-Griineisen model since it does not consider umklapp
processes and allows coupling of electrons with longitudinal
phonons only. Furthermore, the existence of other scattering
mechanisms cannot be excluded.

E. Magnetoresistance

Figure 11 shows longitudinal and transverse magnetoresis-
tance Ap/p of the Dy;RusAlj; single crystal. The majority
of the field-induced magnetization jumps (see also Fig. 2) are
accompanied by large positive magnetoresistance. The effects
are much larger for I || [100] (Ap/p ~ 80% in the longitudinal
and ~125%-140% in the transverse geometry) than for
I | [001] (Ap/p ~ 50% in both geometries). For both current
directions, at the low-field transitions the magnetoresistance is
smaller in the longitudinal than in the transverse geometry. It is
also interesting to note that the second field-induced transition
along the [120] direction that occurs at 7 T is not seen on the
Ap/p(H) curves. It leads us to assume that at this transition
the magnetic structure of the compound undergoes relatively
small changes in comparison with the other transitions,
which is supported by a much smaller magnetization jump,
~2.5 pup/f.u. Much smaller magnetoresistance was reported
for UsRusAlj, [20]. Large positive magnetoresistance was
also observed in other antiferromagnetic compounds RGa;
(R-Ho, Dy) (Ap/p up to 70% [43]) and RsSiz (R-Tb,

TABLE III. Parameters used to fit the R(T) curves (Fig. 10)
according to Eq. (5).

Lo1 c
(uem) (uecm K™ Op(K) K (107 u2cm K)
1] [100] 48 1.42 294 7
r1oo1] 42 0.85 341 4.4
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FIG. 11. (Color online) Magnetoresistance of the Dy;Ru4Al;,
single crystal in the longitudinal and transverse geometriesat 7 =2 K.
The black and red curves represent the data obtained in ascending and
descending fields, respectively.

Er) (Ap/p ~ T0%—160% [44,45]) with hexagonal crystal
structures.

In Dy;Ru4Aly,, there are two field intervals with different
magnetoresistance behaviors: (i) 0 < uoH < 2T where the
magnetoresistance shows drastic changes in the vicinity of the
field-induced phase transitions and (ii) uoH > 2T where the
sample is in the field-induced states with high magnetization
values. Usually, antiferromagnetic-ferromagnetic phase tran-
sitions under application of a magnetic field are accompanied
by a reduction of the resistivity owing to the disappearance of
superzones and energy gaps on superzone boundaries since,
as shown by Elliot and Wedgwood [46], the superzones result
in an increased resistivity of antiferromagnets. However, the
magnetic states induced in Dy;Ru4Alj, by application of a
magnetic field above 2 T cannot be considered as simple
ferromagnetic ones because the magnetization values do not
reach the expected value 30up/f.u. (see Fig. 2). Therefore,
one can suggest that the application of a magnetic field
along the main crystallographic directions of the Dy;RusAl;»
single crystal induces phase transitions to magnetic states
with incommensurate magnetic structures having ferromag-
netic components along the field direction and a different
periodicity in comparison with the initial zero-field magnetic
structure. Such transitions may be accompanied by a positive
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magnetoresistance. The possibility of the appearance of
incommensurate magnetic phases at low temperatures under
application of a magnetic field with a longer periodicity was
inferred by Gignoux and Schmitt [47] from the consideration
of a mean-field model which takes into account the periodic
exchange field and crystal-field effects. It is worth noting
that the Dy;Ru4Al;; single crystal in a ferrimagneticlike state
above the first metamagnetic transition along the [001] axis
exhibits an increased resistivity [see Figs. 11(e) and 11(f)]
in comparison with the initial noninfluenced state and with
the forced magnetic state with ferromagnetic components
(uoH > 2T). Neutron diffraction measurements in magnetic
fields applied along different crystallographic directions are
strongly desirable to verify the assumption about the appear-
ance of field-induced incommensurate magnetic structures in
Dy3Ru4A112.

The Ap/p(H) curves of Dy;RusAl;, in the first field in-
terval (0 < uoH < 2T) are characterized by resistivity peaks
in the vicinity of the field-induced magnetic transitions. In
these field regions there exist domains with different magnetic
structures, and the compound is in a thermodynamically stable
intermediate state (see, e.g., [48]). There are two main reasons
for an additional contribution to the electrical resistivity in
these regions. The first one is related to scattering of s electrons
on magnetic moments distributed in interphase boundaries that
play the role of magnetic defects. Their contribution is unlikely
to be large since Dy;Ru4Al;; displays a strong magnetic
anisotropy making domain walls quite narrow. As a result,
they should occupy a small volume fraction in the sample and
give a small contribution to the electrical resistivity.

A more likely reason for a large positive Ap/p effect is
different conduction electron spectra in phases with different
magnetic structures [49]. The difference in the s- f interaction
in different magnetic phases can give rise to a potential barrier
at the boundary between phases. The projections of the Fermi
surfaces at the interphase boundary plane cannot be fully
overlapped in such cases, which should lead to the reflections
of a part of the conduction electrons from a potential barrier at
the interphase boundary and to the appearance of the additional
Ap/p peaks. The maximal Ap/p value should correspond to
the maximal number of states when conduction electrons are
reflected from phase boundaries. Therefore, we can conclude
that this number is higher when the magnetoresistance of
Dy;Ru4Alj; is measured in the transverse geometry than in
the longitudinal. The anisotropy in the Ap/p behavior in the
intermediate state can be caused by a different orientation
between the current direction and interphase boundaries and
also by anisotropy of the Fermi surface. Pronounced peaks
of the magnetoresistance were observed at the metamagnetic
transitions in ErGa; [49], Tb3Co [49], Dy;Co [50], and in some
RNiGe; compounds [51] in the field intervals where phases
with different magnetic structure coexist.

A strong dependence of the magnetoresistance behavior
on the relative orientation of magnetic field, electric current,
and crystal axes in Dy;RuyAly; is clearly seen from Figs. 11(e)
and 11(f) which display the Ap/p(H) dependencies measured
in a magnetic field applied along the [001] axis with the current
directed along the [100] and [001] axes, respectively. The
magnetoresistance curve measured in the transversal geometry
(I | [100], H || [001]) shows a sharp peak which corresponds
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to an intermediate state where a ferrimagneticlike phase and
a noncollinear ferromagneticlike phase coexist, while in the
longitudinal geometry, the Ap/p peak in the same field
interval is not observed. It should be noted that the peaks
in Ap/p measured in the transversal geometry [Fig. 11(e)]
have different heights in the intermediate state in ascending
and descending fields. It can be explained by differences in
the domain structure of the sample, in particular, by different
domain size, number, and orientation of interphase boundaries
from which conduction electrons are reflected.

IV. DISCUSSION AND CONCLUSIONS

In the hexagonal crystal structure of the Dy;RusAl;,; com-
pound, the Dy atoms are accommodated in distorted kagome
nets. Although such a structure favors geometrical frustration,
Dy;Ru4Al;, displays long-range magnetic order due to ad-
ditional contributions to the total free energy present in the
system. Nevertheless, some distinctive features of frustration
are evident. The origin of the complex electronic properties of
Dy;Ru4Aly; either lies directly in the 4 f electronic shells or
involves specific interactions which involve these shells.

The exchange interactions among various Dy** ions
in Dy;RusAl;; are of the Ruderman-Kittel-Kasuya-Yosida
(RKKY) type and have an oscillatory long-ranged character.
Different Dy atoms are involved in the exchange interactions
to different extents since they reside on distorted kagome
lattices. Another important contribution to the system’s free
energy comes from the electrostatic interaction between the
crystalline electric field and the anisotropic 4 f electronic
orbitals of Dy. The magnetic structure is the result of
a compromise between the exchange interactions and the
crystal-field-induced anisotropy [8,52].

In an applied magnetic field, the total free energy includes
an additional contribution, the Zeeman energy. As the magnetic
field increases, the energy minimum corresponds to a different
magnetic structure, which is reflected in field-induced rotations
of magnetic moments. In this situation, the geometrical
frustration plays the principal role in defining the magnetic
structure of the compound. The field-induced magnetic phases
cannot be considered as simple ferromagnetic since their mag-
netization is not equal to the forced ferromagnetic saturation,
30ug /f.u. The magnetoresistance study strongly supports this
assumption and suggests the existence of incommensurate
magnetic structures in the external field.

Dy;RuyAl;, exhibits strong interactions between the lo-
calized 4 f electrons and the electrons that participate in the
formation of conduction bands. This is evidenced by (i) the
induction of spin fluctuations in the Ru 4d subsystem and (ii)
the existence of a potential barrier at interphase boundaries for
s electrons in applied magnetic field. The former is reflected
in the strongly enhanced electronic effective mass, while the
latter leads to the large positive magnetoresistance.

Further, the question of the order of the phase transition at
the Néel temperature should be addressed. The sharp symmet-
rical peak in the specific heat [Fig. 9(a)] and the discontinuous
change in the electrical resistivity (Fig. 10) imply that the
order-disorder transition in Dy;Ru4Al; is of first order. Very
similar variations of C,(T) and R(T) were observed at the
first-order transition in, e.g., ErCo, [53]. Further evidence can
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be obtained from the temperature dependence of the intensity
of the magnetic reflection (5/2 —5/2 1/2) of Dy;Ru4Al;»
(Fig. 7). The intensity falls down steeply at T = Ty, which can
be considered a discontinuous change in the order parameter.
The temperature evolution of other magnetic reflections was
studied as well and found to behave similarly. By contrast,
in the case of a second-order phase transition at 7 = Ty one
would expect to observe a A-type anomaly in C, and a smoother
change of the electrical resistivity and magnetic intensity. It is
known that the PPMS device used for C, measurements might
not provide the adequate shape of C,, through first-order phase
transitions since it does not account for the latent heat [54].
However, the temperature-time relaxation curve [Fig. 9(b)]
displays arrests (shaded areas) on both the cooling and heating
intervals, due to the latent heat at the phase transition. Thus, the
raw specific heat data yield a conclusive proof of the first-order
transition at Ty of Dy;RusAly;.

Using the results obtained in the present work, one may pro-
vide an alternative interpretation of some electronic properties
of UsRuyAlj; and analyze those unexplained in Ref. [20].
The relatively weak magnetic anisotropy, unexpected for a
uranium intermetallic compound, requires a magnetization
study in fields above 5 T used in Ref. [20]. The complex
magnetic structure of U3;RuyAlj; may provide a hint for a
nontrivial behavior of the magnetization as a function of field,
and field-induced transitions may be expected from the initial
antiferromagnetic towards the forced ferromagnetic state.

The high y(0) =~ 600 mJ mol~! K=2 found for UsRusAl,,,
comparable with y(0) = 500 mJ mol~! K2 for Dy;RusAlj,,
may originate from the polarization of the Ru 4d electronic
states by the exchange field acting from the U 5 f electrons.
This is supported by the fact that the 5 f electrons are to a great
extent localized in UsRu4Al;,, which follows from the high
magnetic moment per U atom, 2.5 ug.

Additionally, UsRu4Al;; and Dy;RusAl;, display different
behaviors of the magnetoresistance. While for Dy;RusAl;,
Ap/p > 0in both longitudinal and transverse geometries, for
UsRuyAly; in the transverse geometry the sign of Ap/p de-
pends on the direction of current flow: Ap/p < Ofor I || [100]
and Ap/p > O for I || [001]. In Ref. [20] this is explained by
the existence of a spin density wave. Although this is a possible
reason, an additional interpretation should be considered,
namely, that magnetic field changes the periodicity of the mag-
netic structure in the opposite way along the basal plane and
the hexagonal axis. Moreover, the interaction of the conduction
electrons with the 5 f magnetic moments should not be ignored
in view of the results obtained for Dy;Ru4Al;,. Last but not
least, the largest absolute magnetoresistance effect attained in
fields up to 8 T is about 10% for Us;Ru4Al;,, whereas for
Dy;RuyAly; it is more than by an order of magnitude higher.

While this discussion explains qualitatively some physical
properties of UsRuyAlj,, the issue of the orientation of the U
magnetic moments outlined in the Introduction requires more
experimental and probably theoretical work.

In conclusion, magnetic, thermal, and transport properties
of a kagome lattice antiferromagnet Dy;Rus Al (Ty = 7 K)
have been studied. A complex balance between the RKKY
exchange interactions and the crystal-field-induced magnetic
anisotropy results in a noncollinear magnetic structure with
a propagation vector (1/2 0 1/2). The antiferromagnetic-

094405-10



ELECTRONIC PROPERTIES OF A DISTORTED KAGOME ...

paramagnetic phase transition is of first order as indicated
by the anomalies in the specific heat and resistivity as well
as by the rapid fall in the intensity of magnetic reflections
at T = Tn. Despite the localized Dy magnetism, a strongly
enhanced y coefficient in the low-temperature specific heat,
500 mJ mol~! K2, has been found. This might be explained
by the presence of spin fluctuations induced in the Ru 4d
subsystem by the f-d exchange. Along the principal crystal-
lographic directions of Dy;Ru4Alj, magnetization jumps have
been found. Changes in the magnetic structure at the jumps
affect the conduction electron spectra and are accompanied by
large positive magnetoresistance.
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