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Low-temperature properties of the S = % spin system Yb3;RuyAl;, with a distorted
kagome lattice structure
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We have synthesized single crystals of ternary intermetallic Ybs;RuyAlj; with a distorted kagome lattice
structure, and investigated the low-temperature resistivity, specific heat, magnetization, and magnetic phase tran-
sitions. YbsRuyAl,; is the first 4 f system that has a Gd;RusAlj,-type crystal structure where antiferromagnetic
interaction acts on the spin. The crystal electric field (CEF) ground state of this compound is determined as a well
isolated twofold degenerate state that is subjected to a strong easy-plane-type magnetic anisotropy. In the present
study, the spin system of YbsRu4Al,; is regarded as an AFM XY model of S = 1/2. This compound undergoes
successive magnetic phase transitions at 1.5 and 1.6 K, and the resistivity exhibits 72 behavior below 1 K. The
ratio of the coefficient of the T2 term in the resistivity A, and that of the electronic specific heat coefficient y,
deviates from the Kadowaki-Woods (KW) law. The successive phase transitions and low-temperature properties

of Ybs;Ru,Alj, where geometrical frustration and heavy fermion behavior occur are discussed.
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I. INTRODUCTION

There has been much effort on research into frustrated spin
systems for more than a half century. Within the last two
decades, the focus has also been on rare-earth compounds,
such as magnetic pyrochlore oxides and heavy fermion
compounds [1,2]. Among these, Yb compounds are attractive
in that they exhibit various quantum spin states that reflect
their crystal and electronic structures. For example, YbsAs;
is a mixed valence compound with a very low carrier density
in which the mean valence of Yb ions is 2.25 [3,4]. This
compound is known as a one-dimensional spin system. YbsAss
undergoes a charge order with a decrease in temperature,
which is associated with the cubic to trigonal structural phase
transition at around 295 K. In association with this transition,
magnetic Yb*>* ions form into four chains along the (111)
direction, while other Yb ions assume a nonmagnetic divalent
state [5]. The ground multiplet J = 7/2 of the Yb*' ions
splits into four doublets in the crystal electric field (CEF). In
Yb,Ass, the exchange interaction between the CEF doublet
ground state is effectively expressed by the isotropic S = 1/2
antiferromagnetic (AFM) Heisenberg model [6]. Actually, the
dispersion relation of neutron inelastic scattering peak of
Yb,As; is well explained by the S = 1/2 AFM Heisenberg
chain [5,7]. For another example, the hexagonal low carrier
compound YbAI;Cs, Yb** jons form two-dimensional (2D)
S = 1/2 triangular lattices in the ab plane [8,9]. A slight
deformation of regular triangular lattice of Yb ions occurs
in association with the structural transition from hexagonal to
orthorhombic at 77 K [10,11]. The spin of the ground CEF
state forms a spin-dimer state with the spin at a neighbor
site [8—10,12]. The ground state of the dimer state is a
nonmagnetic singlet and an triplet excited stays 15 K above.
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YbAI;C3; shows no magnetic ordering down to at least 40 mK
in the absence of a magnetic field, but AFM ordering is induced
by a magnetic field.

In metallic Yb compounds, Ruderman-Kittel-Kasuya-
Yosida (RKKY) interaction acts on the magnetic ions via
conduction electrons. This interaction often coexists with the
Kondo effect through a wide range of Yb ion concentration.
To date, a considerable number of Yb compounds have been
identified as heavy fermion antiferromagnets (HFAFMs) [13].
Among them, several compounds are regarded as frustrated
spin systems due to their geometrical structures. For example,
YbPtIn and YbAgGe are HFAFMs that have a hexagonal
ZrNiAl-type structure where Yb ions form a kagome-like
lattice [14,15]. The enhanced electronic specific heat coeffi-
cient, yy, is estimated to be 430-740 mJ/(mol K?) for YbPtIn
and 200-370 mJ/(mol K?) for YbAgGe [14,16-18]. The
resistivity of YbPtIn exhibits 72 behavior below 1 K at zero
magnetic field, while YbAgGe shows Fermi liquid behavior at
high fields [16,19]. Both compounds have complex magnetic
phase diagrams at low temperatures [14,16,18,20]. Mossbauer
absorption results indicate a partial disorder of Yb moments in
YbPtIn, while it suggests ordered moments with a modulated
amplitude in YbAgGe [16]. The multiple phase transitions and
nonuniform amplitude of ordered moments are indicative of
frustration in these spin systems.

The RE3;RusAl;; (RE: rare earth) ternary intermetallic
compounds crystallize in a hexagonal structure of Gd;RusAlj,
type, where the RE-Al layers and nonmagnetic Ru-Al layers
stack alternately along the c¢ axis [see Figs. 1(a) and 1(b)]
[21,22]. This crystal structure belongs to the P63 /mmc space
group. In the RE-Al layer, RE ions construct a distorted
kagome lattice composed of two different sized regular
triangles and hexagons with unequal sides [see Fig. 1(c)]. The
local symmetry on the RE site belongs to mmc. According
to magnetization measurements, LazRu4Al}; is paramagnetic,
while Pr;RusAlj; and Nd;RuyAlj, are ferromagnetic [23].
CesRuyAly; is considered to be a valence fluctuation system
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FIG. 1. (Color online) (a) Crystal structure of Yb;RusAl;,. The
red (large), blue (small), and light green (middle) spheres denote Yb,
Ru, and Al ions, respectively. (b) Crystal structure of Ybs;Ru,Al;,
projected parallel to the ab plane. (c) Structure of a Yb-Al layer in
Ybs;RusAly; projected along the ¢ axis over a wide range. The red
(larger) and light green (smaller) spheres denote Yb and Al ions,
respectively. The dotted rhombus displays the single unit cell. The
bonds (red, solid lines) are drawn between nearest and second nearest
Yb ions.

from the measured lattice constants [21]. UsRusAlj; is an
AFM compound with a Néel temperature Ty of 9.5 K [24].
The electronic specific heat coefficient yy of UsRusAlj;
is enhanced to 200 mJ/(mol K?), which implies a heavy
fermion state. Although the range of the RKKY interaction
is typically long, it is shortened by the Kondo effect due to
the screening of magnetic moments and magnetic scattering
of the conduction electrons. In such a situation, the short-range
crystal structures, such as the triangular structure of Yb ions or
layered structures of the lattice, may have a significant effect
on the low-temperature properties and on the ground states of
these spin systems.

In the present paper, we investigate the low-temperature
properties and magnetic phase transitions of YbsRusAl;,. We
have succeeded to synthesize single crystals of YbsRusAlj,
and polycrystals of the LuzRusAl;; reference system. In
most metallic Yb compounds, the RKKY interaction is much
weaker than the CEF. Therefore the magnetic anisotropy in
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Yb compounds at low temperatures is strongly dependent on
the ground CEF state through the strong spin-orbit (L — S)
coupling. When the magnetic anisotropy of the state is a very
strong easy-plane type, the directions of the spins are limited
in the plane. Based on this anisotropy by the CEF, the RKKY
interaction acts on the spins as a perturbation, and as such, the
spin system is regarded as an XY model. On the other hand,
when the anisotropy is a strong easy-axis type, it is regarded as
an Ising model. A brief report of this study has been presented
at a conference [25].

II. SAMPLE PREPARATION AND EXPERIMENTAL

Ru was prereacted with Al using an arc furnace. The
Ru-Al compound obtained was crushed and placed into
tungsten crucibles with Yb pieces. The crucibles were sealed
under high vacuum using an electron beam welding method.
Single crystals of YbsRu4Al;, were then grown by the
Bridgman method and cubic single crystals with a size of
a few millimeters were obtained. The crystal structure of this
compound was determined using x-ray diffraction to be the
same as that of GdsRusAlj; [21]. The a- and c-axis lattice
constants obtained for YbsRusAl;, were 0.8732 and 0.9488
nm, respectively. For estimation of the phonon contribution to
the specific heat, LusRu4Alj, polycrystals were prepared using
the arc furnace. The crystal structure of this compound is the
same as that of GdsRu4Al,. The a- and c-axis lattice constants
were determined as 0.8736 and 0.9476 nm, respectively.

The electrical resistivity was measured using the conven-
tional dc four-terminal method. Measurements of the specific
heat were performed using a thermal relaxation method
with a commercial instrument (PPMS-9, Quantum Design
Inc.). The magnetization was measured with a supercon-
ducting quantum interference device (SQUID) magnetometer
(MPMS, Quantum Design Inc.) above 1.8 K and with a
homemade Faraday balance magnetometer below 4.2 K down
to 0.5 K. For measurements by the Faraday balance method,
a superconducting magnet including coils for gradient fields
(International Cryogenics Inc.) was used.

III. RESULTS

A. Transport properties

Let us begin by examining aspects of YbsRusAl;; as a
Kondo system. Figure 2 shows the temperature dependence of
resistivity for YbsRuysAl; at H = 0. Here, the current flows
along the a and c axes. The resistivity has InT characteristics in
therange of 5 < T < 20 K, regardless of the current direction,
which indicates the Kondo effect. The Kondo temperature Tk
is estimated to be approximately 10 K. At temperatures lower
than 3 K, the resistivity decreases with the temperature. A
break point in the resistivity for 7 || ¢ at 1.6 K suggests a
phase transition. An enlarged view of the resistivity for 7 || ¢
at low temperatures is provided in the inset of Fig. 2 on a
T? scale. The inset shows that the resistivity has 7 behavior
below 1 K, which implies that YbsRu4Al;; is a heavy fermion
compound. The solid line in the inset is a fit to the formula
o(T) = py + AT?. It shows good agreement with the data
over the range 0.33 < T2 < 1 K2. The coefficient A obtained
is 10.1 uQ cm K72,
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FIG. 2. Temperature dependence of the resistivity for
Ybs;RuyAl;; at H =0 on a InT scale. The current is directed
along the a and ¢ axes. The arrow indicates the phase transition
point. The inset shows an enlarged view of the resistivity for / || ¢
on a T? scale. The solid line in the inset is a fit to the formula
p(T) = py + AT>.

The differentials of the resistivity with respect to temper-
ature in the low field range are presented in Fig. 3. A clear
anomaly suggests that a phase transition occurs at around 1.6 K
for each field. This temperature is referred to as 75. In addition
to the anomalies at 75, there are weak inflections at slightly
lower temperatures, which is referred to as 7;. Figure 3 shows
that 7; shifts to the lower temperature side with increasing
field, while 7, remains almost independent of the field below
0.25 T. In the present paper, we refer to the phase below
T, as phase I and to the intermediate-temperature phase as
phase II. As discussed later, the successive phase transitions
are supported by the specific heat and magnetization.

The field dependence for the resistivity of YbsRusAl;, with
H || a and I || ¢ is shown in Fig. 4. Negative magnetoresis-
tivity is observed at each temperature, which is considered to
be a suppression of the Kondo effect by the field. The inset
shows an enlarged view of the data at 0.55 K. As shown in
the main panel and the inset of Fig. 4, the resistivity has flat
regions at fields lower than 0.25 T and below 1.3 K. In this
field range, YbsRusAl; is phase I. When the field is in the
range of 0.25 < uoH < 1T, the resistivity decreases rapidly
with an increase in the field. In this field range Ybs;RuyAl;,
is phase II. These two phases exhibit different response to the
magnetic field.

The differential of the magnetoresistivity with respect to the
field is presented in Fig. 5. The magnetoresistivity at 0.55 K
reveals a small step at 0.25 T and a break point at 1.1 T. These
transition fields are referred to as H, and H,, respectively.
H; corresponds to the phase I/phase II transition and H, to
the phase II/para phase transition. H; and H, display a weak
temperature dependence below 1.1 K.
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FIG. 3. Differential of the resistivity for Ybs;Ru,Al;, with respect
to temperature at low fields. The fields are directed along the a axis
and the current along the ¢ axis. Arrows indicate the phase transition
points. The origin points of the data are shifted for clarity.

B. Specific heat

The magnetic specific heat C,, of YbsRuysAlj, for H || a
is presented in Fig. 6. The specific heat of LusRuyAl;, Cry
at zero field approximately follows the formula Cp,(T) =
9.3 x 1073T + 1.5 x 10773 J /(K Lu mol) in the range 2.5 <
T < 6 K. The broken line in Fig. 6 denotes Cp,(T) calculated
by this formula. It is considerably small in comparison with the

120 T T T T T T T T
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100

80
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FIG. 4. Magnetoresistivity of Ybs;RusAl;,, where the field and
current are directed along the a and ¢ axes, respectively. The inset
shows the data for 7 = 0.55 K on an expanded scale.
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FIG. 5. Differential of the magnetoresistivity for Ybs;RusAl,
with respect to the field at several temperatures. The field and the
current are directed along the a and c¢ axes, respectively. Arrows
indicate the phase transition points. The origin points of the data are
shifted for clarity.

specific heat of YbsRu4Al;, over the temperature range shown
in this figure. For H = 0, the specific heat has a clear peak at
around 7, = 1.6 K and a long tail that extends to the higher
temperature side. This peak is an indication of long-range or-
dering and it shifts to the lower temperature side with increas-
ing field, but disappears at uoH = 1.5 T. The inset of Fig. 6
shows C,,/T for H = 0 as a function of 7" on an expanded
scale. The solid line in the inset is a fit to the formula C,,(T) =
voT + BT?, which is in good agreement with the data below
1.4 K, i.e., in phase I. The T-linear term in the specific heat
is interpreted as the electronic specific heat. The coefficient
Yo obtained is 120 mJ/(K? Yb mol), which implies a heavy
fermion state. The T2 term can be explained in terms of the
contribution of 2D AFM spin waves. The dispersion relation
of the AFM spin waves is linear (k o w) when the wavelength
is long. The contribution of 2D spin waves to the specific heat
is, therefore, expected to be proportional to square of temper-
ature [26]. Probably, the two dimensionality of the spin waves
originates from the layered crystal structure of YbsRusAl,.
To elucidate the details of these phase transitions, we
examine the specific heat in the low field range. The specific
heat of YbsRuyAlj, for H | a is displayed in Fig. 7 on an
expanded temperature scale. The specific heat at H = 0 shows
a kink at 77 = 1.45 K in addition to the peak at 7,. This
supports the double phase transitions separated even at zero
field. The field dependence of T is consistent with that shown
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FIG. 6. (Color online) The magnetic specific heat of Yb;Ru,Al,
per mole of Yb ions. The field is directed along the a axis. The inset
shows the specific heat at zero field as a C,,/ T-T plot. The solid line
in the inset is a fit to the formula C,,(T) = y,T + BT?. This figure
includes the specific heat of Lus;RusAl;; per mole of Lu ions obtained
by extrapolation of the data.

indp/dT (Fig. 3). The anomalies in the specific heat at 7} are
considerably weak in comparison with those at 7.

Figure 8 shows the temperature dependence of the magnetic
entropy S,,, at H = 0. The entropy was calculated assuming
that the phonon contribution to the specific heat of YbsRu,Alj,
is equal to that of LuzRu4Al;,. The entropy reaches S, =
RIn2 at around 20 K and has a clear shoulder, which indicates
that the ground CEF state is a doublet and the first excited
remains far above 20 K. The entropy gradually increases with
the temperature and reaches RIn8, which is expected from
the ground J = 7/2 multiplet of Yb>* at around 300 K. For
YbsRusAlj», the magnitude of CEF is much larger than that
of the Kondo temperature. The inset in Fig. 8 shows S,, at low
temperatures on an expanded scale, where S, at T, = 1.6 K is
approximately half of RIn2. Therefore, the lack of the entropy
for RIn2 expected from the ground state is released above 75.
The long tail in the specific heat for H = 0 above 2 K shown
in Fig. 6 corresponds this gradual release in entropy.

C. Magnetic susceptibility and magnetization

The magnetic susceptibility of Ybs;RusAl;; above 1.8 K
is presented in Fig. 9. YbsRusAl;, is paramagnetic in this
temperature range. The ratio of x, to x. at 1.8 K is 75. The
magnetic anisotropy in YbsRusAlj;, is very large and the ab
plane is the easy plane. The inset in Fig. 9 shows that the
magnetic susceptibility for H || ¢ does not follow the Curie-
Weiss law. x,! has a maximum at around 40 K and a minimum
at around 150 K. These features are probably reflections of the
CEF; however, the CEF states have not yet been determined.
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FIG. 7. (Color online) The magnetic specific heat of YbsRu,Al,
per mole of Yb ions in the low-field range. The field is directed along
the a axis. The origin point of the data at each field is shifted for
clarity. The data for H = 0 are taken from Fig. 6.

Figure 10 shows the expanded temperature dependence
of x~!, with x~! fitted in the temperature range of 2.2 <
T < 10 K, where the influence from excited CEF states is
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FIG. 8. The magnetic entropy of YbsRusAl; at H = 0 calculated
from the magnetic specific heat. The phonon contribution to the
specific heat was assumed to be equal to that of LusRuyAl;,. The
inset shows the entropy in the low-temperature range on an expanded
scale.
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FIG. 9. Temperature dependence of the magnetic susceptibility
for Ybs;RuyAlj; measured using the MPMS magnetometer. The field
is directed along the a (solid circles) and ¢ axes (open diamonds).
The amplitude of the applied field is 0.1 T. In this figure, the
magnetic susceptibility is presented with respect to moles of Yb.
The temperature dependence of the inverse magnetic susceptibility
of YbsRu,Aly; is presented in the inset.

negligible [27]. The solid circles in Fig. 10 are the data
for H || a and the solid straight line represents a fit to the
Curie-Weiss law, x(T) = C/(T —0,). The 6, obtained is
—1.15 K, which implies AFM interaction. The effective Bohr
magnetron is determined as peg = 4.53. The reduction in the
magnitude of the effective magnetic moment due to the Kondo
effect appears to be small in this temperature range. The open
diamonds in Fig. 10 are the data for H || ¢ and the solid curved
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FIG. 10. Expanded temperature dependence of the inverse mag-
netic susceptibility for H || a (closed circles) and H | ¢ (open
diamonds). In this figure, the magnetic susceptibility is presented with
respect to moles of Yb. The solid straight line is a fit to the Curie-Weiss
law in the range 2.2 < T < 10 K. The solid curved line is a fit to the
formula x = xo + C/(T —6,) in the range 2.2 < T < 10 K. Here,
Xo 1s the Van Vleck term, which is assumed to be constant.
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FIG. 11. (Color online) Temperature dependence of the magnetic
susceptibility M/H, for YbsRusAl;, obtained at various fields
directed along the a axis. The magnetic susceptibility is presented
with respect to moles of Yb. The magnetization is measured using
the Faraday balance magnetometer. Arrows indicate the transition
temperatures at H = 0.

line is a fit by the formula x (T') = xo + C/(T — 6,,). Here, we
assumed the Van Vleck term g is constant at low temperatures.
The parameters obtained are xo = 5.0 x 103 emu/mole, 0, =
—3.59 K and p.sr = 0.46. Probably, these values contain some
error because the measurements of magnetic susceptibility for
the hard axis are sensitive to the direction of the field when
the anisotropy is very large. However, the direction of the
magnetic moment in YbsRuyAl; is almost limited to the ab
plane at low temperatures.

The magnetic susceptibility was measured at lower temper-
atures to clarify the properties of the ordered phases. Figure 11
shows the magnetic susceptibility M/H, for YbsRusAlj,
obtained with various fields directed along the a axis. M/H
for H = 0.5 kOe increases in the paramagnetic phase with a
decrease in the temperature, and inflection points are observed
at T, and T;. Although the anomaly in the specific heat at
T, is very small, an apparent inflection point in M/H is
evident at this temperature. M/ H only has a weak temperature
dependence in the intermediate phase II, as shown in Fig. 11.
In contrast, M /H has an apparent temperature dependence in
phase I. Under the H = 5.0 kOe field, only one indication of a
phase transition is observed. However, when the field becomes
higher than 11 kOe, there is no indication of a phase transition.

Figure 12 shows the field dependence of the magnetization
for YbsRuyAlj,. The magnetization at 1.8 K shows large mag-
netic anisotropy. The magnetization for H || ¢ at 1.8 K is only
4.9% of that for H || a at 1.8 K, even at 7 T. The magnetization
at0.55 K has two anomalies at H; and at H,. The magnetization
hysteresis for H || a at 0.55 K is shown in the inset of Fig. 12,
where a small hysteresis loop is observed at H;. As shown
in Fig. 12, saturated magnetization for H || a my at 0.55 K
is estimated to be 2.3 up. The magnetic entropy mentioned
before indicates that the ground doublet state is well isolated
from the first excited state. Therefore p.s for the easy plane
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FIG. 12. (Color online) Field dependence of the magnetization
for YbsRu4Al;, represented by up per Yb ion. Fields are directed
along the a and c axes. Arrows indicate the transition fields at T =
0.55 K. The inset shows the magnetization hysteresis for H || a at
0.55 K.

is given by using m; as pegrity = v/3m;. Substituting 2.3 ug
for my, we get pesr = 4.0. This is in good agreement with the
value 4.53 obtained from the susceptibility mentioned before.

D. Magnetic phase diagram

The magnetic phase diagram for YbsRusAl;, with H || a
was determined from a summary of the measurement results
and is shown in Fig. 13. The field is directed along the a-
axis. YbsRuyAl;; undergoes two successive phase transitions
at H = 0. Phase I occupies the low-T, low-H region, and is
broken by weak fields. Phase II spreads to the intermediate
field region; and is broken by fields higher than 1.1 T. A

1-5+ T T T T T | T T T T T I T T T T T | T T T T T +
" YbsRu,Al, —
r O
i [ J
i AN
1.0_— v
E L
T L
S L
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FIG. 13. Magnetic phase diagram for Ybs;Ru4Aly, in the H-T
plane. The field is directed along the easy axis (a axis).
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weak magnetization hysteresis is observed at H;; therefore,
the phase I/phase II transition is a weak first-order transition
at finite fields.

IV. DISCUSSION

First, let us examine the characteristics of the YbsRusAl;,
spin system. The magnetic anisotropy of Ybs;RusAl;, is the
strong easy plane type. The magnetic entropy indicates that the
ground CEF state is twofold degenerate and that the first ex-
cited state stays sufficiently higher than 20 K. Figure 13 shows
that the ordered phases of YbsRusAl, disappear under high
fields. The Weiss temperatures 6, obtained from the magnetic
susceptibility has a minus sign, which indicates that the AFM
RKKY interaction acts on the spins. The magnitude of this
interaction is estimated to be in the order of 1 K from the mag-
netic susceptibility, which is much smaller than the splitting be-
tween the ground CEF state and the first excited state. As such,
the spin system of YbsRusAlj, is regarded as an AFM § =
1/2 XY-spin system at low temperatures. Very recently, Ge
et al. reported low-temperature properties of polycrystalline
RE3;RusAl; (RE=La-Nd) [28]. Regardless of the difference
in rare earth ions, some kinds of anomalies were observed in
the magnetic susceptibility, resistivity or specific heat in the
vicinity of 6 K. Ge et al. attributed these anomalies to the itin-
erant magnetism of Ru ions, which is independent of rare earth
ions basically. However, in the cases of RE;RusAl}; (RE=YD,
Lu), we could not find any indication of magnetic transitions
at around 6 K. The present study is negative to the magnetism
arising from Ru ions in these heavy rare earth compounds.

The low-temperature specific heat strongly suggests a 2D
spin excitation in phase I, which indicates an anisotropic
intersite interaction in YbsRuyAl;,. One possible explanation
for the anisotropy in this interaction is the layered structure
of this compound. The nonmagnetic layer is located between
magnetic layers, therefore, the distance between the nearest
YD ions in different layers is long. Shortening of the range
of the RKKY interaction by the Kondo effect would thus
also contribute to a reduction in the interlayer interaction.
Another possibility is the anisotropy of the band structure in
YbsRu4Al;>. However, it can be concluded that the laminated
crystal structure results in the two dimensionality of the
YbsRu4Alj;, spin system.

Ever since the finding of the Kosteritz-Thouless (KT)
transition that arises from degrees of rotational freedom,
topological order in 2D XY -spin systems has attracted much
attention [29]. When an isotropic frustration is introduced into
a 2D XY -spin system on a square lattice, a long range order is
expected to occur from the discrete degrees of freedom (Ising
type) in addition to the KT transition [30-33]. A Monte Carlo
simulation of the 2D AFM XY -spin system on a triangular
lattice suggests two phase transitions of long range chiral order
at T, and quasi long range KT order at Tkt [34]. According to
this simulation, Tkt is expected to be slightly lower than T,
and a sharp peak in the specific heat and a weak break point in
the susceptibility are predicted at 7.. A considerable number
of theoretical studies on the AFM triangular lattice support
the existence of a chiral ordered phase [35-38]. A recent
simulation on a large size AFM triangular lattice predicted
that a “spin order” occurs on the basis of chiral order at T
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(~ 0.97,), which belongs to a different universality class of
the KT phase [38]. A simulation on the 2D AFM XY model
for a “regular” kagome lattice suggests the appearance of both
chiral and KT phases [39].

In the present study, we have observed two successive
phase transitions of Ybs;RuyAlj,. These transitions show
some resemblance to the predicted chiral-KT or chiral-spin
transitions. The points of resemblance are as follows: (1) two
phase transitions occur with close temperatures at zero field.
(2) The transition at higher temperature is accompanied by
a clear specific heat peak, which indicates long range order.
(3) The magnetic susceptibility of YbsRusAl;, shows a break
point with a low folding angle at 7,. (4) The anomaly in the
specific heat at lower temperature is very small, which suggests
quasi-long-range order. There is a possibility that the phase
transitions of YbsRu4Al,; are topological. Thus microscopic
measurements are required to confirm the magnetic phase
characteristics of YbsRuyAl,.

Next, we examine the heavy fermion aspects of
YbsRuyAlj,. The temperature dependence of the specific heat
in phase I is well explained by the contribution from heavy
fermions and 2D AFM spin waves. In this phase, heavy-
fermion-like behavior is evident both in the resistivity and spe-
cific heat. The ratio A/yg is 7.0 x 107*4Q cm(K mol/mJ)?,
which is approximately 70 times larger than that expected from
the KW law [40,41]. A and yy for YbsRu4Al;, are presented
in Fig. 14. The solid line in this figure indicates the relation be-
tween A and y, expected from the KW law. For comparison, A
and yy of other typical heavy fermion compounds with twofold
degeneracy (N = 2) are also presented in Fig. 14 [42-45].
CeBg and CeAl; with AFM ordering lie near the line with

100 —r———r—rrrry ————rr 5
CeAl, —=m
0F  YoRuAl, e / ]
N{ YbRh,Si, ]
L O 4

S (oD
O 1 = //—:
G : YbRh,Si, 7 3
= s — (6T) - ]
X o1 bL YbRh,Si, -~ ]
B 4n,”
; - =—{N=8 E

Al A |
0.01 2 3 4 5678 2 3 4 5678
100 1000

7, (mJ/mol K)

FIG. 14. The coefficient A vs y, for heavy fermion com-
pounds with twofold degeneracy (N = 2). The solid and broken
lines indicate the KW relation A/)/O2 =1x1073/[(1/2)N(N — 1)]
u cm(K mol/mJ)> for N =2 and 8, respectively. Data for
Ybs;RuyAly, in phase 1 is thaken from the present results. Data for
CeBg in the AFM phase is taken from Refs. [42] and [43]. Data for
CeAl; in the AFM phase and YbRh,Si, (closed square) in the AFM
phase is taken from Refs. [44] and [45], respectively. This figure
includes the data for YbRh,Si, in the paramagnetic phase induced by
the fields H || ¢ (open circle) and H L ¢ (open square) taken from
Ref. [45].
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N = 2. YbRh,Si; is a well known heavy fermion compound
that exhibits magnetic-field-induced quantum critical phenom-
ena [45]. This compound is AFM below 70 mK at O T, and
transforms to a Fermi liquid without ordering at around 0.7 T.
YbRh;Si, is placed near the line with N = 2 regardless of
the difference in phases, as shown in Fig. 14. This compound
maintains the KW relation, even in the vicinity of the quantum
critical point. In contrast, YbsRusAl;, apparently deviates
from the line. Figure 14 contains a broken line that indicates the
KW relation with N = 8. When Tx is much larger than CEF,
the heavy fermions of Yb-compounds (J = 7/2) are situated
around this line [41]. However, Tx for YbsRusAl, is much
smaller than the CEF. The orbital degeneracy shifts the line to
the lower side, whereas the deviation of YbzRu4Al;; is directed
to the opposite side. The self-consistent renormalization theory
that stands on the itinerant electron concept predicts that the
instability in AFM leads to a deviation from the KW law [46].
According to this theory, the AFM instability increases A,
whereas it does not influence yy. We suppose that the deviation
from the KW law in YbsRu4Al); is related to the instability
that arises from geometrical frustration.

V. CONCLUSION

We have successfully synthesized single crystals of
YbsRusAlj, with a distorted kagome lattice structure and

PHYSICAL REVIEW B 91, 214426 (2015)

investigated their low-temperature properties. We have de-
termined that YbszRu4Alj; is the first compound with
Gds;RuyAljp-type crystal structure where AFM interactions
act on the spins. Strong easy-plane type magnetic anisotropy
is observed in YbszRu4Alj;, where the directions of spin
are almost limited in the ab plane. The specific heat
implies that 2D spin waves are excited in phase I. The
present results strongly suggest that the spin system of
YbsRuyAlj; is an example of the 2D AFM XY model. There
is a possibility that the phase transitions of YbsRusAlj;
are topological. However, the possibility that spontaneous
magnetic moments are generated in these phases due to
the incomplete two dimensionality is not excluded at the
present time. Microscopic measurements are thus required
for confirmation. YbsRu4Al}, has exhibited heavy fermion
behavior, both in the resistivity and specific heat; however, an
apparent deviation from the KW law is observed, which may
be related to the AFM instability arising from geometrical
frustration.
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