PHYSICAL REVIEW B 107, 205151 (2023)

Triangular Kondo lattice in YbV¢Sng and its quantum critical behavior in a magnetic field
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We report on the magnetization, specific heat, and electrical resistivity for a newly discovered heavy-fermion
(HF) compound, YbVSne, which is crystallized in a hexagonal HfFesGes-type structure, highlighted by the
stacking of the triangular ytterbium sublattice and kagome vanadium sublattice. Above 2 K, YbV¢Sng shows
typical HF properties due to the Kondo effect on the Kramers doublet of Yb** ions in the crystalline electric
field. A remarkable magnetic ordering occurs at 7y = 0.40 K in zero field, while a weak external field suppresses
the ordering and induces non-Fermi-liquid behavior. In strong magnetic field, the compound shows a heavy
Fermi-liquid state. YbVSng is represented as one of the few examples of Yb-based HF compounds hosting a
triangular Kondo lattice on which a magnetic field induces quantum criticality near zero temperature.
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I. INTRODUCTION

Research on the heavy-fermion (HF) compounds has been
an important part of strongly correlated physics in the past
few decades [1-3]. As the relevant energy scales are small
in the HF compounds, their ground states can be readily
tuned, which provides convenience in the laboratory for the
induction of quantum critical points (QCPs) through pres-
sure, magnetic field, and chemical substitution [4,5]. Quantum
fluctuation dominates near QCPs, in which highly collec-
tive excitation and exotic quantum phases emerge. The most
striking is unconventional superconductivity near an antifer-
romagnetic (AFM) QCP, which has been explored in many
Ce- and U-based HF compounds [6,7]. A ferromagnetic (FM)
QCP was reported in stoichiometric CeRhsGe4 [8] as well.

In a classical Doniach phase diagram, the competition be-
tween the Kondo effect and Ruderman-Kittel-Kasuya-Yosida
(RKKY) interaction determines the ground state of the HF
compounds [9]. While the Doniach scenario predicts a single
QCP between the AFM ordering and heavy Fermi-liquid (FL)
state, recent experimental studies revealed that it is insufficient
for describing the various quantum critical behaviors in many
HF compounds [10] because the frustration effect also plays
an important role. Studies on HF compounds hosting a geo-
metrically frustrated Kondo lattice, for example, the Ce-based
distorted kagome lattice in CePdAl [11-13] and CeRhSn [14],
have helped to build up a two-dimensional global diagram
determined by the interplay between the Kondo effect and the
strength of magnetic frustration [15-17].

Since Yb ions are more localized, or are likely to exist
as nonmagnetic divalent ions, Yb-based HF compounds are
relatively rare. The large vapor pressure of the Yb element
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makes it difficult to synthesize the compounds as well. Un-
conventional superconductivity and non-Fermi-liquid (NFL)
behavior were observed in YbAIB, [18] and YbRh,Si, [19].
The magnetic field can induce various quantum critical behav-
iors including NFL behavior and multiple phase transitions
in YbPtBi [20] and YbAgGe [21]. Studies on Yb-based HF
compounds have advanced the understanding of the NFL, the
Fermi surface reconstruction, and the global phase diagram of
HF systems [2,22].

Ytterbium-based compounds containing a geometrically
frustrated lattice are particularly interesting because the ef-
fective spin of the Kramers doublet, crystalline-electric-field
(CEF) ground state of the Yb*>* ion can be J; = 1/2. These
compounds provide fertile ground for exploring exotic quan-
tum states of matter such as the valence bond solid (VBS)
and quantum spin liquid (QSL) caused by the frustration-
enhanced zero-point motions of spins [16,23]. It was reported
that the Yb-based Shastry-Sutherland lattice in Yb,Pt,Pb is
close to an AFM QCP [24-26]. The Yb-based triangular
lattices in the insulators YbMgGaO, [27] and NaYbO, [28]
were found to be a platform for exploring the QSL physics.
On the other hand, intermetallic compounds containing a
Yb-based triangular lattice, in which both the Kondo effect
and geometrical frustration play a role, have been less ex-
plored. Theoretical studies on the triangular Kondo lattice
have suggested multiple quantum states, from various chiral-
type magnetic orderings which may bring the spontaneous
Hall effect [29,30] to the partial Kondo screening (PKS) state
in which a subset of moments form a Kondo singlet [31,32].
The discovery of Yb-based HF compounds with a triangular
Kondo lattice will provide an ideal playground for exploring
the exotic states, while the quantum control of the states will
help us to better understand the global phase diagram [33,34].

In studies on the RMngSng family [35,36], we noticed that
the HfFesGeg-type structure may serve as an ideal framework
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for bearing the Yb-based triangular Kondo lattice. The “166”
structure is highlighted by a kagome lattice of transition metal
atoms and a triangular lattice of rare earth atoms. The explo-
ration of kagome materials in the “166” family has motivated
wide interest in strongly correlated and topological physics.
The previous focus was on the novel topological properties of
the flat band and Dirac band in the kagome lattice [37—40].
Although it was unveiled that the rare earth elements play
an important role in the magnetic structure and topological
properties in kagome magnets [36], the 4 f electronic strong
correlation is less reported in the grand “166” family. Stud-
ies on YbMngSng and YbMngGeg demonstrated the valence
change and magnetic ordering of Yb ions [41-43]. There
are few reports on the physical properties of other Yb-based
“166” compounds [44,45].

We successfully grew single crystals of two new Yb-based
“166” compounds, YbV¢Sng and YbCrsGeg, in the past two
years. While a characterization for the latter will be presented
in a forthcoming publication, we present the crystal struc-
ture, magnetization, specific heat, and electrical resistivity
for YbVeSne in this paper. The existence of the RVgSng
(R =Y, Gd-Tm, Lu) family was first reported by Romaka
et al. in 2011 [46], but the physical properties of this family
were not reported until very recently. In general, RVsSng
(R = Gd-Tm) exhibit the physical properties of well-defined
4 f-local-moment-bearing, weakly interacting magnetic inter-
metallic compounds [47-51]. Our measurements on YbV¢Sng
above 2 K showed typical properties of HF compounds, in-
cluding a large electronic specific-heat coefficient and a broad
peak in the 4f part of the temperature-dependent resistiv-
ity. Moreover, we found a remarkable magnetic ordering at
0.40 K in zero field. A weak magnetic field can suppress
the ordering and induce NFL behavior. In a strong magnetic
field, the compound enters a heavy FL state with an electronic
specific-heat coefficient ¥ > 400 mJmol~' K2, Our study
reveals YbVeSng as a rare example of a HF compound hosting
a Yb-based triangular Kondo lattice. The magnetic ordering
and ground state below 0.4 K are likely nontrivial. YbV¢Sng
has the potential to be a model system for better understanding
the global phase diagram in HF physics.

II. EXPERIMENT

Single crystals of YbV¢Sng and LuVeSng were synthe-
sized via the self-flux method. The starting elements of Yb
(pieces, 99.9%), Lu (pieces, 99.9%), V (grains, 99.9%), and
Sn (shots, 99.97%) with the molar ratio R: V:Sn=1:6:
20 were placed in an alumina Canfield crucible set (CCS)
[52], which is effective at preventing samples from contacting
the silica wool, and then sealed in a vacuum silica ampoule.
To avoid there being a slight reaction between Yb and the
alumina crucible, the small pieces of Yb and V were placed
close together and surrounded by droplets of Sn. The flux
mixtures were heated to 1125 °C, allowed to dwell for 12 h,
then continuously cooled at 2 °C/h, and finally centrifuged at
780 °C to remove excess flux. The yielded crystals were thin
hexagonal plates with the dimensions 1 x 1 x 0.2 mm? [inset
in Fig. 1(c)]. Other RVSng (R = Gd-Tm) single crystals can
also be grown using this method. The samples were soaked in
dilute hydrochloric acid for a short time to dissolve the excess
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FIG. 1. (a) Crystal structure of YbVeSng. (b) Triangular and
kagome lattices formed by Yb and V atoms, respectively. (c) Mea-
sured (black pluses) and calculated (red curve) powder x-ray
diffraction patterns. The vertical blue bars are calculated peak po-
sitions. Inset: a photograph of single crystals of YbV¢Sng.

tin flux on the surface. The crystal structure was confirmed by
performing powder x-ray diffraction (PXRD) measurements
at room temperature using a Rigaku Mini-flux 600 instrument.

Resistance and heat capacity measurements were carried
out using a Quantum Design Physical Properties Measure-
ment System (PPMS). The resistance measurement was
performed using a standard four-probe method with the cur-
rent flowing perpendicular to the ¢ axis. A dilution refrigerator
(DR) unit was used to measure low-temperature resistance
and heat capacity from 0.2 to 4 K. To avoid sample heating,
an alternating current (ac) of / = 0.2 mA at a frequency of
f =33.6 Hz was used. Magnetization measurements were
carried out using a Quantum Design Magnetic Properties
Measurement System (MPMS-3) with a He-3 option. The
magnetization measurement revealed that the sample contains
about 0.07 vol % tin impurity, which contributed a small
superconducting diamagnetic signal below 4 K in a magnetic
field of less than 400 Oe. To avoid misreading the low-
temperature magnetic susceptibility in weak fields, we have
subtracted the diamagnetic signal of superconductive tin from
the raw data.

II1. RESULTS

A. Crystal structure

Most of the “166” compounds consisting of R, tran-
sition metals (T =V, Cr, Mn, Fe, Co), and germanium or
tin atoms crystallize in a P6/mmm HfFesGeg-type struc-
ture [53], including YbVSne. Highlighted by the pristine
T-based kagome and R-based triangular lattices [Fig. 1(b)],
the HfFecGeg-type structure can be viewed as an R-stuffed
CoSn-type structure, in which the R atom is caged in the
polyhedron made by 12 T and 8 Sn atoms [Fig. 1(a)]. The
stuffed R atom pushes the Sn sites at the top and bottom of
the void space away from the hexagonal center of the V-based
kagome net, leading to an alternation of stuffed and empty
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FIG. 2. Heavy fermion in YbV¢Sng above 2 K. (a) The magnetic susceptibility (red curves) and its inverse (black curves) in a magnetic
field of H = 30 kOe for H || ab plane and H || ¢ axis. The purple curves represent the result of CEF fitting, which will be discussed later.

(b) Field-dependent magnetization at 2 and 10 K. (c) Low-temperature

specific heat C,, divided by temperature, as a function of 72 in different

magnetic fields along the direction of the ¢ axis. The bottom curve represents the data for LuV¢Sng for comparison. (d) Temperature-dependent
resistivity of YbVSng and LuVeSng in zero field. Inset: Ap vs T for YbVSne with the resistivity of LuVSng subtracted, from 1.8 to 100 K,

with the applied fields H || ab plane.

cavities along the ¢ axis. Such an arrangement leads to an
extremely large nearest Yb-Yb distance (¢ = 9.1701 A) along
the crystallographic ¢ axis, while the nearest in-plane Yb-Yb
distance of the triangular lattice is @ = 5.5020 A. The lattice
parameters for YbVeSng are slightly larger than those for
LuVeSng (a = 5.5016 A and ¢ = 9.1692 A), indicating the
presence of trivalent Yb ions at room temperature.

We compare the parameters of the Yb-based triangular
lattice with those in YbAL3Cs (a = 3.399 A and ¢ = 8.56 A)
[54,55] and YbCuSi (a = 3.58 A and ¢ = 4.13 A) [56]. In the
distorted Yb kagome lattice in YbAgGe, the nearest in-plane
Yb-Yb distance is 3.664 10\, while the stacking distance is
4.14 A [57]. Apparently, YbVSng has the longest stacking
distance and a relatively large in-plane distance. We expect a
weak, anisotropic RKKY interaction between the local mo-
ments associated with the Yb3* ions.

B. Heavy fermion

Temperature-dependent magnetic susceptibility x (7)) mea-
surements were carried out on YbV¢Sng in a 30 kOe applied
magnetic field along the ¢ axis (H.) and in the ab plane (Hq)
[Fig. 2(a)]. A large easy-plane anisotropy was observed at
all temperatures. When H. is applied, x (7T') exhibits a broad
local maximum at around 45 K, followed by a slight decrease
to a local minimum at approximately 12 K, and then increases
again as the temperature decreases. In comparison, x (7') for

2051

H || ab plane does not exhibit any anomaly down to 2 K.
The anisotropic x(T') profile of YbVeSng is similar to that
observed for Yb,Pt,Pb [24] and CeCd;P; [58], indicating that
the CEF effect plays a role.

The inverse magnetic susceptibility [1/x(7)] curves are
linear and parallel to each other from 200 to 300 K when H|
and H,;, are applied [Fig. 2(a)]. We fitted this region by using
the Cu?rie-Weiss (CW) law, x(T) = C/(T — 6p), where C =
1%2“3 and 6p is the Weiss temperature. Here, Ny = 6.02 x

10 mol~! is Avogadro’s number, ug = 9.274 x 1072* J/T
is the Bohr magneton, and kz = 1.38 x 10723 J/K is the
Boltzmann constant. The results are ue‘ff 4.59 wp and 65
—47.55K for H || ¢ axis and ueff =454 up and 9},?” =
—4.75 K for H || ab plane. The obtained effective moment
agrees well with the value for the Hund’s rule ground state
of YB3, e = 4.54 g, again proving that the Yb ion is
trivalent at high temperatures. The large difference between 65
and 04° reflects large anisotropy, and we estimate the average
Weiss temperature 0p as 6p = (65 + 29?”)/3 = —19 K. The
result is negative but much larger than the Weiss temperature
for GdVeSng (7.6 K) in magnitude [47]. This large, negative
Weiss temperature is comparable to many Yb-based HF com-
pounds [1].

The magnitude of the field-dependent magnetization M (H )
for H || ab plane is four times the magnitude of M(H) for
H | ¢ axis at 2 K [Fig. 2(b)]. For H || ab, M(H) linearly
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increases up to about 5 kOe, then shows a trend of saturation,
and reaches 1.75 ug/Yb at 70 kOe, far less than the saturation
moment of the Hund’s rule ground state of Yb3* (4.0 up).

Figure 2(c) shows the specific heat for YbV¢Sng and
LuVsSng from 1.8 to 10 K, presented as C,/T versus T2
As a nonmagnetic counterpart, the specific heat for LuV¢Sng
follows the relation C,(T) = yT + B T3 at low temperatures,
where y equals 17.4 mJmol~!' K~2 and the 8 value equals
0.000542 mJ mol~! K2, which gives a Debye temperature
®p of 360 K. The y value is slightly less than that in Ref. [48].
Assuming that y mainly comes from vanadium, we notice that
the value 2.9 mJ mol vanadium ! K=2 is larger than that of
regular metals such as gold and copper (<1 mJ mol~! K—2).

The low-temperature specific heat for YbVgSng at zero
field follows the relation C,(T) = yT + BT from 3 to 10 K,
with the same value of B as in LuV¢Sng. The y value,
estimated as 411 mJmol~! K—2, meets the criteria for HF
compounds (>400 mJmol~' K~2) [1]. Below 3 K, C,/T
shows a pronounced increase as the temperature decreases.
When a magnetic field is applied along the c-axis direction,
the low-temperature C, is significantly enhanced. A broad
peak occurs at around 4 K when H = 70 kOe, and this peak
shifts to higher temperatures in a stronger field. The signifi-
cant change in C, in the magnetic field indicates that a large
part of the magnetic entropy below 2 K is released in an
external field.

We compare the temperature-dependent resistivity p(7')
for YbV¢Sng and LuVSng from 1.8 to 300 K in Fig. 2(d).
The p(T) curve for LuVeSng has the profile of a normal
metal. Its residual resistivity pp equals 15.3 u2cm, and its
residual resistivity ratio RRR = p(300 K)/p(2 K) equals 6.
The profile of the p(T) curve for YbVeSng is commonly
observed in many HF compounds [20,21]. We used Ap(T') =
pyb(T) — pLu(T) to estimate the 4 f part of the contribution,
and the result is shown in the inset. Ap exhibits a broad
maximum at 30 K, which is likely due to Kondo coherence
and the CEF effect [59]. The —log(T) dependence at high
temperatures can be attributed to incoherent Kondo scattering
in HF compounds. The resistivity is significantly suppressed
in a magnetic field at low temperatures. Taken together, the
magnetization, specific-heat, and resistivity properties demon-
strate that a Kondo lattice of Yb ions takes a role in YbV¢Sng,
but it enters neither an FL state nor a magnetic ordering state
above 2 K.

C. Magnetic transition

To unveil the ground state of YbVeSng at base tempera-
ture, we conducted heat capacity and resistance measurements
below 2 K using a PPMS DR option. We applied magnetic
fields along the ¢ axis and in the ab plane. The zero-field
specific heat displays a sharp A-shaped peak at about 0.40 K,
indicating an on-site second-order phase transition. When the
temperature falls below 0.1 K, C,, exhibits an upturn due to the
nuclear Schottky anomaly [Fig. 3(a)]. As shown in Figs. 3(a)
and 4(a), the A-shaped peak is suppressed by a magnetic
field, and a broad peak replaces it when H). = 3 kOe and
H\u, = 1 kOe, respectively. In a stronger field, the peak shifts
to higher temperatures and eventually becomes the feature
we observed in Fig. 2(c) when H). > 70 kOe. The insets of
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FIG. 3. Low-temperature specific heat for YbVeSng for H || ¢
axis. (a) Temperature-dependent specific heat in different magnetic
fields. The A-shaped peak at 0.4 K in zero field becomes a broad
peak in nonzero field. Inset: the peak position (7*) with respect to
the field. (b) The A-shaped peak changes into a broad peak in weak
magnetic fields.

Figs. 3(a) and 4(a) show that the temperature of the C, max-
imum (7*) has a linear dependence on the field, with slopes
of 0.059 and 0.272 K/kOe in H|. and H, respectively. The
linear relation suggests that the broad peak observed in both
directions is likely due to the Zeeman effect.

If we consider the broad peak as a two-level Schot-
tky anomaly, the peak position satisfies the relation kpT™* =
0.42E;, where E; = 2MH is the Zeeman energy of the
doublet in the field [13]. The estimated magnetic moments,
Mzee”‘an =0.70 up and MZeeman =3.23 up, are slightly
larger than the calculated magnetlzatlon of a Kramers dou-
blet (Mp, = 0.57 upand My, = 2.29 up, as shown below).
Moreover, the linear extrapolation of the H dependence leads
to an intercept field, H = —5.7 kOe for H || ¢ axis and H =
—1.6 kOe for H || ab plane. This negative intercept field im-
plies an FM interaction that gives an additional effective field
overlaying the external field. However, we tend to believe that
the nature of the magnetic ordering at 0.4 K is AFM, as we
will show below.

To check how the A-shaped peak evolves into a broad peak
in weak field, we conducted the measurements in fields of 500,
750, and 1000 Oe for H || ¢ axis [Fig. 3(b)] and in fields of
100, 200, and 400 Oe for H || ab plane [Fig. 4(b)]. Despite the
significant modification of the peak shape by the weak field,
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FIG. 4. Low-temperature specific heat for YbVeSng for H || ab
plane. (a) Temperature-dependent specific heat in different magnetic
fields. The A-shaped peak at 0.4 K in zero field becomes a broad
peak in nonzero field. Inset: the peak position (7*) with respect to
the field. (b) The A-shaped peak changes into a broad peak in weak
magnetic fields.

the peak center position only shifts by less than 0.02 K to-
ward zero. For a simple AFM-ordered, local-moment-bearing
material, the peak should be suppressed to zero temperature
by gradually increased magnetic field [60]. Our observation
indicates that the magnetic ordering of YbV4Sng is not a
simple AFM ordering of well-defined local moments. On the
other hand, the specific-heat change for YbVSng in magnetic
fields is similar to that of the HF compounds Ce,NiSi; [61]
and CesNi,Sis [62]. The magnetic structures of these two HF
compounds are sensitive to external magnetic field, and an FM
alignment of magnetic moments can be easily induced by a
weak field.

We subtracted the nuclear Schottky contribution Cy(T),
which is proportional to 1/72, from C, below 2 K. While
the phonon contribution can be ignored at low tempera-
tures, AC(T)/T remains unchanged below 0.4 K in zero
field [Fig. 5(a)]. The low-temperature electronic specific-
heat coefficient y = AC(T)/T|r=02x Was estimated as
2.5 Imol~! K~2. This value is much larger than the value we
estimated in the temperature range 3—10 K and comparable to
that of YbRh,Si, [63]. The magnetic entropy S, was inferred
by integrating C,/T when H). = 0 and 50 kOe, after subtract-
ing Cy(T) at low temperatures and C,/T of LuVSng, which
was treated as the phonon contribution. Noticing possible
underestimation of S,, below 0.05 K that we cannot measure,
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FIG. 5. Electronic specific heat of YbVgSns. (a) Low-

temperature C/T in zero field, after subtracting the nuclear Schottky
contribution. Inset: magnetic entropy AS,, below 10 Kin H = 0 and
50 kOe for H || ¢ axis. (b) C,/T vs T in different magnetic fields
for H || ¢ axis. The dashed lines indicate the temperature region in
which C,/T shows —log(T) dependence. Inset: C,/T at 0.2 K as
a function of field. (¢c) C,/T vs T in different magnetic fields for
H || ab plane. The dashed lines indicate the temperature region in
which C,/T shows —log(T") dependence. Inset: C,/T at 0.2 K as a
function of field.

we find that only ~15% of RIn(2) is released at Ty, where
R is the gas constant, far less than the full magnetic entropy
associated with a Kramers doublet. The Kondo temperature
Tx can be estimated by S,,(T = 0.5Tx) = 0.4RIn(2) for a
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FIG. 6. Temperature-dependent resistivity in different magnetic
fields. (a) H || ¢ axis. (b) H || ab plane. The down arrows indicate
the onset of Fermi-liquid behavior, while the up arrows indicate the
knee points. The insets are zooms in weak fields.

doublet ground state [64]. Using this formula, we obtained
a T value of 4.2 K. The inferred S,, recovers the full doublet
entropy R1In(2) at 9 K and reaches R1n(4) at 28 K and R In(8)
at 45 K. When Hj. = 50 kOe, S,, is released more slowly
below 2 K, but slightly faster above 2 K, and also recovers
RIn(2) at9 K.

Figure 5(b) shows C,(T)/T in different H). from 0.2 to
10 K. Please note that the nuclear Schottky anomaly and
phonon contribution can be ignored in this temperature range.
When Hj. < 10 kOe, C,(T)/T continuously increases as the
temperature decreases to 0.2 K. The low-temperature value
of C,(T)/T drops in higher fields and becomes invariant
with respect to temperature when Hj. > 30 kOe, indicating
an FL ground state. The inset shows the C,(T)/T values at
0.2 K with respect to the field, which can be treated as the y
values. The C,(T)/T values are in general much larger than
400 mJ mol~! K2, again indicating that the electron mass
was seriously underestimated according to the data from 3 to
10 K in zero field.

Figure 5(c) shows C,(T')/T in different Hy, from 0.2 to
4 K. Here the profile is similar to that for H|, but the magnetic
field is much weaker. The low-temperature value of C,(T)/T
becomes invariant with respect to temperature when H,, > 2
kOe, indicating that a field-driven FL ground state is more
easily accessible.

Figures 6(a) and 6(b) display p(T") for YbVeSng in mag-
netic fields applied along the ¢ axis and in the ab plane,

respectively. The zero-field p(T ) decreases linearly with tem-
perature, reaching a minimum at 0.4 K, and then shows a rise
on site. We compare the p(T) for GdV¢Sng, which exhibits
magnetic ordering of well-defined local moments associated
with Gd** ions at 5.0 K [47]. The p(T') of GdVSng is similar
to that of LuV¢Sng above 5 K and then shows a slight drop
below the ordering temperature, which is most likely due to
a loss of spin disorder scattering of the conduction electrons.
Indeed, the p(T") of RVSng (R = Gd-Ho) in general drops
less than 0.5 u€2 cm from their magnetic ordering temperature
to the base temperature [48]. This p(7") drop has much smaller
magnitude than the p(T') rise of YbV¢Sng.

On the other hand, the profile of p(7T") for YbV4Sng is
similar to that for YbPtBi [20], a classical HF system which
shows AFM ordering at 0.4 K. The rise in p(T) is a general
signature of charge density wave (CDW) transition, of spin
density wave (SDW) transition, and of AFM transition which
opens a superzone gap. It is noteworthy that our sample was
mounted on the DR cold stage with GE varnish. As explained
in Ref. [20], mounting YbPtBi samples with GE varnish can
bring local strain, which weakens the rise in p(7") during
the transition. This is possibly due to the different thermal
contraction between the sample and the cold stage, causing
stress. It is likely that a similar effect exists in YbV¢Sne, and
this requires further investigation.

We notice that p(T') is very sensitive to the fields below 0.4
K: Hygp 0f 200 Oe and H|. of 1 kOe can fully suppress the rise.
In moderate fields Hy 4, of 1 kOe and H|. of 3 kQOe, the resistiv-
ity remains intact above 1 K but significantly drops at lower
temperatures. This unusual behavior leads to a “knee point”
on the p(T) curve (shown as up arrows), below and above
which p(T') quasilinearly increases with different slopes. The
o(T) curves show T? dependence at low temperatures when
Hyap and H). are stronger than 5 and 30 kOe, respectively.
The down arrows in Fig. 6 indicate the onset of Fermi-liquid
behavior. Similar to HF compounds near the magnetic insta-
bility [65], the magnetic field strongly suppresses the residual
resistivity po of YbVgSng.

D. Non-Fermi liquid

When a moderate field suppressed the phase transition, we
observed a linear power law p(T) o« T at low temperatures
(Fig. 6), which is a feature of NFLs. As the knee points are
below 1 K in general, the linear p(7') only extends to a very
limited temperature range. This feature is unlike what was
observed in YbRh;,Si,, where p(T') linearly extends to about
20 K above the field-induced QCP [59]. On the other hand,
C,(T)/T for YbVeSng only shows —log(T") dependence in a
limited temperature range [see dashed lines in Figs. 5(b) and
5(c)]. These observations demonstrate that YbV¢Sng can enter
a quantum critical region when the transition is suppressed by
a magnetic field.

To further elaborate the transition and field-induced quan-
tum criticality, we conducted dc magnetization measurements
from 1.8 to 0.4 K (field cooling) when H || ab plane. At the
lowest temperature (0.4 K), the inverse magnetic susceptibil-
ity [1/x(T) = H/M] apparently deviates from the CW law
[Fig. 7(a)], indicating a nearby magnetic transition. Plotting
M/H with respect to log(T)/T, T~*?, and T~*? when Hy
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FIG. 7. Low-temperature magnetization. (a) H/M as a function
of T. (b), (c), and (d) M/H as a function of — log(T')/T, T~*?, and
T—473, respectively.

is 100, 200, and 400 Oe, we notice that y is linearly dependent
on log(T)/T [Fig. 7(b)] in 200 Oe, which is the critical field
suppressing the transition exactly, according to the p(7") mea-
surement. The dependence of —log(7")/T for x is consistent
with Moriya’s model for the QCP in AFM two-dimensional
(AFM-2D) systems [2]. The power laws for the QCP in
AFM-3D (x &« T73/%) and FM-3D systems (x o T3 do
not cover our observation [Figs. 7(c) and 7(d)].

IV. ANALYSIS AND DISCUSSION

The CEF leads the anisotropic x (7') which has a similar
profile to the x (T') for TmVSng and ErVeSng [48,49]. As the
Yb3* is located in hexagonal coordination, the CEF Hamil-
tonian is given as Hcgr = B30 + B0} + BYOY + BSOS,
where B} are CEF parameters and O)' are Stevens operators
[66]. The existence of Bg leads to a mix between | £ %) and

| F %) and thus gives rise to two new doublets.

ITmix,1) = cosa| £7/2) + sina| F 5/2),
ITmix,2) = sina| £7/2) — cosa| F5/2),
T3pp) =1+3/2), [Tip)=1x1/2).

The formula for the CEF magnetic susceptibility xcgr is
given by

2NAg) g0 B
XCEF = ’”TB ;mui.mze PE,

_/3Em J— _,BEn

e e

+2 Z |(m|J; 1) |* (ﬁ)
m#n n m

with B =1/kgT, Z=2%,e P, i=x,z, and n,m=
0, 1, 2, 3. Here, z is the quantization axis. The first term is the

TABLE 1. Crystalline-electric-field parameters for YbVgSne.
According to our fitting results, the doublet [T ,) = |£1/2) is cho-
sen as the ground state with £y = 0.

CEF parameters Energy separations Mixing angle
By =490K A} =28.66 K o =157°
By =1.00 x 1073 K A, = 86.87 K

BY=—-1.00 x 10°K A; =176.27K

BS = -9.63 x 107°K
Aap = —6.0 mol/emu
Ac = —0.5 mol/emu

Curie contribution to the paramagnetic susceptibility, and the
second term is the Van Vleck susceptibility [67]. Considering
the anisotropic molecular field parameters A, the total inverse
magnetic susceptibility is given by 1/x, = 1/xcEr — Aq [68].
We determined all the CEF parameters by fitting the magnetic
susceptibility data in Fig. 2(a), and these parameters are listed
in Table I. The purple curves in Fig. 2(a) represent the fitting
curves.

In the presence of a CEF, the eightfold degeneracy of the
Yb** ion is lifted and split into four Kramers doublets. The
energy separations between the excited states and the ground
state are designated as A, A,, and Aj. A schematic illustra-
tion of CEF splitting is presented in Fig. 8. We notice that the
CEF splitting is larger than the estimation from the magnetic
specific heat, which may be due to the uncertainty of the
heat capacity measurement at high temperatures. The Kramers
doublet |I';») = | &= 1/2) is determined as the CEF ground
state, and the calculated saturated magnetizations parallel and
perpendicular to the ¢ axis are

Mpyje = (P11 || 1 )gsmes = 0.5(8/T)up = 0.5T s,
Myi. = (U1 [5|Ty y)erms = 28/ T)pp = 2.29us.

The calculated My, is a quarter of My | ., which is consistent
with the anisotropy of M (H) curves at 2 K [Fig. 2(b)]. The
value of My, is close to M at 2 K in 70 kOe (0.4 up/YD)
as well. Thus we conclude that YbV¢Sng hosts a triangular
Kondo lattice in which the effective spin of the Kramers
doublet is Jegr = 1/2.

We now try to understand the ground state of YbVgSng
in various magnetic fields. When H). > 30 kOe and H)y, >
6 kOe, respectively, C,/T = y is invariant at low tempera-
tures while p(7') shows T2 dependence concomitantly, which
explicitly points to an FL ground state. We obtained the co-

E
CEF splitting
1 without cEF D
H=0,(2J+1)=8 A3 H=0
degenerate levels Uinix 2
AZ
U3
reference level LA, Ty

FIG. 8. Proposed CEF scheme for YbVSne with A} = 28.66 K,
Ay = 86.87 K, and A3 = 176.27 K.
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FIG. 9. Log-log plot of A vs y. Three sets of YbVSne data for
H = 10, 30, and 50 kOe are represented as the stars from upper right
to bottom left, respectively. The values for other representative Yb-
based compounds are from Refs. [59,63,69-73] and the references
therein.

efficient A by fitting the data of p(7) = pg + AT? in the FL
state and then plotted it as a function of y when H;. = 30,
50, and 70 kOe. The plot, known as a Kadowaki-Woods (KW)
plot [74] (Fig. 9), has included other Yb-based HF compounds
which have different degenerated ground states. The points
for YbV¢Sng are close to the line of N = 2, implying that the
Kondo screening acts on the Kramers doublet state for Yb3t,
consistent with our analysis of the CEF. The heaviness of the
effective electron mass of YbVSng is highlighted although it
has been strongly suppressed by the magnetic field.

The heavy effective electron mass indicates that the Kondo
temperature Tk is extremely low for YbVSng. We estimate
Tx by using the formula 7x = RIn(N)/y, where N is the
degeneracy (N =2 for Yb**), R is the gas constant, and
y is the coefficient of specific heat. From Fig. 5, we take
y = 2.5 Jmol~' K2 leading to a Tk value of 2.3 K, smaller
than the 4.2 K which is estimated from the magnetic en-
tropy. We think that the 7x value of 4.2 K is closer to the
observed behavior, e.g., an enhanced y value in the specific
heat is reported below 4 K and originates from the Kondo
effect. Considering that the CEF energy separation between
the ground state and other states is larger than 30 K, YbV¢Sng
can be classified as an ordinary HF system which shows a
Kramers doublet before it enters a Kondo screening state
when cooling down.

Based on the p(7T) data in various magnetic fields, we
plot a coarse T-H phase diagram for YbV¢Sng when H || ¢
axis and H || ab plane in Figs. 10(a) and 10(b), respectively.
When the magnetic ordering is suppressed by H, we observe a
linear dependence of p(T), a characteristic feature of an NFL.
However, currently, it is not clear whether the NFL region
reduces to a QCP or remains a finite range in the H axis at
zero temperature. In other words, we do not know whether
the FL region connects with the AFM region at a QCP in
zero temperature, like the phase diagram in YbRh,Si, [75],
or detaches from it, like the observed diagrams for YbAgGe
[21] and Ge-doped YbRh,Si; [76].

3
(@) YbV,Sny !
Hilc "
2 i
< y
[ ,’l
1 4
I " FL
................ »
. e = NFL
b Y
6 (b) H//ab K
<4 Y
- /
2 -'I
B FL
AFM NFL ~ :
0I- --------- I--..~
0.01 0.1 1 10 80
H (kOe)

FIG. 10. A coarse T-H phase diagram of YbVSne when (a) H ||
c axis and (b) H || ab plane. H is plotted on a log scale.

Finally, we discuss the phase transition at 0.40 K in
zero field and envisage possible ground states for YbVeSng.
The dilute R concentration and the long R-R distances
are highlighted in the “166” family, and we expect weak
RKKY interaction and low magnetic ordering temperature
for R moments. For dilute Yb-based HF compounds such as
YbT>Zn,y (T = Fe, Co, Ru, Rh, Os, Ir), the Kondo effect in
general prevails and leads to a heavy FL ground state with
no magnetic ordering down to 20 mK [73]. As other RVSng
compounds show extremely low magnetic ordering tempera-
tures [48,49], we infer that the RKKY interaction in YbV¢Sng
is very weak, because Yb has the smallest de Gennes factor
(dG = 0.32) which scales with the strength of the RKKY in-
teraction. If the de Gennes scaling plays a role in the magnetic
ordering in RV¢Sng, the Ty for YbV¢Sng shall be below 0.1 K
because GdVeSng has Ty = 5.0 K and dG = 15.75. Recent
studies showed that the 7y’s for R = Gd—Ho approximately
follow the de Gennes scaling while ErV¢Sng and TmVeSng
show no magnetic ordering down to 1.8 K [48,49]. The high
Tn = 0.40 K in YbVeSng is unexpected, because both the
Kondo effect and geometrical frustration in a triangular lattice
shall impede the long-range order and suppress the Ty instead
of enhancing it.

Because we lack magnetization measurements below
0.40 K at this point, we can only infer the nature of the
phase transition based on specific-heat and resistivity data.
Firstly, we can rule out the possibility of a spin glass state
based on the specific-heat data. The C,(T") of a classical spin
glass system manifests a broad peak around the spin freezing
temperature, and the low-temperature specific heat follows a
T" dependence (n > 1), which is quite robust under magnetic
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fields [77]. In comparison, the C,(T) of YbV¢Sns shows a
typical A-shaped peak for the second-order transition, and the
y value is easily suppressed by the magnetic field. So far,
no evidence for the existence of spin glass ordering has been
found in other RV¢Sng compounds [48,49].

A simple FM ordering is not likely the nature of the transi-
tion either. The Weiss temperatures of YbVSng are negative
in both directions, indicating that an AFM interaction prevails.
Irrespective of the magnetic field direction, the magnetic order
in YbVSng is suppressed by the presence of a magnetic field,
which is a common behavior in antiferromagnets. The suscep-
tibility for H || ab plane follows a —1log(T)/T dependence
slightly when a field-driven QCP occurs, and the power law
corresponds to the QCP of the AFM ordering in 2D systems.

Noticing that the zero-field p(T) shows a rise on site,
similar to what was observed in YbPtBi [20], it is plausible
that there exists an SDW-type AFM ordering which may par-
tially gap the Fermi surface. In a global phase diagram of HF
compounds, YbPtBi represents the system that goes from a
small Fermi surface of AFM phase (AFMs) to a large Fermi
surface of paramagnetic phase (P ), passing through a small
Fermi surface of paramagnetic phase (Ps). A Pg phase often
corresponds to spin-Peierls order, which contains a spin gap.
On the other hand, the SDW order of HF quasiparticles of the
P_ phase [33] can also cause a magnetic gap. It is not clear
what the position of YbV¢Sng in the global phase diagram is
or what the nature of the AFM transition is. Further studies
on the Hall effect and magnetoresistance in extremely low
temperatures will unveil whether and when the Fermi surface
is reconstructed in a magnetic field. Below, we discuss the
possibility of exotic magnetic ground states based on previous
theoretical works on the triangular Kondo lattice model.

In a local-moment-bearing triangular lattice, the frustration
can be overcome in a 120° magnetic structure of the in-plane
moments [31]. However, in a triangular Kondo lattice, the
frustration can be resolved by forming more exotic quantum
states. Theoretical studies suggested that in a 2D triangular
Kondo lattice, various quantum states can emerge, from the
chiral magnetic ordering of the local moments [78] to a PKS
state [31,32]. The latter has been found experimentally in
the Ce-based distorted kagome lattice in CePdAl [11] and
the U-based triangular lattice in UNiyB [79]. In a PKS state,
the 2D triangular Kondo lattice resolves the frustration by
means of forming a subset of nonmagnetic Kondo singlet sites
while the remaining magnetic sites form an AFM honeycomb
lattice. If a similar PKS state exists in YbVSng in zero field,

the magnetic ordering may be largely different from that in
other members of the RV4Sng family, and the breaking of the
de Gennes scaling is not unexpected.

Besides a PKS state, a triangular Kondo lattice can also
give rise to complex chiral spin structures and even potentially
host a skyrmion phase [78,80]. Recent studies on GdV¢Sng
suggested the existence of a noncollinear spin structure below
its Ty [47]. The triangular Kondo lattice in YbV¢Sng may
also resolve the frustration by forming those unusual magnetic
structures in the manner of the local moment. Future studies
such as ones involving magnetization measurement and neu-
tron scattering below 0.40 K will help to solve the puzzle.

Recent studies on ScVSng discovered a remarkable CDW
transition at 92 K [81] in which the vanadium electrons in
a kagome layer play a key role. It remains an open question
whether the vanadium atoms play a role in the magnetic prop-
erties of YbVeSng.

V. CONCLUSIONS

The magnetization, specific heat, and resistivity for sin-
gle crystals of YbV¢Sng show typical physical properties of
HF compounds, while a remarkable magnetic ordering oc-
curs at 0.40 K. When the ordering is suppressed by a weak
magnetic field, we observed characteristic behaviors of an
NFL, including a linear T-dependent resistivity, —log(T)/T
scale of magnetic susceptibility, and — log(T") scale of C,,/T .
YbVsSng is represented as a rare example of the HF com-
pounds bearing a Yb-based triangular Kondo lattice, while its
magnetic ground state needs further elaboration. YbVSne has
the potential to be a model system for exploring the exotic
quantum states of triangular lattices and understanding the
global phase diagram of HF compounds.
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