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We studied pressure effects on YbCus and YbInCu4, good examples of the Yb-based compounds to inves-
tigate the nonmagnetic-magnetic transition in Yb-based strongly correlated electron systems. With increasing
pressure, the low-temperature Fermi liquid state of YbCus is gradually suppressed, suggesting the second-order

like nonmagnetic-magnetic transition around the pressure of 5-6 GPa.

On the other hand, in YbInCuy

which has a pressure-induced magnetic ordered ground state above Pc = 2.45 GPa, both high-temperature
paramagnetic and low-temperature intermediate valence phases are insensitive to pressure. Our results confirm
the first-order nature of the transition between the intermediate valence and magnetic ordered phases with pressure.

PACS numbers: 71.27.4a, 75.30.Kz, 75.30.Mb, 76.60.—k

1. Introduction

The study of nonmagnetic-magnetic transitions in f
electron systems has been a topic of interest and con-
troversy because of many fascinating physical properties
around the boundary, for example unconventional super-
conductivity. There are indeed a large number of accu-
mulated studies on the Ce-based compounds, especially
the investigations crossing a quantum critical point by
using pressure or chemical substitution techniques. On
the other hand, Yb-based compounds, which are also in-
teresting due to the hole—electron analogy between the
4f13-Yb3t and the 4f1-Ce?t electronic configurations,
have been rather less investigated.

In this context, a series of YbXCuy (X = Ag, Au,
Cd, Cu, In, Mg, Pd, Tl, Zn), with the AuBes-type cu-
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bic structure (C15b), presents the opportunity to study
this topic systematically. They exhibit a broad range of
ground state, such as mixed valence, heavy fermion, and
magnetically ordered states, by changing X atoms. To
understand the ground-state properties especially in the
nonmagnetic region, the lattice parameter a seems one
of the key parameters. In Fig. la we plot the values of
a at room temperature for only nonmagnetic YbXCuy
compounds, so that a tends to increase in the order X
= Cu, Zn, Ag, Cd, In, Tl, and Mg. In the figure, re-
garding the X = In which shows a phase transition at
Ty = 42 K, we plot the data for the low-temperature
phase, because the high-temperature phase has a mag-
netically ordered ground state when it is stabilized down
to the lowest temperature by pressure [1, 2]. In Fig. 1b
the values of the electronic specific heat coefficient v and
the Kondo temperature T are shown in the same or-
der of X with Fig. la, which reveals some relation be-
tween 7, Ty and a: ~ increases and T; decreases as a
function of a. This result seems to be plausible, be-
cause heavy fermion compounds such as X = Cu pre-
fer relatively localized 4f electronic state, namely close
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Fig. 1. (a) Lattice constants of YbXCuy (X = Cu [3],
Zn [8], Ag [9, 10], Cd [8], In [11], TI [8], and Mg [8]).
The data are values at room temperature except for
X = In for which we plotted the data below Ty.
(b) The plots of v (circles) and Ty (open squares) versus
a for YbXCuy [3, 8-11].

to the Yb3t state, whereas X = Tl and Mg exhibit
mixed valence states involving larger-size Yb?t state.
In this paper, we focus on the two compounds which
are good candidates to investigate the nonmagnetic—
magnetic transition in the Yb-based compounds by us-
ing the pressure technique. YbCus shows the largest
v of 550 mJ/(mol K?) among the YbXCuy compounds
in Fig. 1 [3], and it does not show any evidence for
magnetic ordering down to &~ 60 mK at ambient pres-
sure [4]. It is therefore expected that this compound is
located close to the nonmagnetic—-magnetic phase bound-
ary. YbInCuy is one of the most intensively investigated
compounds among YbXCuy, because this undergoes a
drastic phase transition at Ty: an isostructural valence
transition from a well-localized Yb3t state for T > Ty
to an intermediate valence state for T < Ty [5, 6]. The
important feature of YbInCuy for the present study is
that this compound shows field-induced magnetic order-
ing above critical pressure of Pc &~ 2.45 GPa [7]. This
relatively low Pq, which is achieved with a conventional
piston-cylinder type pressure cell, allows one to perform
precise studies of the physical properties in the vicinity
of the nonmagnetic-magnetic boundary.

2. Experimental details

Early reports on YbCus indicated that it had the
hexagonal CaCus-type structure [12, 13], however Tsujii
et al. succeeded in stabilizing the cubic AuBes struc-
ture, regarded as the mother compound of the YbXCuy
system, under pressure [3]. Instead, our present poly-
crystalline sample was prepared by using single roller
melt spinning technique on a copper wheel. This tech-
nique allows skipping over the hexagonal-phase-forming
region, and YbCus with the cubic structure is directly
obtained from the liquid state. The details are described
in Ref. [14]. The sample has the shape of ribbon with
typical dimensions of ~ 50 pm thick, 5-10 mm length,
and ~ 3 mm width. X-ray diffraction (XRD) showed
that the sample was single phase with the proper cubic
AuBej structure. The main properties of the sample (re-
sistivity, susceptibility and specific heat) are reported in
Ref. [15]. For YbCuy, single crystals were grown using
the flux method as described in Ref. [16].

The electrical resistivity was measured by a conven-
tional four probe method. Hydrostatic pressure for the
resistivity measurements was applied using an indenter-
-type pressure cell, filled with Daphne oil (7373) as a
pressure-transmitting medium. Pressure at low tem-
peratures was calibrated by the resistivity measurement
of a superconducting Pb manometer. The resistivity
was measured down to ~ 60 mK using a dilution re-
frigerator. For the nuclear magnetic resonance (NMR)
and nuclear quadrupole resonance (NQR) measurements,
a powder sample, in which grain size is a few hun-
dreds pm or less, were used. The NMR/NQR mea-
surements were performed using a phase-coherent spin-
-echo spectrometer, and the Knight shift was obtained
by analyzing the NMR spectrum as a function of field
around 3 T. The spin lattice relaxation time 77 was mea-
sured by the single rf-pulse saturation method. Pressure
for the NMR/NQR measurements was produced by us-
ing a piston-cylinder pressure-cell made of nonmagnetic
NiCrAl/CuBe alloy with Daphne oil (7373) as a pressure-
-transmitting medium. Pressure was monitored by using
a superconducting Sn manometer.

3. Results and discussion

Figure 2 shows the representative temperature depen-
dences of the electrical resistivity p(T') measured at differ-
ent pressures. The temperature dependence at ambient
pressure is in good agreement with the previous report
on the sample synthesized under high pressure [3], except
that the present absolute value is about 2.5 times larger.
The larger value of p might be due to: (i) there are some
disorders introduced on the surface when the sample was
quenched during melt spinning; (i) the thin ribbon of
sample does not have uniform thickness, leading to the
overestimation of the sample thickness and the resistiv-
ity. p(T) at ambient pressure has a minimum around
150 K and increases down to T?_ =~ 35 K, which is ex-

max
plained within the framework of the single-site Kondo
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Fig. 2. Representative temperature dependences of
p(T) at P = 0.1, 1.93 and 3.49 GPa. The arrows in-
dicate T ., (P) where p is a maximum. Inset: plot of p
vs. T? at these pressures. The arrows indicate the tem-
perature Trr, below which p(T) follows the p(T) o T2
law.

Pressure [GPa]
o 1 2 3 4 5 6 7 8 9 10

N% r [ ]
g /
E .
<!I YbAgCu,
—@— Baueret al. ./ YbCll5
~O Grafetal. _— u “e®

O,..Q’*O’.QQ:. bt B TP E A T
_ o 1 2 3 4 5
Pj=5.6 GPa Pressure [GPa]

Fig. 3. Pressure dependence of A for YbCus (squares)
together with the data of YbAgCuy (circles) [17, 18]. In
the figure, the pressure axis (lower scale) for YbCus is
shifted by chemical pressure Py = 5.6 GPa with respect
to the axis (upper scale) for YbAgCuy. See text for
details.

scattering between 4f and conduction electrons. p(7T)
exhibits a maximum at 77, followed by a significant
decrease below T, . Because the temperature depen-
dence of p(T') changes into the T2 behavior with further
decreasing temperature, as expected in the Fermi liquid
regime, the reduction below T# is ascribed to the for-
mation of the Kondo coherent state. The inset of Fig. 2
demonstrates the p(T) vs. T2 plot. The resistivity fol-
lows p(T) = po + AT? below Ty, where T3 ~ 40 K? at
ambient pressure. Here pg is the residual resistivity and
A is the coefficient of the quadratic term.

The pressure dependence of A is shown in Fig. 3, in
which we compare the result with the data on isostruc-
tural relative YbAgCuy [17, 18]. YbAgCuy has a

slightly smaller lattice constant a as shown in Fig. 1,

and it is a moderately heavy fermion compound (v =
240 mJ/(mol K?)) [9]. p(T) of YbAgCuy is qualitatively
analogous with that of YbCus; it also shows T, and
T? behavior at low temperatures. Since the pressure
effect on a and p(T) of YbAgCuy has been intensively
studied so far [17, 18], it is useful to compare YbCus
with YbAgCuy. In Fig. 3 the pressure axis for YbCus
is shifted by Py = 5.6 GPa with respect to that for
YbAgCuy. Here, the chemical pressure Py was eval-
uated by referring a previous high pressure study on
YbAgCuy [17]; @ = 6.975 A of YbCus at ambient pres-
sure [3] corresponds to the value of YbAgCuy at Fy.
There are somewhat differences between the YbAgCuy
data from Refs. [17] and [18]. Nevertheless, the pres-
sure dependence of A for YbCus rather smoothly con-
nect with those for YbAgCuy, especially the data from
Ref. [17], suggesting that YbCus has an advantage of
Py = 5-6 GPa in terms of approaching the nonmagnetic-
-magnetic border by pressure. These results appear
consistent with the report that the substitution effect
of Ag by Cu in YbAgCuy, which shrinks the unit-
-cell volume, is mainly explained by chemical pressure
effect [10].

Next, we study the pressure effect on the suscepti-
bility x. Here, our x data of YbCus exhibit sam-
ple dependence especially at low temperatures. This is
mainly because x(7T') actually includes contributions from
small impurity phases. Therefore, we have measured the
Knight shift K, since it is known that K is little influ-
enced by the impurities. Here, K generally linearly de-
pends on x; K = (Ane/Naus)x, where Ay is the hyper-
fine coupling constant, and Ny is the Avogadro number.
Besides, the K measurement has the advantage that the
data even above 2 GPa can be obtained by using a con-
ventional pressure cell. K was measured at the 3Cu-4c
site, in which the value of K was rather simply deter-
mined because the resonance was free from the nuclear
quadrupole interactions due to the absence of the local
electric-field gradients. We suppose that K reflects the
intrinsic temperature dependence of x by assuming small
temperature and pressure dependences of Ays.

The K versus x plot is shown in Fig. 4a, where tem-
perature is an implicit parameter. By using the obtained
linear relation above 40 K, we evaluated the temperature
dependence of the susceptibility, YNME(T'), as shown in
Fig. 4b. x™R(T) for YbCus is analogous with the tem-
perature dependence of y for YbAgCuy. At high temper-
atures, xXNMB(T) follows the Curie-Weiss law with the
effective moment peg = 4.3 pp and the Weiss tempera-
ture @ = —23 K, indicating a well localized 4 f electronic
state. With decreasing temperature, YNM®(T') exhibits
a peak around 7YX, . = 20 K, followed by temperature-
-invariant dependence, characteristic of the Fermi lig-
uid behavior. T}, is hence regarded as the crossover
temperature from localized to itinerant coherent Kondo
states, consistent with the rapid decrease in p below
TP . (see Fig. 2a). Compared to x(T') of YbAgCuy,

max

XYME(T) of YbCus follows the Curie-Weiss law down to
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much lower temperature =~ 40 K, implying that YbCus
is located closer to the magnetic-nonmagnetic border.
This trend becomes more remarkable at the pressure
of 2.41 GPa, however the characteristic behavior of the
Fermi liquid state is still observed at this pressure. Let
us note that similar behavior of x(7T) is also observed
when applying field of a few kOe to YbRhoSis which ex-
hibits antiferromagnetic ordering at Ty = 70 mK. In that
case, TX, . is lower than 1 K [19, 20]. In order to exam-
ine how YbCus; approaches the quantum criticality with
pressure, it is useful to show the pressure dependences
of v and A on the Kadowaki-Woods plot [21]. Here, be-
cause there is generally a linear relation between v and
x(0), x(T) at zero temperature, via the Wilson ratio, we
can obtain the plausible value of v under pressure by as-
suming the constancy of the Wilson ratio with pressure.
In Fig. 5, we plot the obtained v and x(0) for YbCus
with the data of other Yb-based compounds. As pressure
is increased up to 2.41 GPa, v and A are increased with
keeping the relation of A o 42. However, the pressure of
2.41 GPa, the maximum pressure for the present NMR,
measurement, is not enough to be close to the quantum
criticality, as mentioned above. Then we tentatively plot
the A values up to 4.03 GPa, the maximum pressure for
the resistivity measurement, by extrapolating the rela-

3.2. YbInCuy

The valence transition of YbInCuy strongly depends
on hydrostatic pressure [7, 23-26]. By applying pres-
sure above Pg ~ 2.45 GPa, the low-temperature inter-
mediate valence (IV) phase is suppressed below 2.5 K
and a new magnetically ordered phase appears below
Tnm =~ 2.4 K [7,2]. The features near the pressure-induced
nonmagnetic-magnetic transition in this compound have
been investigated mainly by the NQR measurements at
a microscopic level [1, 27], in which the first-order nature
of the valence transition even very close to P was indi-
cated. However, in those experiments, the onset of the
magnetic order was indirectly indicated by the sudden
disappearance of the NQR signal below Ty;: the emer-
gence of internal field associated with magnetic ordering
gives rise to broadening or shift of the resonance lines.

In the present experiment at 2.5 GPa, we have found
significantly broadened NQR signal from the magneti-
cally ordered (MO) phase below Ty;. Figure 6 shows the
temperature variations of the Cu-NQR lines as a func-
tion of frequency. In the paramagnetic (PM) state above
T\, for example at 4.2 K as shown in the figure, two res-
onance lines of %°Cu and %3Cu are observed around 14.3
and 15.5 MHz, respectively. With decreasing tempera-
ture below Ty, the resonance lines from the PM phase
become weak. Instead, the observed line shape below Ty
is a superposition of a set of signals with distinguishable
peaks at 14 and 15 MHz and a broad line (see the line
at 1.4 K in the figure). The former is assigned to signals
from the IV phase [1], and the latter is ascribed to the
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Fig. 6. (a) Cu-NQR lines at 2.5 GPa. (b) Temperature
dependence of 1/} measure at 2.5 GPa (solid symbols),
along with the data at ambient pressure, 0.8, 1.7 and
2.3 GPa.

MO phase*. Let us note that, because the ordered mo-
ments are not fully developed at the experimental low-
est temperature of 1.4 K [2], the signal from the MO
phase will become broader at lower temperatures. The
IV phase signal is observed from 2.3 GPa to at least 2.6
GPa, the highest pressure of the present NQR experi-
ment. In order to ensure the assignment of these reso-
nance lines, we have measured 77 at different frequencies:
15.49 MHz (PM phase) for T' > Ty, whereas 16.0 MHz
(MO phase) and 15.10 MHz (IV phase) for T' < Ty;. Just
above Ty, 1/T shows a rapid increase upon cooling, con-
sistent with the earlier report [1, 27]. The present result
reveals a sharp peak at Ty, followed by a steep decrease
below Ty. Such temperature dependence of 1/T} is typ-
ical of the critical slowing down behavior that evidences
a second-order like magnetic transition. On the other
hand, 1/7) measured at 15 MHz below Ty is in good
agreement with the 1/T1T ~ const law that is charac-
teristic of the Fermi liquid behavior observed in the IV
phase at lower pressures. Here, the T7 decay curve con-

* From the broadened line, the internal field at the Cu-site is
roughly estimated as =~ 1 kOe at the lowest temperature mea-
sured. This value will be increased by further lowering temper-
ature.

sists of short and long components due to the overlap
with the broad signal from the MO phase. While the
MO phase is responsible for the short component, the
long one probably arises from the IV phase.

One of the most remarkable pressure effects on this
compound is that while 7Ty, strongly depends on pres-
sure, the magnetic properties of both PM and IV phases
are insensitive to pressure, as indicated by the results
of T1. Beside, the significant difference in 77 between
the MO and IV phases around Pc strongly suggests that
the transition between the IV and MO phases is of the
first-order with pressure. The coexistence of the IV and
MO phases in a rather wide pressure range also supports
this. Since similar sudden appearance of the MO phase
with pressure is also reported in other Yb-based materials
such as YbCusSis [28] and YbRhsSis [29], such behavior
appears to be one of typical features of pressure-induced
magnetism in strongly correlated Yb-based compounds,

as well as the second-order like transition anticipated in
YbCu5.

4. Summary

The pressure effect on YbCus and YbInCuy have been
investigated by the NQR, NMR and resistivity measure-
ments under pressure. The magnetic properties of YbCus
are well understood by considering chemical pressure of
Py = 5.6 GPa with respect to a moderately heavy fermion
compound YbAgCuy. From the gradual suppression of
the low-temperature Fermi liquid state with pressure,
one can anticipate the second-order like nonmagnetic—
magnetic transition around the pressure of 5-6 GPa in
YbCus. For YbInCuy, the direct observation of the NQR
signal from the MO phase confirms magnetic ordering
and the first-order nature of the transition between the
IV and MO phases.
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