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The pressure and temperature phase diagram of YbInCu4 has been investigated by nuclear quadrupolar
resonancesNQRd and spin-lattice relaxation ratesT1

−1d experiments. The pressure dependence of the63Cu NQR
frequency indicates that the first-order valence transition temperature,Tv, does not vanish continuously at the
critical pressuresPc<23.7 kbard and thus there is no quantum critical pointsTv=0d in YbInCu4. This result is
consistent with theT1

−1 data, which show no evidence for non-Fermi-liquid behavior nearPc. For pressures
P* Pc, T1

−1 increases sharply near 2.4 K, which suggests the presence of critical fluctuations associated with
ferromagneticsFMd ordering. We analyze theT1

−1, resistivity, and the pressure-enhanced susceptibility data in
the mixed-valent state of YbInCu4 and find no evidence to indicate that the pressure-induced FM phase can be
described by the Stoner theory for itinerant ferromagnetism. Rather, the pressure-induced FM order may be due
to pressure-stabilized Yb3+ local moments. We also examine the possibility of FM order induced by an external
magnetic field nearPc, but find no evidence down to 1.5 K.
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I. INTRODUCTION

The intermediate valence material YbInCu4 is one of the
most intriguing rare-earth intermetallic compounds, as it ex-
hibits a first-order valence transition at ambient pressure1–4

from a high-temperaturesHTd Yb3+ local-moment state to a
low-temperaturesLTd Yb2.9+ mixed-valence state.2,5 In order
to understand this transition, which is uncommon among
rare-earth compounds, many experiments have been per-
formed on this material and its related compounds:
Yb1−xInxCu2,

1–4 Yb1−xYxInCu4,
6 and YbIn1−xMxCu4 sM =Au,

Ag, In, Cd, Tl, and Mgd.7–10 This valence transition is isos-
tructural but with as,0.5%d unit-cell volume increase be-
low the valence transition temperatureTv,

11,12 analogous to
theg-a transition in Ce metal.13 Since both the valence tran-
sition and Kondo temperaturesTKd are strongly influenced by
the volume change,2,3,10 the Kondo volume collapse
model13,14 has been proposed to explain this valence
transition.9 However, the Gruneisen analysis ofTK at the
valence transition of YbInCu4 cannot be interpreted by this
Kondo volume effect,15 and the change ofTv by the substi-
tution of Yb by Y and Lu is also inconsistent with the vol-
ume change.16 Therefore, in addition to the volume effect,
the modifications of the band structure and conduction elec-
tron density at the valence transition are suspected to play an
important role as well.15,17,18Other mechanisms such as the
Falicov-Kimball model,19–21 the Mott transition,22,23 and the
Anderson impurity model9,24 have also been applied to ex-
plain this first-order valence transition, but all have had only
partial success.16

Interest in the high-pressure phase in YbInCu4 has been
rekindled by a detailed pressure study of the magnetic sus-
ceptibility of RInCu4 sR=Yb, Er, Ho, Dy, Tb, and Gdd by
Svechkarevet al.25 They found evidence for a possible
pressure-induced ferromagneticsFMd phase. Their data indi-
cated that a background indirect exchange interaction be-
tweenf moments in YbInCu4 is FM, and a FM phase can be

induced by the application of pressure forP.20 kbar. Sub-
sequent experiments of the resistivity and ac susceptibility
have revealed signatures of this putative phase in YbInCu4.

26

Pressure experiments in Yb0.8Y0.2InCu4, which has a similar
phase diagram to the parent compound but with a smaller
critical pressure, also show evidence of the pressure-induced
FM phase.27 The HT local-moment state of YbInCu4 is
known to be stabilized by hydrostatic pressure.15,28,29Since
the valence transition in YbInCu4 is suppressed by pressure
and nearly vanishes at the critical pressure where the ferro-
magnetism is just induced,25,26one might expecta priori that
the FM phase arises from the uncompensated Yb3+ local mo-
ments in the HT phase. However, the pressure-induced fer-
romagnetism in Yb0.8Y0.2InCu4 is itinerant, with a small mo-
ments,0.05mB/Yb3+d.27 In order to investigate the nature of
the ferromagnetism in YbInCu4, as well as to investigate the
details of the phase diagram in the vicinity of the critical
point, we performed nuclear quadrupolar resonancesNQRd
and nuclear magnetic resonancesNMRd on YbInCu4 to mea-
sure spectra and the nuclear spin-lattice relaxation rate,T1

−1,
under high pressure up to 26.3 kbar.

We find thatTv is suppressed to,2.4 K near the critical
pressuresPc,23.7 kbard. For P. Pc, the valence transition
disappears, i.e., no NQR signal is found from the mixed-
valent state. There is no evidence of a quantum critical point
sQCPd, Tv→0, for this valence transition. ForP, Pc, T1

−1

from the mixed-valent state exhibits Korringa behavior
sT1T=constd, a typical feature for Fermi liquids.30 This result
implies that the mixed-valent phase remains a Fermi liquid
up to the critical pressure. The absence of non-Fermi-liquid
sNFLd behavior sometimes characterized byT1TÞconst
in the vicinity of a QCP31–34 also suggests the absence
of a QCP.35

For P* Pc in the high-temperaturesHTd phase, we ob-
served a rapid increase ofT1

−1 with decreasing temperature as
the temperature approached the FM phase-transition tem-
perature,Tc<2.4 K. This divergence suggests the emergence
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of the FM phase as suggested from other experiments,26 be-
cause the critical slowing-down of the spin fluctuations near
a magnetic transition can contribute to nuclear spin-lattice
relaxation.36,37 We observe a coexistence of the mixed-
valence state and the pressured-induced FM phase at
23.7 kbar, in which 6% of the63Cu NQR signal persists be-
low Tc, while the remaining 94% of the signal is wiped out in
the FM phase. We find no coexistence above 23.7 kbar.

Since the pressure-induced FM in Yb0.8Y0.2InCu4 has itin-
erant features,27 we consider the Stoner theory38 of itinerant
ferromagnetism in Yb0.8Y0.2InCu4 and also in the analysis of
theT1

−1 data along with the resistivity and pressure-enhanced
susceptibility in the mixed-valence state of YbInCu4. Our
analysis suggests that the pressure-induced FM order in
YbInCu4 is due to the pressure-stabilized Yb3+ local mo-
ments rather than from strong correlations among itinerant
electrons in the mixed-valence state. We also investigated the
possibility of a magnetic-field-induced FM phase in YbInCu4
at 23 kbarsnearPcd, but found no evidence of magnetic or-
der down to 1.5 K for fields up to 4 T.

The article is organized as follows. Experimental aspects
and data of NQR andT1

−1 are described in Sec. II. Experi-
mental results are discussed in Sec. III. Section IV summa-
rizes our conclusions.

II. EXPERIMENTS

A. Details

Heat treatment is crucial to synthesize a high-quality
YbInCu4 sample.12,39 In order to study the intrinsic proper-
ties and avoid sample ambiguity, we studied a high-quality
flux-grown single crystal.15 A standard phase-coherent
pulsed NMR technique was used to obtain the63Cu and115In
NQR/NMR spectra. The63Cu T1

−1 was measured by a stan-
dard nuclear spin saturation-recovery technique. We esti-
mated the skin depth at the rf frequency used in our experi-
ments to be *60 mm covering several atomic layers.
Therefore, our NQR/NMR andT1 experiments measure bulk
properties.

The experiments under pressure were performed in a hy-
drostatic clamp pressure cell.40,41 A small lead pellet was
buried into the NQR coil along with the YbInCu4 single
crystal in order to measure the pressure at low temperature.42

The pressure uncertainty is estimated to be 0.5 kbar. The low
viscous silicone oilsPolyEthylSyloxane, Grade no. 1d was
used as the pressure medium, which does not solidify at
room temperature when applying high pressure. In addition,
this liquid forms a glasslike state at low temperature, so the
possibility of inhomogeneous pressure and shear force inside
this medium is minimized.

B. NQR/NMR spectra

The 63Cu nucleussI =3/2d has a quadrupole moment and
is ideal for NQR and NMR measurements. For63Cu in a
crystal site symmetry lower than cubic as in YbInCu4, the
electrical field gradientssEFGsd split the degenerate states
into u±1/2l and u±3/2l. The energy difference between the
two states is proportional to the EFG and can be measured by

NQR si.e., NMR at zero fieldd. The degeneracy can be fur-
ther lifted by application of an external magnetic field and
the transition between the states can be observed by NMR
spectroscopy.

Figure 1 shows the field-swept NMR spectrum of our
single crystal of YbInCu4 measured at 72 MHz with the field

H i f111g direction at 4 K and ambient pressure. In the F43̄m
crystal structure of YbInCu4,

43 there are four Cu sites per
unit cell. By symmetry considerations, we expect the princi-
pal axes,qW, of the EFG to lie along the Yb-In-Cu bond in
the f111g direction and to be axially symmetric.44 For a field
applied parallel to thef111g direction, there should be three
transitions, with a splitting equal to the NQR frequency,nQ.
However, only one of the four Cu sites will experienceH iqW.
For the other three sites, the angle betweenH andqW should
be u=109°. Indeed, we find two sets of lines for both the
63Cu and65Cu, with intensity ratios,1:2.8, labeled bysId
and sII d in Fig. 1. ThesId set corresponds to the Cu site for
which H iqW, whereas thesII d set corresponds to the remain-
ing three Cu sites. Therefore, we can conclude that the EFG
is axially symmetric andqW i f111g.

The 63Cu NQR spectra have been measured in YbInCu4
from ambient pressure to 26.3 kbar. We found that the63Cu
NQR line shape has a Lorentzian form, as seen in other
work.44 Figure 2 gives the temperature dependence of the
63Cu NQR frequency,nQ, and full width at half-maximum
sFWHMd linewidth in YbInCu4 at various pressures. The
ambient pressure data were taken from Ref. 44. The steep
change ofnQ and the hysteresis seen at ambient pressure and
22.3 kbarsomitted at other pressuresd at T=Tv fFig. 2sadg is
an indication of the first-order valence transition. The hyster-
esis is inferred from the coexistence of the HT and LT phases
observed in the NQR spectra nearTv.

44 The discontinuous
change ofnQ at Tv is mainly due to the charge redistribution
from the hybridization of thef and conduction electrons and
only a small percent is due to a lattice-volume effect, which
has been discussed in Ref. 44.

FIG. 1. Field-swept NMR spectrum of YbInCu4 at a fixed fre-
quency of 72 MHz for fieldH i f111g direction at 4 K and ambient
pressure. Two pairs of the quadrupolar peaks are symmetrically
located on each side of the63,65Cu central peak and are denoted by
sId and sII d.
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Under pressure,Tv is suppressed,nQ increases for both
HT and LT states, and the discontinuous jump ofnQ at Tv
decreasesfFig. 2sadg. We find that forP.23.7 kbar, the va-
lence transition disappears and the63Cu signal from the HT
phase vanishes forT&2.4 K with no NQR signature of the
LT mixed-valent statefsee Fig. 3scdg. At P=23.7 kbar, we
observe a coexistence of the mixed-valent and FM phase at
T=1.5 K, where the NQR spectrum in the LT state shows
only ,6% of the 63Cu signal intensity compared to that of
the HT state. Since this pressure,23.7 kbar is close to the
published critical pressure 23.9 kbar,26 the remaining signal
may be wiped out in the putative FM phase, as suggested in
Ref. 26. Above 23.7 kbar, all the63Cu signals from the LT
state are wiped out forT&2.4 K. The NQR signal in the
putative FM phase has not been seen. However, NMR/NQR
in a FM ordered phase is notoriously difficult asT1 can be
very short near the Curie temperatureTc, the linewidth be-
comes broad, and the internal magnetic fields from the FM
order may also shift the resonance frequency beyond the tun-
ing range of the NMR circuit.36,37

For Pø23.7 kbar, the linewidth is scattered around
0.1 MHz fFig. 2sbdg. The broadening mechanism can be at-
tributed to the distribution of the electric field gradients
sEFGsd, rather than magnetic inhomogeneity, because the ra-
tio s,1.1d of the 63Cu to 65Cu NQR linewidths is approxi-
mately equal to the ratios,1.082d of their quadrupole mo-

ments. This nearly temperature-independent NQR linewidth
also provides another clue. If magnetic broadening were in-
volved, the NQR linewidth would be expected to change
with the temperature especially atT=Tv as seen in the115In
NMR linewidth,39,45 because of the strong temperature de-
pendence of the magnetic susceptibility.39 X-ray
experiments2,4 on YbInCu4 show no distortion of the crystal

FIG. 2. Temperature dependence of thesad NQR frequencynQ

andsbd FWHM linewidth of the NQR spectra at various pressures.
Dashed lines connect the discontinuous change ofnQ. The two
dashed lines atP=0 and 22.3 kbar indicate the hysteresissomitted
at other pressuresd.

FIG. 3. sad Pressure dependence of the NQR frequencynQ for
nQ nearT=Tv. Filled circles:nQ from the HT phasesnQ,HTd. Open
circles: nQ from the LT phasesnQ,LTd. Triangles: the difference of
nQ at Tv sDnQ=nQ,HT−nQ,LTd. sbd The plots ofnQ versusTv and
DnQ versusTv. scd Tv-P phase diagram.
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structure at the valence transition, except for the change of
lattice constants. This result may explain why the NQR line-
width is nearly independent of temperature since the lattice
disorder is not modified by the valence transition. The fact
that the NQR linewidthfFig. 2sbdg and the line shape44 do
not change across the valence transition suggests that the
valence transition forP,23.7 kbar is nonmagneticsnot
ferro- or antiferromagneticd.

The NQR linewidth given in Fig. 2sbd shows no obvious
modification by pressure except forP=26.3 kbar, which sug-
gests that the pressure is hydrostatic and there are no distor-
tions to the crystal structure up toP=23.7 kbar. For
P=26.3 kbar, the line broadening is still due to the distribu-
tion of EFGs rather than the magnetic broadening, as verified
by the ratio of the63Cu to 65Cu NQR linewidths. Therefore,
the pressure gradient or distortion of the crystal structure
may appear in the sample at this pressure.

The relations amongnQ, Tv, andP obtained from Fig. 2sad
are plotted in Fig. 3. The values ofTv at various pressures
were determined independently by the ac-susceptibility ex-
periments. Figure 3sad shows the pressure dependence of the
NQR frequency fornQ near T=Tv. Both nQ from the LT
phasesnQ,LT, open circlesd and the HT phasesnQ,HT, filled
circlesd increase linearly with pressure. The former, however,
increases faster by a factor of 2, in agreement with the result
in Ref. 46. The difference,DnQ s=nQ,HT−nQ,LTd, is related
to the valence difference of the HT and LT states44 and is
found to decrease with pressureftriangles in Fig. 3sadg.
Therefore, the valence of Yb in the mixed-valence state is
expected to increase withP from +2.9 to close to +3 at the
critical pressure.

The NQR frequency is linearly proportional to the EFG
which arises from the ionic charges and itinerant electrons.
We can writenQ=nQ

ion+nQ
e−, wherenQ

ion andnQ
e− are the NQR

frequencies from the ionic and electronic contributions,
respectively.44 The ions are considered as point charges at the
lattice sites so that the EFG due to these ions is proportional
to 1/V, the inverse of the unit-cell volume. Therefore,nQ can
be written as

nQ = nQ
ion + nQ

e− =
a

V
+ nQ

e−, s1d

where nQ
ion=a /V and a is a constant independent of

temperature and pressure. With the assumption thatnQ
e− is

constant for T,Tv and T.Tv, Nakamura et al. have
compared the NQR with the thermal expansion data and
obtained a=1.193104 Å3 MHz, nQ,sT,Tvd

e− =−18.61 MHz,

andnQ,sT.Tvd
e− =−17.94 MHz.44

In order to understand the pressure dependence ofnQ, we
differentiate Eq.s1d with pressure as follows:

]nQ

]P
=

a

Vs0dS − 1

Vs0d
]VsPd

]P
D

T

+
]nQ

e−

]P
=

a

Vs0d
kT +

]nQ
e−

]P

= snQ − nQ
e−dP=0kT +

]nQ
e−

]P
, s2d

where kT is the isothermal compressibility. The slopes
of nQ in Fig. 3sad give ]nQ/]PsT,Tvd=0.0406 MHz/kbar

and]nQ/]PsT.Tvd=0.0232 MHz/kbar. According to Ref. 29,
kT,sT,Tvd=1.20 Mbar−1 and kT,sT.Tvd=0.99 Mbar−1, both
of which are not expected to change much with temperature
for T.Tv andT,Tv except atTv.

11 With the compressibility
and our NQR data, Eq. s2d gives ]nQ

e−/]PsT,Tvd
=0.0013 MHz/kbar and]nQ

e−/]PsT.Tvd=−0.0093 MHz/kbar.
We found]nQ

e−/]P!]nQ
ion/]P in both the LT and HT states.

This suggests that the pressure-dependentnQ in Fig. 3sad is
primarily dominated by the pressure-dependent unit-cell vol-
ume, not by thenQ

e−. Although]nQ
e−/]P!]nQ

ion/]P, we found
that the opposite sign of]nQ

e−/]P for the LT and HT states
gives ]nQ

e−/]PsT.Tvd−]nQ
e−/]PsT,Tvd=−0.0106 MHz/kbar,

which is about 61% of the]DnQ/]P f=−0.0174 MHz/kbar
from Fig. 3sadg at Tv. This result shows that pressure affects
the charge distribution as well as the volume, and both are
responsible for the pressure-dependentDnQ in Fig. 3sad. In
other words, the valence transition under pressure involves
not only the change of volume but also of the electron dis-
tribution in YbInCu4. That is reflected as well in a large
increase in the Hall number belowTv.

17

The linear pressure dependence ofnQ in Fig. 3sad can also
be understood by Eq.s1d. Since]nQ

e−/]P!]nQ
ion/]P, we can

write ]nQsPd /]P<]fa /VsPdg /]P. According to Ref. 29, the
pressure-dependent unit-cell volume can be described by
VsPd=s1−PkTdVs0d. BecausePkT!1, we further obtain
nQsPd<fa /Vs0dgs1+PkTd, which therefore gives the linear
dependence ofnQsPd on P. The slopeakT/Vs0d with Vs0d
from Ref. 11 is also quantitatively consistent with the slopes
in Fig. 3sad.

Figure 3sbd showsnQ versusTv. Note thatDnQ decreases
with Tv, howeverDnQ does not vanish asTv is extrapolated
to zero. This result suggests that theTv cannot be suppressed
to zero by any pressure, which is in agreement with our
finding thatTv is only suppressed to,2.4 K at Pc and no
valence transition is observed above the critical pressure.
Therefore, we find there is no quantum critical point
sTv=0d in the Tv-P phase diagram of YbInCu4.

TheTv-P phase diagram is given in Fig. 3scd and is simi-
lar to the one proposed by Mitoet al., except for the point
near the critical pressure,26 where we find that theTv line
terminates at 23.7 kbar rather than at 24.5 kbar. The discrep-
ancy may be due the the uncertainties in determiningTv
sbecause of hysteresisd and the pressure, or the phase dia-
gram may be sample-dependent in the vicinity of the critical
point. The boundary between the mixed-valent and FM
phases is denoted by a dotted line since the coexistence of
the two phases is observed from the NQR spectrum at
23.7 kbar as mentioned previously. However, whether the
critical point atP=Pc is a tricritical point or not is unclear
from our NQR data.

C. Nuclear spin-lattice relaxation

The temperature dependence ofT1
−1 measured at various

pressures is given in Fig. 4. Once again, the first-order nature
of the valence transition is evident from the discontinuity of
T1

−1. We find thatT1
−1 is dominated by magnetic fluctuations

rather than the EFG fluctuations, as theT1
−1 ratio of 63Cu to

YOUNG et al. PHYSICAL REVIEW B 71, 224106s2005d

224106-4



65Cu is found to agree withs65g / 63gd2 s=1.148,g: gyromag-
netic ratiod ssee Fig. 5d. If EFG fluctuations were important,
then theT1

−1 ratio would be equal tos65Q/ 63Qd2 s=0.879,Q:
nuclear quadrupole momentd.47

In the HT state near the valence transition,T1
−1 is approxi-

mately independent of pressure forP,23.7 kbar. In the LT
state,T1

−1 shows metallic behaviorsT1T=constd,47 where the
constant is unchanged byP. For Pù23.7 kbar, however,T1

−1

in the HT state starts to increase near the putative FM phase-
transition temperature,Tc<2.4 K.26 This increase is also
verified by the65Cu T1

−1 ssee the inset in Fig. 4d. Since the
spin-lattice relaxation is dominated by magnetic fluctuations,
this increase is probably due to the critical slowing down of
collective fluctuations nearTc,

36 suggesting that the underly-
ing phase is magnetic in origin and is probably FM as re-
vealed in other experiments.26,27

In many Ce- and Yb-based intermetallic compounds, the
spin-lattice relaxation is dominated by the magnetic fluctua-
tions of thef local moments,48 and is given by49

1

T1
. sgHhf/mBd2kBTx

1

"G
, s3d

whereg, mB, kB, x, and" are the gyromagnetic ratio, Bohr
magneton, Boltzmann constant, magnetic susceptibility, and
Planck’s constant, respectively.Hhf is the transferred hyper-
fine field at the resonance nucleus andG is the fluctuation
rate of the f-electron spins. For many Ce- and Yb-based
compounds,G~TK andx~1/TK for T,TK, which gives30

1

T1T
~ SHhf

TK
D2

for T , TK. s4d

Unlike most Kondo systems, YbInCu4 has two Kondo tem-
peratures:TK,HT<20 K and TK,LT<450 K for the HT and
LT states, due to the first-order valence transition.9,50 Note
that sinceT!TK in the LT state, we recover Korringa behav-
ior in this phase, which explains the linear temperature de-
pendence ofT1

−1 in the mixed-valent state, as seen in Fig. 4.
Since pressure is known to reduceTK,HT as well asTv,

25 one
might expectTK,LT to decrease with the pressure. Therefore,
xLT s~1/TK,LTd would be expected toincreasewith pressure,
exactly as observed in Refs. 15, 18, and 51. On the other
hand, the value ofsT1Td−1 in the LT statesFig. 4d remains
P-independent. This result is surprising sinceTK in Eq. s4d
decreases with pressure. In order forsT1Td−1 to remain con-
stant, the value ofHhf must decrease with the pressure asTK.

Information about the hyperfine field can be deduced
from the Knight shift, which is related toHhf by
K=fHhf / sNAmBdgx+K0, whereNA is Avogadro’s constant.47

K0 is a temperature-independent term. Figure 6 shows the
115In shifts at 1.5 Ks,Tvd and at three different pressures.
Although we do not know howK0 changes with pressure, we
find thatK is roughly constant with pressure within experi-
mental error sFig. 6d, which suggests that the term
fHhf / sNAmBdgx is likely independent of pressure. SincexLT

FIG. 4. Temperature dependence of the63Cu spin-lattice relax-
ation rateT1

−1 at several different pressures. Inset:T1
−1 of 63Cu and

65Cu at 23.7 and 26.3 kbar.

FIG. 5. The sT1
−1d2 ratio of 63Cu to 65Cu at 22.3 kbarsfilled

circlesd and 23.7 kbarsopen circlesd. Solid line: s65g / 63gd2=1.148,
the ratio of square of the gyromagnetic ratiog of 65Cu to 63Cu.
Dashed line:s65Q/ 63Qd2=0.879, the ratio of square of the quadru-
pole momentQ of 65Cu to 63Cu.

FIG. 6. 115In NMR frequency shiftssK, filled circlesd and hy-
perfine fieldssHhf, open circlesd at 1.5 K for different pressures.
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increases with pressure,15,18 we infer, then, thatHhf does
change with pressuresopen circles in Fig. 6d. This may not
be surprising becauseHhf is dominated by the RKKY-like
transferred hyperfine interaction, which depends on the spa-
tial distance, and it varies with pressure.48 Evidence for such
P-dependent hyperfine fields has been observed in other
systems.52 Since the productHhfx~Hhf /TK is independent of
pressure,sT1Td−1 in the mixed-valent state should not change
with pressurefsee Eq.s4dg, consistent with ourT1 results
sFig. 4d.

III. DISCUSSION

A. Tv-P phase diagram

The NQR andT1 data indicate that the valence transition
in YbInCu4 is suppressed by the pressure and suggest
the presence of a magnetic phase forP*23.7 kbar and
T&2.4 K. We also find that there is no QCP forTv=0 in the
T-P phase diagram. IfTv could be suppressed to zero, the
discontinuity ofnQ should vanish continuously atTv=0, in
contrast to our observation. Similarly, a discontinuity of the
resistivity atTv that does not vanish asTv is extrapolated to
zero, seen in Refs. 26 and 53, is further evidence against
Tv=0. Furthermore, if there were a QCP point, one might
expect non-Fermi-liquidsNFLd behavior to appear near the
critical pressure, a feature we do not observe.

As mentioned in Sec. II coexistence of the mixed-valent
and FM phase is observed at 1.5 K nearPc. Coexistence of
the two phases has also been reported in Ref. 26, in which
the system undergoes a valence transition first forP, Pc,
and then a FM transition forT,Tv. This scenario is different
from our observation of the two-phase coexistence. In both
cases, inhomogeneity of the sample or pressure could explain
the coexistence and we cannot conclude whether the coexist-
ence is intrinsic or extrinsic.

B. Pressure-induced FM phase

In Sec. II C, a pressure-induced FM phase is inferred
from the rapid increase ofT1

−1 near the transition temperature
for P*23.7 kbar. The critical slowing-down of spin fluctua-
tions nearTc should enhance nuclear spin relaxation so
that T1

−1 diverges atTc and shows critical behavior of
T1

−1~ fTc/ sT−Tcdgh, where h is the critical exponent.36 In
general,h can depend on the crystal structure and hyperfine
interaction and also may be model-dependent.54 For ex-
ample, Moriya proposedh=3/2 for a cubic ferromagnet.55

We obtainedh<0.20±0.03 andTc=2.37±0.06 K from the
fits to the T1

−1 critical behavior for temperatures up to
1.25Tc<3 K ssee the inset in Fig. 4d, however the signifi-
cance ofh<0.2 is unclear.

The pressure study of Yb0.8Y0.2InCu4 given in Ref. 27
reveals aTv-P phase diagram similar to that for YbInCu4,
except that Yb0.8Y0.2InCu4 has a lowerPc. A pressure-
induced FM phase is also found in Yb0.8Y0.2InCu4 around
8 kbar with Tc=1.7 K and this FM order is claimed to be
itinerant because of the small moment,27 which suggests that
the FM phase arises from itinerant electrons in the mixed-
valent state rather than from local moments in the HT state.

We speculate, therefore, that Stoner theory can explain the
ferromagnetism in Yb0.8Y0.2InCu4. Stoner theory states that
the strong e−-e− interaction can enhance the itinerant-
electron susceptibility by a factor of 1/s1−ad, i.e.,36

x =
x0

1 − a
, s5d

where x0 is the susceptibility without electron interactions
anda is a parameter related to the conduction electron den-
sity of states and electron-electron interaction. Fora*1
sStoner criteriad, itinerant ferromagnetism can appear.36

Enhancement ofxLT sa temperature-independent Pauli
susceptibility forT,Tvd with pressure has been observed in
Yb0.8Y0.2InCu4, but has been attributed to the increasing con-
tribution of magnetic Yb3+ with pressure.27 In order to ex-
amine whether the pressure-enhancedxLT is due to the
Stoner effect, we assume thata=asPd is a function ofP and
x0=xsP=0d. By fitting the pressure-dependentxLTsPd with
xsPd=xs0d / f1−asPdg, we obtainasPd which is plotted in
Fig. 7sad for Yb0.8Y0.2InCu4. We found thata is close to
unity at 10 kbar where the FM phase arises. We speculate

FIG. 7. Pressure dependence of the susceptibilitysfilled circlesd
for T,Tv and the Stoner factorssolid lined ssee textd in sad
Yb0.8Y0.2InCu4 andsbd YbInCu4. fSusceptibility data insad andsbd
are taken from Refs. 27 and 18, respectively.g
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that if the truex0 instead ofxsP=0d were used in the analy-
sis, a would be expected to be even closer to 1.

As mentioned in Sec. II C, the pressure-enhancedxLT of
YbInCu4 is attributed to the pressure-suppressedTK.18 Since
the Stoner theory seems to explain the enhanced susceptibil-
ity for the itinerant ferromagnetism in Yb0.8Y0.2InCu4, we
consider the possible Stoner effect in YbInCu4. According to
Moriya’s theory, the stronge−-e− interaction can affectT1

−1 in
metals as follows:

T1
−1 = spg2"kBT/mB

2dK2Fsad, s6d

whereFsad is a complicated function ofa and can only be
calculated numerically.36 Therefore, if the pressure-induced
FM phase of YbInCu4 were due to a Stoner effect, a
pressure-dependentT1

−1 in the mixed-valent state should be
expected. However, as seen in Fig. 4, this is not the case, and
argues against such a mechanism. If we do the same suscep-
tibility analysis for YbInCu4 fFig. 7sbdg as for
Yb0.8Y0.2InCu4, we obtain a<0.65, which is far from
unity as required for the Stoner itinerant ferromagnetism.
Note that the extrapolated susceptibility has been used to
obtaina, since the susceptibility forP higher than 15 kbar is
not available.

Further evidence against a Stoner itinerant FM scenario is
found in the LT resistivity, which exhibits Fermi-liquid be-
havior: rsTd=r0+AT2, where r0 is the residual resistivity
and A is a temperature-independent constant.26 If the e−-e−

interaction were important, the prefactorA would depend on
the strength of the interaction asA~ s1−ad−1/2.36 We there-
fore compare the calculatedAsad with the measuredAsPd
under pressure as shown in Fig. 8. The discrepancy between
the calculated and measuredA is evident. We speculate,
therefore, that the pressure-enhanced LT susceptibility in
YbInCu4 is due to the pressure-suppressedTK. In this case,
since the mixed-valent state has 1/x~TK,LT andTK~Tv, the
linear relation of 1/x~Tv would be expected. This is indeed
observed.18 In addition, the Gruneisen parameter calculated
from the pressure-enhanced susceptibility agrees with other

thermodynamic estimates, which again supports that 1/x
~TK is correct for the mixed-valent state.15,18Therefore, our
analyses argue against the Stoner mechanism for magnetism
in YbInCu4, leaving local moment magnetism as the reason-
able alternative.

C. Field-induced FM phase?

Besides pressure, application of a magnetic field also sup-
pressedTv in YbInCu4, and, further, the functional depen-
dence ofTv on field appears to be independent of pressure.8

These relationships suggest that, if YbInCu4 were close to a
FM instability under pressuresP, Pcd, it might be possible
to induce ferromagnetism by an applied magnetic field. From
the results of Ref. 8, the critical fieldHc is related to applied
pressure approximately asHc skOed<8.3TvsPd, so that, at
P=23 kbar whereTvsH=0d<3.6 K, HcsT=0d<30 kOe. We
have searched for a signature of field-induced ferromag-
netism atP=23 kbar by measuring the absorption power and
resonance frequency of our NMR coil with a network ana-
lyzer. We found in fact that absorption power has better reso-
lution than the resonance frequency.

Figure 9 shows field-swept results of the absorption
power at different temperatures. A field-induced transition at
P=23 kbar is apparent from the hysteresis loops for
T,Tv=3.6 K. Although the hysteresis is too wide to deter-
mineHc accurately, similar magnetic hysteresis also has been
observed in magnetization experiments in Yb0.8Y0.2InCu4.

27

To help interpret the origin of this hysteresis, we show in
Fig. 10 115In NMR spectra measured at 15.45 MHz for
temperatures at 3.96 K and 1.5 K and at 13.9 MHz for
T=1.5 K. The spectrumfFig. 10sadg at 3.96 K sabove the
transition temperatured is the signal from the HT phase,
which shows a broad line centered at 17.49 kOe with posi-
tive field shift. The 13.9 MHz spectrum at 1.5 KfFig. 10scdg
is the signal from the mixed-valent state, which shows a
narrow peak around 14.75 kOes,Hcd with negative field

FIG. 8. The pressure-dependentAsPd obtained from the resis-
tivity experimentssRef. 56d scirclesd and calculateds1−ad−1/2 slined
ssee textd.

FIG. 9. Absorption power measured in the NMR coil containing
YbInCu4 at P=23 kbar as a function of applied magnetic field for
various fixed temperatures. The initial drop of the absorption curves
at fields below,1 kOe is due to the Pbsserved as manometerd
superconducting transitionsHc<800 Oed.
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shift. At 1.5 K, when the NMR frequency is set to
15.45 MHz so that the resonance field is closer toHc, we
observe two peaks in the field-swept spectrumfFig. 10sbdg.
Since these two peaks on the low-field and high-field sides
have linewidths and field shifts similar to the ones from the
mixed-valent and local moment states, respectively, and
the areas under the two peakssdotted curvesd are nearly
equal, these suggest that this magnetic-induced transition
is simply a valence transition and there is no FM transition at
23 kbar for temperature down to 1.5 K. We note that
magnetization experiments in Yb0.8Y0.2InCu4 also show no
obvious evidence of a field-induced FM phase at 0.6 K.27

The pressure-induced FM phase hasTc=1.7 K and
Pc<8 kbar for Yb0.8Y0.2InCu4 with TvsP=0d=13 K sRef.
27d and Tc=2.4 K and Pc<24 kbar for YbInCu4 with
TvsP=0d=42 K. The value ofTc approximately scales with
Pc and Tv, i.e., Tc is smaller if Pc and Tv are smaller. This
may also be the case thatTc could be small whenHc andTv
are small if there is a field-induced FM phase. Therefore, we

cannot rule out the possibility of field-induced ferromag-
netism below 1.5 K.

IV. CONCLUSIONS

We have investigated the phase diagram of YbInCu4 at
high pressures by63Cu and 115In NQR/NMR experiments.
Results of the NQR experiments under pressure suggest that
the valence transition temperature does not vanish at the
critical pressure 23.7 kbar, but rather gives way to a
pressure-induced magnetic phase. We therefore find no sig-
nature for a QCP ofTv=0 in YbInCu4. This is consistent
with the fact that no NFL behavior is observed inT1

−1 near
the critical pressure.

Evidence for a pressure-induced FM phase is revealed in
the rapid increase ofT1

−1 near the critical pressure. The
Stoner theory of itinerant ferromagnetism has been discussed
for the pressure-induced FM order in YbInCu4 and
Yb0.8Y0.2InCu4 by examining the pressure-enhanced suscep-
tibility in the mixed-valent state,T1

−1, and resistivity data. We
found that the Stoner model is consistent with the observed
itinerant FM phase in Yb0.8Y0.2InCu4 but not in YbInCu4,
although they have similar phase diagrams. The pressure-
enhanced LT susceptibility is consistent with a pressure-
suppressedTK rather than a Stoner mechanism. This suggests
that the pressure-induced FM phase in YbInCu4 is due to the
pressure-stablized Yb3+ local moment rather than from the
itinerant electrons in the mixed-valent state.

We also considered the possibility of a magnetic-field-
induced FM phase in YbInCu4. At 23 kbar, the critical mag-
netic field for the valence transition is reduced, and there is
no evidence for a field-induced ferromagnetism from our
115In NMR spectra. This, however, cannot rule out the pos-
sibility of a magnetic-field-induced FM phase sinceTc may
be lower than 1.5 K.
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