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Magnetic-field, pressure, and temperature scaling of the first-order valence transition
in pure and doped YbInCu 4
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We report measurements of the high-field (H<30 T! magnetoresistanceR(H,T) of pure and doped
YbInCu4. A hysteretic transition is observed which we take to be the field-induced variant of the first-order
valence transition observed at 42 K in YbInCu4 for H50 T. Applied pressure suppresses the valence transition
to lower temperature. By properly scaling the (Hv ,Tv) data extracted from the resistance measurements, we
can collapse all of the pressure-dependent data, as well as that from doped variants of YbInCu4 at ambient
pressure, onto a universalH-T phase diagram. This suggests that a single energy scale is associated with the
valence transition.@S0163-1829~97!00225-7#
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YbInCu4 has attracted much recent attention because
the only known stoichiometric compound that undergoe
first-order isostructural valence transition at ambie
pressure.1–10 At high temperature (T.50 K! Yb appears to
be essentially trivalent, displaying Curie-Weiss susceptibi
with a paramagnetic moment near the free-ion value of
mB . At the first-order valence transition (Tv542 K! the Yb
valence is reduced to approximately 2.9~as estimated by
x-ray-absorption and lattice constant measurements1!, with a
consequent increase in lattice volume of 0.5% and a red
tion in magnetic susceptibility and spin-disorder scatterin6

High-resolution neutron powder-diffraction studies confi
that the first-order transition is an isostructural one, w
YbInCu4 retaining itsC15b structure at all temperatures8

The physics here mimic theg-a transition in elemental Ce.11

However, because the valence transition occurs at lower t
perature and at ambient pressure and there is no interve
phase~e.g.,b-Ce!, YbInCu4 is a ‘‘cleaner’’ system experi-
mentally. The physical origin of the transition is genera
taken to be the strong volume dependence of the Ko
temperature as explained, for example, by the Kondo volu
collapse model.7,12 Recently, however, Freericks and Zlat
have suggested that a Falicov-Kimball model, in which o
a fraction of Yb sites are active, may be more appropriat13

Because of the strong volume dependence of the vale
transition ~as evidenced by the lattice constant and b
modulus anomalies associated with the transition2,6! as well
as its rather low critical temperature, applied pressure
external magnetic fields promise to shed valuable light on
details of the physics of YbInCu4. In fact, much work has
already been done in this regard.1,5,14–17Measurements o
magnetization and forced magnetostriction provide comp
ling evidence that the observed field-induced transition
precisely the same valence transition as observed as a
tion of temperature at ambient field.5,14 An increase in Yb
valence, as deduced from the measured effective magn
moment per Yb and from the measured change in sam
volume, of approximately the same magnitude as the
crease in valence discussed above is observed.
560163-1829/97/56~1!/71~4!/$10.00
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Applied pressure pushes the valence transition to lo
temperature.1,5,16,17This is presumably because under pre
sure the smaller Yb31 configuration is favored over the
larger Yb21 one. The initial rate of depression ofTv is ap-
proximately 2 K/kbar and for applied pressures up to
kbar, the resistive transition remains first order despite
reduced transition temperature.18 It is not year clear whethe
the transition temperature can be suppressed all the wa
T50 or whether theP-T phase diagram ends in a lowe
critical point as is the case for some variants ofg-a Ce.19

However, many of these previous studies suffered fr
sample uncertainty. The reported transition temperature
YbInCu4 varies from 40–60 K, and many of the observ
transitions have been less than steplike, even at amb
pressure and field. Thus, when the transition is broadene
lowered in temperature, it is hard to separate the intrin
effect from extrinsic ones, making the identification of th
transition temperature and the order of the transition m
difficult. Recently, we have established a protocol for sy
thesizing single crystals of YbInCu4 which yields sharper
transitions than previously reported (Tv54261 K, with
transition widths<1 K!,6,7 and we have demonstrated a co
relation between disorder and transition temperature
suggests that our flux-grown single crystals are of the high
quality.8

Here we report resistance measurements as a functio
pressure, temperature, and magnetic field in pure and do
YbInCu4 using our high-quality single crystals. A sharp an
hysteretic transition is observed as a function of appl
magnetic field, and from these data we generate a magn
field-temperature phase diagram for YbInCu4. For stoichio-
metric samples under applied pressure and for Y-, Lu-,
Ag-doped samples which still possess a first-order vale
transition, similar phase diagrams have also been gener
By properly scaling these results, we can collapse the d
onto a single curve of the form@Hv /Hv(T50)#2

1@Tv /Tv(H50)#251, whereHv5Hv(T) and Tv5Tv(H)
are the critical field and critical temperature, respectively,
71 © 1997 The American Physical Society
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the valence transition, demonstrating the existence of a l
of corresponding states for the first-order transition and su
gesting that the effect of magnetic field is simply to supp
Zeeman energy to the transition. Finally, we speculate as
the origin of this simple magnetic-field coupling and relate
to the much stronger effect of applied physical pressure.

Single crystals of stoichiometric and doped YbInCu4

were grown from InCu fluxes as previously described.7 Dop-
ing YbInCu4 with Y or Lu drives the valence transition to
lower temperature, an apparent dilution effect. Substituti
Ag for In leads to an increase in valence transition tempe
ture, at least for small Ag concentrations. At high Ag con
centration typical mixed-valence behavior is recovered.
crossover from first-order to continuous behavior is observ
for both Yb- and In-site doping, suggesting that there is bo
an upper and lower critical point in the phase diagram. T
detailed composition-temperature phase diagram
YbInCu4 has been discussed elsewhere.7,20 All of the mea-
surements reported here were made with single crystals
displayed sharp and hysteretic resistive transitions at amb
pressure in the earth’s field. In Fig. 1 we show the low-fie
static susceptibilityx(T) at ambient pressure for representa
tive single crystals used in this study.

TheR(H,T) measurements were made using the stand
four-probe ac technique in the 30 T resistive magnets at
National High Magnetic Field Laboratory~NHMFL!.21

These magnets provide dc fields that are uniform to 0.05
over a 1 cmdiameter spherical volume. Care was taken
ensure accurate temperature calibration at high fields, as w
as to rule out field-sweep rate-dependent effects. Typi
field sweeps were performed at a rate of 5 T/min, and te
perature stability was better than 0.1 K over the course o
complete 12-min scan. The pressure measurements were
formed in hydrostatic Be-Cu clamps. The effective pressu
at low temperature was measured using a lead manom
and was assumed to be independent of temperature over

FIG. 1. Magnetic susceptibility versus temperature for represe
tative samples used in this study. Note the sharp drop in susce
bility at the valence transition. The lines are guides to the eye, a
the small upturns at lowest temperature for some samples are
trinsic Curie tails.
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temperature range of interest (2 K<T<50 K!.22 We esti-
mate the absolute uncertainty in reported pressure value
be 0.5 kbar.

In Fig. 2 we show plots of resistance as a function
magnetic field for both positive and negative field sweeps
various fixed temperatures for a sample of YbInCu4 under
an applied pressure of 6 kbar. A clear field-induced transit
from a low-resistance state to a high-resistance one is
served. This effect is consistent with what is observed in
temperature-dependent resistivity at ambient field and p
sure and is associated with a reduction of spin-disorder s
tering in the low-temperature, low-field state.7 The transition
occurs at higher fields for increasing-field sweeps as co
pared to decreasing-field sweeps. The width of the hyster
increases with increasing temperature. Although the origin
this effect is not clear, it may be due to thermal fluctuati
effects associated with the proximity of the ambient fie
transition. As compared to the size of the steplike change
resistance, all other magnetoresistive effects are small. H
ever, the resistance at high field does appear to have an
preciable temperature dependence in the high-resista
Yb31 state, as evidenced by the steady drop inR(H530 T!
for decreasing temperature.

Similar data for R(H,T) have been obtained fo
YbInCu4 under ambient and applied pressure~2.4 and 10
kbar, in addition to the 6-kbar data shown in Fig. 2!, as well
as for Ag-, Lu-, and Y-doped samples. The ambient-fie
dependence of the valence transition temperature with p
sure is qualitatively consistent with previously publishe
work.5,15–17These data and their implications for the therm
dynamics of the first-order valence transition will be di
cussed elsewhere.18

From data such as in Fig. 2, one can identify anHv
1 and

an Hv
2 ~the critical field for positive and negative field

sweeps, respectively, taken as the point of maximum der
tive! for a given sample at fixed pressure and temperatu

n-
ti-
d
x-

FIG. 2. Resistance as a function of applied field at various fix
temperatures for YbInCu4 under an applied pressure of 6 kba
Field sweeps were performed at 5, 10, 12, 14, 16, 18, 20, 22, 24
27, 28, 29, and 30 K~in order of decreasing transition field!. At a
given temperature, data for both increasing and decreasing
sweeps are shown. The valence transition occurs at higher field
positive field sweeps.



e
e
e

e
ia

ts

a
e
re

a

n
y

f
n
is
e
e
rg
ls
s

o

ted

en-

g

he
ic-
r
ht

he

s

of

See

fo
d

r

56 73BRIEF REPORTS
These data are shown in Fig. 3. We have verified, by p
forming temperature sweeps at fixed field, that for a giv
sample an (Hv ,Tv) data point does not depend on wheth
field or temperature is being swept. We23 and others14,15have
also measured magnetization as a function of applied fi
and from such data obtain quantitatively similar phase d
grams.

The data in Fig. 3 reveal that the (Hv ,Tv) data points
satisfy an elliptic equation.15 By plotting the data asHv

2 vs
Tv
2 a linear fit can be obtained and from these fi

Hv(T50) andTv(H50) can be extracted~inset, Fig. 3!. As
would be expected, the fittedTv(H50) values agree quan-
titatively with those determined by zero-field resistance me
surements. Additionally, although the magnetic field r
quired to induce the valence transition for fixed temperatu
less than 20 K in stoichiometric YbInCu4 under ambient
pressure is greater than presently available dc fields, we h
performed measurements in pulsed magnetic fields of up
50 T at temperatures as low as 1.7 K. The observed value
Hv(T51.7 K)533 T ~data not shown! is consistent with the
extrapolated value@Hv(T50)534 T# for pure YbInCu4 at
ambient pressure.

If the (Hv ,Tv) data are scaled by theHv(T50) and
Tv(H50) for a given sample, all of the data from each o
the samples discussed above can be made to collapse o
single universal curve which is well described b
@Hv(T)/Hv(T50)#21@Tv(H)/Tv(H50)#251. These data
are shown in Fig. 4—for clarity, onlyHv

1 values~i.e., data
for positive field sweeps! are shown. The extracted values o
Hv(T50) andTv(H50) for each of these samples is give
in Table I. Although the precise physical description of th
phase transition is unclear, a scaling relationship betwe
thermal and Zeeman energy is apparent which is independ
of physical pressure or doping and points to a single ene
scale governing this first-order valence transition. This a
suggests the existence of a law of corresponding states a
ciated with the first-order transition.24 Furthermore, because
the scaling relationship does not vary with doping, single i

FIG. 3. HV
1 ~open symbols! andHv

2 ~filled symbols! as a func-
tion of temperature, extracted from the data of Fig. 2. See text
details. The inset shows the linear relationship betweenHv

2 ~for
clarity, only the theHv

1 data are plotted! andT2.
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effects, rather than coherence-induced effects, are implica
as the microscopic mechanism underlying the transition.

The relationship between thermal energy and Zeeman
ergy can be examined by comparingHv(T50) and
Tv(H50) for a given sample. In particular, by equatin
kBTv5amBHv , we finda51.860.1 for each of the samples
in Fig. 4. Thus, not only is there a single energy scale for t
valence transition but also the relative strength of magnet
field coupling to the transition is independent of doping o
physical pressure within our resolution. Naively, one mig
expecta to correspond to the ‘‘g value’’ of the ion or exci-
tation to which the field is coupled. However,g51.8 corre-
sponds to neither the ubiquitousg52 of S51/2 excitations
or theg58/7 expected forJ57/2 Yb31. The existence of a
cubic crystal field breaks the eightfold degeneracy of t
J57/2 ground state. However, theg values calculated for the
G8 ground state of YbInCu4 in the high-temperature state~as
determined by inelastic neutron-scattering measurement25!
are in no better agreement with our data.26 Furthermore, in-
elastic neutron-scattering measurements10,25 suggest that a
crystal-field description of the low-temperature state
YbInCu4 is inappropriate.

TABLE I. Hv(T50) andTv(H50) extracted from magnetore-
sistance measurements for each of the samples shown in Fig. 4.
text for details.

Sample HV(T50) TV(H50)

YbInCu4 34.3 41.1
YbInCu4, 2.4 kbar 28.4 36.6
YbInCu4, 5.9 kbar 24.3 30.5
YbInCu4, 6.0 kbar 24.4 29.2
YbInCu4, 10 kbar 18.8 23.1
YbIn0.85Ag0.15Cu4 53.3 70.0
Yb0.925Lu0.075InCu4 19.0 22.7
Yb0.9Y 0.1InCu4 15.1 17.8
Yb0.95Y 0.05InCu4 25.7 31.7

r

FIG. 4. Hv(T)/Hv(T50) versusTv(H)/Tv(H50) for a variety
of samples. The (Hv ,Tv) data for a given sample can be collapse
to a universal curve by proper scaling. The data for YbInCu4 at 6.0
kbar were taken with a different crystal than all of the othe
YbInCu4 data which were obtained with the same crystal.
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The Kondo volume collapse model12 suggests that the va
lence transition ing-a Ce occurs at a temperature near t
Kondo temperature. This also appears to be true
YbInCu4 (Tv542 K and the high-temperature Kond
temperature7 is 20 K for stoichiometric YbInCu4 at ambient
pressure in the earth’s magnetic field!. If this identification
were to remain true as a function of field, our data sugg
thatTK

2 a H2; however, we are unaware of theoretical calc
lations that predict such a field dependence ofTK .

27

An empirical expression of the form TK(H)
5TK(H50)$11@mB /kBTK(H50)#2%1/2 has been propose
for the related compound YbAgCu4.

28 This expression pre
dicts an elliptical relationship betweenTK andH, the same
functional form as our result forTv(H), but it implies, con-
sistent with experiment,28 that TK increases with field
whereas if one assumes thatTv5TK , our data suggest tha
TK decreases with field. Further theoretical study is requi
to establish the possible origins of this functional dep
dence and to understand how the sign of the coupling m
vary from compound to compound.
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Finally, it is interesting to note that the combined therm
and Zeeman energy of the valence transition in stoich
metric YbInCu4 at ambient pressure~3.5 meV! does corre-
spond remarkably well to the amount of energy associa
with the volume expansion:E51/2BV(DV/V)2, where
B5110 GPa,2 DV/V50.5%, andV5(7.15 Å! 3 per unit cell,
gives 3.1 meV. Thus, a fixed energy independent of temp
ture, magnetic field, or applied pressure seems to be as
ated with the first-order valence transition. Further work
mains to identify the underlying microscopic mechanism t
gives rise to such interesting yet simple physics.
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