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Magnetization, resistivity, thermal expansion coefticient, and x-ray unit-cell measurements of
Yb04Ino 6Cu& under pressure (P up to 25 kbar3 and in magnetic fields (H,„t up to 180 kOe) at tem-

peratures 4.2-80 K have been performed. The valence-phase-transition temperature, T„, is pressure

dependent and surprisingly enough also field dependent. One obtains dT, /dP = —2. 1 K/kbar for
P & 6 kbar. Negative chemical pressure obtained by substituting Yb by La or Cu by Ag increases

T„. A theoretical analysis within a previously published model shows that the intercon6gurationa1
excitation energy below T„changes with pressure at a rate dEO/dP = —11 K/kbar. The external
magnetic Seld does not a8'ect Eo, but it increases the Yb'+ excited-state population and thus drives
the phase transition to a lower temperature at a rate dT, /dH, „,= —0.022 K/kOe.

I. INTRODUCTION

The recent pubhcations' " on the Yb valence-phase
transition in Ybo 41no 6Cu2 have shown the many features
of this transition. The sharp phase transition is between
a nonmagnetic Yb state, of formal intermediate valence
2.8, to an Yb + magnetic state. The valence-phase
transition-temperature T„ is strongly volume dependent,
and changes drastically under substitution of the Yb by
other elements. These results indicate that T„should be
strongly pressure dependent. The model suggested ' to
explain the many expt'. rimental observations assumes that
the phase transition in Ybo ~Ino 6Cu2 is driven by a posi-
tive feedback mechanism of the increase in the Yb +

excited-state population. This implies that a strong
enough external magnetic field should also drive the tran-
sition. To test these ideas we present here studies of mag-
netic susceptibility and resistivity of Ybp gIno 6Cu2 under
external pressures up to 25 kbar. Ybo4In06Cu2 under
negative chemical pressures was studied by x-ray
diffraction and magnetic susceptibility. The magnetiza-
tion of Ybo ~Ino 6Cu2 at 4.2, 20, and 40 K and the magne-
tization of Y103&Ino65Cu2 at several temperatures in
magnetic Selds of up to 180 kGe have been recorded.
Thermal expansion measurements show very clearly that
the valence phase transition occurs in two steps.

The studies under external pressure show strong
changes in T„, dT„/dP= —2. 1 K/kbar. The negative
pressure obtained by substituting Yb by a larger ion like
La, or Cu by Ag, increases T, signi6cantly. The magneti-
zation curves of Yb04Ino 6Cuz at 4.2 and 20 K are simi-
lar, almost linear with the external magnetic 6eld 0,„,.
At 40 K the magnetization curve starts with the slope

similar to that at 4.2 K but at 70 kOe starts to rise sharp-
ly. A theoretical analysis of the experimental observa-
tions within the model of Ref. 1 reproduces the experi-
mental magnetization curve at 40 K assuming Eo ——240
K with Lorentzian width of 10 K, the analysis shows that
dT„/dH, „,= —0.022 K/kOe. It also shows that Eo must
change with pressure at a rate —11 K/kbar.

II. MAGNETIC SUSCEPTIBILITY AND
RESISTIVITY OF Yb In Cu UNDER PRESSURE

The high-prcssure magnetization experiments have
been performed using a beryllium copper cell. The low
pressure is applied by means of compressed helium which
produces hydrostatic pressures up to 7 kbar.

Magnetic 6elds up to H=70 kOe were produced by a
superconducting coil and the magnetization (M) was
measured by the extraction method. The magnetization
measurements on Ybo ~Ino 6Cuz have been performed in a
6eld of 60 kOe: so the susceptibility recorded was the ra-
tio M/H. The experimental results of the magnetic-
susceptibility measurements of Ybo 4lno 6Cu2 under pres-
sure are shown in Fig. 1. The shape of these curves is the
same as those shown in the previous studies. ' The
change of the phase transition temperature as a function
of pressure is evident. In Fig. 2 the temperature at which
the magnetic susceptibility reaches its maximum (a well-
defined temperature) is displayed as a function of pres-
sure. In this pressure range the curve in Fig. 2 is quite
linear, with slope of dT, /dP = —1.9 K/kbar. In Fig. 3,
the resistivity measurements are shown in a much larger
pressure range. All the figures are similar to those previ-
ously reported. Here the pressure dependence of the

37 5633 1988 The American Physical Society



37

120
I

T
&~

T

vb0.@no.acUz
I

I

h 4

r d

b

0.04

E
0.03

E
(9

~ 0.02 00
2.0
40
5.9Q.e 0.01 —=-=gg~

O. oo L
0 20 40 60

Temperature (K)

'l00

100 ~

80 I-

C,'

60 I-

40

20
0

Ybo.carlo. SCug

a +o~ ~~~0 xx XX x0 xx xx
a x g xx

x xo,v, ~ '
~ x 0.0 kbar

12.82
e x

15.7
17.18
20.0
24.4

0
0

0
O

10 20 30 40 50 60 70 80
Temperature (K)

FIG. l, Temperature dependence of the magnetic susceptibil-

ity of Ybo 4Ino 6Cuz in 60 kOe under various pressures.
FIG. 3. Temperature dependence of the resistivity of

Ybo gIno 6Cug under various pressures.

valence-phase transition is even more obvious than in the
magnetic-susceptibility measurements, Fig. 1.

In the susceptibility, Fig. I, and resistivity, Fig. 3, the
valence phase transition is composed of two stages. By
plotting the temperature derivative of the resistivity one
can determine two points of maximal slope.

The pressure dependence of the upper transition tem-
perature (considered as the point of maximum slope) is
shown in Fig. 4. Here one observes that T„ is not a linear
function of pressure. At the low pressure (up to 6 kbar)
dT„/dP = —2.3 Kikbar (which agrees well with that ob-
tained by the susceptibility measurements) and decreases
to —1.1 Kjkbar at higher pressures. It should be men-
tioned that both pressure dependence measurements have
been performed on the same sample.

formed. No distortion has been detected in any of the
substituted systems. The temperature dependence of the
unit-cell parameter, Fig. S, has been obtained by averag-
ing the line positions of the [422], [333], and [444]
reflexes. The curves in Fig. 5 show clearly that the phase
transition temperature moves up or down depending on
the size of the ion substituting the room-temperature
Yb + ion. Since both La + and t.u + are chemically
similar to Yb +, their effect on T„resembles the effect of
pressure. Lu is smaller than Y13+ and thus substitution
by Lu is just positive chemical pressure. On the other
hand, substitution by La has the effect of negative chemi-
cal pressure snd T„ increases.

The situation is completely different when the substitu-
tion is performed in the Cu site, Fig. 6. Substitution of

III. SUBSTITUTION DEPENDENCE

Studies of the valence phase transition in systems
where the Yb was substituted by other rare earths have
been reported in Ref. 3. It was shown that the phase
transition temperature msy increase, decrease or even
be smeared out. Here we report more evidence for
this phenomenon. X-ray unit-cell studies of

o.3Lao. ]Ino.6Cu2 snd Ybo. 3Luo. iIno. 6Cu2 have been per
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FIG. 5, Temperature dependence of thef the unit-cell size of
Ybo. 3L~.1In0.6Cu2 and Y103LQO. lI%.6Cu2

'" Ybo.4»o.6Cui. 75Ago. 25 (a=7.189 A ) in-
creases T„up «80 K but also reduces the susceptibility.
On the other hand, when Cu is replaced by i in

Ybo $Ino 6Cu, 75Nio. 2$ tlM lattice parameter does noi
( —7 152 A) but the valence transition disap-

tears and Yb is trivalent down to 4.1 K. It is clear thapears an is riv
ressure or volume change are noi enoug pu h to ex lainpressure

these phenomena. In Fig. 7 we disp ay e e pla the tern erature
dependence oof the magnetic susceptibility of
Yb In Cu exhibiting the same behavior as
Yb I Cu . Both samples were studied in hig g-

o.35 no. 65 uz

Intensesnetic fields at the Service National des Champs Intens
Grenoble.

IV. MAGNETIC FIELD DEPENDENCE

Th question whether a valence phase transition is
magnetic Geld dependent has never been answered y ex-

erimental facts. Here we present such evidence, provingperimenta ac s. e
that the present valence transition is afFecte yb external
magnetic e s. n6 ld In Fig. 8 we display the magnetization

In Cu at 4.2, 20,versus magnetic field curves of Ybo 4Ino 6Cu2 at
an d 40 K. While the 4.2- and 20-K curves are very simi-
lar, of constant susceptibility X= l.3 X 10 pz
(7.5 10 emu/mol) the 40-K curve above 70 kOe rises
sharply. This may indicate that at 40 K, close
externa magne ic e1 t' fi ld enhances the valence transition.
In Fig. 9 we display detailed studies of the magnetic mo-
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line throug t e 0& n06h h Yb In Cu experimental points is the least-
squares-fit theoretical susceptibihty calculated using Eq. (2 .

FIG. 8. The magnetization of Ybo 4Ino 6Cu2 at 4. ,at 4.2 20, and 40
K„as a function of external magnetic fie d.1 . The solid curves for
20 and 40 K mere theoretically calculated.
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For Ybo 4In 6Cu2 the thermal expansion coefBcient
remains zero up to 40 K and then two minima are ob-
served in the region of the Yb valence phase transition.
The behavior is similar to that observed in the specific-
heat measurements (Fig. 8 in Ref. 2) and in the suscepti-
bility and resistivity measurements shown in Figs. 1 and
3. The thermal expansion integral curves, Fig. 10, are
similar to those of the unit-cell size shown in Fig. 5. Ail
these measurements indicate that the valence phase tran-
sition occurs in two steps. Since the thermal expansion
measurements were most indicative of the double transi-
tion, the measurements were repeated with another sam-

ple prepared by a very different method and yet the be-
havior was the same.

FIG. 9. The magnetic moment of Yb in Yb035In065Cuz as a
function of external magnetic field at various temperatures a,
4 2 K; b, 32 K; c, 35 K; d, 37 K; e, 38 5 K; f, 39 7 K; g, 41 4 K;
h, 45.7 K; and i, 55.5 K.

ment of the sample Ybo i51no 65Cu2 as a function of mag-
netic field at various temperatures. The curves are linear
at temperatures below and above the transition region,
Fig. 7. In the transition region the curves display a field-
induced valence transition, like in Fig. 8; the critical field
decreases when the temperature is raised. In the discus-
sion to follow we show that the model' we adopted for
this valence transition predicts external field dependence
consistent quantitatively with the experimental observa-
tions.

V. THERMAL EXPANSION
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FIG. 10. Linear thermal expansion of Y104In06Cu2 and
t.uo &Ino 6Cu2 (dashed lines).

Linear thermal expansion measurements of
Ybo.4Ino. 6cu2 and Luo. 4Ino6Cu2 from 9 K up to room
temperature, using an automatic tube type capacitance
dilatometer, have been performed. The heating rate was
O.S K/min. Figure 10 shows the thermal variation of the
linear thermal expansion coeflicient, 51./I. ST for both
samples and the integral curves are shown in the inset.

The Luo4Ino6Cu2 thermal expansion curve exhibits a
Debye behavior with a Debye temperature of 240(10) K.

VI. THEORETICAL ANALYSIS

The model suggested in Ref. 1 was capable of explain-
ing many of the experimental observations reported. '
In terms of the same model we shall try to understand the
changes of the valence phase transition as a function of
pressure, substitution, and external magnetic field.

The model assumes that the Yb'+ state at low temper-
atures is E,„, above the nonmagnetic intermediate valent
state. If p3 is the Yb + population, E,„, will change as

E,„,=E0(1—ap&) where a is a constant. pi itself is a
function of E,„„crystalline and magnetic field splittings
of the Yb + eightfold-degenerate state, and of course, the
temperature. This interconnection between E,„, and p3
leads to a first-order valence phase transition at T„.
Below T„ the only solution for p& is p& =0 whereas above

T„,P3 =1.
Within this model it is quite clear that T„ is a very sen-

sitive function of the parameters Eo and a, where Eo is in
fact E,„,below T„. The sensitivity to the parameter a is
shown in Fig. 1 and Fig. 3 of Ref. 1.

As long as we are deahng with a single system and only
changing the volume by pressure or p3 by an external
magnetic field we assume that a, which depends on Yb
neighbor distribution, stays constant, and only EQ
changes. In Fig. 11 we display the dependence of T„on
Eo for fixed a=2. 1 and crystalline field A4(r ) =40 K.
We obtain dT, /dE0=0. 2. From the measurements of
the susceptibility and resistivity at low pressures we ob-
tain dT„/dP = —2.1(2). We thus obtain dEO/dP = —11
K/kbar. At higher pressures dEO/dP = —S.S K/kbar.
Such a rate of change of the interconfigurational excita-
tion energy as a function of pressure is also evident for
Eu compounds, EuCuzSiz (Ref. S), EuPdzSi2 (Ref. 6), and

EuNi2P2.
Now we turn to the question whether T, may depend

on the external magnetic 6eld. %'ithin our model any in-
crease in p3 decreases E,„, which then increases p3 and
by this positive feedback mechanism may drive the Srst-
order phase transition. In zero external magnetic 6eld
the only physical parameter which increases p3 is the

temperature T. %hen T reaches T„ the valence phase
transition occurs. However, if we are at a fixed tempera-
ture, slightly below T„at 40 K in Fig. 8, and apply a
strong magnetic field it will split the Yb + eightfold-
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degenerate state and lead, because of the nature of
Boltzmann statistics to an increase in p3. Again E,„, will
decrease and a phase transition will occur. We tested this
idea within our model assuming a =2.1 and A~(r & =0,
which simplifies the calculation. In Fig. 12 (lower panel)
and Fig. 12 (upper panel), respectively, we show the
change of p3 and magnetization as a function of external
magnetic field H,„, for various values of the parameter
Eo. We observe that within the range of experimental
magnetic fields (0-180 kOe), at 40 K when ED=210 K,
the Yb ion is trivalent, when ED=240 K the Yb ion is
nonmagnetic. However, for Eo in the range 220-230 K,
the experimental external magnetic field may drive the
first-order valence phase transition.

%e have calculated p3 as a function of temperature for

various values of Eo and H,„,. From these curves we ob-
tained T„as a function of H,„, and Eo. In Fig. 13 we
display the dependence of T, on 0,„, for various values
of Eo. We notice that dT„/dH, „,= —0.022 K/kOe is ht-
tle dependen~ on t e value of E,.

The experimental observation shown in Fig. 8 indicates
a change in valency as the field increases, but it is not
sharp as the theory predicts. Also the change in suscepti-
bility Fig. 1 and resistivity Fig. 3 as a function of temper-
ature do not exhibit a very sharp transition predicted by
theory. ' %e may understand all these results in terms of
an inhomogeneity in the value of Eo across the samples
investigated. It is well known that Eo depends on local
environment. Since in Y104In06Cu2 the Yb and In are
randomly distributed in the same locations one may ex-
pect a distribution in Eo excitation energy values. If we

assume a Lorentzian distribution of Eo of half width at
half height I"=10K, the thermal magnetic-susceptibility
curves resemble much more the experimental curves. A
least-squares 6t to the magnetic-susceptibility curve of
Ref. 1 is shown in Fig. 6. The same Lorentzian distribu-
tion, namely I = 10 K, reproduces also the magnetization
curve shown in Fig. 8.

Let us summarize the calculation procedure of the sus-

ceptibility and magnetization. For the susceptibility we
use Eq. (1) of Ref. 1 except that p~ as a function of tem-

perature is no longer a step function. p3 is a function of
E (the excitation energy for a =0) and E has a Lorentzian
distribution of width I, around the value of Eo. Thus
the average p3 is given by

p&(EO, I",T)=—I p&(E, T), (1)
1 ~ dE

I ~+(E —Eo)i

where pi(E, T) is solved self-consistently using Eq. (3) of
Ref. 1. p3 is now a smooth function of temperature, and
so is the susceptibility

X=12(1—
p& )+Zip&

in Fig. 6.
The magnetization was calculated in the zero-

crystalline-6eld approximation. If E and 0 are the exci-
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tation energy (for a=0) and external magnetic field, then
the partition function of the system is given by

Z(E,H, T)=1+e '"' Z3(H, T), (3)

E,„,=E ( 1 —up3 )

and Z3 is the Yb + free-ion partition function.
p3(E, T,H) is solved again self-consistently by the equa-
tion

p3(E, T,H) = Z —1

Z

The magnetization is now given by

M (Eo,H, T)=X2H (1—p3 )+p 3M3(H, T),
where p3 is again an average ofp3(E, T,H) like in Eq. (1).

+2 ——0.0075 emu/mol is the magnetic susceptibility of
the intermediate valent state of Yb below T„and
M3(H, T) is the free-ion Yb + magnetic moment. It is
worth mentioning again that for each value of E one has
to solve for p3 and then calculate p3 fof inserting 1n the
equation for M(EO, H, T).

%e turn now to the sensitivity of the valence transition
to substitution in the Cu site. %'e observe that when Cu

by Ni (Ybo.glnQ. QCu/. 75Ni0. 25) T„ is pushed
downwards very drastically, in fact the Yb is trivalent in
the whole range of observation, Tg4.2 K. Substitution
by the same amount, Cu by Ag, leads to a large increase
in T„and strong reduction in X. Both these observations
show that the substitution in the Cu site cannot be ex-
plained only by the pressure efFect. Ni is very similar in
size to Cu and yet so strongly afFects the Yb valency. Ag
replacing Cu increases the crystal volume but not more
than the La did and yet increases T„much more than La.
%e conclude that substitution in the Cu site, 6rst nearest
neighbor to the Yb ion, strongly affects the parameter a

of our model. In fact, a small value of a (-0.1) leads to a
susceptibility curve, Fig. 1 in Ref. 1, very similar to that
of Ybo ~lno 6Cu, 75Ago 2s. A large value of a ( ~~2) leads

to the situation in which T„ is much below 4.2 K. At all

temperatures the Yb is trivalent, this agrees with the case
of Ni substitution.

VII. CONCI. USIGNS

The observations reported in the present paper lead to
the following conclusions.

(a) The sharp valence phase transition in the cubic
Laves-phase system is very sensitive to external parame-
ters such as temperature, pressure, and magnetic Aeld.

Application of pressure decreases T„at a rate of —2.1

K/kbar and application of magnetic field also decreases
T„at a rate —0.022 K/koe.

(b) Substitution of Yb in Yb04In06Cuz simulates the
efFect of pressure, in this case simulating even negative
pressure.

(c) Substitution of Cu in Ybozln06Cu2 by Ni or Ag
influences the valence phase transition far beyond the
effect of equivalent pressure. This indicates that this sub-

stitution has strong electronic band efFects, in particular
changing strongly the density of states at the Fermi level.
Ni substitution drives the Yb to become trivalent, Ag
substitution makes the intermediate valent Yb state
stable to higher temperatures.

(d) All measurements indicate that the valence phase
transition in Ybo ~Ino 6Cu2 occurs in two steps. The ori-

gin of this bimodal compositional variation is not clear.
It does not occur for example in Ybo.46ao. iIno, 6Cu2
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