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Magnetic-susceptibility measurements of a new Laves-phase cubic system, Yb,In,_,Cu, (0.30=<x
< 0.65), exhibit very sharp Yb2+ — Yb3* valéence phase transitions at temperatures T,=40-80 K. A sim-
ple valence-fluctuation model predicts first-order phase transitions and agrees with the experimental obser-
vations. For Yby 4Ing ¢Cu, the theoretical fit shows that below T,=46 K, the I'q state of Yb3* is 190 K
above Yb*, changing abruptly to —210 K above T,. The present compounds exhibit the sharpest
temperature-dependent valence phase transition in any metallic system.

Intermediate valencies generally change slowly with tem-
perature.! The well-known sharp valence phase transitions
with temperature are those in the Sm,R;_,S systems,’
which are also insulator-metal transitions. Less sharp is the
transition in metallic EuPd,Si,.> Here we present magnetic-
susceptibility measurements of an extremely sharp valence
phase transition, from Yb?* to Yb’*, at T, =46 K in metal-
lic Laves-phase cubic Ybg4lng¢Cu;. A model previously
used for EuCu,Si, (Ref. 4) and for EuPd,Si, (Ref. 3) is ap-
plied to Yb in Yb,In;_-,Cu,. Under suitable conditions it
predicts, first-order discontinuous valence phase transitions,
in agreement with the experimental observations. A fit of
the theoretical model to the experimental results yields an
interconfiguration excitation energy (E., positive when
Yb** T4 state above Yb2*) of 190 K below T, and changing
sign abruptly to —210 K at 7,. The cubic crystal field act-
ing on the Yb** ion is A4(r*) =40 K leading to I'¢ ground
state, I'g and I'; at 50, and 135 K above I'¢.

The compound YbCu, has the orthorombic CeCu,-type
structure, Ybln, crystallizes in the hexagonal Caln,-type
structure. While trying to form ternary compounds of these
three elements x-ray studies revealed a new single Laves-
phase cubic compound of the form Yb,In,_,Cu,, where x
can obtain the values 0.30-0.65. The unit ce]l sizes of these
compoyunds at room temperature are 7.157 A for x=0.3 to
7.133 A for x=0.65. It seems quite certain that in this sys-
tem the In ions occupy the rare-earth site; Yb’* and In
have similar ionic radii. It is not clear whether the In and
Yb are distributed randomly in this site. If they are, then
the Yb ions will experience a distribution of local environ-
ments. The local environments may have an effect on the
Yb valence state.’

Magnetic-susceptibility measurements were performed
with Princeton Applied Research vibrating sample magne-
tometer, on samples Yb,In,-,Cu,, x=0.3,0.35,04, 045,
0.5,0.55,0.6, and 0.65. The temperature dependence of the
magnetic susceptibility, which was magnetic-field indepen-
dent up to 15 kOe, is displayed in Figs. 1 and 2 for some of
the samples investigated. One observes a very sharp rise in
susceptibility at about 45 K in the x=0.4 sample and
several steps or continuous rise in the other samples. The
initial rise for all samples is at about the same temperature
~40 K. For comparison, we have measured the magnet-
ic susceptibility of Gdg4IngeCu; (a=7.268 A), Lug4lng¢Cu,
(a=7.154 A), and YbgsIngsNi; (@a=7.133 A), all of the
same cubic structure. In YbgsIngsNi, the Yb ion is trivalent
down to 2 K and the susceptibility follows a Curie-Weiss law
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and Gdg4Ing¢Cu; is paramagnetic down to 4.2 K. In all C15
rare-earth RM,, where M is a nonmagnetic element, the
R -R interactions are governed by the Ruderman-Kittel-
Kasuya-Yosida (RKKY) mechanism with the highest mag-
netic ordering temperature found in the GdM, compounds.
An absence of magnetic ordering in Gdg4lng¢Cu; rules out
the possibility that the sharp transition in Ybg4lng¢Cu,; is a
magnetic phase transition. Moreover, neutron diffraction
measurements® on Ybg4IngsCu, show that the spectra ob-
tained at 4.2 K and room temperature are quite similar and
contain only the peaks belonging to the C15 structure
without evidence of any magnetic ordering. The observed
temperature dependence of the magnetic susceptibility of
Yb,In;_,Cu, looks similar to curves of Yb intermediate
valence compounds such as YbAl; (Ref. 7) or Ce intermedi-
ate valent compounds.! However, the present case is
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FIG. 1. Temperature dependence of magnetic susceptibility of

Ybg 4Ing ¢Cu, and Ybg sIng sNi,. The solid line through the experi-
mental points is a least-squares-fit theoretical curve with a =2.1.
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FIG. 2. Temperature dependence of magnetic susceptibility of
belnl_xCuI.

unique, since, in contrast to the previous cases, the rise in
magnetic susceptibility is extremely sharp. Any effort to fit
the experimental observations within a valence-fluctuation
model with a temperature-independent or slowly varying in-
terconfigurational excitation energy will fail, since it leads to
a gradual valence change, as in YbAl;. It is tempting to as-
sume that the interconfigurational excitation energy depends
on the fractional valency (p; - the Yb** probability) of the
Yb ion.** If the excitation energy(Yb®* above Yb?*) de-
creases when pj increases, one obtains a positive feedback
which may lead to a cooperative sharp-phase transition. We
adopt the conventional fluctuation models®® and express
the magnetic susceptibility in the form

X=X(1=p3) +Xx3P3+Xo, 1)

where X; for Yb** in a cubic crystalline field (Eq, E7, and
Ej; correspond to the I'¢, I'7, and I'g cubic states) is given by

*
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here C¢, C7, and Cg are the Curie constants corresponding
to the T, T, and Ty states. Z3(T*) is the Yb** partition
function. T* is given by (T?+ T?)2, where T is the tem-
perature and T is the valence-fluctuation temperature. Xo
is the lattice and conduction electron contribution to the
susceptibility. 6 is the paramagnetic Curie temperature
which itself must depend linearly on p3, 8= 6p;. The Yb**
probability p; is given by

_ Zy(T")
Z3(T*) +exp(Eexd/ T*)

p3 3)

If we assume that E., is itself a function of p;,>*1011 of
the form E.= E¢(1—ap3), then one has to solve Eq. (3)
self-consistently. Such a dependence of E... on p; can be
thought of as due to the crystal contraction mecha-
nism.>!213 For simplicity, as a model calculation we have
chosen the case where Yb’* is represented by only one
doublet, the other two states far above in energy. In this
case p = p; is a function of only x = E¢/T* and the parame-
ter «. The equation to be solved is

p={+sexplx(1—ap)l)~'=f(p) . @)

Surprisingly enough, the solutions of this equation for a > 1
lead to a sharp valence transition from Yb?* at low tem-
peratures to Yb** at high temperatures. In Fig. 3 the solu-
tions of Eq. (4) for p as a function of x for various values of
« are shown. The solutions were obtained for each x value
by iterations [p,+,=/(p,)] starting always with the initial
value po=0. This procedure converges in all temperature
ranges and follows the solution which is the physical ground
state at low temperatues. At low temperatures the equation
has three solutions as shown for a=2.0 in Fig. 3. It is ob-
vious from Fig. 3 that above the phase transition Eq. (4)
has only one solution. The curve for a =2 with the three
solutions for p was obtained by plotting x as a function of p,
x=In[2(1/p-1)1/(1—ap).

For fitting the experimental data in Fig. 1, the full expres-
sion for X and p3, Egs. (2) and (3) have been used. A
least-squares-fit procedure of the theory to the experimental
observations, solid curve in Fig. 1, yields the following
parameters: a=2.1%.1, E;=190+10 K, 6;=20+10 K,
Tr;=5+5 K. Xxo was found negative, —~ —0.0005
emu/mole, identical to the value found for Lug4lng¢Cus,.
The value of 8y is similar to that obtained for Ybg sIng sNi,,
8 K, and for Gdg4Ing¢Cu,, 40 K. Assuming dominance of
the fourth-order cubic crystal field the parameter A4(r*) ob-
tains the value of 40 +20 K (I's ground state and I'; and I’y
at 50 and 135 K above). This value for 44(r*) is consistent
in sign and absolute value with values obtained for other
trivalent Yb in Laves-phase compounds.!4

The rise in susceptibility at very low temperatures is prob-
ably due to paramagnetic impurities. One observes in Fig. 2
that this rise is not present in all the samples investigated.
The relatively high Yb?** susceptibility below 7T, 0.0075
emu/mole, in spite of the very low T, value, indicates that
the Yb ion below T, is in an intermediate valency state and
thus has an almost temperature-independent susceptibility
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FIG. 3. The probability of the Yb ion being trivalent as a func-
tion of inverse temperature solutions of Eq. (4).
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as observed for SmBqg.!* It also indicates that at low tem-

peratures the fluctuation-valency model with its phenom-
enological T, parameter is not valid.?

Figure 2 shows that the magnetic-susceptibility curves of
Yb,In;_,Cu, change drastically as a function of x. Consid-
ering that both Ey® and a may depend on Yb local environ-
ment, this result is not surprising. It seems that the in-
crease or decrease of x from the critical value
x.=0.37 £0.04 in which the first-order valence-phase tran-
sition is most prominent, leads to an increase in Ey and de-
crease in «, and to a smear out of these values. In Fig. 1,
theoretical susceptibility curves are reproduced for various o
values, keeping the other parameters as those for

Ybo4lng¢Cu;. The resemblance to the experimental curves
shown in Fig. 2 are evident.

The results reported here seem to indicate that the new
sharp valence-phase transition in YbgsIng¢Cu, is of first or-
der, not as most other valence-phase transitions observed to
date. Though the present paper reports only susceptibility
studies of this transition, the temperature at which this tran-
sition occurs is very convenient for studies by many other
experimental techniques. The theoretical model presented
here, in spite of being simple, does predict sharp transitions
and is capable to fit the experimental data with a very limit-
ed number of free physical parameters. Other similar phase
transitions may be explained within a similar model.
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