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Significant deviations from Vegard's law in CeIn3 „Sn„suggest a continuous valence transi-

tion from trivalence for x & 2.3 to a small amount of mixed-valence character for x & 2.3.
Results for the magnetic susceptibility X(x; T) in the range 2—340 K (with the background d-

orbital contribution estimated from the susceptibility of LaIn3 „Sn„and subtracted off) exhibit

several significant features: (i) For 0.8 (x & 3.0 the effective moment p.2 = TX/C is, to within a

few percent, a function of a single scaled variable p, (T,x) = p, (T/T, f(x)). This is interpreted

as single-energy-scale characteristic-energy behavior, where kT,f is a characteristic energy for

spin fluctuations which varies from 50 to 200 K. (ii) T,f(x) oscillates with x proportionally to

the conduction-electron density of states N(eF', x) (deduced from the electronic properties of
LaIn3 „Sn„);this provides strong evidence that the spin fluctuations arise from interactions of
the 4f spins with conduction electrons. (iii) The indium-rich alloys order. magnetically at low

temperature in some version of antiferromagnetism. The phase diagram, in which there is a

T =0 phase transition from the antiferromagnetic ground state to a nonmagnetic trivalent spin-

fluctuation ground state, is presented. This transition may correlate with an increase in the cou-

pling Acr Sf of conduction electrons to the 4f spins, as recently proposed. The scaling behavior

breaks down in the vicinity of the ordered phase as the magnetic interactions stabilize the low-

temperature moment.

I. INTRODUCTION

Valence instabilities" occur in cerium-based ma-
terials when the 4f level Ei is moved to the Fermi
level ~F by application of pressure or alloying. The
following summarizes the behavior: When Ef is suf-
ficiently far below eF the metal will be trivalent and
the ground state magnetically ordered. When Ef is
not as far below eF spin fluctuations (virtual valence
fluctuations) will compete with the magnetic interac-
tion, decreasing the moment. This may occur in

CeA12. ' As Ei approaches closer to ~F a situation is

plausible where the metal, while still trivalent, has a

nonmagnetic ground state: the spin fluctuations over-
come the interaction. This would appear to hold in
CeA13. ' When eF —Ef is comparable to the width of
the hybridized 4f level, the valence will become
nonintegral, and valence fluctuations will play an in-

creasingly important role; an example of this latter
behavior would be CePd3. Finally, when the level is
sufficiently far above ~F the metal will be tetravalent,
as has been argued concerning CeRh3.

The results presented below concerning the mag-
netic behavior of the intermetallic alloy CeIn3 „Sn„
seem to indicate that the above given sequence (mag-
netic ordering —trivalent spin-fluctuation
behavior —intermediate valence) can be attained ex-
perimentally. In this system there is a valence transi-
tion with increasing concentration x. CeIn3 is

trivalent4 and magnetically orders (at 10 K) but
shows spin-fluctuation effects in the form of a large
negative Curie-Weiss parameter' and a resistance
minimum. CeSn3 exhibits an anomalous lattice con-
stant and a broad susceptibility maximum' typical of
intermediate valence. The compounds are isostruc-
tural (with cubic AuCu3 structure) and completely
miscible'; hence, the valence instability and the dif-
ferent regimes of magnetic behavior can be obtained
by merely alloying. Some other advantages offered
by this alloy system are: (i). While alloying introduces
disorder, the disorder is primarily on the In-Sn sites;
the cerium lattice remains unaltered. Furthermore
the In-Sn valence electrons are in Ss and 5p orbitals
which may be sufficiently extended that the electron
background seen by the cerium electrons might be
relatively uniform. (ii) The electronic properties of
LaIn3 „Sn„have been widely studied. ' This iso-
structural (AuCu3) system can be used to estimate
the non-4f background contributions to the observed
behavior.

The magnetic susceptibility of many valence-
fluctuation materials shows Curie-Weiss-like behavior
at high temperatures X = C,r„/(T +0), exhibits a
broad maximum centered at some temperature T,„,
and is constant at low temperatures, X(T) —X(0).
This has been discussed in terms of the concept of
characteristic-energy behavior. This notion forms
the basis of popular experimental phenomenology"'
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of mixed valence and is supported by recent inelastic
neutron scattering experiments. ' ' The phenom-
enology typically invokes two energy scales to explain
the susceptibility'. a spin-fluctuation frequency tee, q

determines the Curie-gneiss parameter ko —ko, q

while C,~~ and kT,„are related to the energy re-
quired to promote a nonmagnetic electron into the
magnetic orbital. Contrary to this two-energy-scale
picture recent results on Yb-based valence fluctuation
intermetallics suggest that 1/X(0) and 0 scale with
T,„,"" as though, within a certain class of com-
pounds, only one energy scale determines X(T).

Characteristic-energy behavior is theoretically well
grounded in dilute magnetic alloys, "but this is not
the case for nondilute mixed valence. Nevertheless
in systems such as' Cepd3 and'~' Ce~ „Th„where
both dc susceptibility and inelastic neutron scattering
experiments have been performed, characteristic-
energy behavior is clearly evident. In particular the
frequency-dependent susceptibility is Lorentzian

ImX(ro) ~ X&,cur /(r' +~')

%e can identify AI as a characteristic energy for spin
fluctuations, kT,q, but the definition is somewhat ar-
bitrary, and for our purposes we merely assert that
fI" m~kT, & where m~ is a constant of order unity.
%hen the dc susceptibility of these materials is exam-
ined it is found that

m2C/(T+m3T, f) T )) T fX(T)-
C/m4Tsf T (( Tgf

and that the broad susceptibility maximum occurs at
a temperature representing the crossover from low-

temperature to high-temperature behavior:

T~,„=ms T,r

Here C is the Curie constant for the free magnetic
ion, which for J = —, cerium ions is C =0.807

emu K/mole, and the m; are all constants of order
unity. Stated in this fashion, the phenomenology ac-
curately describes experiment without being explicitly
tied to any assumption about whether one or two en-
ergy scales determine X(T).

The results for the magnetic susceptibility X(x; T)
of CeIn3 „Sn„presented below will be.analyzed in
terms of this concept of characteristic-energy
behavior. The outstanding feature of the results is
that over a broad region of the x-T diagram, includ-
ing both trivalent and nonintegral-valent materials,
single-energy-scale behavior appears to be valid. In
particular the "effective moment"

p, '(x; T) - TX(x;T)/C,
is found to be a function of a single-scale variable

p, '(x; T) -p'(T/T, r(x))

Alternatively, this means that the constants m; are
fixed, independent of T,~, x, etc.

Certain other features are worth noting. As was
shown in an earlier Letter, ' the characteristic energy
oscillates with x and is roughly proportional to the
conduction-electron density of states. The impIica-
tion of this for the role of the conduction electrons in
controlling the spin fluctuations will be discussed
below. Furthermore, within experimental error the
high-temperature effective Curie constant is just the
free-ion value. Finally the fashion in which the scal-
ing behavior breaks down in indium-rich alloys is re-
vealing: For x & 0.4 there is a low-temperature
phase transition into some kind of antiferromagnetic
state. In the vicinity of this ordered phase the effec-
tive moment is enhanced, as though the magnetic in-
teractions stabilize the moment. The phase diagram
for these transitions, which is presented below, is of
some interest in its own right, as it may represent an
experimental realization of a recently proposed type
of phase transition' —a T =0 phase transition from
an antiferromagnetic ground state to a nonmagnetic
ground state with increasing coupling of the 4f spins
to the conduction electrons.

The scaling behavior, newly reported here, was ob-
served only after careful recalibration of the suscepti-
bility measurement, and the results reported here
differ in minor ways from the results reported in an
earlier Letter. ' For these reasons, sufficient detail
concerning the experimental technique is reported to
allow the reader to judge for himself the adequacy of
the present procedure and to establish confidence
limits on the scaling behavior.

II. EXPERIMENTAL TECHNIQUE

A. Sample preparation and analysis

Samples were prepared by melting together the
starting materials in an argon arc furnace. The start-
ing materials used, source of supply and their major
impurities were: Cerium'. United Mineral and Chemi-
cal Batch BM338 (20 ppm Al, 30 ppm Ga, 3 ppm Cu,
20 ppm Fe, 10 ppm Mn; interstitial impurities were
not listed but were presumably abundant, as in most
commercially available rare earths. ) Indium: Materi-
als Research Corporation, Marz Grade (10 ppm C,
8 ppm 0, 0.6 ppm Fe, 1.0 ppm Si, all others less than
1 ppm). Tin: Alfa Ventron Stock 348. (Listed as
better than 99.999% pure with respect to common
metals. ) Weight losses due to indium evaporation
were typically 10 mg in 2 gram samples; the
stoichiometry is correspondingly uncertain. The tin-
rich samples degrade badly in air; all samples were
stored under 100-mTorr vacuum in a dessicator.
Despite all such precautions, the major impurities
were clearly interstitials (0 and H).
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A series of seven samples at different concentra-
tions x were examined under a scanning electron mi-
croscope with a fluorescence attachment using mag-
nifications of ( I—20) && 10' at the University of South-
ern California, both to examine the surfaces and esti-
mate stoichiometry. Low-angle powder x-ray diffrac-
tion was performed, using the U.C. Riverside GE
XRD5 diffractometer, to look for second phases.
Further information concerning sample quality was
obtained from I/ e splittings and linewidths in the
high-angle region and from the susceptibility studies
themselves.

0
more the associated error (+0.002A) is fairly evident
from the scatter in the data. This error arises from
several sources: the high fluorescence of the rare
earths fogs the film, making line centers hard to lo-
cate precisely. Further, the samples —particularly the
tin-rich alloys —oxidize badly with time, which also
obscures the films. Finally, intermediate-valence al-
loys are sensitive to the sort of strains generated by
the powdering process. We hope to correct for these
problems in the future by selective filtering and an-
nealing.

B. Determination of lattice constants

Initial lattice-constant studies, carried out at U. C.
Riverside, employing the (311) reflection (20 —65')
are in error; for, as we later learned, the calibration
of the instrument changed somewhat with time. The
results reported in Fig. 1 were obtained at U. C. Ir-
vine using a Philips back reflection camera (Type
52058) in the parafocusing geometry, m which is

canonical for lattice-constant determination. The
(531) and (600) lines (20 —160') were used. This
particular camera employs built in calibration marks
which minimize radius and film shrinkage corrections
and which are static with time. The calibration was
checked by measuring the lattice constant of NaC1;
the value obtained (5.640 A) agrees well with values
reported in the hterature, ' and was quite stable with
time. Values obtained for CePd3 (4.129A), CeIn3
(4.689 A) and CeSn3 (4.722 A), also agree well with

values in the literature. "We are thus confident that
the values of lattice constant reported below are accu-
rate and the ones reported earlier in error. Further-
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FIG. 1. Room-temperature lattice constants in CeIn3 „Sn„.
The solid line represents Vegard's law.

C. Magnetic susceptibility

The magnetic susceptibility was measured using the
Faraday technique. Our apparatus includes a Cahn
1000 electrobalance and an Alpha electromagnet with
4 inch constant-force pole pieces. A magnetic field
of approximately 3 kG was used. The sample holder,
sufficiently heavy to hold the hangdown wire under
tension, contributed about 1% of the total signal; this
was measured and subtracted out. The apparatus al-
lows translations relative to the magnetic field in all
three directions, enabling us to locate the saddle
point of H dH/dx to within 0.3 mm. The effect of
thermal expansion of the hangdown wire was meas-
ured and found negligible. When the magnetic force
exceeded 20 mg, the field was reduced; this helped
minimize the effects of lateral instability. The most
significant error in our data was induced by the ther-
mometry: a copper-wire thermometer and carbon-
glass thermometer were located on the walls of the
hangdown tube, thermal contact being made through
1 mm of helium exchange gas. In a separate experi-
rnent we measured the temperature at the position of
the sample versus the temperature of the walls and
found that by keeping the drift rates at less than 10 K
per hour the induced error (temperature of the walls
minus the temperature of the sample) was a smooth
function of temperature, and of a magnitude 1% or
less for all temperatures studied.

Absolute calibration of the susceptibility was ob-
tained by measurement of known standards, which
were Marx grade metals from Materials Research
Corporation. These materials, and their most signifi-
cant impurities, were Pd (12 ppm Fe), Pt (15 ppm
Fe), and Nb (3 ppm Fe, I ppm Ni, 200 ppm Ta).
The susceptibilities of Pd and Pt are sensitive to these
levels of iron impurities. ~~ The assay for our Nb
sample is quite comparable to sample MRC-2 studied
by Collings and Smith; therefore we have adopted
their value [x(300 K) =214.1 x 10~ emu/mole] as
our standard. To calibrate successfully requires ei-
ther that the sample be as small as the volume over
which H dH/dx is constant, or that it be of identical
geometry to the calibration standard and located pre-
cisely at the same location in the field. We have
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adopted the latter method and as a final step in our
experiment we very carefully shaped all samples to
identical geometry (0.393 +0.002 inches long,
0.125 +0.002 inches in diameter) and recalibrated.
Following this procedure we obtained the values
(5.135 +0.025) x 10~ emu/gram for our Pd sample
and (0.983 +0.005) x 10~ emu/gram for our Pt sam-

ple; these values compare quite favorably to the
values reported in the literature for Pd and Pt of
comparable purity. 22 The effect of the correction was
less than a few percent for all samples except CeSn3,
which had been investigated earliest in an anomalous
geometry. Prior to the shape correction for CeSn3 we
observed the value X(300) =2137 && 10 6 emu/mole;
after the shape correction we now observe
X(300) =1840 && 10~ emu/mole in much better
agreement with the value 1880 x 10 emu/mole re-
ported in the literature. ' We claim, then, that our
calibration procedure is good to about 2% overall.
The relative error between samples is better than
0.5% and between temperatures better than 0.1%.

A conservative estimate of the combined error
from all sources is 5%; but this includes systematic
error, identical in all samples. We are thus confident
that the scaling results reported below are good "to a
few percent. "

III. RESULTS AND ANALYSIS

A. Sample quality analysis

Scanning-electron-microscopy (SEM) results
sho~ed that the samples were basically homogene-
ous, with minor (-1%) inclusions of In-Sn along
polishing scratches in the surface and minor (-2%)
variations of stoichiometry. Lpw-angle x-ray diffrac-
tion results confirmed that the materials are misci-
ble in all proportions; the AuCu3 structure was ob-
served for all alloys. In the high-angle (20 = 160')
scattering the I/: e doublets were very well resolved,
confirming the basic homogeneity of the alloys.

Surface segregation of tin occurs in CeSn3, which
increases with time. Evidence that this is primarily a
surface phenomena comes from the fact that freshly
powdered samples of CeSn3 showed no trace of tin
lines in low-angle x-ray spectra —such lines appeared
only over the course of time. The process is inhibit-
ed by minor indium doping —powder samples with
x 1.67 and 2.52 showed no trace of tin or indium
lines at the end of a month. We think the effect may
be connected with the high reactivity of CeSn3 in air;
Ce atoms reacting with oxygen or OH groups leave
behind free tin which migrates to the surface.
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FIG. 2. Susceptibility vs temperature for 16 alloys Celn3 „Sn„. The concentrations x are given in the drawing.
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The small (( 1 p, m) In-Sn inclusions visible in
electron micrographs could also be detected in the
susceptibility measurement: imposed on the main
susceptibility curve was a tiny superconducting transi-
tion occurring near 3.5 K, confirmed by measure-
ment of M(H) at 2.0 K. This effect was only ob-
served for 0.8 & x & 2.7 and the superconductivity
was type II, as befits l-p, m particles of In-Sn alloy.

A feature of the low-temperature susceptibility
(Fig. 2) is that for x & 0.8 there is a Curie contribu-
tion. For 2 & T & 20 K the susceptibility can be fit
to better than —,% in the form1

x(T) =x(0) +nC/T,

where C is the J= —, free-ion Curie constant and n is

typically 0.003. Such an effect can have several ori-
gins: it can arise from magnetic impurities in the
sample, or from cerium atoms which are stabilized in
the trivalent state due to local strain fields or oxida-
tion. The effect does not reproduce for different
samples made from identical starting materials. It
would be straightforward to subtract this contribution
from the data, but we prefer to let it remain, for two
reasons: first, it has only a minor effect on any of the
results reported below; and second, at least for
0.6 & x & 1.5, the effect may be in part intrinsic, aris-
ing from a local environment effect ~here cerium
atoms completely surrounded by indium atoms
remain trivalent to very low temperatures.

We performed annealing studies on several sam-
ples, annealing at 900'C for two days. Following the
anneal we observed enormous increases in the "im-
purity" contribution (to values of n as large as 0.1).
For this reason we decided to study the samples in
the as-melted condition.

B. Lattice-constant results

The lattice constants ap(x), observed at room tem-
perature, are plotted in Fig. 1. The striking feature is
that while Vegard's law is obeyed for 0 & x & 2.3,
significant deviations, outside the limits of error
(+0.002 A), occur for the tin-rich alloys.

C. Susceptibility results

The susceptibility for 16 alloys is plotted in Fig. 2.
Reproducibility runs were performed on alternate
samples for eight values of x, with identical results.
The significant aspect of the data is that while all
samples exhibit Curie-Weiss-like behavior at high
temperatures, those samples with x & 0.8 exhibit
broad susceptibility maxima and constant low-
temperature susceptibility whereas samples with
x & 0.6 are monotone increasing with decreasing T
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FIG. 3, (a) Room-temperature susceptibility of
LaIn3 „Sn„. Solid circles are the data of Ref. 9; open circles
are our data. This susceptibility is interpreted as the non-4f
background of CeIn3 zSn„, and is subtracted from the data
of Figs. 4 and 5. (b) Density of states at the Fermi surface
W(6P. ',x) in LaIn3 zSnz, deduced from linear coefficients of
specific heat in Ref. 10. This is interpreted as representing
the conduction-band density of states, prior to hybridization
with the 4f electron, in CeIn3 zSnz.

down to either the lowest temperature measured or
to the temperature of the phase transitions reported
below.

The susceptibility of CeIn3 zSnz arises mainly from
the 4f electrons, but contributions are expected from
the other electrons; and in particular the lanthanide
Sd electrons make a significant contribution. An esti-
mate of this effect can be obtained from Fig. 3 where
we plot the susceptibility of LaIn3 zSnz. The contri-
bution is as much as 10% at room temperature.
While this background varies weakly with tempera-
ture, the 4f susceptibility of CeIn3 „Sn„ in all but the
most tin-rich samples is several times larger at low
temperatures than at 300 K. Thus the correction is
typically quite small at low temperatures and its tem-
perature variation can be safely ignored in all samples
except CeSn3. . Thus we define the 4f susceptibility of
CeIn3 „Snz as

X4f(x, T) = x(x, T) —xt,,(x, 293)

where Xt,,(x, T) is the susceptibility of Lain3 „Sn, at
the same concentration x.

The inverse of this 4f susceptibility is plotted in
Fig. 4. The Curie-Weiss behavior is apparent in this
figure; the solid lines represent the prediction
C'(x)/[T+0'(x)] where the values of C'(x) and
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FIG. 4. Inverse 4f susceptibility (corrected-for non-4f background) for 16 alloys of CeIn3 „Sn„. The concentrations x are
given in the drawing, as well as the asymptotic high-temperature Curie-gneiss behavior X = C(x)/) T +8(x)]. The units of C(x)
are emu K/mote.

0'(x) are given for each sample. In Fig. 5 we plot
the "effective moment"

pa'(x; T) - TX4f(x; T)/C,

where C is the Curie constant for the free J =
2 ion,

0.807 emu K/mole. The plot has a logarithmic
abscissa; such a semilog plot is convenient for testing
for scaling'7+i: if p, 2(x, T) is a function of a scaled
variable ii~(x, T) = p, '(T/T, r(x)) then all curves can
be made to coincide by a horizontal shift so that the
T,r(x) match up. The solid lines in the figure
represent a smooth curve drawn through the data for
the sample x -1.85; this curve was then shifted hor-
izontally to fit the data for the other samples. [Note
that it is irrelevant for this purpose which tempera-
ture on the "universal" curve actually represents T,f.
As a reasonable estimate we choose the temperature
T'at which p,

' falls to the value 0.5; the va1ues of
T'(x) are included in the drawing. l The outstanding
feature is that for x & 0.8 all samples follow the same
curve, as a function of T/T, f, to within a few per-

cent, even though T,f varies by a factor of 4.
Uncertainty in estimating the asymptotic high-

temperature regime and the sensitivity of Curie-
Weiss fits to thermal lag effects (notable as a small
glitch in the vicinity of 293 K) make the uncertainty
in the value of C'(x) and 8'(x) be of order 5%. On
the other hand the "effective moment" plots make no
assumptions about the behavior of the susceptibility;
the value of C used is that of the free ion, which can
be calculated; Furthermore the logarithmic tempera-
ture scale puts thermal lag error (which is typically
I'/0 or less) on an equal footing for all temperatures.
A potential objection is that the magnitude of the
low-temperature moment is not treated on an equal
footing with the high-temperature moment. Howev-
er, the behavior below 20 K is uncertain due to the
above mentioned impurity contribution, which contri-
butes an additive constant n -0.003 to p, '. This is
quite small on our absolute scale, but significant on a
relative scale. %e prefer to ignore variations in p,

2 at
low temperatures which do not stand out clearly on
the absolute scale, and argue that this method of data
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drawn through the data of one sample (x =1.85), shifted horizontally to match all other samples. On such a semilogarithmic .

plot this demonstrates that the effective moment is a function p, (T/T, f) of a scaled variable. Note that this scaling occurs for
0.8 (x (3.0, but breaks down strongly in the indium-rich samples.

analysis is really quite appropriate for mixed-valence
materials, where the key feature is a vanishing mo-
ment.

The degree to which p, '(T,x) follows the same
curve, as a function of scaled variable for all x,
depends somewhat on subtraction of the non-4f
background susceptibility. It is reasonable to argue
that the non-4f background in CeIn3 Sn may be
substantially different from the susceptibility of
LaIn3 „Sn„. There is, however, a very interesting
self-consistency check on this procedure. In Fig. 6
we plot the Curie constants C(x), obtained from data
similar to that of Fig. 4 but prior to the subtraction
procedure, and C'(x), the Curie constants obtained
from Fig, 4 after the subtraction. The dashed line
represents the value C =0.807 emu K/mole calculat-
ed for free J = —, spins. Prior to the subtraction there

is a marked oscillation in the Curie constant; and in
CeIn3 (CeSn3) the Curie constant is enhanced by
12 (20) percent over the free-ion value —a rather
strange result in a system where the coupling of 4f
spins to conduction electrons is expected to be anti-
ferromagnetic. However, it can be seen that the os-
cillation in C(x) tracks the oscillation in XL,(x;293)
(see Fig. 3), and when the latter is subtracted out the
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FIG. 6. (a) Curie constants of CeIn3 zSn„deduced from
plots similar to Fig. 4, but prior to subtraction of the non-4f
contribution, Fig. 3. (b) Curie constants as deduced from
Fig. 4, after subtraction of the background. The dashed line

5
in (a) and (b) represents the J =

2
free-ion value C =0.807

emu K/mole. Apparently the oscillation observed in (a)
arises from the oscillation in the non-4f background; when
subtracted, all C'(x) become equal to the free-ion value
within experimental error.
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resulting C'(x), to within experimental error, takes
on- the free-ion. value for all x. This, it seems to me,
is more plausible physically than the large oscillation,
and supports the subtraction procedure.

In Fig. 7(a) we plot the %eisa parameters O(x),
obtained before the background d-orbital subtraction;
and in Fig. 7(b) the values 0'(x) after the subtrac-
tion. In addition we plot the values T'(x) at which

p, '(x, T) - —, , taken from Fig. 5. It is of interest to

note that T"(x) = 8'(x). If we arbitrarily choose
T,f = T' this implies that the high-temperature
behavior is

X(T}=C/(T+ T„)

where C is the free-ion value, i.e., in terms of our
earlier discussion, m2 = m3 =1. In Fig. 8 we plot
T,„(x), the temperatures of the susceptibility maxi-

ma, as well as the inverse T -0 susceptibility C/X(0)
where X(0) is extracted from the low-temperature
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O
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0 ~

CeIn& z oo CeSn~

FIG. 8. (a) Temperatures T~,„(x) ~here the susceptibility
maxima occur in CeIn3 „Sn„. (b) Inverse low-temperature
susceptibility C/Xlx; T =0},estimated as indicated in the
text.
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FIG. 7. (a) . Values of the eiss parameters of CeIn3 zSn„
deduced from data similar to Fig. 4 but prior to subtraction
of the non-4f background. (b) Values of the gneiss param-
eters 8' deduced from Fig. 4, after background subtraction,
and values of T'deduced from Fig. 5. Note the near equali-

ty of T'(x) and 0'(x).

behavior using X(T) = X(0) + nC/T as discussed
above. [For x (0.6 the largest observed value of
X—either X(2 K) or X( T~) —was used to estimate
X(0)j. From these data we conclude m4 =2 and

m5 =
2

for the choice T,r- T'. (Regardless of the
choice of T,&, we conclude that ms'. m4'. m3 = I:4:2.)

The subtraction of the nonmagnetic background
has the effect of reducing the amplitude of the oscil-
Iations observed in O(x) (Fig. 7). For the reasons
given above, ho~ever, we argue that there is less er-
ror involved in determining T' than in determining
O. Since the oscillation in T; T,„, and C/X(0) are
quite marked and since all three are proportional to
T r, we assert that T,&(x) exhibits a pronounced os-
cillation with x, as reported in the earlier Letter and
discussed further belo~.

In Fig. 9 we exhibit the low-temperature phase
transitions which occur in the indium-rich samples.
Without direct knowledge of the microscopic spin
structure from neutron scattering, we can only assert
that the ordering must be some version of antifer-
romagnetism. On general grounds one expects a
divergence in the slope dX/dT —A

~
T T&i to oc-—-

cur at T&, which can imply that TN occurs at either a
cusp. or an inflection point of X, depending on the
value of a and A. The maximum at 10.1 K in CeIn3
is sufficiently sharp that it is impossible to determine
whether the singularity is located at the maximum or
in very close proximity. (The source of the difficulty
resides in our thermometry, where thermal contact
between thermometer and sample, through helium
exchange gas, is insufficiently intimate for a real
critical-point study. ) The phase transitions for larger
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we plot the phase boundary TN vs x in Fig. 10.
There is clearly a critical concentration n, -0.4 where
T~ 0. Given the reservations concerning choice of
T~ for those samples with inhomogeneity broaden-
ing, it is impossible to locate n, very precisely, nor to
tell whether dT~/dx is finite or infinite as n n,
Nevertheless the main feature of the phase diagram
is evident: there is a T =0 phase transition with in-
creasing x from an ordered state, where the ordering
is some kind of antiferromagnetism, to a nonmagnet-
ic ground state; the critical concentration is of order 0.4.

IV. DISCUSSION

0.O142-

0.0136-

0.33 0.43
-0.0146

—0.0140

A. Valence instability and

the lattice constant

0.0130-

io
I

10

-0.0134

FIG. 9. Susceptibility near the phase transitions in

indium-rich samples of CeIn3 zSn„. The concentrations x
are given in the drawing. The maxima suggest the spin or-
dering is some sort of antiferromagnetism.

x exhibit increasingly broadened maxima —the
broadening undoubtedly reflects inhomogeneity
rounding, which has a particularly pronounced effect
for those values of x where the phase boundary is
steep [i.e., where TN(x) varies rapidly with x].
Choosing Tz(x) as the temperature of the maxima,

10.0'

CeIn 0.1 0.2 0.5 0.4

FIG. 10. Phase diagram for the magnetic phase transi-
tions deduced from Fig. 9, identifying Tz(x) as the tem-

perature of the susceptibility maxima. There is a T =0 phase
transition at n, =0.4 from the magnetic ground state to a
trivalent, nonordered, spin-fluctuation ground state.

In the study of valence fluctuation materials it has
become traditional to estimate the 4f occupation
number (i.e., the valence itself) from lattice-constant
extrapolations, the assumption being made that the
valence and lattice constant are linearly related.
While it would seem desirable to determine the
valence more directly —e.g. , from integrated intensi-
ties in an x-ray photoemission spectroscopy (XPS)
experiment —in fact, all such methods themselves as-
sume some form of linear relationship to the valence,
which can be questioned. Without a well established
theory of mixed valence, all techniques are equally
suspect. Furthermore, the sensitivity available in a
lattice-constant measurement is as good or better
than most competing methods. Hence, we argue',

determination of valence from anomalous lattice con-
stants is at present very reasonable.

In this spirit we examine the lattice-constant results
for CeIn3 „Sn„,presented in Fig. 1. In older investi-
gations4 of these interrnetallics the conclusion was
drawn that CeIn3 is trivalent while the valence of
CeSn3 at 293 K is greater than 3.1. Since regard's
law is well satisfied for 0 & x (2.3, the simplest in-
terpretation of Fig. 1 is that the metals are trivalent
for 0 C x (2.3 and that nonintegral valence sets in
continuously for larger x.

The valence of these materials is never far from
three, however, and alternative assignments of the
valence are possible. For example, the valence may
vary smoothly from three to a nonintegral value for
x =2.3, varying more rapidly for larger x; or, keeping
in mind the reservations about the linearity between
ao and the valence, it is plausible that CeSn3 is itself
trivalent. Nonetheless, the deviation from Vegard's
law is unmistakable, as is the deviation of ao in
CeSn3 from its expected trivalent value. We thus
feel that the simple interpretation —that there is a
valence instability with increasing x from trivalence
for x (2.3 to nonintegral valence for larger x-
should be given considerable weight.
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B. Characteristic-energy
(scaling) behavior

The results presented above clearly indicate that
single-energy-scale characteristic-energy behavior is
valid in CeIn3 „Sn, over a wide interval of charac-

'

teristic energies (55 K & T' & 200). To recapitulate,
the main features are that the effective moment
p, '(x; T) TX(x, T)/C is a universal function of
T/T r(x); and if we (arbitrarily) define T,f = T" [de-
fined implicitly by p,2(T ) = 2] the susceptibility

obeys

C/(T+ T,f) T » T,f
X

C/2TIr, T « Tsf,

and has a broad maximum at T,„=
2 T,f.

Without testing this in a broader class of materials,
i.e., without knowledge of its general validity, of
whether it is merely a fortuitous property of one iso-
lated alloy system, it is dangerous to be overly asser-
tive about the significance of this result. However,
there are indications in the literature' ' that such
scaling behavior is more generally valid, so it is
worthwhile to spend some time discussing its poten-
tial significance.

First of all, it seems that there is no direct correla-
tion between the magnetic properties and the valence.
The magnetic behavior falls into two categories: For
small x the susceptibilities are monotone and magnet-
ic ordering occurs; there is no maximum or signifi-
cant flattening in the vicinity of —T . For x 0.8
the susceptibility shows a maximum, and the scaling
feature holds; i.e., all susceptibilities are essentially
identical. The region 0.4 & x (0.8 corresponds to a
crossover between these kinds of behavior. This
crossover does not correspond, however, to what we
believe to be the crossover from trivalence to inter-
mediate valence (x —2.3). This fact might appear to
suggest that the magnetic behavior in the trivalent
spin-fluctuation regime is identical with that in the
intermediate-valence regime. However, CeSn3 exhi-
bits only weak mixed-valence character and it is plau-
sible that the scaling behavior is just beginning to
break down near x =3.0. It is really an open ques.-

tion whether the single-energy-scale characteristic-en-
ergy behavior is valid for strong intermediate valence.

It is useful to consider the results of calculations
for the asymmetric Anderson model"' as a guide
for further discussion of our results. In that theory
scaling behavior is observed when the 4f level is suf-
ficiently far below the Fermi surface, i.e., when Kon-
do theory is applicable; the moment scales with the
Kondo temperature, T» and p'= p, '(T/T»). The
basic physics is that a zero-order spin demagnetizes
due to virtual transitions from 4f level to the Fermi
surface. At high temperatures X =0.7C/(T+2T»).

When the 4f level is sufficiently far above the Fermi
level the basic picture is a zero-order singlet with
modifications due to Van Vleck like virtual transi-
tions from the Fermi surface into the 4f orbital. The
effective moment builds up rapidly in the vicinity of
kT =LE»-E& —»~, the curve is steeper than that
curve which is universal in the Kondo regime. Ener-
gies h» =0 represent a crossover between these two
kinds of behavior; not too surprisingly the universali-
ty breaks down and two energy scales [essentially ha
and the hybridization width N(aF) Vqy] determine
p, . Indeed, the two-energy-scale phenomenology"
quite accurately describes the main features of the
susceptibility of the single-impurity model when
~»=0 "~ ~

%'hile we do not intend to imply that the single-
impurity theory adequately describes concentrated
mixed-valence materials, nevertheless it is plausible
that a similar sequence of behavior should occur in
the intermetallics. The trivalent spin-fluctuation re-
gime (E~ & ap) is the analogue of the Kondo regime,
and it is here that the scaling is observed. Intermedi-
ate valence represents a crossover towards tetra-
valence, and we might well expect the scaling
behavior to break down if we could probe into the
strongly intermediate-valence region. Hence the
relevance of the two-energy-scale phenomenonogy
remains open, as it may not be applicable for strong
intermediate valence. Another feature of the single-
impurity model calculation which is expected on qual-
itative grounds is a reduction of the Curie constant
when kT becomes much greater than 5», this arises
because the ion then has finite probability of being in
the nonmagnetic state. The two-scale phenomenolo-

gy predicts a Curie constant for cerium of (—,) C.

Although this is well outside the bounds of error of
the Curie constants actually observed, it is plausible
that there could be such a reduction of effective mo-
ment at sufficiently high temperature.

Several other questions need to be addressed. One
concerns the role of crystal fields in the demagnetiza-
tion. In cubic symmetries the J =

2
moment splits

into a doublet (lowest) and a quartet25; the typical
splittings in cerium intermetallics are b =. 50 K . The
effective moment for a J = —, ion subject to such a

crystal field is significantly reduced only at tempera-
tures appreciably smaller than 4." This should have
only a minor effect on the p, curves, at the lowest
temperatures.

In an alloy, local environment effects may contri-
bute to the magnetic properties, the idea being that
those cerium ions surrounded mostly by indium
atoms should be less likely to demagnetize. It is pos-
sible that the low-temperature "impurity" susceptibili-
ty observed for 0.6 & x & 1.5 to some extent
represents such an intrinsic effect. For all x in the
interval [0.66 «x «3.0] the susceptibility between
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2—18 K can be fit to better than 1% in the form

X(T) =x(0) +nC/T,

where C is the J =
2

free-ion Curie constant and n is

a small fraction. Suppose for the moment that this
low-temperature Curie law arises from those cerium
atoms completely surrounded by indium atoms. The
probability that a given cerium atom has indium
atoms on all 12 nearest-neighbor sites is

have already commented, the contribution of the
low-temperature feature to p, is quite small —without
ruling out the possibility of local environment effects,
we argue that they have only small effect on the scal-
ing results. It is plausible that because the Sn-In
valence electrons are in Ss and Sp orbitals, which are
presumably fairly extended, the 4f electrons see a
conduction-electron background which is sufficiently
uniform to reduce local environment effects.

p(12 x) = [(3—x)/3]"

Thus if the effect is intrinsic we might expect that n

is proportional to p(12;x); i.e, n(x) =Ap(12;x). In
Fig. 11 we plot the observed values of n(x) together
with a plot of p(12;x) where the proportionality con-
stant A =0.46 is fixed such that n(0.66) = Ap(12;
x =0.66). From this plot we see first of all that the
low-temperature behavior cannot be entirely intrinsic:
n(x) does not reproduce well for different samples at
the same concentration, and it is too large for
x ) 1.50. However the results shown in Fig. 11 are
suggestive that between 0.6 and 1.5 the effect indeed
may be at least in part intrinsic. However, as we

C. Oscillation in the
characteristic energy

In an earlier Letter7 we discussed the oscillation of
T r(x), arguing that it is evidence that
4f—conduction-electron coupling is responsible for
the spin-fluctuation behavior. So that the article will

be self-contained, we repeat the argument here. The
density of states at the Fermi surface, N(aF, x), for
LaIn3 „Sn„ is shown in Fig. 3. We derived this graph
utilizing existing data' for the linear coefficient of
the specific heat, and applying the formula

y=
3 n ksN(0)

0.020—

0.015—

A more sophisticated treatment, where the electron-
phonon enhancement (I + X) is estimated from exist-
ing data, gives essentially similar (though slightly
smaller) values for N(0). If we adopt the additude
that the conduction-electron density of states of
Cein3 „Sn„,prior to hybridization with the 4f elec-
trons, is given by N(eF, x) for the lanthanum iso-'

morph, then it is clear that the oscillation in T, (xr)
and N(eF, x) are roughly proportional.

Such a proportionality could arise in several ways'.

the characteristic energy could be simply proportional
to the hybridization width

kT,((x) —N (tF,x) Vff

0.010— We could then use our results to estimate V~f which
would be of order 0.15 eV. Alternatively if a
Kondo-like formula were applicable

0.005— kT r ~ exp [—1/N (0)J]

0.50 1.00 1.50 2.00

FIG. 11. "Impurity fraction" n vs x where n(x) is extract-
ed from the low-temperature susceptibility
X(T) -X(0) + n (C/T). The solid line is proportional to the
fraction of cerium atoms surrounded by 12 nearest-neighbor
indium atoms (see the text for further explanation).

where 8 is the f scoupling constant, it wo-uld also
follow that T,r would increase as N(0) increases. At
the least these give us some notion of how the con-
duction electrons would contribute to the determina-
tion of the characteristic energy. In any case the mu-
tual oscillation of N(eF) and T,r is fairly direct evi-
dence that the conduction electrons are important in
the demagnetization.

The origin of the oscillation in N(aF) has been dis-
cussed in earlier publications. ' It seems to be a
fairly general property in a wide class of similar alloys
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in the AuCu3 structure and hence associated with a
rather general feature of the band structure.

Another interesting relevant feature of the older
work is that it is argued therein~ that the oscillation
in the density of states tracks the local density of
states on the tin-indium sites better than on the
lanthanide sites. In order not to violate parity, 4f
electrons are supposed to hybridize onto neighboring
sites. 2 It is thus reasonable that the strength of the
hybridization should primarily track the local density
of states at the tin-indium site.

D. Magnetic-phase diagram

The magnetic-phase transitions that occur in the
indium-rich alloys are of considerable interest, as
they occur in a region where the magnetic interac-
tions compete with the spin fluctuations which tend
to demagnetize the local electrons. A similar situa-
tion occurs in CeA12, ' in which the magnetic ordering
has a fairly exotic (primarily antiferromagnetic) confi-
guration. '6 In the absence of microscopic information
we can only conclude from the sharp susceptibility
maxima of CeIn3 that the ordering must be some
form of antiferromagnetism.

Recent theoretical work' in a one-dimensional
"Kondo-lattice" model in which the local spina are
coupled to the conduction electrons by an antifer-
romagnetic exchange interaction APr S~ pr—edicts a
T 0 phase transition from an antiferromagnetic
ground state to a nonmagnetic ground state as 4 in-
creases. The relevance of this model [ which is one-
dimensional and which ignores the charge (valence)
fluctuations on the 4f sites ] to real mixed-valence
materials is not established. However it is interesting
to discuss the magnetic-phase diagram of CeIn3 „Sn„
in this context, since there is a T =0 phase transition
from an antiferromagnetic ground state to a trivalent
nonmagnetic ground state as x increases. To com-
plete the analogy we would have to show that g in-
creases with x. One way to determine 4is to assume
that a Kondo-like formula holds for 0 (x & 0.4

T,r(x) ca exp [-I/A'(0;x) 4(x) ]

N(0;x) can be obtained from Fig. 3; it is seen to de-
crease by a factor of

2
as x increases from 0 and 0.4.3

T,r(x) can be obtained from Fig. 7; however since in
- that figure T,f represents T' or 0, and as both these

quantities are influenced by antiferromagnetic in-
teractions, we need to estimate the effect of such in-
teractions on 0 and T'. The simplest assumption is
that

O(x) = Tsr(x) + Ty(x)

Adopting this, we see that T,f(x) is constant, or

perhaps even weakly increasing, as x increases in the
interval [0, 0.4]. We might then indeed conclude
that J(x) increases, by a factor of 2, in this interval.

What we can say is that if in the trivalent regime
0 (-x & 0.4 the spin-fluctuation temperature T,f is
determined by a Kondo-like formula, then the T -0
phase transition from an antiferromagnetic to a
trivalent nonmagnetic ground state coincides with in-
creasing 4f—conduction-electron coupling.

The breakdown of the scaling result in the vicinity
of the phase transitions occurs in such a way that the
low-temperature effective moment becomes increas-
ingly enhanced over the scaling curve value as x 0,
even for T & T&. This occurs simultaneously to the
tendency of the antiferromagnetic interactions to
reduce the bulk moment. Apparently the interactions
stabilize the local moment on an ion faster than they
reduce the moment in the bulk. This result can be
viewed the other way around: the effect of the in-
creasing importance of spin fluctuations as x in-
creases is to strongly decrease the magnitude of the
low-temperature local moment —this will presumably
be true as well in the magnetic ground state, where
the T 0 local moment should vanish as n n, .

I

V. CONCLUSION

The physics presented by the valence fluctuation
system CeIn3 „Sn„ is quite rich: there is a valence
transition from trivalence to nonintegral valence, a
T =0 phase transition from a magnetic to a nonmag-
netic ground state, characteristic-energy behavior oc-
curs in a particularly stringent form, and oscillations
in conduction-electron properties are reflected in the
characteristic energy for spin fluctuations.

Scaling behavior is a very significant aspect of
several important physical problems, e.g. , phase tran-
sitions or the Kondo effect. The significance of the
scaling results in CeIn3 „Sn„ is, ho~ever, not clear.
The mixed-valence problem is a vastly more difficult
problem than the single-impurity problem, with im-
portant expected differences. " Hence analogies to
scaling behavior in the Kondo problem should not be
overstressed. But it is straightforward to examine
this kind of behavior experimentally, and it is clear
that further experiments are in order —to examine
the behavior of the effective moment in a broader
class of materials, at higher temperatures, and over a
broader span of valency. Such experiments are
indeed being planned as part of our ongoing program.

Neutron scattering experiments are also underway
in this system. Hopefully these will determine the
relationship between the macroscopic characteristic-
energy behavior and the underlying spin dynamics; in
addition the magnetic phase transition will be ex-
plored, and the role of crystal fields will be examined.
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