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non density we only need to use this feature to
determine the occupation number n(E) by taking
the ratio of the modulated anti-Stokes signal [Fig.
1(b)] to the unmodulated Stokes signal [Fig. 1(a)].
In taking this ratio, we have obtained the unmod-
ulated Stokes signal at small E by assuming that
the central peak is symmetric. The modulated
anti-Stokes signal is corrected by assuming that
the line shapes of the central peaks are the same
in the modulated and the unmodulated spectra.
The dashed curves in Fig. 1 are drawn according
to this procedure.

A plot of this ratio AI(+E)/I(- E) =n(E) versus
E is shown in Fig. 2 for three different excitation
levels. ' The figure also shows solid curves cal-
culated from n(E) =1/[exp(E/hT) —1] for three
different temperatures. We see that the agree-
ment between the calculated curves and the ex-
perimental points is excellent, and conclude that
the phonon distribution generated by photoexcita-
tion of the gold film can be well described by a
temperature. The temperature determined in
this way is proportional to the fourth root of the
incident power as expected for the temperature
variation of the Au film. These observations
demonstrate that the I, luminescence feature can
be used as a phonon spectrometer.

The I, phonon spectrometer is ideally suited
for measuring nonequilibrium phonon distribu-
tions. Examples include the phonon fluorescence
spectra of superconductors and their variation
with external perturbations such as magnetic
fields. It should also be possible to study quanti-
tatively the transmission of phonons at interfac-
es and the effect of selective absorption or scat-

tering of phonons by impurities in CdS. The Iy
phonon spectrometer thus opens up a wide range
of possibilities, some of which we are currently
exploring.
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ni, and J. J. Wiegand for technical assistance.
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We have determined the interconfiguration mixing ratios (Sm+ /8m+~) of 1.4 and 4.1 for
Smp. 8gYp. ggS and SmAsp. gBSp. sp at 295 K from their x-ray photoemission spectra. These
ratios are observed to decrease reversibly by a factor of 2 at 110 K. The agreement of
these results with valences deduced from lattice-constant measurements is direct evi-
dence that configuration mixing is responsible for the anomalous temperature- and com-
position-dependence of the lattice constant.

A mixture of two configurations within the
ground-state eigenstate of SmS and its solid solu-
tions has recently been correlated with many

unique and unusual properties, including (1) the
dramatic pressure-induced semiconducting-to-
metal phase transformation in SmS' which is a
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reversible isostructural transition from a black
semiconducting phase with effective Sm valence
of -2 to a collapsed gold-colored phase with ef-
fective Sm valence of 2.77+0.06 derived from the
lattice constant, ' (2) the concentration-dependent
lattice collapse from a black to gold phase in cat-
ion- substituted (Sm, „Gd„S,' Sm, „Y„S,' ~ and
Sm, „La„S4) and anion-substituted (SmAs„S, „)
SmS, and (3) the fact that in certain critical re
gions of solid solution, the collapsed gold-colored
phase transforms upon cooling back to a black
phase either as an explosive first-order transi-
tion or a continuous transition over a range of
temperatures. '* The configuration mixing in
these systems is ascribed to conditions which
produce the near degeneracy of the Sm(4f 6) =—Sm'2

and the Sm(4f'd„„d„„')—= Sm" states. ' The inter-
configuration energy is the energy necessary to
excite an electron from a localized 4f orbital of
the former state to an intinerant d conduction
band of the latter state. Because of the highly
correlated nature of the localized 4f electrons,
the extra energy necessary to remove another
Sm 4f electron (4f'-4f'+e ) is much larger
(-6 eV) than the interconfiguration energy. It is
this energy, the intraconfiguration or Coulomb
correlation energy U, which separates the Sm 4f
photoemission structures obtained from the near-
ly degenerate initial states of Sm" and Sm ' and
thus makes x-ray photoemission spectroscopy
(XPS) with a resolution of 0.6 eV a suitable tech-
nique for directly obtaining interconfiguration
mixing ratios from the electronic density of
states.

Previously, the Mossbauer isomer shift and
the soft x-ray absorption of SmB„and lattice-
constant measurements of n Ce, Sm-S (P=8
kbar), and 8mB~2 and ternary SmS solid solu-
tions4 have yielded a measure of the intermediate
valence in these systems. Interconfiguration
mixing has been observed in the XPS spectra of
TmSe and TmTe where the Coulomb correlation
energy was observed to be between 6.5 and 7 eV. '

%e report the x-ray photoemission spectra
of the outermost orbitals of YS, SmS, SmAs,
SmAso isSos2, and SmoexYoioS shown in Fig. 1, as-
sign their spectral features, and use observed
4f features to determine the effective intermedi-
ate valence and temperature-dependent change in
valence for SmAs0. 18S0.82 and Sm zYo.x9S
XPS data were obtained with a Hewlett Packard
5950A photoelectron spectrometer which employs
a monochromatic Kn» x-ray source. Single
crystals (6 x4&&2 mm') whose preparation is de-
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FIG. 1. X-ray photoemission spectra of (a) YS;
(b) SmS; (c) SmAs; (d) AmAso. issue. 82

—295 K, solid
line; 110 K, dotted line; and (e) Sm() 8fYp f)

—295 K,
solid line; 110 K, dotted line. Dashed curves in (d)
and (e) are components of the deconvoluted 295-K spec-
tra.

scribed elsewhere' were cleaved in the 5&10 '-
Torr vacuum of the spectrometer's sample pre-
paration chamber and then moved directly into
the analyzer vacuum of less than 10 ' Torr. Even
with a baked system at these high vacuums, the
cleaved surfaces were moderately reactive and
were oxidized with time, resulting in a steady
conversion of divalent to trivalent samarium. To
monitor and minimize the effects of such surface
deterioration, Sm 3d spectra were taken immedi-
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ately after cleaving, valence spectra were re-
corded in 2-h segments, and the 0 1s core level
was measured often.

Sharp anion core levels were used to align the
spectra in Fig. 1 to facilitate comparison of ani-
on-derived valence-band structure. The spec-
trum of metallic YS (which contains no 4f elec-
trons) shown in Fig. 1(a) yields the relative cross
section and relative positions of the S 3s band at
13 eV, the valence band (VB) at 4 eV formed
mainly from the S 3p4 and Y 5s' electrons, and
the Y 4d conduction band. The spectrum of the
semiconductor SmS in Fig. 1(b) differs from that
of YS in three ways: (1) no 4d conduction band is
observed, (2) strong emission from the localized
Sm 4f electrons falls in the energy gap between
the VB and the conduction band, and (3) two small
peaks occur at about 8 and 10 eV. The 4f multi-
plet structure is characteristic of the final 4f
hole states which yield distinctively different
spectra for the Sm" (f') and Sm" (f'd) initial-
state configurations. The expected separations
and relative intensities' for the multiplet struc-
ture from Sm" are drawn in Fig. 1(b) and are
seen to agree well with the 4f structure observed
for SmS. The position of the SmS VB can be ap-
proximated by comparison with the YS spectrum.

The VB spectrum of SmAs in Fig. 1(c) is com-
posed of the As 4s band at 11 eV, the 4f multi-
plet characteristic of a Sm" initial state in the
range 4 to 11 eV, and the VB between 0 and 5 eV.
The expected separations and intensities' [Fig.
l(c)] of the 4f multiplet structure are once again
in good agreement with those observed. Compar-
ison of the Sm" 4f multiplet structure seen for
SmAs with the SmS spectrum suggests that the
small features at about 8 and 10 eV migkt be as-

sociated with a small amount of Sm" in SmS. In
this case a Sm ' line at 6 eV is identical with the
shoulder on the side of the valence p-band emis-
sion with a peak at 4.2 eV. This assignment
would yield a U('I-'8) of 5.3 eV. However this
association is not definitive and all that can def-
initely be said is that there is S 15% Sm" in Sms.

The results for the ternary system SmAsp y8Sp 82
at 295 K (solid curve) and 110 K (dotted curve)
are shown in Fig. 1(d). It is immediately evident
by comparing this spectrum with those in Figs.
1(b) and 1(c) that 4f multiplet hole-state struc-
ture characteristic of both Sm+' and Sm" initial
states is present. Also one observes that at 110
K the area ratio of Sm" to Sm ' multiplets de-
creases relative to that in the 295-K spectrum.
This ratio obtained after subtracting arsenic-de-
rived [not shown in Fig. 1(d) J and sulfur-derived
orbital structure and an inelastic background was
used to determine the intermediate valence. The
Sm" multiplet area was multiplied by -', to ac-
count for there being one less 4f electron in the
Sm" initial state than in the Sm" initial state.
The assumption that the photoelectric cross sec-
tion per 4f electron is equal for both 4f' and 4f'
configurations should be quite good since both
states are localized. The interconfiguration mix-
ing ratios R obtained in this way are listed in
Table I.

The spectra of the cation-substituted ternary
system Sm, »Y, »S in Fig. 1(e) exhibits a similar
mixed valence and mixed-valence change with
temperature. Spectroscopic estimates of the in-
terconfiguration mixing ratio and intermediate
valence at 295 and 110 K are summarized in
Table I.

It should be noted that U('I-'B) of SmAs, »S»,

TABLE I. Lattice constants ap used to calculate effective intermediate valenc-
es v~, and XPS-determined interconfiguration mixing ratios R=

& f /f used to
calculate effective intermediate valences vxps =2+R/(1 +8).

Lattice constant
ap + 0.002

(A) v, +0.05
295 K 110 K 295 K 110 K

XPS
vxpg + 0.05 R

295 K 110 K 295 K 110 K

SmS
Sm+2S

Sm 3S'
SmAs
YS
SmA sp.g8Sp. 82

Smp. 8)Yp.ggS

5.966
6.00
5.62
5.914
5.49 5
5.736
5.687

5.954
5 99
5.61 b

5.905
5.49 b

5.794
5.783

2.08
2.00
3.00

2.83
2.70

2.00
3.00

2.66
2.36

&2.15

3.00 3.00

2.80 2.68
2.58 2.38

&0.18

4.05 2.15
1.38 0.61

Derived. See text. b Estimated contraction. Defined.
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and Smp 8yYo ygS is 6.2 eV which is 0.9 eV larger
than that deduced for SmS by using the above ten-
tative assignment of 4f ' final-state multiplet
structure. This observation, coupled with the
closing of the gap between the Fermi level and
the 4f' structure in SmS on going to Smo»Yo»8,
is consistent with the 4f ' level being destabilized
in the intermediate-valence phase by a mecha-
nism such as that described in the Falicov-Kim-
ball model.

Lattice constants as a function of temperature
axe plotted for SmS, SmAs, SmAsp»S082, and

Sm, „Y,»S in Fig. 2. SmS and SmAs upon cooling
exhibit normal contraction while SmAsp 18S0.82 and

Smoa, Yo»8 (the same crystals as used in the XPS
measurements) expand upon cooling —the latter
crystal expanding discontinuously at 160 K. The
lattice constant is a sensitive measure of valence
(configuration) since the ionic radius of Sm(4f6) '
is 18% greater than that of Sm(4f') ".

Assuming linear hard-sphere mixing one ob-
tains the effective valence
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FIG. 2. Lattice constant versus temperature of SmS,
SmAs, SmAsp gBSp IIp, and Smp g Yp ~gS.
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for cation-substituted (Sm, „C„S)and anion-sub-
stituted (SmA„S, „) samarium sulfide, where a(x)
is the lattice constant of the solid solution with
concentration x. P is zero for cation-substituted
solutions and P =x for anion-substituted solutions.
The lattice constants a, for pure trivalent SmS
and a2 for pure divalent SmS are derived from
a linear extrapolation of lattice constants of
neighboring rare-earth sulfides. ' The composi-
tions of the solid solutions were measured with
+ 3% accuracy by electron microprobe spectros-
copy. The lattice constants and resulting calcu-
lated valences are listed in Table I.

In summary we have quantitatively compared
the temperature- and composition-dependent ef-
fective valence of SmAs, „S,»" and Smp. ioY, »S
measured by XPS with values derived from a
combination of lattice-constant measurements,
electron microprobe analyses, derived lattice
constants for divalent and trivalent SmS, and the
assumption of hard-sphere mixing. The agree-
ment of vxps obtained from the electronic density
of states and v, obtained from lattice constants .

is dA erat evidence that configuration mixing is re-
sponsible for the anomalous temperature- and
composition-dependence of the lattice constant.
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