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pounds, but have thereby provided the first ob-
servation of CD%'s in other than one-dimensional
(1D) metals. Since their electron concentration
can be varied by doping, and since different band
structures are provided by the different poly-
types, these layer systems offer greater latitude
for study than do the 1D metals like K,Pt(CN),

Bromo 3H,O." The 1D metals have point Fermi
"surfaces" and just the one spanning vector. %e
have now found a CD% occurring in a case where
there are several possible perhaps competing
spanning vectors.

The existence of a, CDW/PSD in 2H-TaSe„etc.
brings property changes that appear very simi-
lar to those occurring in A15's like Nb, Sn, at and
below the Batterman- Barrett transition. For
both groups of materials there results an intrigu-
ing interplay with the superconducting properties.

A much fuller account of the electron diffrac-
tion studies on many of these layered compounds
has been submitted elsewhere. Studies of the
transport, magnetic, and superconducting prop-
erties, and of the effects of intercalation are al-
so to be published.
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Spontaneous interconfiguration Quctuations have been detected in Tm Te and TmSe by
x-ray photoemission. The resulting instantaneous picture of the Tm iona Quctuating be-
tween the divalent and trivalent state within the same environment allows a direct mea-
surement of the magnitude of the Coulomb correlation energy, Uef f Spontaneous inter-
configuration fluctuations are shown also to affect the binding energies of core levels
within the same rare-earth ion, resulting in a chemical shift of 3.5+0.1 eV for the
Tm{5P) core levels.

Temporal valence fluctuations between two dis-
tinct configurations of a rare-earth (RE) 4f shell
have been recently interpreted to be the source
of the demagnetization of RE ions in dilute and
concentrated alloy systems. "According to this
concept, nonmagnetic behavior of a strongly lo-
calized 4f shell is related to a nonintegral, time-
averaged occupation of that shell. Generally
speaking, the phenomenon of spontaneous inter-
configuration fluctuations (ICF), introduced by
Hirst, ' and based on a modification of the Friedel-
Anderson model of local-moment formation, '
seems successfully to connect the experimenta1.

fact of nonmagnetic behavior in the collapsed
phase of, for example, SmS or SmB, with spon-
taneous valence fluctuations in the 4f shell.

The purpose of this Letter is to present direct
experimental evidence for the existence of such
fluctuations, based on high-resolution x-ray pho-
toemission spectroscopy (XPS). Since photoex-
citation takes place in a time short compared to
that assumed for the fluctuations (up to 10'-10'
times shorter) it should be possible to observe
the instantaneous picture of the ions in the two
valence states. The same measurement then al-
so allows a direct measurement of the intra-
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atomic Coulomb correlation energy, U, (t, i.e. ,

the difference in energy between a 4f" and a
4f""' configuration within the same environment
(same screening conditions and work function).

We discuss here results obtained with the Tm
chaleogenides TmTe and TmSe and with TmSb.
These compounds are especially suitable for this
type of investigation for the following reasons:

(1) Since the relative intensity of the signal in
high-energy photoemission from f shells in-
creases in going from Ce to Yb, ' it is easier to
obtain reliable data with ions lying at the end of
the RE series, e.g. , Tm" (4f"), Tm" (4f").

(2) Calculations' of the probabilities of occupy-
ing highly excited final states of the 4f multiplets
which are well separated in energy (more than
0.5 eV apart) show that these coefficients are
significantly different from 0, especially in near-
ly filled shells. In this case it should also be
possible to determine unambiguously whether
the structure observed in the photoemission spec-
trum is due to divalent or trivalent ions, even
though the energy resolution in the experiment
is only 0.5 eV.

(3) The physical properties of TmSb, a sin-
glet-ground-state system, ' can be well under-
stood assuming that the Tm ion is strictly tri-
valent (lattice constant a0=6.067 A). TmSe, on
the other hand, is one of the simplest compounds
showing evidence of an intermediate-valence
state. ' From susceptibility measurements on
TmSe and Tm Te (a, = 5.71 and 6.35 A, respec-
tively, for our samples) one obtained effective
moments of 6.32/B and 4.96/8, i.e. , different
from the expected effective Bohr-magneton nurn-
bers, P,«=g[Z(J+1)]' ', of 4.5g~ for the f" or
7.57',, for the f" configuration. The low-temper-
ature behavior of the magnetization' and the spe-
cific heat' of the Tm chalcogenides is also pecu-
liar. Moreover, neutron diffraction measure-
ments on TmSe down to 1'K detected neither mag-
netic long-range order nor crystal-field split-
tings. '

(4) Large single crystals of the Tm pnictides
and Trn chalcogenides can be grown, and optical-
ly flat surfaces can be obtained by cleaving in
situ under ultrahigh-vacuum conditions because
they have the simple NaC1 structure.

Single crystals of 5x 4 mm' were cleaved' in
a vacuum of 5x10 ' Torr in the sample prepa-
ration chamber of the Hewlett-Packard 5950A
spectrometer. The data were taken in a vacuum
better than 10 ' Torr with monochromatized Al
Ka radiation (spectrometer resolution 0.5 eV).
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FIG. 1. Overview of the occupied energy levels in
the binding-energy range 0-45 eV for Ymsb and TmTe.

Freshly cleaved optically flat surfaces turned
out to be oxygen and carbon free, as evidence by
the absence of O(ls) and C(ls) signals immedi-
ately after cleaving. At the end of a run, typical-
ly of 6 to 8 h duration, the ratio intensity of the
O(ls) to the Sb(3d,») signal was 1:48. The C(ls)
signal was approximately & as large. A smooth
background has been subtra, cted from the data, ."

In Fig. 1 we show an overview of the occupied
energy levels of TmSb and TmTe lying in the
range 0-45 eV. The zero of the energy scale is
the Fermi level F-F. In the spectrum of TmSb
we can identify the valence band [mainly due to
Sb(5s, 5P) wave functions], and a sharp 4f final-
state multiplet structure extending from 5 to 13
eV. The Tm(5P», ) level appears at a binding en-
ergy of 25. 5 eV. The position of the Tm(5P, &,)
level coincides with the Sb(4d) levels. The shoul-
der starting at -36 eV is mainly due to Tm
MYNA vI& Nvr ~& Auger transitions.

The data of Tm Te in Fig. 1 (and Fig. 2) show
a surprising feature which we believe to be in-
dicative of sPontaneous ICI in a RE ion. We can,
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FIG. 2. X-ray photoelectron spectra of the 4f elec-
trons in TmSe and TmTe.

in fact, identify the additional structure appear-
ing in the energy range &F-6,4 eV as due to Tm
ions in the 2+ valence state, while the structure
between 6.4 and 14 eV is due to Tm ions in the
3+ valence state. Further unambiguous confir-
mation of this fact is the appearance of two sets
of peaks corresponding to the Tm(5P) levels.
(The fourth peak appears as a shoulder at 33.5

+ 0.10 ev. ) The data of TmTe in Fig. 1 allow us
directly to detect the effect of spontaneous ICF
on the 5P levels of Tm; the 5P levels are shifted
by 3.5+ 0.1 eV towards lower binding energy in
going from Tm ' to Tm'+. To our knowledge this
is the first direct measurement of a chemical
shift for two states of an ion within the same en-
vironment.

In Fig. 2 we present the results for the val-
ence-band and 4f-multiplet structure TmSe and
TmTe. The structure between 6.4 and 14 eV is
the one expected for Tm ions initially in the 'H,
ground state. The spectrum of the Tm" ion pro-
duced by photoemission corresponds to that of
Ers',""as is shown in Table I. The peaks, like
in the RE-Sb,"have a slightly greater energy
separation (10%) than the multiplet structure of
the trivalent ion with next lower Z. The data for
Tm Te corresponding to the Tm" excitations, on
the other hand, show close agreement with the
optical data of Tm". This demonstrates that the

TABLE I. Identification of the multiplet structure in the x-ray photoemission 4f spectra of
trivalent and divalent Tm.
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final state of the ion corresponds not to a Koop-
mans state but to a, relaxed final state. '

We believe that the data in Figs. 1 and 2 and in
Table I clearly demonstrate that Tm Te and TmSe
are in the state of spontaneous ICF at room tem-
perature and atmospheric pressure. Under these
conditions &,„, =[&(4f")]—[&(f" ')+&(e )], i.e. ,

the energy necessary for making an ICF excita-
tion through the emission of one f electron into
the conduction band, must be 0. The signal cor-
responding to the Tm" ground state 'I"», is
much smaller in TmSe than in TmTe, where the
3+ and 2+ spectra are comparable in intensity.
This is in agreement with the susceptibility mea-
surements showing p, ~f=6.32pz for TmSe and

f&= 4.96'» for TmTe.
From Fig. 2 we can calculate the correlation

energy U, ~f between two electrons with opposite
spin in the same 4f orbital in TmTe. We cal-
culate U, q~ as the difference between the cen-
troids of the 3+ and 2+ spectra. Numerical inte-
gration yields U, f~

——10.3 —2.9 eV = 7.4 eV. The
same value of U, ~f is obtained from the energy
separation between 'I»» and '0„ i.e. , the peaks
labeled 0 and 6 in Fig. 2. This value of U, f~ is
in good agreement with the estimate of U, ~f=—6.5
eV for Tm metal by Herbst, Lowy, andWatson
on the basis of the renormalized-atom scheme. "
The experimental U, ~f should be quite accurate
since it is not based on data taken on different
samples with different work functions and screen-
ing conditions.

The photoholes corresponding to the excitations
from the 2+ and 3+ initial states are most prob-
ably subject to only slightly different intra-atom-
ic (and extra, -atomic) relaxations. If we assume
that during the spontaneous ICF the electron ex-
cited in the conduction band is creating a finite
local density of states, then we expect the relaxa-
tion energy E„~ to be slightly larger in the case
of (3+)-state photoexcitation. U,«as estimated in
this experiment is therefore a lower bound for
the "true" U, ~~.

Although the spectra for TmSe do not show a
well-defined separation between 2+ and 3+ con-
tributions, like that in TmTe, we have carried
out the numerical integration with the same cri-
teria used for TmTe, yielding U, f f —10.1 —3.5
eV =6.6 eV. This value is less reliable because
we have not considered the contribution of the 4P,
4s valence bands to the spectrum.

A number of important conclusions can be
drawn from the data we have presented: (i) Spon-
taneous ICF are present in the Tm chalcogenides

at room temperature and atmospheric pressure
and can be clearly detected with the XPS tech-
nique. (ii) The Friedel-Anderson model as modi-
fied by Hirst to describe the configuration cross-
over in the Sm chalcogenides seems to be appli-
cable to these substances as well. (iii) From (ii)
we deduce that the Falicov-Kimball model, "
which does not permit a spontaneous ICF to be
thermodynamica. lly stable over a finite range of
pressures and predicts transitions from pure
4f" to pure 4f" ' configurations, is inadequate
for describing the metal-insulator transitions ob-
served in a number of RE compounds. (iv) High-
resolution XPS is shown to be able to directly de-
tect the magnitude of the correlation energy U, ff
in concentrated alloys showing spontaneous ICF.
In the Tm chalcogenides we estimate V, && to be
6.5 to 7.5 eV, in good agreement with recent cal-
culations by Herbst, Lowy, and Watson, "and ex-
perimental estimates by Hufner and Wertheim. "
(v) Because of the inherent characteristic of be-
ing able to detect the instantaneous picture of an
ion emitting and absorbing "conduction" elec-
trons, high-resolution XPS is shown to be an
ideal technique for investigating the physics of
a configuration crossover and of the spontaneous
ICF." A thorough investigation is in progress.
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Do the 3 Octupole States in the Even Cd Isotopes Exist' ?
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In high-resolution (n, ~'p) studies the previously assigned 3 octupole states in ~~4Cd

and ICd have not been observed.

The presence of 3 states in nuclear level
schemes at approximately 2 to 3 MeV excitation
is taken as a justification for the collective mod-
el. Consequently their existence or lack thereof,
while not decisive for the collective approach, is
of importance.

Using small enriched samples of '"Cd (98.5%%u~)

and '"Cd (94.39o) in the close neutron source-to-
scatterer geometry and data-analysis techniques
described previously, "we have studied the (n,
n'y) reaction on these nuclei for neutron energies
from E„=1.1 to 3,2 MeV. These nuclei have been
studied by many authors, ' "some of whom have

reported 8 2 ~ a 3 state in the neighbor-
hood of 1900 keV.

Figure 1 shows a, part of the y-ray spectrum
of '"Cd obtained in this work with a Ge(Li) detec-
tor for E„=3.2 MeV. We know of no other Ge(Li)-
detector studies of the y rays above 1300 keV for
this nucleus. It can be seen from Fig. 1 that the
previously observed" 1412-keV y ray is probably
one member or more of a triplet whose energies
are 1404, 1409, and 1416 keV. These y rays
(Fig. 2) have been assigned to levels at 191V,
1923, and 1930 keV from consideration of their
thresholds of production. All these proposed lev-
els decay to the first excited state at 513 keV
only. No ground-state transitions were observed
for these levels and no branches to the states at
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FIG. 1. A part of the (scatterer-in) —(scatterer-out)
y-ray spectrum of "6Cd for E„=3.2 MeV.

1213 (2'), 1220 (4'}, 1283 (0'}, or 1381 (0')
were found.

Comparing the excitation functions for these
levels (Fig. 2) with theoretical cross sections
calculated as described previously, ' we found

none of sufficient strength to be assigned a J'
=3 state. For comparison, Fig. 3 shows that
using the previously assigned spins and parities
in the theoretical calculations produces agree-
ment with the data for the first three levels of
'"Cd. The observed cross sections for the other
levels in "'Cd belom 1.9-MeV excitation are also
in agreement with the theoretical calculations.
The situation in "'Cd is similar. In all the cal-
culations, the Rosen optical model parameters"


