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size until it can no longer exist without collaps-
ing into a small-polaron state.

Finally it is noted that in a discrete (atomic)
system both the electron-lattice interaction ener-
gy and the strain energy saturate at some maxi-
mum value when the electron's radius shrinks
smaller than the interatomic separation. One
method of incorporating this effect into the con-
tinuum model is to disregard the E(R) curve at
values of the scaling factor R less than that char-
acteristic of the onset of the saturation effect,
R, . This procedure simply serves to eliminate
the small-polaron solution if R, lies between a
maximum and a minimum (at R = 1) of E(R). If
R, & 1 the solitary solution corresponds to small-
polaron formation. In systems with a short-
range component of the electron-lattice interac-
tion a change in the physical parameters can pro-
duce the abrupt appearance (or disappearance)
of small-polaron states (at R, ) in the non-ground-
state solution. The energies of such small-polar-

on states are not, however, generally given cor-
rectly by this modified continuum model. One
does see, in agreement with Befs. 3 and 4 and
Shore, Sander, and Kleinman, ' that although the
nature of the ground state may change abruptly
with an alteration of the physical parameters, in
the adiabatic limit the ground-state energy does
not.
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We report measurements of the L ~~ ~~~ x-ray threshold in Mg at momentum transfers
of q =0 and 1.8 A . We found that a straightforward application of the theory of Mahan,
Nozieres, and De Dominicis failed to describe the data. We conclude that for Mg, and
probably for all polyvalent metals, other effects are at least as important as this theory
for describing absorption threshold shapes.

The shapes of soft-x-ray thresholds in simple
metals depart from the simple step function ex-
pected in the one-electron approximation. ' Some
metals show a peaking at threshold; others do
not. Mahan, Nozieres, and De Dominicis (MND)
formulated a theory to explain these observa-
tions. ' This many-electron theory describes the
effect on threshold shapes of interactions between
the core hole and conduction electrons. Peaking
is predicted when transitions occur to s partial
waves in the conduction band; when transitions
to higher partial waves occur, a more rounded
threshold shape is predicted, because the screen-
ing charge of the core hole is expected to be dom-
inated by s waves. Consequently, when the core
is aP state, peaking is predicted, while s core
states should have rounded thresholds. These

predictions are in qualitative agreement with
soft-x-ray absorption spectra. ' Inelastic elec-
tron scattering can provide a more stringent test
of the theory since different conduction-band par-
tial waves can be selected for a given core state
by varying the momentum transfer. ' This type
of test was first proposed by Doniach, Platzman,
and Yue. 4

The operator causing the transition in electron
scattering is e'~' where q is the momentum
transfer and r the position operator of an elec-
tron in the sample. Since the core state is well
localized the transition matrix element can be
expanded as

where (f and g, are the exact final and initial
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states of the system. The expansion is useful
when the core radius, a, is smaller than q '.
The first term does not contribute since gf and

g; are orthogonal. The second term, which dom-
inates when q is small, causes dipole transitions
just as in soft-x-ray absorption. The third term
becomes important at larger q values and causes
monopole and quadrupole transitions.

In this paper we report measurements of the
Mg L»»& threshold. For small q we expect di-
pole transitions from the 2p core state to s
waves in the conduction band. At larger q, mono-
pole transitions transfer part of the strength to p
waves. Therefore the MND theory predicts a
peaked spectrum at q = 0 and a less sharply peaked
spectrum at high q.

More quantitatively, according to the MND the-
ory, the threshold shape can be written

00 C((

s(q, z) —,Qx, (q) o(E -E,),q'~=o ' Z-Fr
where A, (q) = [(~/~z, (e'"' ((;)P, gz, is the Etb par-
tial-wave component of the conduction states near
the Fermi energy, $ is a range parameter ex-
pected to be on the order of the Fermi energy,
E~ is the threshold energy, o., is the threshold
exponent for partial wave E, and 0 is the unit step
function. The goal of this work is to determine
whether Eq. (2) accurately describes the mea-
sured shape of the Mg L&&»& threshold for differ-
ent magnitudes of q using reasonable values of
the parameters.

The measurements were carried out on the
Princeton University inelastic electron spectrom-
eter described elsewhere. ' The beam energy is
300 keV; the energy and momentum resolutions
in this experiment were 0.088 eV and 0.3 A ',
respectively. Two complete sets of data were
taken in the energy range 48.4-51.2 eV and at

0
momentum transfers of q = 0 and 1.8 A '. Typi-
cal counting rates were 27 000 and 250 counts per

0
second at q =0 and 1.8 A ', respectively. Repeat-
ed scans were taken to improve the statistics.
The total number of counts per point was 439000
at q=0 and 299000 at q=1.8 A '. The edge height
was 40% of the total counting rate at q = 0, and
14% at q = 1.8 A '. Samples of about 10' A thick-
ness were made by subliming Mg in the baked
vacuum chamber onto carbon substrates. The
pressure after sample deposition was several
nanoTorr. The threshold shape remained un-
changed during 3 days of data taking despite no-
ticeable degradation of surface excitations.
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FIG, 1. Normalized data, after background subtrac-
tion. Dots, q =0; open circles, q =1.8 &; line, q =0
theory as described in the text.

A straight line was fitted to the spectra below
threshold and subtracted from the spectra to
yield the curves in Fig. 1. To fit the measured
spectra with the theoretical shape of Eq. (2),
the theoretical shape, with a given set of param-
eters, was convoluted first with the derivative
of a Fermi function to account for finite temper-
ature, then with a Gaussian of standard deviation
I' to account for finite lifetime and spectrometer
energy resolution. Two such curves with ampli-
tude ratio S and energy difference 6 were added
together to represent the spin-orbit splitting of
the 2p core state.

Using the q =0 data, the following parameters
were adjusted to minimize X: E~, 4, S, I', and
e, . The ratio A, (0)/A, (0) was 0.15 as calculated
by Smith' and n, was fixed at —0.1. The values
of the other parameters were found to be insensi-
tive to e„so it was not varied. The range pa-
rameter, $, was taken to be the Fermi energy,
7.13 eV. Because of the method of normalizing
the data, the results are insensitive to this value.
The agreement between the computed and mea-
sured spectra was found to be very sensitive to
the first four of the above parameters in the lead-
ing-edge area, whereas it was most sensitive to
n, beyond threshold. The theoretical shape was
normalized to the data 0.5-0.7 eV above the high-
er-energy threshold. The solid line in Fig. 1
shows the theoretical shape obtained this way for
the q =0 spectrum.

The parameters determined from the q = 0 data
are the p„, threshold energy Er =49.87+ 0.01 eV,
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the spin-orbit splitting 6 = 0.28+ 0.01 eV, the ra,-
tio of P,&, to P», strength 8 = 1.86 + 0.05, I" = 0.06
+ 0.01 eV, and n, = 0.18+ 0.005. The uncertainty
in E~ was determined by the observed slow varia-
tion in the spectrometer zero of energy. The
precision in the value of 4 was limited by the fi-
nite grid size used in the computer program.
The uncertainties in 8, I", and e, are statistical
and indicate the change in that parameter which
increases the unreduced X' by 1, leaving all other
par ameters fixed. These statistical uncertain-
ties do not include systematic errors or correla-
tions between the parameters.

We then formed the difference spectrum be-
tween the q = 0 and q = 1.8 A ' data by normalizing
both sets of data 0.5-0.7 eV above E~ and sub-
tracting one from the other point by point. The
spectral changes which must be explained are
most easily apparent in this difference curve.
Except for the region immediately above thresh-
old, the difference curve is small and relatively
featureless out to 60 eV.

The difference curve was corrected for ther-
mal-diffuse, multiple scattering in which an
electron scatters elastically from disorder in

OJ

LLI

2
LLI

CL

the sample with q=1.8 A ' and then scatters
causing a core excitation with q =0. This has the
effect of a,dding to the 1.8-A ' raw data some of
the q = 0 shape. By studying the easily apparent,
thermal diffuse contribution to the Mg plasmon
spectrum we found that such double scattering ac-
counted for (23 + 5@0 of the q = 1.8 A ' spectrum
and corrected the difference curve accordingly.

Using the parameters described above and

A, (1.8)/A, (1.8) = 0.74 as calculated by Smith, ' we
formed a theoretical difference curve in the
same way as the experimental one and varied n,
to minimize X'. The result was a very poor fit
(reduced &P = 4.5) and n, = —0.24. This value of
Qy with Qo 0 18 does not satisfy the Friedel
sum rule, giving too little screening charge by
an order of magnitude.

We found two ways in which modified parame-
ter values would describe our measured differ-
ence curve. First, by allowing the ratio A, (1.8)/
A, (1.8) to increase to at least 4, the resulting n,
increased to acceptable values. We reject this
alternative; there should be little ambiguity in
the value of this ratio. ' Second, by allowing e,
to increase, acceptable values of ~, could be
achieved with smaller values of X'. Figure 2
shows a plot of the best e, and the associated X'
versus e,. The dashed line is the improved com-
patibility relation of Dow and Robinson. ' Only
one point on our curve of n, versus o., can satisfy
the Friedel sum rule; that point is given by the
intersection of our curve with that of Dow and
Robinson. The vertical error bars indicate the
change in e, needed to increase the unreduced X'

by 2. Figure 3 shows the experimental differ-
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FIG. 2. Fitted ~& for trial values of n 0, and reduced

y~ for each fit, using the difference curve shown in
Fig, 3. The solid lines are intended only to guide the
eye. The dashed line is the improved compatibility re-
lation of Dow and Bobinson (Bef. 6).
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FIG, 3, Dots, difference curve obtained by subtract-
ing the two data sets shown in Fig. 1. Solid line, theo-
retical difference curve described in the text.
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ence curve, and the theoretical result for e,
=0.40 and xi= —0.08.

Clearly, our difference curve requires larger
values of ~, than the q = 0 spectrum. This could
be due either to structure in the one-electron
density of states, or to the inapplicability of the
MND theory to this problem. In addition, note
that our measured q = 0 spectrum is linearly de-
creasing above threshold while the theoretical
shape is concave upwards. The difference curve,
Fig. 3, also shows a systematic deviation from
the theoretical shape in the same region.

Haensel et at. ' found F-~ =49.87+0.1 eV and 4
=0.27 eV. To our knowledge no one has previous-
ly reported a value for S. The ideal small-Z LS
coupling value is S = 2. Our value of 1" implies a
full width at half-maximum of the broadening
function of 0.141 eV, while our measured ma-
chine resolution is 0.088 eV. The extra broad-
ening could be due to the finite lifetime of the
core hole. Dow and Sonntag have analyzed the
photoabsorption shape of Haensel et al. , and,
fitting it with the MND theory, find n, =0.18
+ 0.04 in excellent agreement with our result for
the q =0 spectrum. ' Neddermeyer has analyzed
his Mg x-ray emission measurements to obtain
o.,= 0.3+ 0.07." Absorption and emission expo-
nents should agree according to the MND theory.
The discrepancy between this value of n, and the
absorption and electron scattering values is con-
sistent with the one-electron density of states
playing an important role in determining the
threshold shape. If the one-electron density of
states varies rapidly with energy near the Fermi
energy due to band structure, for example, then
exponents 6, fitted to absorption and emission
data, need not agree.

Measurements of the asymmetry of x-ray-pho-
toemission-spectroscopy lines yield a value of
n„=0.13+0.01." Precise determination of o.',
from this e„does not appear possible, using
either a two-phase-shift model" or the improved
compatibility relation of Dow and Robinson. "

The MND theory alone cannot account for both
the q =0 shape and our difference curve. The ex-
ponents which fit the two curves are different.
Is this due to a failure of the MND theory or to
the influence of one-electron effects~ If it is due
to one-electron effects, the problem is to com-
bine them with the MND theory. This problem
has not been solved theoretically. ' The values
of exponents derived from our difference curve
(Fig. 2) are correct if one assumes a q-indepen-
dent, additive, one-electron-density-of-states

contribution to the spectrum. Many-electron and
one-electron effects are more realistically de-
scribed as multiplicative. We found, however,
that no q-independent multiplicative one- electron
density of states can describe our difference
curve, for any pair of exponents (a„n,) satisfy-
ing the compatibility relationship. If we allow
either a multiplicative or an additive one-elec-
tron density of states to vary with q, then the
problem of fitting MND exponents becomes inde-
terminate.

Our results call into question all determina-
tions of soft-x-ray threshold exponents in poly-
valent metals based on emission, absorption, or
electron scattering measurements of edge shapes,
because these determinations were made neglect-
ing one-electron effects. Accurate calculations
of transition strengths for various partial waves
would allow us to include one-electron density-
of-states effects and might result in accurate
threshold exponents. The general disagreement
between emission and absorption shapes in poly-
valent metals may be due to such one-electron
effects caused by band structure. It is disturbing,
however, that there appears to be a similar dis-
crepancy in sodium, for which band-structure
effects should not be so important. '

We are grateful to Professor J. D. Dow for ex-
tensive fruitful telecommunications on this sub-
ject.
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We have measured the 3Ca- F dipolar energy in CaF&, as deduced from the first mo-
ment of the ~3Ca resonance signal, as a function of the fluorine-fluorine energy. The
Ca-F energy, which depends on the local longitudinal susceptibility of the fluorine spins,
is theoretically expected to peak at the paramagnetic-antiferrornagnetic transition. Such
a peak is indeed observed.

Magnetic ordering can be produced in nuclear
spin systems subjected to dipolar interactions
by cooling them below 1 p.K. The principles of
production and of study of nuclear magnetic or-
dering, as well as experimental evidence for nu-
clear ferromagnetism and antiferromagnetism,
have been reported in a number of articles. '~

The cooling concerns only the nuclear spins. It
is performed in a two-step process: dynamic
polarization in high field, followed by nuclear
adiabatic demagnetization. When the adiabatic
demagnetization is performed in the rotating
frame (i.e. , it consists of a fast passage stopped
at resonance), the final-spin Hamiltonian is the
familiar truncated, or secular, dipole-dipole
Hamiltonian KD; it depends on the orientation of
the external field I, with respect to the crystal-
line axes. The ordering produced by adiabatic
demagnetization depends also on that orientation,
as well as on the sign of the spin temperature,
positive or negative.

In particular, in a simple cubic system of spins
—,', when the demagnetization in the rotating frame
is performed at negative temperature with Hp par-
allel to a fourfold axis, theory predicts the occur-
rence of an antiferromagnetic structure in which
the nuclear planes perpendicular to Hp carry mag-
netizations alternately parallel and antiparallel
to Hp This structure has been produced and stud-
ied on the "F system in spherical samples of
CaF, . The occurrence of antiferromagnetism
was inferred from the characteristic variations
of the longitudinal and transverse susceptibilities
as a function of entropy or energy: Below the
transition, y remains constant, whereas

X~~
de-

creases slightly. The change in the behavior of

these quantities when going from paramagnetism
to antiferromagnetism is smooth, and no marked
singularity is observed, nor expected, at the
transition.

In the present work we have studied, for the
same structure, the local longitudinal suscepti-
bility of the fluorine spins as probed by the reso-
nance signal of the low-abundance "Ca isotope,
a phenomenon exhibiting a marked critical behav-
ior.

When the "F spins are demagnetized, the shape
of the resonance signal of the unpolarized 4'Ca
is that of the derivative of a bell-shaped curve.
This is the well-known signal for adiabatic de-
magnetization in the rotating frame. ' In the pres-
ent case when the "Ca (the spins 8) are much
less abundant than the "F (the spins I), Ns/N,
= 6.5 &10 4, this signal can be given the following
simple physical interpretation. Each spin 8 is
treated independently. A given spin S in a state
S, =m creates a dipolar field at the sites of the
nearby spins I. Through flip-flop processes, the
latter acquire polarizations departing slightly
from their normal equilibrium values. These de-
partures are inhomogeneous in space and propor-
tional to m, in the linear approximation. They
create at the site of the spin S a dipolar field pro-
portional to m, which shifts the resonance fre-
quency of that spin. Spins S with opposite values
of rn experience opposite resonance shifts. Since,
furthermore, spins 8 with m & 0 give an absorp-
tion signal and spins S with rn & 0 an emission
signal, we observe a signal shaped like that of
the derivative of a bell-shaped curve, which re-
flects the local susceptibility of the spins I to
the dipolar field of the spins S.
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