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The Pauli susceptibility x, of Li metal was measured below and above the melting point at constant pressure.
Xp increased by (0.8 = 0.6)% on melting. The corresponding increase at constant volume was deduced, by
using the volume dependence of X, for solid Li, as (0.7 = 0.6)%. From the observed change in the Knight shift
on melting, the change in the electronic charge density at the nucleus Pr was also derived. P decreased by
(1.9 = 0.6)% on melting at constant volume. The observed value of P and X for solid Li does not collapse to
the nearly-free-electron value, which was once postulated to characterize the liquid-metal state.

I. INTRODUCTION

The change in the Pauli susceptibility x, upon
melting was measured accurately in Li metal.
By using the present data and the previously mea-
sured change in the Knight shift K, we obtained
the change in the amplitude of the wave functions
at the Fermi surface, (|9,(0)|3),,=P5, upon
melting, for the first time. The conventional
Knight-shift expression

K=(81/3)xp 2Py, (1)

was used. Here Q is atomic volume and x, is ex-
pressed in cgs volume units.

It is essential to obtain the values of P, and xp
independently (but they are rarely accessible ex-
perimentally), since they are related to the two
fundamental entities of the electronic structure
of metals, the wave functions and the density of
states at the Fermi surface. It is not reliable to
estimate the value of P, or xp in order to obtain
the other from a single experimental measure-
ment, that of K, since the ambiguity in the theo-
retical estimate of one is not in general any better
than that of the other.!

The change in Py upon melting, APp=Ppg i,
= Pp g1, Provides one with direct information
about the wave-function change upon melting. This
can be compared with theoretical calculations.
The interpretation of the susceptibility change,
AX p=Xp,11¢~ Xp,s01; 1S more complicated. We
feel, however, that recently developed theories?
of xp are on the verge of supplying reliable in-
formation about the electronic structure from the
experimental data. A knowledge of AP and Ay ,
is particularly useful in helping to understand the
electronic states of liquid metals,® since these
quantities may be compared directly with theo-
retical calculations. The effect of calculational
techniques (selection of pseudopotential, etc.)
tends to cancel when the differences between two
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states are calculated by using the same formal-

ism.?

II. EXPERIMENTAL

The change in x, for Li metal was measured by
the Schumacher-Slichter method.® The accuracy
was improved by automating the measurements.
The statistical average over hundreds of runs
could be taken in a relatively short time. The
procedure is essentially the same as the one used
in the measurement of the pressure dependence
of xp in solid Li and Na.!*® Details are given in
Ref. 1. The measurements were most carefully
performed just below and just above the melting
point of Li in order to measure Axp.

The Li metal was purchased from Matheson,
Coleman, and Bell. Its nominal purity was
99.9%. The metal was dispersed in mineral
oil mechanically. The size of the dispersed par-
ticles was from 5 to 30 um. This is sufficiently
small for the rf signal of a Pound-Knight spectrom-
eter to penetrate completely. The frequency of
the spectrometer was approximately 16 MHz. The
magnetic field was modulated with triangular waves
at 6 Hz. The swing of the modulation was +20-
40 G for conduction-electron spin-resonance
measurements. The sample, coated with mineral
oil, was sealed in vacuum. The temperature of
the sample was controlled in a silicon oil bath.
The line width of the conduction-electron spin-
resonance line was typically 2.2 G peak to peak
just below the melting point. The width increased
somewhat just above the melting point. Each set
of data taken under different conditions, consists
of a few hundred runs.

The observed susceptibility change on melting
is”

(Axg/xp’m)},=0.008 +0.006 . (2)

Since the number of Li atoms does not change on
melting, the observed value is the change in
atomic susceptibility x at constant pressure.
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The estimated experimental error includes both
the systematic and random error.

The volume increase on melting, 1.65%,% would
change x4 by a small amount.® The susceptibility
change at constant volume is® derived as

(AXA/X$, 501 ) =0.007 £0.006 . (3)

The fractional change in the atomic susceptibility
at constant volume, Eq. (3), is the same as the
fractional change in the volume susceptibility.

(AXp/Xp, 01)y = 0.007 £0,006 . @)

It is noted that the effect of the volume change on
Axp is considerably smaller than the value pre-
viously assumed.*

The observed Knight shift change upon melting
at constant pressure is!®

[(Kyyq = Kgo))/Keor) p = (AK/K ) p=—0.012 £0.001 .

®)
By using the pressure dependence data'! for K,,,,
AK at constant volume is derived as

(AK/K,,)y=~-0.013+0.001 . (6)
The change in P, at constant volume is therefore
(AP5/Pp, 41)y=—0.019 £0.006 . (7

If one uses the observed change in the total sus-
ceptibility x, on melting'? and assumes that the
ion core contribution to the total susceptibility is
unchanged on melting, one obtains the change in
diamagnetic susceptibility x, on melting as

[ (X;IA, liq — xisol)/xasol] P = (AX f/di,sol)P
=0.001 +0.007 . (8)

The temperature dependence of x 4 was also mea-
sured from room temperature to 220 °C. The mea-
surement consisted of two sets of runs. No tem-
perature dependence was observed from room
temperature to the melting point within the ex-
perimental error of +1.0%. Collings'? observed
a pronounced peak in the total susceptibility just
above the melting point. We noticed no tempera-
ture dependence in x# within our experimental
error (+1.0%) from the melting point up to 220 °C.

III. DISCUSSION

The observed fact that K; ~K,, for most of the
metals has been the subject of great controversy
since the later 1950’s.> Does this mean that both
X8 (=xpQ) and P are roughly the same for liquid
and solid? Or do x# and P change appreciably
while keeping the product essentially unchanged
on melting?'® The experimental answer for Li
is given in the previous section. Li is one of the

best materials for the purpose of answering this
question. The spin susceptibility in solid Li con-
tains a large amount of enhancement due to the
band-structure effect. If molten Li is free-elec-
tronlike, i.e., if Li ions lose their local correla-
tion significantly on melting, one would expect a
large decrease in xp and a substantial change in
P on melting.

There was no rigorous way to include a large
band-structure effect in the calculation of elec-
tron-electron enhanced susceptibility until re-
cently," The evaluation of AP, is, at least in
principle, more straightforward, although the
numerical value of AP, of Li has not been pub-
lished.'

A very small change in P, (Eq. 7) indicates
that the electronic structure of Li is essentially
preserved on melting. It appears to be surprising,
however, that the observed AP, is negative, since
the average distribution of the neighboring ions
about a particular ion under consideration be-
comes more spherically symmetric upon melting.
This tendency increases the s component of the
conduction-electron wave function and enhances
P upon melting. This is indeed the case for Cd
where Pp ;o> Pp oo '°

Another effect of melting is to increase the am-
plitude of lattice vibration; this also effects Py.
In fact, AP, can be written

(APg)y=(APg),+ (APR),, . (9)

Here (APj), which is the change at constant
volume [ Eq. (7)] represents the change in ion
configuration upon melting. (AP;),, is the effect
due to increased lattice vibration, and (AP,),, is
the effect due to the change in average equilibrium
distribution (discussed in the last paragraph). The
lattice-vibration effect on the Knight shift of solid
metals has been observed as an explicit tempera-
ture dependence of the Knight shift.'” Although
(APy),, is exceptionally large'® for Cd, the amount
for most metals is believed to be comparable to
that of (APy),, (a few percent).

The lattice-vibration contribution affects the
wave functions in two different ways depending on
the correlaticn of the neighboring ions:

(APg)1,= (APE) sy + (P ) asym - (10)

(i) A spherically symmetric mode!® (symmetric
breathing mode) has negligible effect on P of Li
[(AP)yym=0], since a uniform compression hard-
ly changes P..» This mode of vibration is, how-
ever, important for the explicit temperature de-
pendence of Py of other alkali metals.!? (ii) Asym-
metric modes, which reduce the instantaneous
symmetry without changing local volume, in-
crease non-s-components of the wave functions
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on average and decrease Pp; (APp),om< 0.

It is suggested, therefore, that the negative
sign of (APy), is probably due to the increase in
the amplitude of the asymmetric vibrations on
melti‘ng; I(APF)av |< I(APF)asyml

The present experimental result on (Ax,),
clearly indicates [ Eq. (4)] that a large band-
structure enhancement of x, in solid Li is es-
sentially unchanged on melting. The band-struc-
ture effect enhances the x, value of Li by ~70%
compared with a “jellium” susceptibility which
includes exchange-correlation enhancement
alone.!+2

A reliable numerical comparison between cal-
culation and the observed (Ax,), must wait for a
first-principles calculation.? All the calculations
of X, in the past were based on one of the following
schemes: (i) assuming that there is no band-
structure effect, one uses an elaborate many-
body technique to calculate the jellium susceptibil-
ity and then modifies the results with a somewhat
dubious band-structure correction (an effective-
mass approximation), or (ii) one starts with the
susceptibility calculation based on the band struc-
ture, entirely neglecting the electron-electron in-
teraction (step a), and adds the exchange-correla-
tion effects later (step b). For the liquid metals
the second approach is most popular, since the
main interest is the effect of the liquid electronic
structure compared with that of the solid lattice.
Therefore, step a is most elaborate and is fol-
lowed by a rather arbitrarily chosen step b. Some
authors did not proceed beyond step a.

Shaw and Smith? calculated the density-of-states
p(ep) for liquid and solid Li using the same pseudo-
potentials and the same perturbation method. This
is the equivalent of step a, since x, for noninter-
acting electrons is proportional to p(€z). The im-
portance of fully nonlocal pseudopotentials w, (k)
is emphasized in deriving correct results. They
used the Heine-Abarenkov model potential*® in
conjunction with the theoretically derived structure
factor a(q) by Ashcroft and Lekner.? The calcu-
lated p(€) for both liquid and solid Li is shown in
Fig. 14 of their paper.

Although the difference between p(¢),;, and
p(€)go; is prominent for a higher energy than g,
the difference is very small at the actual Fermi
energy. The density of states at the Fermi level
decreases by 1.5% on melting (at constant volume).
Since they did not proceed to step b, a numerical
comparison between their result, Ap(ez),[=p(€p);;,
- p(€p)so1] < O (at constant volume), and the present
result, (Axp)y, is not feasible. Although the sign

of these quantities is opposite, the important
point is that the theory correctly predicted a very
small change on melting.

A similar attempt has been made by Takahashi
and Shimizu.*® They calculated p(¢),;, with a
Green’s-function method and added the exchange-
correlation effect (step b) calculated by Hedin and
Lundqvist.?? Unfortunately, since they did not
calculate p(e)il,1 using the same formalism with
the same w,(k), it is impossible to discuss the
small change in p(€z) and in xp on melting.

Timbie and White® obtained Ap(ej) using the
Animalu-Heine pseudopotentials'® and the Ash-
croft-Lekner structure factor.® Their value,
-4% is somewhat larger in magnitude than the
Shaw-Smith value, —1.5%. They dressed a rela-
tively old jellium susceptibility obtained by Brueck-
ner and Sawada?* with their band-structure effect.
Their result, (Axp),=-8%, is considerably larger
in magnitude than the observed value and opposite
in sign. Ichikawa® also calculated the p(e) curve
of liquid Li. He did not, however, evaluate the
same curve for solid Li.

A comparison between the present experimental
result on (Axp), and the theoretical predictions
suggests that the actual p(€) curve near the Fermi
level is close to those obtained by Shaw-Smith
and by Takahashi-Shimizu, although a conversion
from (Axp)y to (Ap(€p)), based on a logical, rather
than an ad hoc, theory? is required in order to
discuss the numerical comparison between p(¢€),;,
and p(e€),,, by using the experimentally observed
(AXP)V-

IV. CONCLUSION

The directly observed change in xp and Py in
Li metal on melting is very small in spite of the
fact that the electronic structure of solid Li devi-
ates largely from the free-electron model. The
decrease in P, on melting suggests that the asym-
metric breathing modes of ion motions in the liquid
state are more important for AP, than the average
symmetric coordination of the neighboring ions.
The small change in x, on melting is in accord
with the recent calculations of the density of states
for liquid Li. The difference in the sign between
AXp,obs (>0) and Ap(€p) ey (< 0) is probably within
the uncertainty of the calculations. It is empha-
sized that the band-structure enhanced susceptibil-
ity in solid Li does not collapse to the nearly-free-
electron value on melting as was postulated some-
time ago.
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