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glass by the triad model with only unidirectional
anisotropy provided that 7/7T,<<1 and 6, S90°.

At larger values of 6, there is presently no de-
scription which encompasses all of the data
though at exactly 180° the vector model with uni-
directional and uniaxial anisotropy fits surpris-
ingly well. Given the discrepancy between theory
and experiment at large angles it may not be ap-
propriate to infer any specific interpretations
about the spin-glass state from measurements
made under such conditions until further clarifica-
tion.
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121f K| +K, cosf < 0 then there exists a “r rotated
state,” where 6 =r and 0, =0, in the triad model. Ob-
servation of this state in an equilibrium experiment
would distinguish between the two models. However,
if K, > K, this state is completely unstable with respect
to changes in 6. W. M. Saslow, Phys. Rev. B 26, 1483
(1982).

13The resonant frequencies for the triad model were
calculated by using Eq. (4.3) of Ref. 11. For the vector
model, the equations of motion were obtained from Eq.
(1). These were solved to yield the eigenvalue equation
for the resonance frequencies.

1At the lowest temperature the ESR data at 0, =180°
imply that K= 0. In this case the vector and triad
models are indistinguishable. The data in Fig. 2 were
taken at a temperature high enough to be able to dis-
tinguish between the two models yet low enough that the
system still obeyed the triad model at small 6.
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133Cs NMR has been used to probe the volume-dependent static and dynamic spin suscep-
tibility of expanded liquid cesium. Data taken over the temperature range 55—1400°C

cover the density range 1.03<p<1.92 gem™.

Forps1lb5 g cm™3, both the isobaric tem-

perature dependence and the isothermal pressure dependence of the Knight shift change
sign and the spin susceptibility becomes increasingly enhanced. Analysis of the nuclear
relaxation rates at low densities indicates changes in the g-dependent susceptibility sug-
gestive of a metallic antiferromagnet above its ordering temperature.

PACS numbers: 75.20.En, 71.45.Gm, 76.60.Cq, 76.60.Es

Liquid alkali metals, expanded by heating to-
ward the liquid-gas critical point, exhibit inter-
esting and unusual properties. Conduction-elec-
tron densities nearly five times lower than those
of ordinary metals can be achieved before metal-
lic properties give way to a metal-nonmetal tran-
sition close to the critical point.”?> As elemental,

540

monovalent metals they closely resemble the hy-
pothetical expanded lattice of hydrogen or alkali
atoms considered by Mott® in his original discus-
sion of the metal-nonmetal transition.* Although
similar in some respects to dilute metals ob-
tained by solution of donors in a nonmetallic host,
e.g., heavily doped semiconductors, liquid-met-
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al-ammonia solutions, alkali-metal- rare-gas
mixtures, etc., expanded liquid alkali metals are
free of theoretical complications due to electrons
interacting with a host material.

The work of Brinkmann and Rice® and recent
theoretical studies of expanded hydrogen lat-
tices®"® predict unusual magnetic properties for
low-density metals. The latter calculations, in
particular, predict a metallic, antiferromagnetic
ground state in a density range between the nor-
mal (paramagnetic) metal and the transition to an
antiferromagnetic nonmetal. At high tempera-
tures, enhanced paramagnetism might be expect-
ed in the low-density metallic range. This has
been confirmed by Freyland’s observation of in-
creasing enhancements of the total molar and
volume magnetic susceptibilities of cesium and
rubidium as the density is reduced along the lig-
uid-gas coexistence curve.®

In this Letter we describe the first application
of nuclear magnetic resonance (NMR) to study an
expanded monovalent metal. We have measured

e 13Cs Knight shift (K) and free-induction-de-
cay lifetime (T,*) in liquid cesium up to 1400 °C
at 120 bars and at pressures up to 900 bars at
300 °C and below., The minimum density achieved
is about 56% that of liquid cesium at the melting
point and corresponds to a value »,;=17.0. (The
density parameter » is the radius, in Bohr radii,
of a sphere equivalent to the volume per elec-
tron.) The data permit the following conclusions.
First, enhancement of the total susceptibility at
high temperatures is due predominantly to the ef-
fect of volume expansion on the conduction-elec-
tron-spin susceptibility. Second, fundamental
changes in the magnetic properties begin to de-
velop at remarkably high densities, i.e., at more
than 90% of the density at the melting point. Fi-
nally, the ¢ dependence of the generalized spin
susceptibility x(g,«) changes in a manner which
is consistent with fluctuations toward an anti-
ferromagnetic or spin-density-wave state at low
density.

The high-temperature, high-pressure sample
environments necessary for these measurements
were achieved within an internally heated Be-Cu
autoclave pressurized with argon gas. The high-
temperature zone created by a three-element non-
inductive heater was insulated from the autoclave
by a layered structure formed from a roll of tex-
tured molybdenum foil. A cylindrical cell con-
structed from single-crystal sapphire contained
the bulk liquid-cesium NMR sample. The pres-
sure within the cell was automatically balanced

against the pressure of the surrounding argon by
means of an external connecting capillary.

NMR measurements were made at a frequency
of 9.7 MHz by using a coherent pulsed NMR spec-
trometer. Although the spin-lattice relaxation
time (T',) could be measured with a standard 7-
7/2 rf pulse sequence up to about 600 °C, it was
necessary generally to measure the free-induc-
tion-decay lifetime (T',*) following a single pulse.
After correction for the inhomogeneity of the
magnetic field, we found 7', equal to T,, the spin-
spin relaxation time.°

The Knight shift is due to the local field asso-
ciated with the static, uniform paramagnetic
spin susceptibility

K=AH/H = $7{| ¥(0)|? ¢y’ (0,0), (1)

where (1¥(0)1%; is the electron probability den-
sity at the nucleus averaged over all states at the
Fermi energy, Q is the atomic volume, and y’(g,
w) is the real part of the volume susceptibility.
As the volume changes at constant temperature,
simple normalization requirements imply
(1¥(0)1»rec Q™ t, However, studies of sodium un-
der compression'! indicate a weaker dependence,
roughly £ 08

Our results for the 3*Cs Knight shift in expand-
ed cesium are summarized in Fig. 1.'* The most
striking feature is the pronounced minimum near
p=1.5¢g cm™? in the variation of K with p at con-
stant pressure. The sharp increase in K at low
density corresponds to the rise in total suscepti-
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FIG. 1. Variation of the 13°Cs Knight shift with den-
sity at various temperatures (°C). The broken line is
a guide to the eye connecting points along the 120-bar
isobar. The shift variation in solid cesium at 20°C
represents data of Ref. 13.
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bility observed by Freyland.® At our lowest tem-
perature, 55°C, the isothermal variation of K
with p, (81nK/81nV),=~ 0.47+0.02 agrees well
with the value — 0.46 measured by Benedek and
Kushida'® at comparable densities for solid cesi-
um at 20°C. This demonstrates the relatively
weak influence of long-range crystalline order
on the volume-dependent magnetic properties.

At 150°C and 250°C, (81nK/31nV), agrees with
the value - 5 expected for a free-electron gas.

Beginning about 400 °C, the shift isotherms be-
come nonmonotonic with pressure until, eventual-
ly, the pressure dependence becomes negative
throughout our pressure range. The explicit (iso-
choric) temperature dependence (8K/97T'), is neg-
ative at high density, but tends to weaken at the
lower densities. It is clear that the enhancement
of the shift is mainly related to the reduced den-
sity and that temperature plays a secondary role.
This is important for comparison with theory
since calculations for expanded metals have so
far been limited to consideration of volume ex-
pansion at absolute zero.-

We consider now the nuclear relaxation rate
and its relation to the Knight shift. The relaxa-
tion observed in liquid cesium is so strong that
we need consider only relaxation due to the mag-
netic hyperfine interactions with conduction elec-
trons and we neglect other mechanisms such as
the nuclear dipole-dipole and electric quadrupole
interactions. In this case the spin-lattice relaxa-
tion rate is governed by electron-spin fluctua-
tions described by the low-frequency, transverse
component of the imaginary part of the suécepti-
bility x"(@q,w):

1T =20 %, R T 0%,

x [dg q°x.-"(q,w,), )

where y, is the nuclear gyromagnetic ratio and
w, is the nuclear Larmor frequency. For nonin-
teracting electrons, Eq. (2) yields the familiar
Korringa rate* which depends only on the tem-
perature and the Knight shift,

(/T )xors = 4/ 1)y, /o 'K>T . 3)

More generally, electron-electron interactions®®
or strong electron-ion scattering® alter the g de-
pendence of x,."(g,w) with the result n=(1/T,)/
(1/T Jxore? 1.

The effects of electron-electron interactions in
simple metals such as the alkalis are usually dis-
cussed within the random-phase approximation
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(RPA). The susceptibility takes the form
xX(q,w) =x0(q,w)/[1=V(g)x,lq,w)], )

where x,(7,w) is the susceptibility in the absence
of interactions and V(g) is a ¢g~-dependent electron-
electron interaction parameter. Defining a Ston-
er enhancement parameter a =V (0)x,’(0,0) and
f@)= V(g (,0)/V(0)x, (0,0) one has, at low
frequency,

x'(0,0)=x,/(0,0)/(1~a) (5a)

X"(q,w)=x."(q,w)/[1-afg)P. (5b)

Moriya'® has shown that enhanced susceptibilities
of the form given by Eqs. (5a) and (5b) result in
a deviation from the Korringa relation, Eq. (3),
given by

n=K(@)=1-a)?/[1-af@)P. (6)

The angular brackets denote an average over all
q. Since f(g) decreases at high ¢, K(a)<1 and
K (o) tends to decrease as a increases [K(1)=0].

The effects of electron-ion scattering on the
Korringa ratio n have been observed for semi-
conducting liquid alloys.'®* When the scattering
becomes so strong that the conductivity o falls
below a value g, corresponding to a mean free
path X equal to the interionic separation a, a dif-
fusive model of electron transport predicts n =0,/
o0>1. For cesium along the 120-bar isobar, the
limit o= g, falls in the density range 0.6 <p < 0.8
g cm” %2,

Our experimental results for the '*3Cs relaxa-
tion rate at 120 bars are presented in Fig. 2 in
the form n versus density. Near the melting
point, n=0.61+0.02 and, taking an explicit form
for K (o) from the work of Shaw and Warren,'” we
find an enhancement of the static, uniform sus-
ceptibility (1-«) '=1,82. This is in reasonable
agreement with the enhancements observed for
the other alkali metals.!” However, it is imme-
diately evident that the enhancement model char-
acterized by Eq. (6) fails completely in the low-
density region of enhanced x’(0,0) and K. In this
range, we find that n increases as x’(0,0) and o
increase whereas Eq. (6) predicts that n should
decrease.

The failure of the conventional enhancement
model indicates that fundamental changes in the
q dependence of x”(q,w,) develop in the density
range below about 1.4 g cm™3, One possible ex-
planation is that a gradual transition to diffuse
transport begins at this density. However, at 1.4
g cm” 3 1/a~4 and the density is roughly twice
that expected for the onset of diffusive transport.
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FIG. 2. Ratio (1) of the !3Cs nuclear relaxation rate
to the Korringa rate, Eq. (3), vs density under isobaric
conditions at 120 bars. The upper scale gives the
temperature scale in °C. The solid point at maximum
density was determined from direct 7'; measurements;
open points were determined from free-induction-decay
lifetime T y*, corrected for inhomogeneous broadening.
The solid line is a guide to the eye.

Moreover, Hall-effect measurements by Even
and Freyland!® indicate that nearly free electron

" (weak scattering) conditions hold throughout the
range 1.1<p< 1,9 g em 3, Finally, we point out
that diffusive transport would not lead to the en-
hanced static susceptibility which is a pronounced

characteristic of cesium in the low-density range.

An alternative and more likely explanation is
the development of increased enhancement of
X" (q,w,) around some value ¢ =Q,+# 0. A peak in
x"(q,w,), and equivalently x’(g,w,), corresponds
to fluctuations toward a spin-density-wave or
antiferromagnetic state of wave vector @,. The
form of x” (g, w,) that we infer is essentially that
considered by Hasegawa and Moriya'® who extend-
ed the RPA self-consistently to include enhance-
ment by spin fluctuations, and by Usami and
Moriya®® who calculated the nuclear relaxation
properties of an itinerant antiferromagnet above
its ordering temperature. The complementary
effect, reduction of  for a nearly ferromagnetic
metal (TiBe), was recently reported by Alloul
and Mihaly.?! At sufficiently low temperatures,
expanded cesium would be a metallic antiferro-
magnet, but this is precluded by intervention of
the liquid-gas phase separation.

In summary, we find that the magnetic proper-
ties of liquid cesium near the melting point can
be closely approximated by those of an interact-
ing electron gas with the usual Stoner enhance-

ment of the susceptibility, but a slight reduction
in density is sufficient to introduce new effects.
Presumably precursors of the eventual metal-
nonmetal transition, these effects are an in-
creased enhancement of the Knight shift and the
static, uniform spin susceptibility, and a funda-
mental change in the ¢g-dependent dynamic sus-
ceptibility. Although effects due to diffusive elec-
tron transport cannot be completely excluded,

the overall similarity to a metallic antiferromag-
net above its ordering temperature supports pre-
dictions of an antiferromagnetic ground state in
the experimentally inaccessible range of low den-
sities at low temperature.

The authors are pleased to acknowledge the con-
tributions of J. Franz, W. Freyland, F. Hensel,
and T. M. Rice with whom we discussed various
aspects of this work.
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The resonant character of magnetic field damping by moving magnetic monopoles al-

- lows the field to survive indefinitely when the monopole plasma frequency is sufficiently
large, even if the field is immersed in a conducting plasma. Dynamo growth of galactic
field can still occur on time scales ~ 107-108 yr in the presence of a halo composed of
monopoles. A linear stability analysis suggests that a monopole’s mass is m ~ 1018 GeV/
c? and that the monopoles should have an anisotropic flux ~1 m™? yr~! sr™1,

PACS numbers: 98.40.Bs, 14.80.Hv, 52.35.Hr, 98.50.Lh

Cabrera® has reported a possible candidate for
a free magnetic monopole consistent with a Dirac
charge |g|=e/2a,= 3x107® esu, Certain grand
unification schemes? suggest that such monopoles
should have a mass m ~10'® GeV/c2 (Hereafter
mass in units of 10 GeV/c? will be denoted by
m,.) When applied to models of the very early
universe,® these theories indicate the possible
existence of a large space density of free mono-
poles. One interesting possibility is that these
monopoles could be the dominant mass contribu-
tion to the dark halo of our galaxy and of other
spiral galaxies, which may be the origin of the
observed stability of spiral galaxies’ disks.*
Such stabilizing influence requires M yaio/M glaxy
=1, and demands the existence of some nonlu-
minous form of matter in the halo of our own
galaxy with mass density® p,=107** g cm™ and
velocity dispersion ¢, ~ 200 km/s. (Velocity in
units 200 km/s are denoted by the subscript 200.)
If the halo is composed of grand unified theory
(GUT) monopoles, the expected flux at the earth
would then be =z 3[p, /(102 g em™®)|m ;"' m™2 sr™*
yr~!, which is not inconsistent with Cabrera’s
event being a monopole of galactic origin. '

However, several authors®” have argued that
such high fluxes are inconsistent with the persis-
tence of the galactic magnetic field, with esti-
mates for upper bounds on the monopole flux
~10" m™2 yr~! sr~'. We show that persistence
of the galactic magnetic field is consistent with
higher fluxes of monopoles, provided that the
monopole plasma frequency exceeds a certain
lower bound. We also show that dynamo activity®
in the interstellar medium can regenerate the
magnetic field in the presence of a monopole-
dominated halo, at a rate comparable to the
orbital angular velocities of monopoles and stars
in the halo and of stars and gas in the disk, ~(3
x 107 yr)~L,

We expect a monopole halo to form a nonrotat-
ing,® quasineutral, collisionless system with an
approximately Maxwellian velocity distribution
of dispersion speed c,, because of the effects of
violent relaxation during galaxy formation.'® The
monopole plasma frequency w,, = (41g2N, /m)"? is
related to the angular frequency of the galaxy by

-l k). o
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