
VOLUME $2, NUMBER 16 PHYSICAL REVIEW LETTERS 22 APRIL 1974

10 '-5x10 ' of the value estimated from the
Bohm coefficient of ,', k—T/eB and is larger than
the classical value by 3 orders of magnitude.
The magnitude as well as the T, dependence of
the conductivity in the electron temperature
range of T, &1 eV is similar to the particle dif-
fusion coefficient as reported by Chen. ' This in-
dicates that the same mechanism may be respon-
sible for the anomalous electron thermal diffu-
sion and the particle diffusion.

In the determination of the value K~, we sim-
plified the equation as well as the geometrical
factors. The electron energy loss due to ioniz-
ing neutral gas is neglected in Eq. (2}. However,
the change in electron temperature due to ioniza-
tion is less than 30$ during the time interval of
0.3 msec used to determine the electron thermal
conductivity. The variation of plasma volume in
the radial direction, dl'/dg, should also be taken
into account. The change of dV/dg is less than
20% in the 2.0-cm radial extent over which the
measurements were carried out, and was there-
fore assumed constant.

In conclusion, the electron thermal conductiv-
ity was measured by utilizing the localized upper
hybrid resonance heating. The observed K~ in-
creases with an increase of T,. This dependence
is similar to that of the particle diffusion coeffi-
cient. The absolute value A'i is ~- ~ of the
Bohm coefficient. The success of the present

approach suggests that other types of resonant
heating, such as lower hybrid resonance and ion-
cyclotron resonance, may be applicable to ob-
tain electron and ion thermal conductivities in
tokamak devices.
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%e report measurements of the transverse and longitudinal NMR spectra of liquid 3He
in low magnetic fields which support the axial-state model for the liquid in the A phase.
A quite unexpected additional result found in this work is that the width of the shifted
transverse resonance line becomes extremely broad at temperatures well below A.

Direct evidence that the spins of the 'He atoms
in the A. phase of the liquid are correlated in a
most unusual way has been furnished through pre-
vious observations of a large shift in the position
of the nuclear magnetic resonance line. ' Leggett"
has given a microscopic theory of the NMR be-
havior of the liquid in this phase in terms of a
BCS-type4 superfluid in which the atoms form
Cooper pairs in a triplet spin state. He has con-

sidered several possible p-wave states of the liq-
uid and suggests a number of phenomena that
may be observed in NMR experiments under a
variety of magnetic field configurations that will
identify the particular state of the liquid. In this
work we have performed the suggested experi-
ments, and find that al/ of Leggett's predictions
are verified, in detail, for the state given by
Anderson and Brinkman' as that which minimizes
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the spin-fluctuation energy of the pairs. The
measurements were performed in low magnetic
fields (&75 Oe) oriented either perpendicular or
parallel to the resonance coil.

The liquid 'He was cooled by the technique of
adiabatic compression and the temperature was
monitored through measurements of the melting
pressure using an apparatus similar to the one
previously described. ' The compression cell
had two NMR coils embedded in the epoxy tail
section, one with axis parallel and the other with
axis perpendicular to the axis of the cylindrical
tail. The inside of the tail was 100 mm long with
a 4.8-mm diameter. Most of the data taken were
with the rf field parallel to the cylindrical axis.
The static magnetic field, Ho, was provided by a
76-cm-diam Helmholtz coil which could be orient-
ed in any direction. Ho was sufficiently homoge-
neous to give an NMR linewidth of less than 30
Hz for the normal Fermi liquid.

Leggett a proposed that very low-frequency
NMR experiments might provide a means of de-
termining the correct state for liquid IHe A.
This was the principal motivation for undertaking
these experiments. States thought to be appropri-
ate to the anisotropic phase, liquid 'He A, are
characterized by the presence of only the spin-
up and spin-down substates (S,=+1). A number
of these states have been discussed by various
authors. ~'~' Applicable unitary states include
the polar, planar, and axial states. Anderson
and Brinkman' had made the important observa-
tion that the axial state was the state that mini-
mizes the spin fluctuation energy.

Previous experiments of Osheroff et al.' showed
that for relatively high applied fields (a&t,

' » +0'),
the frequency observed in the usual transverse
NMR experiment (H„q&H, ) shifted to higher fre-
quencies as the temperature was reduced below
A. according to the equation

co =cap~ +(do (T),

where ~z =yH, corresponds to the Larmor fre-
quency of the normal Fermi liquid. Leggett '
suggested that the transverse NMR shift at low-
er fields and frequencies would behave different-
ly for the various proposed states and, further-
more, he has predicted the existence of a longi-
tudinal resonance which should be observable
when the radiofrequency field is parallel to the
applied steady field (IIqll Ha). The frequency of
the longitudinal resonance does not depend on the
strength of the applied field as long as there is a
field sufficiently strong to cause some polariza-
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FIG. 1. Comparison of the reduced transverse reso-
lution shift (circles) with the position of the longitudinal
resonance (bars). The parameter coo{7)/2& = (2x) [w
—{F0)2]' 2 for the transverse measurement is obtained
from an experiment at 130 kHz. The width of the sym-
bols for the longitudinal resonance corresponds to the
temperature points at which the absorption signal was
observed to have half of the maximum depression. The
temperature scale was determined from measurements
of the melting pressure.

tion. This longitudinal frequency is highly depen-
dent on the state of theA liquid, however. Among
the states considered by Leggett, only the axial
state has a transverse resonance frequency giv-
en by Eq. (1) for all values of the applied field
and a longitudinal frequency given by ~0(T).

In this work we have extended the measure-
ments of the position of the transverse resonance
line down to spectrometer frequencies as low as
60 kHz and to applied fields less than 10 G (&u„/
27T &32 kHz). We find no measurable deviation
(within less than PPg) in the values of &uo'(T) = ~'
—~' when we vary the field from co„/y=10 G
to ~„/y= 70 G at any temperature F.or the axial
state, no deviation is expected. For the planar
state we would have expected deviations in cv'
—uq2 from Eq. (2) as high as 25%%uo at the condi-
tions of our minimum field and frequency.

The magnitude of ufo(v)/2s is plotted as a func-
tion of the reduced temperature T=—(T„—T)/T„
in Fig. 1. The data for the transverse resonance
shown in Fig. 1 were obtained with a fixed spec-
trometer frequency of 130 kHz. %e find the same
result, within the reproducibility of our melting-
pressure measurements of the temperature, for
all frequencies we have studied in the range 60
to 230 kHz. In this work we have found that ~,(T)
is about 5% larger at all temperatures than that
reported by Osheroff eI; al. ' We attribute the dif-
ference to the increased precision in the measure-
ments of the position of the resonance line in the
current work which was performed in a much
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more homogeneous field. %'e obtained the tem-
perature scale from the melting-pressure mea-
surements through the relation &=1.00&10 p
+2.1&10 'P, where p is the pressure difference,
in millibars, between the liquid pressure of the
observation and the pressure of the A transition.
The A transition was determined by a linear ex-
trapolation of the measured fieM of the resonance
line as a function of pressure to the pressure at
which the resonance appears at the usual, un-
shifted, Fermi-liquid position. Ne occasionally
observed that the resonance line was still shifted
from the Fermi-liquid position at temperatures
10 pK warmer than the thermal transition regis-
tered by the discontinuity in the rate of change of
the liquid pressure. The origin of this effect is
not clear, but at any rate the shifts in the appar-
ent pressure of the A transition are not signifi-
cant in determining the temperature of points in
Fig. 1 for 7&0.05.

Also shown in Fig. 1 are the reduced tempera-
tures 7 at which we have observed the longitudi-
nal resonance at various frequencies from 20 to
95 kHz. Prior to our observation of the longitu-
dinal resonance, we were notified of its exis-
tence at the frequency vo(T) by Osheroff. ' The
longitudinal resonance observed in our work also
appears at uo(T). The amplitude of the longitudi-
nal resonance line was comparable to that of the
transverse resonance observed at the same fre-
quency with about a 1 Oe linewidth. Considering
both the position of the transverse resonance in
low fields and the position of the longitudinal res-
onance, we conclude that the resonance lines we
have observed in the A phase of 'He are unambig-
uously described by the frequency tensor 0' giv-
en by Leggett' for the axial state. '0

The longitudinal resonance was detected by
varying the temperature of the liquid while ob-
serving the level of "rf" at a fixed frequency with
magnetic fields of various arbitrary strengths
between 3 and 75 Oe applied parallel to the axis
of the NMR coil. The longitudinal line observed
this way appears to have an approximately Gauss-
ian shape and is quite broad. The width of the
longitudinal line at a given frequency, defined as
the difference in temperature between the points
where the change in the absorption signal reached
half of the maximum value, is indicated by the
width of the horizontal bars in Fig. 1. This tem-
perature width of the longitudinal line does not
appear to vary with the strength of applied field
at these low values of field strength, but does in-
crease as the temperature is lowered.
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FIG. 2. {a) %'idth of the transverse resonance lines
{at half height) as a function of reduced temperature 7

for a number of different spectrometer frequencies.
{b) %idth plotted as a function of the parameter [~(I{v)/
yH$2, where ~y{7}is the frequency shown in Fig. 1 and

Ho is the applied field.

The transverse resonance width in the A phase
was found to have a very large dependence upon
both the applied magnetic field strength and the
temperature. Values of the measured width are
shown in Fig. 2(a) for several frequencies as a
function of the reduced temperature 7. The lines
were obtained by sweeping the applied magnetic
field while holding the cell temperature constant.
The linewidth is defined as the full width at half-
height. Highly asymmetric lines were frequently
observed, particularly at temperatures close to
the A transition. The linewidths observed at a
large number of different temperatures and in
different magnetic fields are plotted as a function
of (~o/&ul, )' in Fig. 2(b). On the basis of the ap-
parent correlation of linewidths, when plotted
this way, we make the empirical observation
that the linewidth can be represented by WHO
= 1.1(co,/(u t)' Oe.

The linewidth was independent of the amount of
solid present in the vicinity of the coil. By con-
trolling the thermal conditions related to the com-
pressional coiling process, the fraction of solid
'He detected by the NMR coil could be varied
from zero to more than 50%. None of the results
reported here depended upon the amount of solid
formed. Differentiating Eq. (1) leads to y HQHo= ~Q&u, relating the transverse linewidth to the
longitudinal linewidth, which may be influenced
by thermal gradients or wall effects. The ob-
served transverse linewidth cannot be easily ex-
plained in this way.
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In these low magnetic fields me also found that
the apparent intensity of the transverse reso-
nance signal decreased with temperature below
the A transition. The relative intensity of the ab-
sorption line was determined by measuring the
area under the broadened peak and dividing by
the strength of the applied field. The intensity of
the absorption signal, measured in this way, de-
creased in the available temperature range to
less than half the intensity of the normal Fermi-
liquid signal at the A transition. In previous
work, ' in much larger magnetic fields, the sig-
nal intensity was not found to vary with tempera-
ture in the A. phase, and measurements of the
total magnetization of the liquid in the A phase"
do not show any decrease with temperature. One
might conclude that there is a missing component
of the absorption spectrum that is either hidden
in an extremely broadened form near the line we
measure, or found at a frequency we have not in™
vestigated.

In view of the discussion by de Gennes" of the
possible boundary effects upon the macroscopic
texture of the liquid, we repeated several of the
transverse linewidth measurements using the
NMR coil with axis perpendicular to the tail sec-
tion so that Ho could be applied parallel to the
axis of the cylinder containing the liquid. %'e

again obtained transverse lines that mere broad-
ened by approximately the same amount as that
found in the previous measurements w'here Ho

mas perpendicular to the cylindrical boundary of
the liquid.

In summary, the frequency dependence of the
transverse and longitudinal resonances in liquid
'He A is consistent with the expected behavior
for the axial state. The observed dependence of
the transverse NMR linewidth on applied magnet-
ic field and temperature cannot be explained in
terms of a simple diffusion process but may pos-
sibly be related to the intrinsic anisotropy of the
energy gap in the A. phase.

We are grateful to D. D. Osheroff for the com-

munication of the results of his experiments and
to %. S. Truscott for valuable discussions in the
early stages of this experiment. We have been
very much stimulated in this work by conversa-
tions with A. J. Leggett, P. G. de Gennes, and
the members of the Cornell theory group (V. Am-
begaokar, ¹ D. Mermin, J. Wilkins, J. Serene,
H. Ebisawa, D. Rainer, and R. Combescot).
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