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follows. Let us assume that D is of the form of a
cylinder with axis along the magnetic field. It is
clear that as the field gets greater, the ratio of
the radius of the cylinder to its length will de-
crease since the magnetic energy term is propor-
tional to the square of the distance from the cyl-
inder axis. Therefore we would expect this ap-
proximation to be worst for small H. Even for
this case (see below) the error is only 3.6% in y.
I would expect the error in C to get progressively
smaller as H increases and finally approach zero
as H approaches infinity, but I have not proved
this. The advantage of taking this shape for D is
that the problem becomes separable and can be
solved exactly in terms of the confluent hypergeo-
metric function. (Numerical work is still neces-
sary to solve the resulting transcendental equa-
tions.)

The results may be stated as follows. Call the
free energy per particle calculated from the cyl-
indrical approximation f, and write it in the form

fo=(57%/8b,")g(s), (17)

where s =wby?. g(s) can be obtained numerically
but I only give it in the low-field (s «< 1) and high-
field (s > 1) limits:

2(s) =1.054+0,00276s% +. .. (s<<1), (18)
2/3
g(s)=§37%+1.59<st> +... (s>1). (19)

The correct value of g for small s is
gco”e(.t=1+0.002 8682"‘»--’ (20)

so that even at small s where the cylindrical ap-
proximation should be poorest, the first coeffi-
cient is only 5.4% off and the second 3.6% off.

The susceptibility can be calculated from (16)
but, as one sees at once, it goes rapidly to zero
as H increases.
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This gives the correct answer if the magnetic field
is zero. See R. Friedberg and J. M. Luttinger, Phys.
Rev, B 12, 4460 (1975). Ibelieve that the magnetiza-
tion and susceptibility given by this assumption are ac-
tually the rigorous results as f— = (not just an inequal-
ity), but have not found a rigorous proof of this conjec-
ture.
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New NMR resonances in bulk *He-A have been investigated. These appear in both lon-
gitudinal and transverse modes as small satellites on the low-frequency sides of the al-
ready-well-studied resonances predicted by theory. We find that the satellite frequen-
cies in the two modes have slightly different temperature dependences. We also find that
the satellites are enhanced by rapid temperature changes and are suppressed in a con-

fined geometry.

In 1972, Osheroff e/ al.' performed the first
NMR experiments on superfluid *He. Using a
Pomeranchuk cell containing a mixture of liquid
and solid, they discovered that in addition to a
rather large signal coming from the solid which
resonates at the Larmor frequency, upon cooling
into the A phase a small satellite shifted to high-
er frequencies. This was subsequently identified
as the transverse signature of the superfluid,

existing independently of the signal from the sol-
id. Here we present the results of recent experi-
ments on a new generation of effects wherein the
now-well-studied® superfluid transverse and longi-
tudinal NMR lines themselves exhibit satellites.
The longitudinal satellite has previously been ob-
served by Avenel et al.®

These measurements were performed in a Pom-
eranchuk cell using conventional cw NMR as in
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FIG. 1. Temperature sweeps through (a) longitudinal-
resonance and (b) transverse-resonance peaks. The
vertical axis is the rf level in the spectrometer while
the frequency and magnetic field are held constant. The
frequencies and fields have been chosen in (a) and (b)
so that the main lines appear at the same temperature.
This has been done to facilitate comparison of the satel-
lite positions.

Ref. 2. The NMR region is defined by a vertical
solenoid 1 cm in diameter, 1.3 cm tall, and is
open at both ends. Longitudinal experiments are
performed with the static magnetic field vertical,
parallel to the rf field; during transverse experi-
ments, the static field is horizontal. Our only
procedural difference from Ref. 2 is that in trans-
verse (as well as longitudinal) experiments we
have swept the temperature of the liquid through
resonance, rather than the magnetic field. This
eliminates background contributions from spuri-
ous sources such as the protons in the surround-
ing epoxy walls. Schematic drawings of absorp-
tion versus temperature are given in Fig. 1.

The first property we have investigated is the
temperature dependence of the longitudinal and
transverse satellite frequencies. Near 7', these
frequencies vary as f /2 (where t=1-7/T,) as
does the main longitudinal line, as shown in Fig.
2. It is therefore useful to consider the ratio of
the satellite frequency to the main line’s frequen-
cy, which removes the strong {2 factor and re-
veals a more subtle temperature dependence. We
find that in the longitudinal case the ratio R ()
=Qa(t)/Q 1ain(t) is not 1V/2=0.707 as suggested
by Avenel ef al.® but rather varies from about
0.74 at T, to 0.67 at the B’ transition, as shown
in Fig. 3.

Matters concerning the transverse spectrum
are more delicate. The main transverse frequen-
cy is related to the main longitudinal {frequency
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FIG. 2. Longitudinal satellite frequency and the
transverse satellite shift frequency as a function of
temperature, The main longitudinal and transverse
shift frequencies, shown in the heavy line, are identi-
cal to previous results.

by the condition!
Wmai n2 = (7H0)2 +Qmai n2(t)-

It is therefore reasonable to assume® that the
transverse satellite (t.s.) obeys an analogous corn-
dition with the term ,,,;,(¢) replaced by Q. (),
a new transverse shift frequency. If the longitu-
dinal and transverse satellites are real reso-
nances in bulk A phase we would naively expect
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FIG. 3. Ratio of the longitudinal and transverse satel-
lite frequencies to the main longitudinal frequency.
This figure reveals the different temperature depen-
dences of the two modes. The lines are intended only
as a guide to the eye.
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to find @, ({)=Q,,(t), whereas we observe in
Fig. 2 that the frequencies are quite different.
Moreover, we find the rather surprising result
that the transverse ratio Ry () =9 .. (1)/Q maialt)
is apparently temperature independent. The fact
that the longitudinal and transverse satellites
have different temperature dependences may sug-
gest that the two are nof directly related to one
another.

The second property we have investigated is the
spectral weight of the satellite. In the longitudinal
case, earlier investigations® found that without a
satellite, the static susceptibility of the super-
fluid calculated from the Kramers-Kronig sum
rule was only 0.55 (in units of x,, the static sus-
ceptibility of the normal liquid), whereas accord-
ing to existing theory® it is expected to be unity.
Therefore, it is important to determine the
weights both of the main line when the satellite is
present and of the satellite itself. We find that
the weight of the main line in these experiments
is equal to that in previous work to within a few
percent. The satellite’s weight is only about
0.13x,, so the total susceptibility residing in
these two resonance peaks still falls far short of
the expected value. The missing susceptibility
thus remains one of the outstanding problems of
the A phase.

The reason the satellites were not discovered
earlier is probably that with the then-existing
sensitivities it was simply too small and broad to
be seen. The height of the longitudinal satellite
is roughly temperature independent at about 1.5y,
declining slightly both near T, and at low temper-
atures. This behavior is not reflected in the tem-
perature dependence of the height of the main
line which over most of the A phase increases
slowly with decreasing temperature to about 13y,,
except near T, where it rapidly drops to near
zero.? The satellite’s width is also roughly tem-
perature independent and is typically 6 kHz, in
contrast to 3 to 4 kHz for the main line.

The transverse satellite is an entirely different
matter. Its height and width are strongly temper-
ature-dependent but this may be simply a reflec-
tion of similar behavior by the main line. Be-
cause of relaxation effects, the width (Aw,,) of
the main line is related to the roughly tempera-
ture-independent linewidth (A2) of the main lon-
gitudinal line by?

Qmainz(’)

——uain v - AQ(t).
(71]0)2+Qllxixi112(,) (

AW =

For large fields this can be quite narrow, but at

the low frequencies of the present experiment (80
to 120 kHz) yH, and Q,,,;4({) are comparable, so
the transverse linewidth is temperature-depen-
dent and becomes quite large; at the same time,
the hight drops to maintain an approximately con-
stant area. As can be seen in Fig. 1, a tempera-
ture sweep through the lines makes the satellite
appear at lower temperatures than the main line,
further compounding the relaxation damping. As
a consequence, the transverse satellite is ex-
tremely small. The ratio between the heights of
the main and satellite lines varies between 10 and
100 in these experiments. We are prevented from
examining the satellite very close to T, because
the separation of the two lines is comparable to
the linewidths at the low frequencies that we have
been using. Simply going to higher frequencies

in order to reduce the linewidths might make such
a study possible.

In an effort to understand the origins of the sat-
ellites, we have performed numerous experi-
ments on the longitudinal satellite, hoping to de-
stroy or enhance it convincingly. We have applied
static magnetic fields from zero to 1 kOe. Above
20 Oe, there is no effect on either line, while
below this field strength, both decrease in magni-
tude. (This behavior, in the case of the main
line, has been previously observed® and is quali-
tatively understood in terms of the anisotropic
order parameter becoming randomly distributed
when the orienting strength of the magnetic field
is reduced.) We have varied the power level in
the rf coil by as much as three orders of magni-
tude in one experiment (i.e., 2H, varied from 3
to 100 mOe at 42 kHz) without affecting either
line.” We have applied heat above the NMR re-
gion of as much as 300 nW without effect. We
have varied the amount of solid formed in the
cell by varying the starting temperature of a com-
pression from 18 to 37 m °K, again without ef-
fect.®

Only two experiments have influenced the satel-
lites: (1) placing the liquid into differently shaped
containers and (2) varying the compression (or
decompression) rate. In “open” geometries,
where the vertical size of the cell is 1 ¢cm or
more and the horizontal dimension 1 mm or
more, the satellites were always present in both
longitudinal and transverse modes. In this case,
low compression rates of 1 or 2 p “K/sec did not
visibly affect either the main or satellite line. At
higher rates the height of the main line decreased,
apparently tending to zero at rates of order 20 to
50 p “K/sec, depending upon frequency. The sat-
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ellites, however, increased in height by as much
as a factor of 2 at the highest rates. At all com-
pression rates, the positions of the main and sat-
ellite lines were unaffected. Our contrasting
“closed” geometry was a series of horizontal flat
plates 0.9 mm apart which were placed into our
vertical NMR solenoid with only tiny gaps at the
edges to maintain pressure equilibrium. (A draw-
ing of this cell appears in Ref. 2.) Here, the sat-
ellites did not appear at low compression rates.
They could be created, however, by sweeping the
temperature rapidly. In fact, the NMR signal
could be temporarily increased by suddenly step-
ping the temperature of the liquid a small amount
either up or down. This last effect occurs not on-
ly at the position of the satellites but at any tem-
perature below that of the main line while still in
the A phase.

As for the problem of understanding why the
satellites exist we have no solution. It is our
hope that this report will stimulate theoretical ef-
forts in this direction. We have studied many
possible explanations of which there are two that
we have not eliminated and would like to mention
here. The first rests on the observation that,
solely by topological considerations, the A phase
in any experiment must possess singularities. It
is possible that the superfluid within these singu-
lar regions will change continuously from the ax-
ial to other states, with the concomitant change
in NMR properties. (However, other superfluid
states in bulk do not possess the required fre-
quencies.®) If these singular regions are suffi-
ciently dense, it may even provide an explanation
for the missing longitudinal susceptibility. The
second possibility is that superflow, driven by
the thermal gradient which always exists in our
Pomeranchuk cell,® may distort the superfluid
state, causing it to suffer an anomalous frequen-
cy shift as suggested by Takagi® and Fetter.'® We
must report, however, that we have been unable
to find a reasonable flow configuration which
would provide for a double-peaked NMR spec-
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