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Ultrasonic Spectroscopy of the J =1 Collective Mode in SuperAuid 3He-B
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Measurements of the attenuation of zero sound in superfluid He-B show coupling to a collective mode
in applied magnetic fields at frequencies v=2ts. (T), which is identified as the J= 1 mode. The at-
tenuation as a function of reduced temperature in zero magnetic field is subtracted from that measured
in magnetic fields up to 80 mT to reveal both the J, =+1 and J, = —

1 components. The measured g
factor is in good agreement with theory. The J, =+1 resonance occurs in the pair-excitation continuum
and subtracts from the total attenuation, resulting in an antipeak.

PACS numbers: 67.50.Fi, 32.70.—n, 62.80.+f

The structure of the order parameter of superfluid He
allows it to support a variety of order-parameter collec-
tive modes, some of which may be studied via their cou-
pling to zero sound. ' In the B phase in zero magnetic
field, the superfluid energy gap A(T) is isotropic and
Cooper pairs may only be excited if the zero-sound fre-
quency v exceeds 25(T). The existence of a sharp cutoA
in this pair-breaking continuum at v=23, (T) implies
that the collective modes, with v=a;h(T) and a; & 2, are
well defined, but broadened by collisions. I n the B
phase, these collective modes are classified according to
their total angular momentum J=0, 1,2 and according to
whether the oscillations occur in the real or imaginary
part of the order parameter, denoted by a superscript
(plus or minus, respectively). The squashing mode
1=2 has predicted eigenvalue a,q=j—", in the ab-
sence of interaction eflects and couples strongly to zero
sound. The real squashing mode J=2+ has predicted
eigenvalue a„q =Q —', and couples weakly through
particle-hole asymmetry. These two modes have been
extensively studied. These eigenvalues have corrections
which depend on the strength of Fermi-liquid interac-
tions and I=3 pairing fluctuations, which result in asq,

a„q being temperature dependent. The interpretation of
measurements of the eigenvalues relies heavily on as-
sumptions concerning the temperature scale. The appli-
cation of external magnetic fields has provided an invalu-
able tool for the characterization of these modes. At low

magnetic fields the J=2+ mode splits linearly into
2J+ 1 =5 components. This splitting becomes non-
linear at high fields as a result of the field-induced gap
distortion.

In contrast, the pair-breaking attenuation and the re-
gion v —2h, have been very little studied. These mea-
surements require frequencies comparable to the gap fre-
quency in order to achieve adequate temperature resolu-
tion between the pair-breaking feature and the squashing
mode. The maximum pair-breaking acoustic attenuation
is typically of order 100 cm ' at low pressure and at fre-
quencies 30-50 MHz, so that the most suitable tech-
nique is to measure the attenuation in transmission with

a short path length. In this Letter we describe measure-
ments at v —25(T) of the 1= 1 mode, and show that it
couples to zero sound only in the presence of a magnetic
field. We have measured the attenuation from both of
the J, = + 1 components of the mode, and so determined
the Lande g factor. The J, =+ 1 component has v & 2h, ,
so that it lies in the continuum, and produces a decrease
in the acoustic attenuation (an "antipeak") in this re-
gion, which we have now observed.

The experimental procedure is to measure the attenua-
tion relative to its value at T, as a function of the re-
duced temperature T/T, in zero magnetic field, and in

various applied magnetic fields up to 80 mT. The sound
is generated by a 5-MHz fundamental quartz crystal
separated by a 250-pm-thick quartz ring spacer, con-
taining superfluid, from a Z-cut quartz delay rod. At the
other end of this rod the sound is detected by a thin-film
cadmium sulfide transducer. The magnetic field is ap-
plied perpendicular to the sound propagation direction
by a solenoid located in the helium bath. The tempera-
ture is measured by a melting-curve thermometer placed
in a field-compensated region. Thermal contact between
the thermometer and the liquid He in the cell is made
through silver wires sintered to a heat exchanger of sur-
face area 20 m . The temperature scale that we have
adopted in this work to generate reduced temperatures is
the melting-curve scale of Halperin, Rasmussen, Archie,
and Richardson. The T, values of Greywall, deter-
mined by melting-curve thermometry and adjusted to
Tz =2.49, have been used. There is currently some
disagreement over the relationship between this scale,
the platinum NMR scale, and absolute temperature,
but this is not important for most of the physics dis-
cussed in this Letter.

The acoustic attenuation was measured as a function
of reduced temperature and magnetic field in the B
phase at a pressure of 3.9 bars with use of frequencies of
34.2, 44.2, and 54.0 MHz. Data in a series of magnetic
fields, with a measuring frequency of 44.2 MHz, are
plotted in Fig. 1. These show an intense peak whose
maximum is not observed, due to the squashing mode,
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FIG. l. Acoustic attenuation relative to its value at T, as a
function of reduced temperature at frequency 44.2 MHz and
pressure 3.9 bars in applied magnetic field 0 mT (circles), 20
m T (inverted triangles), and 40 mT (triangles). Data are plot-
ted with shifted zeros.

and a small peak at T/T, =0.82 due to the real squash-
ing mode. In addition, the field dependence of the at-
tenuation close to T, reveals a third peak, which in-
creases in intensity and broadens when the magnetic field
is increased, as we reported previously. ' With ther-
mometry of improved sensitivity and reproducibility, we
can now subtract the attenuation data measured in zero
field from that in a magnetic field at the same pressure
and frequency. An example of data which have been
treated in this way is given in Fig. 2, where measure-
ments made at 44.2 and 54.0 MHz are shown. The
peak-antipeak structure is interpreted as resulting from
the field splitting of the J=1 collective mode. This is
clearly shown: The J, = —

1 component appears as a
positive contribution to the attenuation, whereas at
v) 2h(T) there is a negative contribution to the total
attenuation due to the J, =+1 component. As well as
the field splitting, the data show a superimposed shift of
the peaks to higher temperatures. With our experimen-
tal procedure, we are not sure whether this is a real
eA'ect or a systematic dependence of apparent reduced
temperature on magnetic field.

We assume that the only field-dependent contribution
to the attenuation comes from the J= 1 mode. By
clearly identifying both of the J, =+ 1 components, we
can determine the g factor of the mode. If the observed
reduced temperatures of the peak and antipeak are
denoted by t and t+, respectively, then the reduced
frequency splitting of the J, = ~ 1 components is
6(h/hp ) [h(t —) h (t + ) ]/hp, where hp is the BCS
gap at T=O. This is related to the g factor through
g=(&p/Q)8(h/hp). We assume that the reduced ener-

gy gap h(t)/hp is of the BCS form as tabulated
by Muhlschlegel. " The reduced frequency splitting
8(h/hp) is shown as a function of magnetic field in Fig.

3. Nonlinear eAects in the Zeeman splitting are not ap-
parent within the scatter of the data.

Following our first observation ' of field-dependent
structure in the vicinity of v=26(T), Schopohl and
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FIG. 3. Frequency splitting of the J, = ~ 1 components,

8(h/hp), as a function of applied magnetic field 8, at frequen-
cies 44.2 MHz (circles) and 54.0 MHz (triangles) (shifted
zeros). The theoretical prediction is also shown at both fre-
quencies (see text).
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FIG. 2. Temperature dependence of the diff'erence between
acoustic attenuation measured in applied field, a(B), and that
measured in zero field, a(0), for applied fields 20 mT (circles),
40 m T (inverted triangles), and 60 m T (triangles), and at
sound frequency (a) 54.0 MHz and (b) 44.2 MHz. Data for
the three fields are plotted with shifted zeros.
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Tewordt ' showed that the J = 1 mode couples to zero
sound in the presence of a magnetic field and calculated
the Zeeman splitting. The coupling is driven by the
field-induced gap anisotropy, the field dependence of
the coupling strength being contained in a factor
(~, —~, ) 'r ', where A, and ~2 are the energy gaps per-
pendicular and parallel to the field direction, respective-
ly, and I is the linewidth of the mode. This coupling
factor is proportional to 0 where 0 is the renormalized
Larmor frequency given by 0 =@8[1+—,

' Fo(2+ Y))
y is the gyromagnetic ratio, 8 is the magnetic field, Y the
Yosida function, and Fo a Landau parameter. The pre-
diction of this theory that the J, =0 component of
J=1 does not couple is confirmed by our data. Fur-
ther, the J, =+ 1 component is predicted to produce an

antipeak, which we have now observed. The frequencies
of the J, = ~ 1 components of the mode are v=26,
+ gA, where the g factor takes the theoretical value of
0.392. The predicted linewidth is I =0.178 Q. The ex-
perimental values of the g factor obtained from a linear
fit to the 44.2- and 54.0-MHz data in Fig. 3 are 0.40 and
0.41, respectively. The straight lines shown in the figure
are the theoretical Zeeman splittings, evaluated with Fo
taken from Greywall. For the 44.2-MHz data at
T/T, =0.94 the theoretical splitting of the components
(gA/8) is 42.3 MHz T, which may be compared with

typical frequency splittings for the real squashing mode
of order 10 M Hz T '. The measured linewidth of the
J, = —

1 component is proportional to applied field as
predicted, but is significantly larger. The physical origin
of the linewidth is damping of the mode by the excitation
of pairs. In a magnetic field, the pair-breaking threshold
is shifted' from 2d to 262 —0, or 2h, —0, to first order
in A, and this frequency always lies below that of the
J, = —

1 component.
However, a number of qualitative features of the data

are in disagreement with the theoretical predictions: (i)
The attenuation maximum of the J, = —

1 component in-

creases in proportion to 0 over the field range studied,
rather than the predicted 0 dependence; (ii) although
the absolute value of the peak attenuation of the J, =+1
component "antipeak" increases initially with magnetic
field, it appears to saturate at higher fields; (iii) the
theory also predicts a positive contribution to the at-
tenuation due to the J, =+ 1 component at temperatures
higher than the antipeak. Schopohl

' has suggested that
this is an analog to the Fano' resonances observed in

atomic spectra. There is possibly some indication of a
positive contribution in the data, but the procedure of
subtracting attenuation data of two separate runs is not
of sufticient accuracy for us to be certain of this observa-
tion. However, we do not find a positive contribution of
the size predicted, ' which would be observable. We
note that Schopohl and Tewordt' assumed that the n
vector was oriented parallel to the magnetic field, which
is not the case in our experiment. This and the nonuni-

formity of our sample texture may have influenced the
observed field dependence of the coupling to the modes.

The validity of the subtraction procedure we have
adopted to reveal the J, = ~ 1 peak and antipeak clearly
relies on assumptions concerning the other attenuation
processes in the vicinity of 2h, . The field dependence of
the pair-breaking attenuation has yet to be calculated.
This includes contributions from the J=0,2 modes
which may be field dependent at v& 2h. . There are also
other collective modes coupling to zero sound that may
contribute in the region v=25. The J=O+ mode cou-
ples to sound via particle-hole asymmetry and has fre-
quency v =25 in zero field at q =0, independent of
Fermi-liquid corrections. Its frequency has been predict-
ed to shift down with increasing magnetic field. ' There
is also the possibility of a J=4 mode at frequency
close to 2h, resulting from l =3 pairing fluctuations. ' In
our earlier observations of structure at the pair-breaking
edge, ' we had conjectured that the J=4 mode might
be responsible. There is no evidence of coupling to these
modes in our new data. The distinct peak-antipeak
structure observed in this work leads us to conclude that
the field-dependent attenuation near 2h, is dominated by
the J= 1 mode. Observation of the possible J=4
mode would therefore appear to be dificult.

We now return to a discussion of the acoustic attenua-
tion for v & 2h. This has recently been reformulated in a
physically transparent way by Kopp and Wolfle. ' In
this treatment, transitions between the ground state and
excited states of a Cooper pair are described in terms of
Bloch equations. The time-varying field inducing such
transitions consists of a sum of terms resulting from den-
sity fluctuations, current-density fluctuations, and order-
parameter fluctuations, the latter tending to rotate the
Bloch vector in an opposite sense. As a result of the
J=0 excitations of the gap field, terms up to first order
in vF/c~ cancel, where vF is the Fermi velocity and c~ the
velocity of first sound. The J=2 squashing mode must
then also be included, since this couples to order (vF/c~ )
to density and this partially cancels out the other mean
fields. The form of the attenuation due to the excitation
of Cooper pairs thus results from a series of cancellations
between the various mean fields with both the J=O
and J=2 modes tending to reduce the attenuation for
v& 2h. Although the J=l mode has not so far been
included in this formulation, it would seem plausible that
a negative contribution to the total attenuation is a gen-
eral feature of all order-parameter fluctuations for
v& 2h, . The observation of the "antipeak" of controll-
able intensity in this experiment is a direct manifestation
of this phenomenon. As has been indicated, the form of
the attenuation due to excitation of Cooper pairs results
in part from negative contributions to total attenuation
from the J=0 and 2 modes. It is therefore of in-
terest to compare with theory the pair-breaking contri-
bution to the attenuation measured in zero magnetic
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field, using the measured attenuation maximum at 34.2
MHz in the normal Field liquid to scale the attenuation
data. At a pressure of 3.9 bars, where the corrections
due to F2 (taking values measured hy Engel and Ihas )
are a few percent, we find good agreement between the
collisionless expressions given by Wolfle ' and the mea-
sured values at 34.2, 44.2, and 54.0 MHz using the tem-
perature scale adopted here. Details of these measure-
ments and the use of the pair-breaking attenuation as a
measure of h(T) to determine the eigenvalues of the
squashing and real squashing modes in a way largely in-

dependent of temperature scale will be published else-

The interaction of a discrete state with a continuum is
a well-known phenomenon in atomic physics (Fano reso-
nance). Mixing of the discrete state with the continuum
states leads to interference eAects which may result in a
variety of line shapes, depending on the matrix element
of the pure discrete line. It may be that direct analogs
occur in the superfluid system, corresponding to mixing
between the excited pair states and the discrete J=1
J, =+1 state and subject to lifetime restrictions. If so,
this would constitute a form of macroscopic quantum in-

terference. The superfluid states diAer from atomic
states in allowing negative absorption strength for gap
fluctuations at v& 2h, resulting in an antipeak, such as
we have observed. On the other hand, direct observation
of both positive and negative contributions to the total
sound attenuation from the J, =+ 1 component of the
J=1 mode would be evidence of interference eAects,

In conclusion, we have described the first direct exper-
imental evidence of an order-parameter collective-mode
resonance at v& 2h in the B phase, identified the J=l
mode through its field-dependent coupling to zero sound,
and measured its g factor.

We are grateful to T. Kopp and N. Schopohl for use-
ful correspondence and conversations, and to D. C.
Smith for technical assistance. One of the authors (J.S.)
is grateful to the Royal Society for providing a Universi-

ty Research Fellowship in the earlier part of this work.
The work was supported by United Kingdom Science
and Engineering Research Council Grants No. GR/D/
03628 and No. GR/D/50356.

Present address: Physics Building, University of Sussex,
Brighton, BN I 9QH, United Kingdom.

'For a review, see P. Wolfle, in Progress in Lo~ Tempera-
ture Physics, edited by D. R. Brewer (North Holland, Amster-
dam, 1978), Vol. 7A.

K. Maki, J. Low Temp. Phys. 24, 755 (1976); N. Schopohl
and L. Tewordt, J. Low Temp Ph. ys. 45, 67 (1981); P W. olfle,
Physica (Amsterdam) 90B+C, 96 (1976).

3V. E. Koch and P. Wolfle, Phys. Rev. Lett. 46, 486 (1981).
B. S. Shivaram, M. W. Meisel, Bimal K. Sarma, W. P.

Halperin, and J. B. Ketterson, J. Low Temp. Phys. 63, 87
(1986), and references therein.

O. Avenel, E. Varoquaux, and H. Ebisawa, Phys. Rev. Lett.
45, 1952 (1980).

6W. P. Halperin, F. B. Rasmussen, C. N. Archie, and R. C.
Richardson, J. Low Temp. Phys. 31, 617 (1978).

7D. S. Greywall, Phys. Rev. B 31, 2675 (1985).
sD. S. Greywall, Phys. Rev. B 33, 7520 (1986),
Renzhi Ling, E. R. Dobbs, and J. Saunders, Phys. Rev. B

33, 629 (1986).
'OJ. Saunders, M. E. Daniels, E. R. Dobbs, and P. L. Ward,

in Proceedings of the International Symposium on Quantum
Fluids and Solids —1983, edited by E. D. Adams and G. G.
Ihas, AIP Conference Proceedings No. 103 (American Insti-
tute of Physics, New York, 1983).

''B. Miihlschlegel, Z. Phys. 155, 313 (1959).
' N. Schopohl and L. Tewordt, J. Low Temp. Phys. 57, 601

(1984).
' N. Schopohl, M. Warnke, and L. Tewordt, Phys. Rev. Lett.

50, 1066 (1983).
' N. Schopohl, private communication.
'5U. Fano, Phys. Rev. 124, 1866 (1961).
' L. Tewordt and N. Schopohl, J. Low Temp. Phys. 37, 421

(1979).
' J. A. Sauls and J. W. Serene, Phys. Rev. B 23, 4798

(1981).
' M. E. Daniels, E. R. Dobbs, J. Saunders, and P. L. Ward,

Phys. Rev. B 27, 6988 (1983).
' T. Kopp and P. Wolfle, unpublished; T. Kopp, private com-

munication.
2oB. Engel and G. G. Ihas, Phys. Rev. Lett. 55, 955 (1985).
2tP. Wolfle, Phys. Rev. B 14, 89 (1976).

Renzhi Ling, J. Saunders, and E. R. Dobbs, to be pub-
lished.

23For a review, see Robert D. Cowan, The Theory of Atomic
Structure and Spectra (University of California, Berkeley,
1981).

464


