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The effect of the rotating sample on the spectrum of the real squashing (RSQ) mode of *He-B at
pressures below 12 bar and magnetic fields up to 40 mT was studied. The rotation makes it
possible to resolve all five absorption lines. A pronounced asymmetry with respect to the sign of
m; was found in the intensities of the absorption lines. Doublet splitting of the central peak was
recorded. The possibility of excitation of the RSQ mode by zero sound in the case of nonzero flow
velocity of the superfluid component was studied; it is shown that in this case the efficiency of the
excitation is at least four times less than predicted theoretically. The measurements are compared

with the predictions of current theories.

A large number of collective excitations in *He-4 and
3He-B exist on account of the complexity of the order param-
eter of these superfluid phases.' In this paper we present the
experimental results of a study of one such excitation—the
real quadrupole mode [known in the literature as the real
squashing (RSQ) mode] in rotating *He-B. All earlier ex-
periments concerning the propagation of sound in superfluid
3He were performed on samples at rest (see, for example, the
reviews of Halperin® and Ketterson ef al.?). We shall dem-
onstrate how the spectroscopy of collective excitations can
be employed to study the structure of the order parameter as
well as to check experimentally the theoretical predictions
regarding the character of the excitation of the RSQ mode by
zero sound in superfluid *He-B. Some of our experimental
results were briefly reported in Refs. 4 and 5.

" 1.COLLECTIVE EXCITATIONS IN 3He-B

Ordinary hydrodynamic sound propagating in liquid
*He at low temperatures is attenuated; the attenuation in-
creases as T2 as the temperature decreases. This means
that at sufficiently low temperatures normal sound cannot
exist in *He. However because there is a strong interaction
between *He atoms, which results in the appearance of an
effective molecular field, zero sound, i.e., waves which prop-
agate without interatomic collisions so that there is not
enough time for thermodynamic equilibrium to be estab-
lished, can exist. It has been found that zero sound can prop-
agate in both the normal Fermi liquid and in superfluid *He.
In this paper, when we talk about excitation, absorption,
etc., of ultrasound in our experiments, we mean precisely
excitations of this type, i.e., zero sound.

An additional mechanism for attenuation of ultrasound
appears at the A point: breaking of Cooper pairs in the super-
fluid condensate by sound quanta, which is accompanied by
a sharp increase in the attenuation. The necessary condition
for pair breaking is #iw>2A(T), where A(T) is the super-
fluid energy gap. If the temperature is close to T, then the
attenuation of the sound is weak, since only a small number
of Cooper pairs in the condensate can be broken; as the tem-
perature decreases the number of pairs increases, and hence
the attenuation of ultrasound also increases until the condi-
tion for pair breaking is satisfied owing to a corresponding
increase in the energy gap A (7). Thus at some temperature,
below which the condition #w>2A (T) can no longer be sat-

287 Sov. Phys. JETP 71 (2), August 1990

0038-5646/90/080287-09$03.00

isfied, the attenuation of zero sound must vanish. In reality
this does not happen. To explain this phenomenon an addi-
tional attenuation mechanism must be postulated, i.e., we
assume that the excitation of Cooper pairs results in the ap-
pearance of some collective modes in the superfluid liquid.

The order parameter in superfluid *He is described in its
general form by a 3 X3 complex matrix, so that it has 18
degrees of freedom. The equilibrium order parameter, i.e.,
the order parameter corresponding to minimum free energy,
is stable with respect to small disturbances, and therefore all
18 collective modes are possible.

The equilibrium order parameter in *He-B has the
form® A exp(i¢z)1~{ (1,0), where A is the isotropic energy
gap, ¢ is the phase of the order parameter, and R (#,0) is the
rotation matrix describing the position of the orbital and
spin coordinate systems relative to the magnetic anisotropy
axis fi, and 6 = 104°. At equilibrium in *He-B the total angu-
lar momentum of a Cooper pair vanishes, J = L + RS=0,
where L and S are the orbital and spin angular momentum,
respectively.” Collective modes can be classified according
to their total angular momentum quantum number J and
also the projection m, of J on the axis of quantization.”?
Thus J assumes the values 0, 1, or2and m; = — J,..., + J.

The collective excitations can also be described differ-
ently. Suppose that near the Fermi surface the density of
states does not depend on the energy, i.e., there exists a sym-
metry between quasiparticles and holes. Then the collective
excitations can be separated into “density’’ excitations and
spin excitations based on the character of their coupling with
the external field.® The real components of the order param-
eter will describe density excitations and the imaginary com-
ponents will describe spin density waves. Note that waves in
which the density changes, i.e., sound waves, can be excited
only if J is even. In these terms the imaginary mode with
J = 0, corresponding to oscillations of the phase of the order
parameter, is zero sound itself, which can be used for excit-
ing other modes.

Many of the collective modes have a finite frequency,
which is comparable in order of magnitude to the frequency
corresponding to the energy gap, even in the limit as the
wave vector vanishes, q—0. Modes with some values of J
have degenerate frequencies in zero magnetic field or for
q = 0. In the limit of total hole—quasiparticle symmetry only
one imaginary mode with J = 2 can be excited by the sound.
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Its frequency for q=0 is equal to approximately
V(12/5) A(T). It is the existence of precisely this mode that
results in the appearance of additional absorption of zero
sound with frequency close to the limit at which Cooper
pairs are broken by sound quanta, i.e., o = 2A/%.

In reality the density of energy levels in *He has a finite
slope at the Fermi surface. The resulting asymmetry in the
hole—quasiparticle system makes possible the excitation of
additional collective modes by sound.® The best-studied
mode, other than, of course, zero sound itself, is the real
quadrupole mode with J=2, the RSQ mode. The RSQ
mode was first detected experimentally in 1980 indepen-
dently by two groups.'®!! The subsequent observation of
five-fold splitting in a transverse magnetic field'? completely
corroborated the identification of this mode. Moreover, it
was shown that the experimental angular dependence of the
intensities of the absorption spectra can be described well by
spherical harmonics of degree 2, as one would expect for a
mode with J = 2.8

The splitting of the RSQ mode in perpendicular (§1LH)
and longitudinal (§||H) external magnetic fields up to 180
mT was studied in Ref. 13. In the case §LH it was found that
the dependence of the resonance frequencies of the sublevels
on the magnitude of the field is strongly nonlinear for H>>30
mT. In addition, if the *He sample was cooled to a tempera-
ture below the A point in the absence of an external magnetic
field, then the splitting was observed only in fields exceeding
50 mT and did not depend on the field strength. Conversely,
if the sample was cooled in an external field, then the split-
ting strongly depended on the field strength and diminished
monotonically, vanishing at =20 mT. It is also of interest to
observe the additional splitting of the peak m; =0 in the
case §LH. In a longitudinal magnetic field (g||H) splitting of
the RSQ mode was not observed.

Linear Zeemann splitting of the RSQ mode was predict-
ed back in 1979."* The nonlinear dependence on the strength
of the magnetic field, observed by Shivaram et al.,'® was also
explained.'>'® It was attributed to two factors: 1) ellipsoidal
distortion of the energy gap in *He-B and 2) the mixed na-
ture of the RSQ mode, which in a magnetic field is no longer
a pure (J = 2) mode, but contains admixtures of J/ = 1 and
J = 3 modes.

In order that excitation of a collective mode by zero
sound be possible the sound dispersion curve @ = c,g must
have at least one common point with the dispersion curve of
the corresponding collective excitation, which in zero field
can usually be written in the form o’ = 0, + c3¢?, where
g 18 the frequency of the mode with H = g = 0. The disper-
sion coefficients ¢, generally speaking, are different for each
my, so that splitting of the collective modes is possible even
in a zero magnetic field. Triple splitting with frequencies w,,
®,, and w,, corresponding to m; =0, + 1, and + 2, was
predicted for the RSQ mode.'” These frequencies are related
by the relation (0, — @,)/(w, — ®,) = 1/4. Since the ve-
locity of zero sound is quite high (¢,~300 m/s), the split-
ting is quite small, of the order of 10™* A(0). It has nonethe-
less been recorded experimentally. '

The splitting of the peak m,; = O remained puzzling un-
til it was explained by Volovik,'® who proposed that it is
caused by the nonuniformity of the texture of the axis of
quantization h =R H/H. Indeed, in the experimental cell
employed in Ref. 13 the external magnetic field was oriented
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perpendicular to § and parallel to the cell walls. Thus in the
central part of the experimental cell h is always oriented in
the same direction as the magnetic field, but in some region
directly adjacent to the cell walls the axis of quantization h is
perpendicular to the field.

In strong magnetic fields the frequency of the RSQ
mode can be written in the general form
o® = wly + c1q*> + c3(Gh)?, so that the frequency is deter-
mined by the relative orientation of § and h. The coefficients
¢} and ¢} are of the order of v2, where v, ~50 m/s is the
velocity at the Fermi surface. If we assume that the contribu-
tions to the total RSQ signal are independent of one another
and add with relative weight proportional to the volume of
the corresponding regions where the relative orientation of §
and h doeﬂs not change, then, the regions in which the orien-
tation of h does not change will make the main contribution
to the attenuation of the sound. In the experimental cell em-
ployed in Ref. 13 there were two such regions: the central
part of the cell and near the walls. In our very simple model
the splitting of the peaks in the spectrum can be estimated as

@, — O G C* 200

The absence of the observed splitting of the components of
the spectrum with m; #0 was later explained by Mineev'®
based on the angular dependence of their sound coupling
coefficients (see Sec. 3).

The correctness of this phenomenological approach
was later confirmed by Fishman and Sauls,?® who, using the
quasiclassical approximation, also found that the central
peak was split. Moreover, they also éxplained the nonlinear
behavior of the frequencies of the RSQ modes in weak fields
and the smooth disappearance of the doublet splitting.

A different mechanism for the excitation of the RSQ
mode by zero sound was proposed in Ref. 21. It was shown
that even if the condition of total hole—quasiparticle symme-
try is satisfied in *He at rest, any motion of the superfluid
component will destroy this symmetry and allow zero sound
to excite the RSQ mode by an independent mechanism. The
efficiency of such excitation is found to be proportional to
the quantity ( pr|w|A)? where w=v, — v, is the difference
of the velocities of the superfluid and normal components.
The angular dependence of the sound attenuation in this case
is also found to be completely different, so that even in the
case ¢||H and when the flow velocity of the superfluid com-
ponent is not zero, states with m, 50 should appear. Both
mechanisms of excitation of the RSQ mode, i.e., the hole—
quasiparticle asymmetry and flow of the superfluid compo-
nent, are of the same magnitude for w,~ 1 mm/s (Ref. 21).

It follows from what we have said above that spectros-
copy of the collective modes is an exceptionally convenient
tool for determining the Fermi-liquid parameters of *He,
while the texture dependence of the RSQ mode spectrum
gives a new method for studying *He-B experimentally. We
note, however, that under the conditions of the real inhomo-
geneous texture it is extremely difficult to calculate the RSQ
spectrum using the microscopic theory; moreover, exact cal-
culations of the amplitudes of the sound absorption spec-
trum have not been performed even for the case of homoge-
neous texture.

The recently published theory of Salomaa and Volovik
(SV) opens up comparatively large experimental possibili-
ties.”” Salomaa and Volovik proposed a comparatively sim-
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ple phenomenological approach that reproduces the results
of the microscopic theory with regard to obtaining the reso-
nance frequencies of the RSQ mode and, importantly, makes
it possible to obtain the amplitudes of the absorption spec-
trum. This information is in principle sufficient to determine
completely the real texture in the experimental cell. The SV
theory has three phenomenological parameters: 1) the Lan-
dé factor for splitting in a field, 2) the magnitude of the
dispersion splitting in zero field, and 3) the ratio of the effi-
ciencies for excitation of the RSQ mode by sound by the flow
of the superfluid component and by the hole-quasiparticle
asymmetry. The SV theory predicts that the absorption lines
of the RSQ spectrum are asymmetric with respect to the sign
of m, and that there exists a “gyrosonic” effect in rotating
3He-B, i.e., the amplitudes of the absorption lines of the RSQ
spectrum depend on the direction of rotation of the sample
with respect to the direction of propagation of sound in it.

2.EXPERIMENTAL PROCEDURE AND RESULTS

All experimental results presented in this paper were
obtained on the ROTA-2 nuclear demagnetization appara-
tus in the Low-Temperature Laboratory at Helsinki Tech-
nological University. The construction of the apparatus and
its operation are discussed in detail in Ref. 23.

The construction of the experimental cell is shown in
Fig. 1. Ultrasound was excited in superfluid *He by two
quartz radiators, each of which could also simultaneously
function as a receiver. The fundamental resonant frequency
of the radiators was equal to 8.9 MHz, and the resonant
frequencies of the two crystals differed by less than 5 kHz. It
was found that sound could also be excited at the frequencies
of the odd harmonics through the 13th harmonic (116
MHz). The cylindrical ampul had a diameter of 6 mm and
was 4 mm high. The ultrasound propagated in the direction
 parallel to the rotational axis of the sample © and the exter-
nal magnetic field H.

The ultrasound was emitted in the form of pulses 5 or 12
us wide and usually with a repetition rate of 1 s~'. The
signal was recorded with a synchronous detector, from
whose output two antiphase components of the received sig-
nalag,, anda,,, were extracted simultaneously. Both compo-
nents were displayed on a computer-controlled digital oscil-
lograph. To minimize the signal processing time, the
amplitude of the transmitted ultrasound was calculated us-
ing the simplified formula'®

T2

A(T):-—[(jz awdt) +( amat) ]’ (1

f T

The integration limits 7, and 7, were chosen so that the di-
rect electrical interference from the excitation pulse and the
reflected pulses would have no effect on the received signal.
The numerical values obtained using the formula (1) were
virtually identical to those obtained using the exact expres-
sion

AT = | (@ur+aiyna,

T

The relative attenuation of the ultrasound Aa(7T) = a(T)
— a(T; ) was calculated using the expression
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FIG. 1. The construction of the experimental cell: 1) quartz radiator, 2)
quartz spacer, 3) gold-plated electric contact.
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The temperature of the sample was varied slowly dur-
ing the experiment by means of weak demagnetization
(magnetization) of a copper nuclear stage. In addition, the
temperature interval in which the RSQ mode exists was
usually swept within 10-15 min. The temperature of the
sample was monitored with the help of a platinum NMR
thermometer,® which was thermally coupled directly with
the superfluid *He. However, because of the significant spin-
lattice relaxation time ( ~30s) of '°>Pt in this temperature
range, the time interval between two NMR pulses could not
be less than 2 min. As a result, only several temperature
measurements could be performed in the working tempera-
ture range of the RSQ mode; this substantially limited the
use of the Pt-NMR-thermometer. Nonetheless it was found
thatin *He-B the zero sound itself can be used as a secondary
thermometer and the resolution of the experimental spectra
can thereby be increased significantly.

Indeed, since the phase velocity of zero sound near the
RSQ mode depends strongly on temperature owing to the
closeness of the imaginary quadrupole mode with J = 2, the
phase of the received signal P is also extremely sensitive to
temperature changes The phase @ can be expressed as

(D=tan“'( ,,..,dt/j a,,,dt) (3)

T
In order to be able to compare the parameters of spectra
obtained under different conditions each spectrum was ap-
proximated by a set of Lorentz functions with the tempera-
ture as the argument:

N

T A58
4 (T) =§:“ [(T-T)/T\I+6 ®

where N is the number of lies in the spectrum and 4,, §;, and
T; determine the amplitude, width, and temperature, re-
spectively, of the ith peak.

The spectra of the RSQ mode were measured for both
directions of rotation of the cryostat and for both directions
of sound propagation.

Figure 2 shows the typical experimental spectra for ro-
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FIG. 2. Two spectra of the RSQ-mode of absorption of zero sound Aa and
the phase of the signal ® with p = 3.2 bar, H = 32 mT, f= 44.7 MHz,
Q =0 (a) and 1 rad/s (b); H||§|| Q.

tating *He-B and *He-B at rest. As the temperature changes
resonances of the RSQ mode appear for the corresponding
my, and this results in the appearance of sound attenuation
peaks in the spectrum. The passage of each such peak also
results in the appearance of characteristic features in the
temperature dependence of the signal phase ®.

In*He-B at rest only the ground state with m; =0 can
be excited by sound. However rotation of the sample com-
pletely changes this picture: the efficiency with which the
other states can be excited by sound increases sharply and
peaks with m; %0 appear in the spectrum even for H||§. We
also point out that rotation appreciably reduces the intensity
of the peak with m; = 0.

The texture of the vector fi in the experimental volume
is determined by minimizing the total free energy.’* In the
case of a long cylindrical cell at rest, placed in a longitudinal
magnetic field, the so-called ‘‘flare-out” texture is ob-
tained.?>?® In this case, in the central part of the cell the
vector fi is oriented parallel to the magnetic field. As one
moves away from the center the vector ii tilts monotonically
away from H and near the wall it makes with H an angle
equal to approximately 60°. Correspondingly the quantiza-
tion axis h, likewise parallel to H at the center, is oriented
perpendicular to H near the cell wall.

When the sample is rotated the “flare-out” texture is
deformed by vortices, arising in the superfluid liquid.?* If,
however, vortices do not form easily,?” then at some critical
rotational velocity the texture changes abruptly from “flare-
out” to “flare-in,””?%?° i.e., to a texture in which at the wall i
makes an angle of 90° with H. The character of the change in
the texture itself exhibits all the characteristics of a first-
order phase transition.

The form of the experimental curves makes it possible
to determine which of the two possibilities is realized under
our experimental conditions. Figure 3 shows three different
spectra corresponding to samples prepared under different
conditions. The spectrum denoted by ¥V is characterized by a
dominant central and weak side peaks, while in the VF spec-
trum the side peaks are much sharper. A spectrum of the
type ¥V was always observed when cooling of the rotated sam-
ple was started at a temperature above the A point, while the
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FIG. 3. Three types of spectra of the RSQ-mode of rotating *He-B with
Q =0.87 rad/s, H=25 mT, and f=44.7 MHz (see text for explana-
tion).

VF spectrum was usually recorded when the rotation started
at a temperature below 7; . Sometimes, though, intermedi-
ate VVF spectra characterized by highly nonreproducible
amplitudes of the peaks were observed.

We explain this behavior by noting that the spectra of
the type ¥ and VF, respectively, are observed when vortices
are present and absent in the liquid. Indeed, since the aver-
age velocity of the counterflow of the superfluid liquid in
which there are no vortices is higher than in a liquid in which
there are vortices, in the first case the tilting of h away from §
as one moves away from the center of the cell is large. As a
result, in the VF case an additional mechanism appears that
increases the excitation efficiency of states with m; #0. The
VVF spectra can be regarded as a case in which a nonequilib-
rium number of vortices is present in the experimental cell.

We also observe doublet splitting of the central
(m; = 0) peak in the spectrum of the RSQ mode caused by
the presence of nonuniform texture at high rotational veloc-
ities 2>1.5 rad/s. An example of a spectrum confirming this
phenomenon is shown in Fig. 4. As the sound frequency
increases the resonance frequencies of the RSQ modes shift
in the direction of lower temperatures 7 /T, and the absorp-
tion lines become narrower. For this reason we observed the
side peaks corresponding to m, = + 1 even in the station-
ary case. The nonzero efficiency of excitation of these states
by sound in *He-B at rest can probably be explained by the
nonuniformity of the texture of h (see Sec. 3).

3.DISCUSSION

Our experimental results can be compared with current
theoretical descriptions of the RSQ mode in the presence of
both an external magnetic field and rotation of the sample.
In order to make a quantitative comparison accurate calcu-
lations that take into account the real texture determined by
the geometry of our experimental cell must be performed,
but we found that a qualitative analysis is possible even with-
out such calculations.
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FIG. 4. Two spectra of the RSQ-mode with p = 6.5 bar, H = 25 mT, and
f=62.5 MHz, demonstrating the rotation-induced splitting of the
m, = 0 peak: 2 =0 (top) and 2 = 4 rad/s (bottom).

According to our measurements the resonance frequen-
cy of the RSQ mode agrees well with the theoretical estimate
#iw = aA(T), where a = 8/5 ~1.265, if Greywall’s tem-
perature scale®® and the BCS energy gap are employed. The
pressure dependence of a is shown in Fig. 5 together with
data obtained by other authors.!®'*3! The small decrease in
a with increasing pressure agrees well with the results of Ref.
32. We note that in Ref. 31 the Helsinki temperature scale*>
was employed and the value a = 1.104 was obtained, but con-
version to Greywall’s scale gives good agreement with the
other results. We also note that in the case when the BCS gap
isreplaced by the somewhat more complicated gap of Ref. 34
the quantity a, in all cases, is equal to approximately 1.18.

As we have already mentioned in Sec. 1, the phenome-
nological theory of Salomaa and Volovik gives the most
complete description of the spectra of the RSQ mode.?? This
theory makes a number of predictions that can be checked
experimentally.

According to Salomaa and Volovik the main frequen-
cies of the RSQ mode in the presence of a strong magnetic
field (H > 50 mT) are given by the expression

ﬁl“'RSO /ABCS ( 7-)

wr
&
1'3 - é a A
T 2 y ‘A
- o Aa
A: é A“‘ a
12 - A a
- a
L
10 1 1 1 1
/) § 10 15 2

p, bar

FIG. 5. The pressure dependence of the quantity fiw/Agcs (T) obtained as
a result of our measurements (squares) and the measurements performed
by other groups'®'**! (triangles). Greywall’s temperature scale is used.*”
The straight line corresponds to the value a = v/(8/5) =~ 1.265 (see text).
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Om, =00’ 2000 Hm+c2g*+c2q ['s (1
+am )+ (qh) (1= am.)],
where ¢} and ¢} are constants of order v%, the term propor-
tional to A describes the linear Zeemann splitting, and the
last term determines how efficiently the RSQ mode is excited
by zero sound. .

In an external magnetic field the vector h tends to be-
come oriented parallel to H, as a result of which the condi-
tions q||H||h are satisfied in the entire experimental volume
except for a region near the cell walls. If the superfluid *He-B
is rothated, then the counterflow w arising in it tends to reor-
ient h parallel to w. If there are no vortices in the liquid, then
the angle ¥ between h and w changes monotonically from
zero to 7/2 as the rotational velocity is increased. In the
ideal case, in the absence of rotation and with H]||d the spec-
trum of the RSQ mode can contain only one absorption peak
corresponding to m, = 0. The remaining four lines with
m,; = + 1l and + 2 can be observed only if H makes a non-
zero angle with §.

As we have already mentioned in Sec. 1, the existence of
counterflow in superfluid *He-B results in an additional
mechanism of excitation of the RSQ mode by zero sound.?’
The efficiency of this excitation is proportional to
( prw/A)?, though the exact numerical value of the propor-
tionality constant is not accurately known. In this sense we
hoped to obtain from the experimental data the necessary
new information about some parameters characterizing
3He-B, such as, in particular, the energy gap.

Figures 6a and b show, respectively, the positions and
intensities of the lines in the spectrum of the RSQ mode as a
function of the rotational velocity (). These dependences
were obtained by approximating our primary experimental
spectra by a collection of Lorentz functions [see Eq. (4)].
Since the absolute temperature could not be measured accu-
rately enough, we assume that for ) = 0 the positions of the
peaks with m; = + 1 in Fig. 6a correspond to the values

=+ 1. It is obvious from the expression (5) that these peaks

can be resolved only owing to linear Zeemann splitting. One
can see that the relative positions of the lines in the spectrum
exhibit a strongly nonlinear dependence on the rotational
velocity. In particular, the different dependences of the am-
plitudes of different peaks on the rotational velocity can be
explained by the difference in the angular dependence of the
sound excitation coefficients of states with different |m, |,
but on the basis of earlier theories®'? it is impossible to ex-
plain the observed striking asymmetry of the behavior of the
peaks with positive and negative values of m, .

Aside from the resonant frequencies of the RSQ mode,
the SV theory makes specific predictions regarding the de-
pendence of the amplitudes of the m, peaks on the rotational
velocity. This theory contains the phenomenological param-
eter H, = c3q*/4gw,y which determines the magnetic field
in which the dispersion is equal to the splitting caused by this
field. The quantity H, can be calculated from the experimen-
tally observed shift of the resonance frequencies (Fig. 6) for
low and high rotational velocities ! (¥=~0and y=#/2). In
these cases

(5)

~ 2[ (G)—g_‘ﬁ)—z) - ((1)+z""(1)+4) ]
[OF% Sl 0 B

H,
7 (y=0), (6a)
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FIG. 6. a, b) The dependence of the position of the absorption
peaks of the RSQ-mode and the intensity of the lines on the rota-
tional velocity of the sample: a) p = 3.0 bar, H =40 mT, and
f=44.7 MHz; b) p= 6.5 bar, H =40 mT, and f= 62.5 MHz;
O—m, = +2,0—m; = —2,B—m, = +1,0-—m, = — 1,
A, A—m, = 0;c) the position E,, and the amplitude P, of the
peaks according to the SV theory;”' H/H,=25, E,, =
(g ~— D) /8Hy — 2(¢,/e,)
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(y=n/2),  (6b)

where w,,  is the frequency of each m, -th peak. These rela-

tions are difficult to use directly because for ¥ = 0 sound can
excite only the state with m; =0 and, conversely, for
v = 7/2 there is no resonant absorption for m, = + 1."°
Moreover, the nonlinear corrections to the resonant fre-
quencies' (not described by the SV theory) become quite
large for the value of the external magnetic field employed in
the experiment. All this makes it difficult to obtain a numeri-
cal value of H,, from the formulas (6a) and (6b). By using
the experimental data obtained in the weakest magnetic field
we were nonetheless able to estimate H,,, H,~ 15 mT, which
is somewhat less than the theoretically predicted® value of
25 mT. Figure 6c shows the theoretically predicted y de-
pendence of the amplitudes of the absorption peaks.??

In order to be able to make comparisons with the pre-
dictions of the SV theory a correspondence between the ef-
fective value 7.4 and the rotational velocity ) of the sample
must be established. Such a relation was obtained by com-
paring the theoretical and experimental dependence of the
amplitudes of the absorption peaks in the limit w = 0. The
result is presented in Fig. 7: at first 7.+ increases linearly as
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Q increases, but then it has a tendency to saturate. Since the
energy of the flow decreases with the pressure the threshold
value of the transition to saturation should increase as the
pressure increases, and this was indeed observed in the ex-
periment.

It is easy to see that the character of the dependence
obtained agrees qualitatively with that predicted theoreti-

f frF

? J

K, rad/s

FIG. 7. 7 versus § for H =40 mT: O—p = 2.3 bar, f = 44.7 MHz; A—
p=23.0rad, f=44.7mT;W-p = 3.2 bar, f= 44.7 MHz; ®—p = 11.5bar,
f=80.6 MHz.
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cally. The quantitative discrepancy, however, can possibly
be explained by the nonuniformity of the real texture of h in
the experimental cell.

The texture-induced doublet splitting of the peak
m, =0 (see Fig. 4) probably arises for two reasons. First,
the experimental cell always contains a region in which the h
axis is approximately constant; in such regions *He makes
the main contribution to the absorption of sound. In the cen-
tral part of the cell we have h||§ (¥=0), while near the walls
we have h1§ (y=7/2). The different relative orientations of
the vectors h and q in these regions give different resonance
frequencies for one and the same value of m,; this follows
from Eq. (5). Second, a necessary condition for splitting is
that the amplitude of the absorption peak corresponding to a
given value of ¥ in one or another region must not vanish.
One can see from Fig. 6 that this condition is satisfied only
for the m; = 0 peak: the amplitude of the m;, = + 1 peaks
vanishes for both ¥ =0 and y = 7/2 and the amplitude of
the m; = + 2 peaks vanishes for ¥ = 0. This explains why
peaks with m; = + 1 and m; = + 2 are not split. Doublet
splitting of all five states is possible only in a texture of the
“flare-in” type,?® which can probably be realized only if vor-
tices are present and if the rotational velocities ) are high
enough. We also note that when #-solitons are present*’ trip-
let and even quadrupole splitting of all lines of the spectrum
of the RSQ mode is possible,*® and the multiplet splitting can
reach approximately 1/3 of the splitting of the central peak.

g mm/s

0 0.5 10

€2 rad/s

FIG. 9. Q versus the rotational velocity (. See text for explanation.
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FIG. 8. The splitting of the m, = 0 peak: a) ratio of the components of the
doublet splitting as a function of Q with p = 3.0 bar, H =40 mT, and
f=44.7 MHz (see text for explanation); b) splitting of the peak according
to our measurements at p = 3.0 bar (O) and 6.5 bar (O) as well as the mea-
surements of Shivaram et al.'* at p = 1 bar (W) and p = 5 bar (®). The
theoretical curves are plotted following Ref. 20 for p = 5 (1) and 1 (2) bar.

However no indications of splitting of lines with m; %0 were
observed up to rotational velocities of 4 rad/s.

As Q increases the relative amplitude of the signal from
the central part of the cell decreases, while the amplitude of
the signal from the region near the walls increases. The ratio
of the amplitudes of these two components as a function of
is shown in Fig. 8a. Figure 8b shows the doublet splitting
measured at pressures of 3.0 and 6.5 bar. Here the splitting is
given in frequency units; this was obtained by comparing the
splitting with the separations from peaks with m;, = + 1
and m; = + 2, which are determined by the Zeemann split-
ting and are equal to Aw , , =2gH and Aw , = 4gH, re-
spectively. The values of the constant g were taken from Ref.
13. Figure 8b also shows the experimental data taken from
Ref. 13 and the values predicted theoretically in Ref. 20. As
one can see, our data agree well with earlier data, though the
temperature dependence appears to be more linear than that
predicted theoretically.

The observation of the so-called “gyrosonic” effect,
predicted by Salomaa and Volovik®’ based on the results of
Ref. 21, could serve as a direct confirmation of the excitation
of the RSQ mode owing to the existence of counterflow.
Namely, when the sample is rotated the w and § vectors
always have some definite orientation relative to h at each
point in the sample. The absorption of sound is determined
by the quantity Q = (g-h) (w-h), i.e., it depends on the orien-
tation of w and §. In other words, the spectrum of the RSQ
mode must depend on the sign of £ and q even when the
sound propagates along the rotational axis of the sample.

To determine the best conditions for observing the gyr-
osonic effect we write Q in the form

Q=w cos Y sin ¥ cos p,

where 4 is the angle between the vector w and the plane
containing § and h (see Fig. 9). We shall first study the
dependence of u on .

In the first approximation we shall assume that the n-
texture in the geometry of our experimental cell is of the type
“flare-out.” We write the components of h in cylindrical co-
ordinates:

k= sin p(—*/,-V15 sin &—*/, cos & cos B), (7a)

he=sin B(—'/i-V15 cos a+°/, sin a cos B), (7b)

=—1/+%/, cos? B, (7¢)
Kyunaralnen et al. 293



where a and S are the azimuthal and polar angles, respec-
tively. Using the computational results obtained by Salo-
maa®® and the experimental data of Ref. 24 we can obtain
three pairs of average values of @ and B: 1) (@) = 57",
(B)=31°forQ =0;2) (a) = 114°,( B) = 46°forQ = 0.3
rad/s; 3) (a) =132°, (B) =60° for Q =1 rad/s. Since
u=tan""'(h,/h,) it is easy to verify that cos u is close to
unity even for Q~0.5 rad/s.

Figure 9 shows the dependence of Q on ; the values of
¥ obtained from measurements performed at a pressure of
2.3 bar were used (see Fig. 7). It is easy to see that the rota-
tional velocity 2 =~ 1 rad/s corresponds to the maximum ex-
pected gyrosonic effect. Of course, there is still some doubt
that the texture under our experimental conditions is indeed
of the “flare-out” type, since, as one can see from Fig. 7, ¥«
approaches zero for small values of €2, while for the true
texture of this type this quantity must be of the order of 50°
[see the expression (7c)].

We employed two methods to observe the gyrosonic
effect. In the first method we fixed the direction of propaga-
tion § of the sound wave and varied the direction of rotation
of the cryostat. In the second method we reversed the proce-
dure, i.e., we periodically changed the direction of propaga-
tion of the sound during one rotation cycle. In principle both
methods should be equivalent, but we found that the second
method is preferable at high pressures, when the reproduc-
ibility of the texture from one rotation cycle to another left
much to be desired.

Figure 10 shows the amplitudes of the peaks of the RSQ
mode as a function of the rotational velocity (2 of the cryo-

Aec,cm™!
a
5+ ofl‘-,nﬂ
| 04’;\—,529
og-,Ra
ir ng-,25

l
1 82, rad/s

FIG. 10. The amplitudes of the absorption peaks of the RSQ mode for
different orientations of ¢ andQ2 with p = 2.3 bar, H =40 mT, f= 44.7
MHz:a-m, = —2,b-m, = — l,c-m, =0,d-m;, = + l,e-m, = +2;
the amplitude of the m, = 0 peak was taken to be equal to the sum of the
amplitudes of the doublet components: circles for § * and squares forq ~ .
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stat for different combinations of the orientations of  and q.
Because, for reasons we do not understand, the quartz radia-
tors (receivers) or the coaxial feed lines were not identical
we found that the absolute values of the amplitudes of the
peaks for two orientations of § differ systematically by
~30%. For this reason we employed for the analysis only
the data obtained by the first method. The existence of the
gyrosonic effect in this case would indicate that when the
direction of rotation is changed the relative order of the
peaks in the recorded spectrum would change correspond-
ingly. However we did not observe any difference, outside of
the experimental error, in the obtained spectra.

With the help of the SV theory we estimate the upper
limit of the ratio w/w,, where wj, is the velocity of the coun-
terflow for which the two mechanisms excite the RSQ mode
with equal efficiency: asymmetry of the hole-quasiparticle
system and flow of the superfluid component (see Sec. 1).
For y = 45°, taking the maximum spread of the experimen-
tal points ( ~30% for m;, = + 2 peaks and () = 0.6 rad/s),
we obtain w/w,<0.14. Since for this rotational velocity the
maximum value of w in the experimental cell is equal to 1.8
mm/s we obtain w,>13 mm/s, which is significantly larger
than the theoretical estimate w,~1 mm/s of Sauls and Se-
rene.?! Nevertheless, as we recently learned, the authors of
Ref. 21 recently refined the calculation presented there, after
which their estimate of w increased to 6 mm/s. This already
practically eliminates the discrepancy between experiment
and theory. We also note that the nonuniformity of the tex-
ture of *He under the conditions of the experiment could also
cause the observed gyrosonic effect to be absent.

In conclusion we can say that measurements of the
spectra of the RSQ mode in rotating *He-B have made it
possible to establish how the amplitudes of the absorption
peaks depend on the rotational velocity of the sample. The
observed dependence is in good qualitative agreement with
the predictions of the phenomenological theory of Salomaa
and Volovik.?> To make a quantitative comparison between
the experimental results and the theory it is probably neces-
sary to perform calculations taking into account the nonuni-
formity of the real texture. We also found that because of the
effect of the counterflow of the superfluid component the
RSQ mode is not excited by the sound as efficiently as the
theory predicts.
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