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Observation of Nonlinear Propagation of Spin-Entropy Wave in Superfluid3He

M. Bastea, H. Kojima, and P. G. N. deVegvar*

Serin Physics Laboratory, Rutgers University, Piscataway, New Jersey 08854
(Received 5 January 1996

The propagation of a spin-entropy wave in superffilit-A; was observed in a cylindrical chamber
with the magnetic field applied perpendicular to the chamber axis. A strong nonlinear response was
observed as a function of drive amplitude. When the drive is relatively small, the resonant response is
hysteretic and is dependent on the direction of frequency sweep through the resonance. When the drive
is increased to a sufficiently large value, the response reverts to nearly linear dependence.

PACS numbers: 67.57.De, 47.37.+q, 67.57.Fg

A chamber containing anisotropic superfluid phases ofvhere py is the superfluid density measured alohg
3He provides an intricate laboratory system in which si-[4]. The textural pattern of) [ = cos '(1 - )] is in
multaneously broken symmetries in gauge, orbital, andjeneral determined by minimizing the total free energy
spin space can be studied [1]. One consequence of ttentributions from the dipolar, bending, and flow energy
broken symmetries is that the measured superfluid conmsubject to the constraint thdtbe perpendicular to the
ponent density depends on the direction and magnitudealls. The spin-entropy wave velocity is thus intimately
of the imposed superflow, the cell geometry, and appliedelated to thd vector texture.
magnetic field. There have been numerous theoretical and The resonant spin-entropy wave propagation apparatus
experimental studies on the “textures” of the orbital sym-is similar to the one described earlier [5] except for one
metry vector iHe-A phase in which NMR is an excel- crucial difference. The cell containing the resonator was
lent probe. There have been few experimental studiesntirely reconstructed such that the resonator axis was
related to orbital anisotropy in the spin-polarized super+otated by 90. Thus the external magnetic field is
fluid*He-A, phase except for an early ultrasonic attenuanow perpendicular to the spin-entropy wave vecior
tion measurement [2]. The spin-entropy (second sound}his change in orientation made it possible to observe the
wave propagation is a probe sensitive to textures iMthe nonlinear effects presented below. As before, oscillating
phase. In this Letter we report on the first observationsuperleak membrane capacitive transducers [6] are used
of nonlinear propagation of the spin-entropy wave. Weto drive and detect the spin-entropy wave resonances in a
show that the nonlinearity originates from the effects ofcylindrical chamber (radius- 4 mm, length= 12.7 mm,
superflow amplitude on the texture, which in turn changesj || axis). The detector is dc voltage biased with,
the propagation velocity. Unexpectedly, the nonlinearityand the motion of the membrane induces a voltage which
does not continue to grow but the propagation reverts to & measured by a lock-in amplifier. A separate dc bias
quasilinear behavior at high drive amplitudes. The nonplus ac voltageD coswt, is applied to the drive.?He
linearity is so severe that it occurs at velocities well be-could easily be cooled into th&, phase and the warm-
low the onset of critical velocity effects. Comparisons toup rate was about 1 n#6. The liquid pressure was fixed
mechanical model systems and texture patterns obtained 22.9 bars wheré,. = 2.315 mK and(T,; — T.,)/B =
from free energy considerations are found to be consister$0.9 uK/T [7]. A melting curve thermometer and a
with these observations. vibrating wire served as temperature sensors.

The usefulness of spin-entropy wave in studying textu- Examples of the measured response of the fundamental
ral effects may be seen from the expression for its velocitynode [8] are shown in Figs. 1(a)-1(c) f&r = 1.15 V

[3] given to a good approximation by and in Figs. 1(d)-1(f) foD = 2.6 V in a magnetic field
5 of 4 T. The temperature is about 13%%f — T., above

C@q)? = [&} <£> <h_7’> dadip (1) T., and is just outside of the anomalous attenuation region
* Pn Jap\ x / \2m [5]. The measured quadrature signais,and y, and

whereq is the unit wave vectorp the total mass density, computed magnitudé/ (= x> + y*) are shown for

x magnetic susceptibilityy gyromagnetic ratio, ans  the two directions of frequency sweep. Note the clear
the mass ofHe. The propagation velocity depends onhysteretic response depending on the direction of sweep in
the texture through the superfluid to normal componenfigs. 1(@)—1(c). The response is reproducibly observed,
density ratio(ps/ps), Which is a directiond) dependent IS not due to temperature change between the two sweeps,
guantity. Given a texturl the superfluid density may be and does not depend on the order of the sweep direction.

expressed as For each direction of sweep, the signal changes abruptly
. and passes through maximum magnitudég, andM goun
[pslap = Psi(26ap — lalp)dadp . (2) at clearly identifiable frequenciegy, and fyouwn. FoOr
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FIG. 2. Measured frequenciesf,f (crosses) and fiown
(circles) as defined in Fig. 1] where abrupt changes in response
take place as a function of drive amplitude. The inset shows
the measured magnitudesf,, (crosses) and/y.. (circles)

as function of drive amplitude in the same measurement. The
solid and dotted lines represent the corresponding quantities for
a nonlinear mechanical oscillator. See text.

400

200¢

The sensitivity of the capacitive oscillating superleak
f(Hz) transducers used here was analyzed theoretically [6]. Un-
FIG. 1. Measured hysteretic “in"x§ and “out” (y) of phase der Eh(.a simplifying assumption that the “liquid stiff-
and magnitude ) signals at drive amplituded = 1.15Vv, N€SS IS much greater than_ th‘f"t of th? membrar_1e, the
(@)—(c), and 2.6V, (d)—(f), for increasing (crosses) andsuperfluid component velocity in the first mode is re-
decreasing (circles) frequency sweeps. The lines represetdted to the measured amplified voltagé by v, =
response of a nonlinear mechanical oscillator. See text. (Q/47) (M /T Vy)pCse/ps. Here Q is the quality fac-

tor andI’ is the amplifier gain. Inserting the appropriate

values for the data in Figs. 1 and 2 (= 90, I' = 100,

Ve = 160V, ps/p = 8 X 1073, Cy. = 2.1 m/s) gives
D less than 1.15V, the response becomes even mong /M = 0.12 (m/s)/V.
abrupt atfy, andfgown- As D is increased beyond about  The measured drive dependencesf@f, faown, Mup,
1.6 V, the abruptness gradually diminishes. Though theyand M., are shown in Fig. 2. The figure illustrates the
no longer locate the abrupt changes, fhe andM’s are  highly nonlinear behavior at low drive levels and essen-
defined as indicated in Fig. 1(f). In the high drive limit tially linear behavior at high drive levels. While there
[Figs. 1(d)—1(f)], though there is a slight shift between theis little drive dependence tfq,w,, the drive dependence
two sweep directions, the response is nearly that of a lineasf f,, is much greater. Evidence of nonlinearity is per-
system. This change, from nonlinear to linear response a@saps most dramatic in the drive dependencéfgf. As
the drive level is increased, is surprising. D is decreased below 1.6 W, decreases sharply de-

Qualitatively similar responses to those in Fig. 1 (andviating from the linear response at greaf@r On the

in Fig. 2 below) are observed in the temperature rangether hand Mg, iS almost proportional t@ over all of
087 < (T, — T)/(T.; — T.p) < 0.30. The range ex- the measured range. Whénis decreased below 0.5 V,
tends to well outside the region of the anomalous spinthe resonant response becomes unstable and irreproducible
entropy wave attenuation abo\g, previously reported from one set of sweeps to another. This, and not the
[5]. Thus we believe that the nonlinear effects reportechoise level, is responsible for the lack #f;,,, data in
here are not closely related to the anomalous attenuatiothis range. The texture seems to fluctuate and a stable
Apparently the nonlinear effects do not depend stronglyone does not seem to be established by the small super-
on the superfluid fraction (which varies by a factor of 2 inflows. The low superflow limit will be further investi-
the observed temperature range). gated in future studies. It should be emphasized that these
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hysteretic and nonlinear responses were not observed wheeratures and is not well understood. The fitting param-
H || § [5]. eters for the 2.6 V drive data are kept the same as for
The qualitative features of the observed nonlinear bel.15 V except for the drive level paramet@rwhich was
havior of spin-entropy wave may be explained as followssimply increased proportionately to the drive.
Given the magnetic field applied téle contained within By keeping all parameters (excegt) fixed to the
the resonator and a small superflow (due to a residual heatlues that gave a good fit to 1.15V drive data in
Ieak) the fluid should stabilize to an “undisturbdddnd  Fig. 1, the values Offup, faown, Mup, and Myown Were
d texture pattern. Generating spin-entropy waves imposesbtained as functions of drive from the response curves
oscillatory probe superflows in the chamber. If the probegenerated from the mechanical model solutions. The lines
superflow is so weak that the texture is not modified, theén Fig. 2 represent smoothed curves through these values.
measured speed of the spin-entropy wave is determined Byhe model solution describes the observed rapid increase
the undisturbed texture. In the present experiment, thigdecrease) irf,, (Myp) in the interesting small flow range.
weak flow limit is not observed. As the probe superflowlt also describes the observed smaller changé&dp, and
is increased, the superflow begins to aligin the region nearly linear change Mg, in the small flow range.
away from the walls towards the flow direction, therebyAs the drive level in the model is increased beyond 1.5 V,
decreasing the kinetic energy contribution to the free enf,, becomes greater thafy,w,. Similarly M, exhibits
ergy (see below). This change in texture decreases the ed-kink as the hysteretic response begins to disappear. In
fective superfluid fraction “seen” by the spin-entropy wavethe high drive limit, the solution to our mechanical model
and therefore its speed. The flow-induced texture transfoigives a single-valued response in contrast to the observed
mation leads to the observed “soft” nonlinear response. Asweep-direction dependent response. Though small, the
the superflow velocity is increased further, the region of origin of the sweep-direction dependence in the high drive
alignment spreads towards the walls. Sihiseconstrained limit is not understood within this model. In spite of
to be perpendicular to the walls, this requires sharper bendts simplicity, the mechanical model gives a fairly good
ing hence greater bending energy. As the cost in bendindescription of our observations.
energy becomes greater, the flow-induced alignment tends The question of how thd texture changes as; is
to saturate. In this large flow limit the response reverts tancreased will now be addressed. To review briefly [4],
linearlike behavior as observed in the experiment. recall that the order parameter of tlg phase may be
The mechanism of the nonlinearity just described ma)deflned using two triads of real orthogonal unit vectors,
be modeled by a driven spring-mass oscillator whoséd, &, f = d X & in spin space, andif, i, I = m X 1)
spring constant decreases as the amplitude is increasad orbltal space. Minimizing the magnetic free energy
[9]. An equation of motion given by + kz + az(1 +  while taking into account the anisotropy of the magnetic
bz?)/(1 + cz?) = G coswt describes such a nonlinear susceptibility shows that is directed along the applied
oscillator [10]. Herez is the displacement of the mass, magnetic fieldH (|| z) and, therefore, the unit vectors
a'’? and(ab/c)"/* are the resonant frequencies in the low(d, é) are forced into thek-§ plane. The orientation
and high amplitude limits, respectively. The dissipation,dependent part of the dipolar interaction energy between
assumed independent of drive, is representedkby  Cooper pairs can be written ag(f - 1)2, whereg is a
(ab/c)'/?/Q whereQ is the quality factor. The oscillator positive constant. The dipolar energy is then minimized
is driven at frequencyw with amplitudeG. Assuming when f_L1 and thel vector is also forced into th&-§
a solution of the formz = x coswr + ysinwr leads to  plane. The relative orientation dfwith respect tod, &)
third order polynomial equations fox and y when in the -y plane is arbitrary in thel; phase (unlike i
higher harmonic terms (whose presence was searched fandA,).
but could not be detected) are neglected. The coupled To determine the equilibriumi vector texture in
equations may be solved ferandy. the x-y plane, the sum of kinetic and bending energy
The observed frequency response of Figs. 1(a)—1(adontributions to the total free energy is minimized
was fitted with the mechanical oscillator solution by ad-subject to the constraint thak be perpendicular to
justing parameters, b/c, G, andk. Sinceab/c and the boundaries [1,11]. The kinetic energy density is
Q may be set by the large drive limit response, therewritten as Fiin = (1/2)p(ps/pn)apVsavsp  (SUMmMa-
are two remaining adjustable parameters. The fitted retion over repeated indices is implied). The bending
sponse (witha'/2 = 277 X 943 57!, b/c =0.793, G = free energy can be expressed as a sum of combi-
3.1 X 10* and Q = 90), shown in Fig. 1, gives a fair nations of products of gradients iw, ¢, and 6,
representation of the observed 1.15 V drive data. It cadefined asy = cos !(% - d), ¢ = cos’ (2 - ), and
be seen that the observed sweep-direction dependence &f= cos (% - 1). In the presence of superfluid compo-
the response comes from the double-valued response nént flow in theA; phase, the broken relative spin-orbital
such a nonlinear oscillator. The slightly rounded responsgauge symmetry requires thawv,, = (/i/2m) (th -
observed at botlf,, and fgown (Where a discontinuity is ofi/da + d-o0é/oa) = —(h/2m) (3¢ /oa — dd/da)
expected from the model) becomes sharper at higher tenfi3]. Taking § and vy to be along thex direction,
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we obtain  Fyena/Fo = 4m?v2/h%) (3 — co6) + 43 um/s atD = 2.6 V in Fig. 2. At this velocity the
0%(2 + coR0) + 642 — coR0) + 26,6, sime +  calculateds,/p,, is 0.52 as seen in Fig. 3. The estimated
02 + (4mvse,z/ﬁ)coéﬁ, where 6., = 90/da, F,=  ps from the measuredf,, at the sameD and the
32N pg (1 + Fi/3)/32m*p, N the number densityF;  ps1 measured earlier [5] under the same conditions of
a Fermi liquid parameter, ana* effective mass ofHe.  magnetic field, pressure, and temperature givéo;, =
The equilibrium texture in thé;, = 0 limit was previ- 0.54. This is close to the calculated value of the ratio.
ously solved by numerical methods on a two dimensional In conclusion, we have observed nonlinear propagation
square grid [12]. We incorporate the kinetic contributionof spin-entropy (second sound) waves’Hie-A, filling a
through an adjustable healing length paramefeand resonator. The salient features of this phenomenon are
require that our solution reproduces that of Ref. [12], inconsistent with the sound generated superflow altering
the limit of zero flow and for square boundary [13]. Forthel texture within the resonator, thereby modifying the
given v, the total free energy was evaluated as a functioryolume-averaged propagation velocity.
of & by integrating over the volume of the cylinder. We thank Yuichi Okuda for helping us in setting
The total free energy was minimized at a unique valu¢/p our spin-entropy wave apparatus. The help from
of ¢ which specified the equilibrium texture for the H. Zapolsky was crucial to constructing the mechanical
given v, [13]. The calculated equilibrium texture for model presented. This research is supported by NSF
v, = 8 um/s is shown in the inset of Fig. 3. Grant No. DMR9510306.
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