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Spin Waves in 3He-8
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e been observed inonic-oscillator-like standing spin-wave modes have bee
p 1 Th frequencies and intensities of' ed b a set of parallel plates. e resuper fluid He-B confined y p

f the theoretical equations.a reement with computer solutions o t e corethe modes are in close agree
tion of the existence of spin-waveTheir ooserva ion reprb t presents the first direct confirmation o e exis e

dispersion in either superfluid phase of ~He.

In the past, spin dynamics of 'He-B have been
investigated extensively, and for uniform motion
of the spin system the theoretical predictions'
have been tested and found valid. ' Similarly,
many static spatial variations of the spin anisot-
ropy axis, n, as predicted by the theory of tex-
tures in e-'H -B have been observed. ' Prior to
this work no experiments have been successfully
performed, however, in which nonuniform spin

recession was observed in a geometry designe
to test the importance of spin-wave dispersion in
the resulting spin dynamics. In the present work,
we have been able both to excite a series of stand-
n spin-wave modes inside a parallel-plate ar-

ray and to predict the energies and intensities o
~ ~ ~those modes with reasonable precision,

Spin-wave dispersion in superfluid 'He arises
from the stiffness of the anisotropic superfluid
order parameter with respect to spatial varia-
tions induced by a nonuniform spin precession.
To create a nonuniform spin precession w'n with a
uniform radio-frequency field we have taken ad-
vantage of the known textural behavior of 'He-B.
Consider a sample of He-B contained between
two parallel plates as shown in the inset in Fig.
1 A I an intense static field H, (R1 kOe in
this work) in the x direction and orient the p lates
so that the surface normal vector is in the S di-
rection. In the presence of the magnetic field,
suppression of certain component s of the order
parame er yt b the surfaces orients n in the direc-
tion n = 5 "'(1,P3, 1) at those surfaces. In the
interior between the plates, however, the orien-
tation of n is determined by the competition be-
tween the bulk field anisotropy energy which
tends to orient n parallel to H„and the bulk
bending energy terms which resist spatial varia-
tions of the order parameter. As a result, n

can only change its orientation over the charac-
teristic distance A„o:1/Ho, the field texture
bending length. When the plate spacing l ~ R~,
the variations of n are nearly quadratic in z as
measured from the center of the 'He-filled space.
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FIG. 1. The normalized frequency shifts (see text)
of the four lowest symmetric spin-wave modes of a
sample of He-B contained in the parallel-plate geome-
try shown, as a function of l/Rs. These are computer
simulations valid for Y'/'T =0.44 and Bo= 1 kOe.

The interesting feature of 'He-B which we will
utilize is that this variation of n acts on an oscil-
l t' magnetization wave like a confining poten-aing m

uad-tial. Under appropriate circumstances the qua-
ratic variation of n can thereby produce a set of
harmonic modes of the oscillating magnetization.

In order to understand the above behavior, con-
sider the equation of motion for the precessing
transverse magnetization, S, in aa field H
when the Larmor frequency, yH„ is large com-
pared to the longitudinal resonant frequency, '
Q~:

(z-n, '(s) }S'=-(g,'f(n)s2/ss'}S'.

shift of the spin-wave mode measured relative
H nd normalized to the transverse reso-

-=2c '/nance shift measured when n-LHo, P, (—= 2cy
0 ')' ' is the dipolar bending length, e~ is the

component of n perpendicular to the fie ld H and
f(n) is a scalar of order unity which varies by
about 40@ depending upon n The qu.antity c is a
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coefficient which multiplies the bending free-en-
ergy expression, and is proportional to the spin
superfluid density, ' and X~ is the B-phase spin
susceptibility. This equation is just a Schroding-
er equation with n~'(z) acting as a potential. The
question is whether one can actually confine spin
waves by this potential without large effects due
to the walls and whether such waves are observa-
ble.

To predict accurately the characteristics of the
spin-wave modes, we have determined the varia-
tion of R(z) between the parallel plates by simul-
taneously minimizing the bending energy and the
surface and field anisotropy energies on a com-
puter. With this result, we then use the computer
to solve (1) with the boundary condition that at the
surfaces BS'/Sz=0. This insures that no spin
currents flow into the walls. Figure 1 shows re-
sults of computer solutions for the eigenvalues of
(1) in which it is assumed that R„/R, = 20. This
is characteristic of 'He-B at melting pressures
for T/T, =0.55 and Ho= 1 kOe. Notice the grad-
ual transition from a quadratic spin-wave spec-
trum for l «R~ to a set of uniformly spaced
modes for E» 2A„.

To understand the computer results, consider
the cases R~»l and R~-l. In the limit R„»l,
the even solutions of (1) are 8+= cos(mkz), where
k = 2m/l, and m is an integer. The corresponding
eigenvalues are E =n~'+R, 'f(n)m'k'. The modes
with m & 0 are simply standing plane waves in a
constant potential, and the lowest mode is the so-
lution to the uniform I eggett equations. In this
limit, the modes with m &0 have no net magnetiza-
tion, and consequently do not couple into a uniform
radio-frequency field such as is normally used in
NMR experiments. For the case R~-l, it has
been shown' that n, ' = const+ez'/R„'. By incor-
porating this variation of n into (1) we are left
with an expression which is identical to the Schro-
dinger equation for a harmonic oscillator pro-
vided we set f(n) equal to a constant. When the
quadratic term in n~' is sufficient to localize the
solutions inside the 'He-filled channels, this ex-
pression predicts spin-wave modes whose ener-
gies are evenly spaced. The net magnetization of
these states is nonzero, and they can be excited
by a uniform rf field. Their intensities drop off
approximately as I/m, where m is the mode
number,

Using these results as a guide, we constructed
an accurately spaced array of twenty fused quartz
plates approximately 0.7 cm X1.1 cm X0.013 cm
each, spaced by much smaller plates at the four
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FIG. 2. (a) A comparison of computer-calculated
frequency shifts of the three lowest symmetric spin-
wave modes (solid lines) and experimentally determined
shifts for a parallel-plate geometry with l =210 pm and
&o = 2.8& kOe. The circles represent data for the m = 0
mode, the squares for the m=1 mode, and the triangles
for the m= 2 mode. (b) Typical NMH absorption spectra
of spin-wave modes whose frequency shifts are shown
in (a).

corners of the large plates so that the resulting
'He-filled channels are 210+4 pm wide. This ar-
ray was placed in the NMR tail piece of a com-
pressional cooling apparatus similar to those de-
scribed previously. The experimental techniques
utilized in this work are also described in pre-
vious literature and will not be reviewed here. '

NMR absorption spectra were then obtained at
resonant frequencies of 2.5, 3.5, 5, and 7.5 MHz

by sweeping either H, or ~. In Fig. 2(b) are
shown actual absorption spectra at 7.5 MHz ob-
tained by sweeping H,. The spin-wave modes are
clearly sharpest at low temperatures, The rising
baseline to the left is the result of NMR absorp-
tion in the portion of the sample outside the ar-
ray. Because this unwanted contribution was
temperature dependent, it could not be subtracted
from the total signal. The linewidths of the spin-
wave resonances were considerably larger than
the Fermi-liquid linewidth. Much of this differ-
ence may be caused by the variations in plate
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R~ =-(c/n) "2 (2)

spacings since the spin-wave resonant frequen-
cies depend very strongly on the ratio l/Rs.

To compare the positions of these spin-wave
resonances with the computer solutions we first
used the position of the lowest-frequency spin-
wave mode from each spectrum to determine
Rsffo accurately at each temperature at which
measurements were made. This was possible
because its position depends only very weakly
upon R but very strongly upon R~. We could
therefore use preliminary computer results for
the purpose. In making this fit, values of RsH,
have been determined with an overall uncertainty
of about x 3%, and results at all fields agreed
with one another to within a characteristic scat-
ter of less than + 3Q. To specify (1) totally we
then determined the appropriate value of R, util-
izing the definition (in Ref. 3 where this expres-
sion was first presented, Raff, is referred to as
RP,) that
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s, however, from the experimental values of
R~o and bg/g using the relationship s' = —,",y'c/Xs
and Eqs. (2) and (3). We then obtain

FIG. B. Spin-wave velocities in He-B at melting
pressure. The open circles are obtained from the ex-
perimentally determined quantities R„HO and zg/g. The
closed circles are obtained from the theoretical expres-
sion (see text). The solid lines through the two sets
of points are for convenience only.

and that the coefficient multiplying the bulk field
anisotropy energy, a, is given by'

s' = ~»(&Z~g) y'(RAO)'. (4)

=~(&g/g) x .
We obtain the 8-phase susceptibility from the
ratios gs/g„of Corruccini and Osheroff" and the
value of the normal-state susceptibility,
given by Wheatley. ' The quantity Lg/g is the ef-
fective g-value shift to the transverse NMR fre-
quency in 'He Bwhen -n~=0." This quantity has
recently been measured to an accuracy of about
+ 2Q by Osheroff and Brinkman from T/T, = 0.4
to T/T, =0.75. '2

Once R~, and R, were determined, separate
computer runs were made to find the eigenvalues
of (1) and the relative intensities in each mode at
a series of six temperatures for fields at which
absorption spectra were measured. In Fig. 2(a)
we show a comparison of the computer output
(solid lines) and the frequency shifts which we
measured at 7.5 MHz for the first three observed
spin-wave resonances. The spacings observed
are about 10@smaller than the computer predic-
tions, but overall the agreement is reasonably
good. Similar agreement is found at 3.5 and 5

MHz. The excellent agreement between the ex-
perimental and theoretical shifts for the lowest
mode is insured by the fit which determined R~o.
The actual values of Raff, were obtained by a best
fit to data at four separate frequencies.

We do not measure the spin-wave velocity, s,
directly in these experiments. We can calculate

These values are shown in Fig. 3 as open circles.
Alternatively, we can substitute the theoretical

expression for c into the above expression for s'
to obtain"

s' = p,'y'h'/10m ys. (5)

Here p,o is the spin superfluid density, p, =(m*/
m) '(1-Y)N/V, where (m*/m) is the effective
mass enhancement, Y is the Yoshida function,
N/V is the number density of atoms, and m is the
mass of the 'He atom. Values of K are deter-
mined by inverting the Leggett expression" for
the Fermi-liquid enhanced B-phase susceptibility.
We use the Fermi-liquid parameters E,' and F,'
obtained by Halperin et al." in our analysis.

Despite the apparently small uncertainties in
determining s from (5), the resulting values,
which are shown as solid circles in Fig. 3 are
consistently about 18/0 higher than the values
determined using the experimental quantities.
This disagreement, which lies well outside the
uncertainties in both sets of calculated velocities,
may be due to a relatively large and negative
value of the Landau parameter E,'. This value
(E,'= —1.2) is consistent with the experimental
results of Corruccini et al."provided one uses
the Halperin value of Eo 0 77 in the analysis
of those results. A similar value of E,'is ob-
tained by Pethick, Smith, and Bhattacharyya"
from a comparison of their calculated normal-
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state viscosities with data obtained near melting
pressures.

In summary, we observe that spin waves do
exist in 'He-8 and that they are by no means
overdamped modes. Further, we have shown
that within the context of current theory, spin-
wave effects can be calculated with reasonable
precision. We believe that the (20'%%uz) discrepancy
between theory and experiment is attributable to
the need for a nonzero value of I', '.

We wish to thank W. Q. Sprenger and S. B. Dar-
ack for their technical assistance in these experi-
ments, D. D. Warner for his advice in program-
ming the computer, S. Engelsberg who has long
encouraged the experimental effort to observe
standing spin waves in a parallel array, and M. C.
Cross who provided theoretical assistance and ad-
vice on numerous occasions throughout the course
of this work.
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Dielectric measurements have been carried out on the single crystals of DyVO4, TbVO4,
and TmVO4 through the Jahn-Teller transition temperatures. An anomalous increase of
the dielectric susceptibility with temperature along the c axis was observed for DyVO4,
but not for TbVO4 and TmVO4. This behavior is explained as due to the antiferroelectri-
city driven by the soft &

&g strain mode through the 'sublattice piezoelectricity. "

Some of the zircon-type rare-earth vanadates
and arsenides have attracted much interest be-
cause of their cooperative Jahn-Teller phase
transitions. ' ' In DyVO, and DyAsO~, the (x,
-x,)-type (B,g symmetry) spontaneous strains
occur below the transition temperature (TD),
while in TbVO4, TmVO4, and TmAs04, x,-type
(B,g symmetry) spontaneous strains occur; there-
by softening of transverse acoustic phonons [or
the elastic stiffness component a(c» —c») for the
former group and the component c66 for the latter
group] takes place. ' ' The transitions have been
regarded as a uniform tetragonal-orthorhombic

distortion comprising no internal strain because,
according to Raman-scattering experiments, '
there was no evidence of a soft optical mode ei-
ther above and below T~. We report here the
first observation of the dielectric behavior near
the transition temperature in DyVO„TbVO„and
TmVO4 single crystals and propose a new model—that for DyVO4 at the low-temperature phase
there should be an antiferroelectric ordering due
to the interaction of some optical modes with the
strain mode.

Temperature variations of the dielectric con-
stants were measured for the samples of single
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