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Order-Parameter Collective Modes in He-A
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The collective modes of the gap parameter for the axial (Anderson-Brinkman-Morel)
state and their coupling to the quasiparticles are studied in the collisionless regime with-
in a microscopic theory. In addition to the modes connected with the spontaneous break-
down of symmetries (sound, spin waves, and orbit waves), three weakly damped modes
with a typical dispersion law (q) =~ (0)+ e(v&q) are found. The feasibility of detecting
these modes in the sound absorption is discussed.

The superfluid phases of 'He, now rather con- size of the gap at all temperatures.
vincingly identified as anisotropic pairing states, " The axial state is characterized by three spon-
are probably many-body systems with the most taneous axes, a spin axis w and two orbital axes
complex spontaneous ordering so far encountered n and m (num), such that d, =w,.(n +im ). The
in nature. The order parameter in these phases gap parameter is given by (underlined quantities
is thought to be a three-dimensional tensor of denote 2 x 2 matrices in spin space and a summa-
rank two, d, , As a consequence of the nine or- tion convention is used) 2 (k; T) =A, (T)is, v,d, „k . .

der parameter components, as contrasted to only P~ and the "axis of the gap,
" l =n&&m, are unre-

one in an isotropic superfluid, the physical phe- lated except for the weak nuclear dipole interac-
nomena occurring in these phases are consider- tion, which tends to align them. The dipole forc-
ably richer. In particular, the dynamics show es will not be considered explicitly in the follow-
many new and fascinating features, as manifest- ing, apart from remarks on its principal effects.
ed by the appearance of various new collective The following collective modes have been found
modes. as eigenmodes of the coupled system of equations

The purpose of the work reported in this Letter for the density response functions and the order
is a complete and systematic investigation of the parameter:
collisionless collective modes of the axial (Ander- (i) There are five Goldstone modes associated
son-Brinkman-Morel) state, currently believed with the degeneracy of the equilibrium state with
to describe the A phase of liquid 'He. respect to (a) gauge transformations (sound

The main results may be summarized as fol- waves), (b) rotations of ~x (two spin waves), and
lows: (1) A new "superflapping" pair-vibration (c) rotations of l (two orbit waves). Of these,
mode is predicted and its detection by ultrasound sound has been studied most extensively, both
absorption is suggested. (2) The puzzle of how experimentally' ' and theoretically. ' ' Sound
the gapless orbital mode associated with the spon- waves are well defined at all temperatures. Spin
taneous breakdown of rotation symmetry in orbit- waves have a linear spectrum and a velocity in-
al space may be reconciled with the previously creasing ~ (T, —T)'~' near T, to a value of the or-
found "flapping" mode, which also involves oscil- der of the Fermi velocity at absolute zero. For
lations of the l vector, is solved: These are dif- a detailed discussion of the properties of colli-
ferent eigenmodes of the same collective variable. sionless spin waves we refer to Combescot's
(3) The complete temperature dependence of the work. ' Orbit waves are found to be essentially
frequencies of the three pair-vibration modes is diffusive at all temperatures, with frequency
given. Previously only the limiting values as T ~,~=ioq', where o. diverges near T, as (1 —i)(1
—T, of two of these modes were known. (4) The —T/T, )

'~' and for T-0 as T '. Whereas the
unusual temperature dependence of the "normal- damping near T, is caused by particle-hole ex-
flapping" frequency gives rise to a significant citations (energy transfer &u =E, —E, , where
double-peaked structure in the sound absorption k, =k*q/2 and the quasiparticle energy is de-
as a function of temperature, providing a strong fined by E, ' = e, '+ 6, A, '), the restoring force
test of the axial state. (5) The especially simple becomes negative for T-0. The dipole interac-
temperature dependence of the "clapping" fre- tion leads to gaps of the order of the longitudinal
quency, &u = 1.2260(T), makes the location of the NMR frequency in the spectra of spin waves and
corresponding peak in the sound absorption an orbit waves and gives rise to relaxation even for
ideal "spectroscopic" probe for measuring the q-0, because it lifts the degeneracy with re-
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FIG. 1. Representation of collective modes in the ax-
ial state.
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spect to relative rotations of spin space and or-
bital space. A diffusive orbit mode has also been
found by Combescot. " However, a term is miss-
ing in his Eq. (7), which is responsible, e.g. ,
for the normal-flapping mode discussed below.
On the other hand, Volovik" has derived a real
quadratic dispersion for orbit waves, apparently
because of his neglect of certain singular terms
in ~/vFq in the eigenvalue equation [Eq. (2) be-
lowJ. The present theory does not allow com-
parison with the hydrodynamic theory of Cross
and Anderson. "

(ii) There is a collective mode characterized
by oscillations of the order-parameter axis l

(here the preferred direction of the Cooper
pairs) about the axis of the energy gap of the
quasiparticle excitations, l„, the quasiparticle
readjustment being too slow to follow the rapid
changes of (t. This mode may be visualized as a
flapping motion of r~ and m about the fixed direc-
tion of l„(see Fig. 1) and will be called the nor-
mal-flapping mode. Upon lowering the tempera-
ture, the number of quasiparticles decreases
and the moment of inertia associated with L„de-
clines so that l„ is gradually dragged along by
the motion of l. At absolute zero, there are no
thermal quasiparticles and the restoring force is
expected to vanish. Accordingly, the frequency
of this mode, which near To rises o- (T, —T)'l',
passes through a maximum at T-0.75T, and tends
to zero for T- 0. The dispersion law is ~„f,-'(q)
= ~„„(0)+n„„(v,:q)', with ~„„(q=0, T):—(-')'l'(T/

)TA, ( )Tithe exact result for ~„„(q=0) is plotted
in Fig. 2]. At T=0 a linear dispersion law is ob-
tained, &u„f,(q, T =0) = (q l )vFq (neglecting dipole
forces and assuming particle-hole symmetry).
The damping of this mode is determined by pair-
breaking processes, except near T, , where qua-
siparticle collisions are of equal importance,
and is small for &u/6, (T)«1. The mode couples
to sound waves for intermediate orientations of q

0.5 T/Tc 1.0

FIG. 2. Collective frequencies of the axial state at q
= 0 in units of &0(T = 0) versus reduced temperature
(based on ao(T) = 2.16T, tanh[W2-, (T,/T —1) i'/2. 16]J.

and l (coupling strength cc. q'(q l )'[1 —(cj l )'J).
The coupling to the sound vanishes as 1/ln(b. ,/T)
for T- 0. A mode with similar characteristics
has been predicted recently by Leggett and Taka-
gi" on the basis of phenomenological considera-
tions in the regime &u«A, (T). Patton has also
found an orbit mode with linear dispersion law
at T =0.'

(iii) There are two collective modes associated
with internal vibrations of the structure of the
order parameter. The first one, termed "clap-
ping" mode in Wolf le, "can be imagined as a
counteroscillation of w and rn about their equilib-
rium relative angle of v/2, as depicted in Fig. 1.
The dispersion law is &u„'(q) = ~„'(0)+ o. „(r., q),
with a„.,'(q =0, T) -1.22', (T) (see Fig. 2). The
"clapping" mode couples to sound waves with a
coupling strength cc q' [1—(cl l )'J '. The second
mode, which will be called the superf lapping
mode, may be interpreted as a rapid flapping mo-
tion of n and rA against the equilibrium orienta-
tion of l. The dispersion law is &u,f, '(q) =~,f, '(0)
+ n„,(a Fq), with ~,t, (q =0, T)/A, (T) decreasing
rapidly [cc (T, —T)'i'] from the value 2 at T, to
(12/5)'l' at T =0 (see Fig, 2). The temperature
variation of ~,f, is naturally explained by the re-
duced number of thermal quasiparticles at lower
T, which as in the case of the normal-flapping
mode tends to decrease the inertia of l, and
therefore weakens the restoring force. The giv-
en interpretation of the flapping modes is consis-
tent with the fact that the superf lapping frequency
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is highest among the three modes. This mode
has not been found previously since it does not
couple to sound waves in the limit T- T, . How-

ever, the coupling is proportional to T, —T near
T, Rnd excitation of this mode by sound waves is
possible at least for T ~ 0.95T,. The clapping
and superf lapping modes are moderately damped
by pair-breaking processes, which are equally
effective at all temperatures, because &u-h, (T)
in both cases. Near T, the additional broadening
is about 2-3 times the pair-breaking width.
The limiting values as T- 0 of the clapping and
flapping frequencies are in agreement with recent
calculations by Tewordt and Einzel. "

The contribution of the normal-flapping mode
and the clapping mode to the sound absorption in
the immediate vicinity of T, has been calculat-
ed' ""and seems to have been detected experi-
mentally. '

!
In the following the derivation of the above re-

suits is briefly sketched. In general, collective
modes Rre obtRlned Rs poles of the generalized
density response function 5f», (q, /) =5 {c,„'(/)
x c, , (t)), where c, , '(/) [c„(t)]creates (annihi-
lates) a, fermion of momentum k and spin v at
time f. 5)t denotes the linear deviation from equi-
librium caused by an external field of wave vec-
tor q and frequency (d. In the pair-correlated
state one has to take into account the coupling of
5j to the quasiconserved order-parameter re-
sponse function 5g»„(q, t) =5(c, „(/)c~ „(/)). For
the pulpose of studying the nonhydrodynamlc col-
lective modes, it is more convenient to consider
the potentials instead of the distribution functions,
i.e., the change in the quasiparticle energy 5e (q,
(u) =5~v'"'(q, (u) ~ Tr„,Q, ,~f, ,5~f, (q, (u) and the pair-
potential (gap parameter/ 5b, ,(q, ~) =g„,g», 5g, ,

(q, &u), where f», is the Fermi liquid interaction
and g», is the pair interaction.

The basic equation for the gap-parameter re-
sponse function, as given in Ref. 6, has the form

—4((u 'g, + q-'c„de, /d~, )

with 8, =(1/ E2,)t an(hE„/2 )Tand rj=(k q)/m*. For later use we define A, =!6„!'A,and A =Id', ! F, (k) '
Xg~,

One now looks for eigensolutions of Eq. (1), regarding the terms involving 5c as sources (which they
are in the limit of vanishing Fermi liquid interaction). The effect of the coupling of 5A to the equation
for 5c [Eq. (3a) of Ref. 6a! is described in the relevant cases below. Employing the representation in
terms of spherical harmonic s 6„=id, (T) Y»(k)k v v, and 56, (q, u&) = jb, ,(T) I', (k)d,.(q, ~)v,. v„ the equa-
tions for the 18 order-parameter components d,." (q, ~) =d, (q, e) + d &(- q, —&u) decouple in the limit
q- 0 and one finds the following:

(A) m =+1.—d„(d„,') is the variable associated with the broken gauge symmetry (rotation symme-
try in spin space). The collective frequency v„=n vF q (v,„,'=n, vFq) is strongly renormalized by
the coupling to the density fluctuations (spin fluctuations). For instance, at T= 0 the ratio s = ~„ /~ „-q
= (-,')'~' is renormalized to s = ~,„„/v,q =[-,'(I+8;)(I+F;/3)]'~'» s, where the F, 's are the usual Lan-
dau parameters. d„' and d„, (uP =4K,/X, ) do not couple to 5c,. It is unclear how these modes could
be excited.

(B) m = —1.—d „and d „,' are found to oscillate at a frequency given by ~,,' = 2X, /A. , + 0(q'). The
admixture of an oscillating I', ,(k) component to b, (k) can be imagined as a clapping motion of ii and m

(Fig. 1). Whereas d „couples to sound waves [subsection (iii)J, d,„,' (which in principle couples to
spin fluctuations) is not easily excited by spin waves, because the spin wave velocity is so low that the
two dispersion curves do not intersect. Again d „' and d,„, do not couple to available fields.

(C) m =0.—This is the most interesting case, because here the left-hand side of Eq. (1) does not van-
ish (the so-called Goldstone condition is not satisfied) and one has an eigenvalue equation

fdic, [I;.(k)J'[(~' —n' —2I~, !'+2d,')&, +4&,J =0, (2)

with 9, =-!Z~!'f(de/2E)(d/dE)[tanh(E!2T)/2FJ, and b, , =iZ, vv, . Equation (2) has three solutions:
(a) The Goldstone mode corresponding to the breakdown of rotation symmetry in orbital space [by in-
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spection, ur =0, q- 0 is a solution of Eq. (2)J;
(b) the normal-flapping mode; and (c) the super-
flapping mode. Again, in principle d„couples
to density fluctuations, d,„,' to spin fluctuations,
but only d„ is easily excited by sound waves.

The coupling of the various modes of 6~ among
themselves at finite q can be neglected for not-
too-large q values.

In conclusion, I suggest sound propagation ex-
periments in the A. phase at lower temperatures
(possibly in a magnetic field to suppress the B
phase) and higher frequencies as in Hefs. 3-5,
to verify the considerable structure predicted for
the sound absorption by this theory. In particu-
lar, it would be interesting to observe the re-
entrance of the normal-flapping mode at lower
temperatures (around 0.5T,) in the absorption of,
for example, 50-MHz sound. The observation of
these phenomena would furnish strong proof for
the realizat:ion of the axial state in 'He-A.

I am grateful to D. Einzel, M. Liu, and D. Rain-
er for interesting discussions and to R. Combes-
cot, A. J. Leggett, S. Takagi, and G. E. Volovik
for informing me of their work.
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Multiple Oxidation States of Al Observed by Photoelectron Spectroscopy
of Substrate Core Level Shifts*
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Substrate core chemical shifts upon chemisorption of oxygen on aluminum are observed
using variable-excitation-energy photoelectron spectroscopy. At low exposures a unique
intermediate oxidation state evolves where the Al 2p level is shifted by only 1.8 eV to-
ward higher binding energy as compared to the 2.6-eU shift observed for heavily oxidized
aluminum (Al&03). Simultaneous observation of the 0 2P resonance shows evidence for a
sharp phase change at exposures close to rnonolayer formation.

In a photoelectron spectroscopy study of the ini-
tial oxidation of aluminum, we have discovered
a, core-level shift of the Al 2P atomic energy lev-
el which is considerably smaller than the shift
for fully oxidized aluminum (Al, O,).' This pre-
viously unobserved but widely sought phenomenon
is observed for oxygen exposures in the range
50-400 langmuir (L) (1 L =10 ' Torr sec). The

onset of a shifted substrate core peak is followed
by an abrupt change in the shape of the 0 2P res-
onance between 100 and 200 L oxygen exposure.
These observations show the existence of an inter-
mediate oxide phase or a, chemisorbed state. The
observation is important not only in understand-
ing the present system but also in the general use
of core-level shifts to study the interaction of


