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We calculate the gauge-invariant current response of an unconventional F; state superconductor
to electromagnetic fields in the collisionless limit using a matrix kinetic equation approach. We
show that, despite broadening by nodal quasiparticles and screening currents, excitonic modes with
collective frequencies of order the superconducting gap frequency should be observable as large,
well-defined peaks in the power absorption. Such an observation would be a definitive signal for
unconventional superconductivity. We further argue that the effect of collision broadening in real

samples should be small at low temperatures.

PACS numbers: 74.70.Tx, 74.30.Ci

Interest in the heavy fermion superconductors UPts,
UBe;3, CeCusSiz, and URu,Siz has focused on the pos-
sibility that these compounds might represent the first
known unconventional superconductors [1]. The order
parameter in such a system, in contrast to a conven-
tional BCS superconductor, transforms according to a
nontrivial representation of the symmetry group of the
normal state. Among such states, enumerated in group-
theoretical classifications [1-4], are some which corre-
spond to higher-dimensional representations, i.e., mul-
ticomponent order parameters such as those realized in
the superfluid phases of 3He [5]. The additional inter-
nal order-parameter degrees of freedom manifest them-
selves through a much richer spectrum of physical prop-
erties than that of a conventional superconductor. For
example, the 2D representations Ei4, and Ejg, of the
hexagonal group are predicted in Ginzburg-Landau theo-
ries [6-8] including coupling to small symmetry-breaking
fields to give rise to a complex phase diagram in an ap-
plied magnetic field. These theories successfully repro-
duce many of the experimental features observed in the
UPt3 H-T phase diagram [9]. Certain aspects of the
anisotropy of critical fields in UPt3 appear to contradict
predictions of the simplest theories of this sort, however,
and the true symmetry of the ground state has yet to be
definitively identified.

Unconventional states corresponding to higher-dimen-
sional representations should support collective order-
parameter oscillations which, if observed, e.g., in electro-
magnetic surface impedance measurements, would con-
firm the existence of unconventional superconductivity.
Furthermore, the frequency, anisotropy, and temperature
variation of such collective mode features should enable
one to assign a definitive symmetry class to the equilib-
rium state. In this paper, we calculate, within the frame-

© 1992 The American Physical Society

work of the matrix kinetic equation derived by Betbedet-
Matibet and Nozieres [10] and Wolfle [11], the current
response of a superconductor in a (1,i) Ej, state to an
electromagnetic field. On a phenomenological level, we
analyze the role of impurities in damping collective oscil-
lations. Our results indicate that a relatively sharp col-
lective feature at Qcon =~ 1.24A¢ in a low-temperature far-
infrared power absorption experiment should be observ-
able in clean samples of UPt3 (here Ay is the gap max-
imum over the Fermi surface). We argue that such fea-
tures should be observable and generic to all unconven-
tional states, but also exhibit characteristic anisotropy
and doping dependence.

Order-parameter collective modes in superconductors
[12] are macroscopic quantum oscillations of the pair con-
densate which may be excited by external probes such as
sound or electromagnetic waves. Although intensively
studied in the late 1950s and early 1960s because of their
intimate connection with gauge-invariance problems of
the BCS theory, they are largely irrelevant for experi-
ments on conventional superconductors [13]. This is be-
cause the Goldstone mode [14, 15] corresponding to the
spontaneously broken U(1) gauge symmetry in a super-
conductor oscillates at the plasma frequency because of
its coupling to the charge density. Furthermore, “exci-
tonic” (optical) modes corresponding to excited bound
states of Cooper pairs couple weakly and have collective
frequencies Q 2 2A and are thus strongly damped by
pair breaking.

More recently, in the context of the discussion of pos-
sible unconventional superconductivity in heavy fermion
materials, several authors [16-20] recognized that exci-
tonic modes similar to those seen in superfluid 3He might
be observable in unconventional superconductors as well.
In both cases, excitonic modes below the pair-breaking
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edge are possible because the order parameter Ay trans-
forms according to a higher-dimensional representation
of the normal state, giving rise to a spectrum of pairing
states. In the case of 3He, observation of such excitonic
modes in ultrasound measurements was instrumental in
confirming the symmetry of the A- and B-phase order pa-
rameters. Although such modes must exist if the order
parameter transforms according to a multidimensional
representation, the question remains how best to observe
them in an experiment. Early on it was realized that
since the transition temperatures of heavy fermion super-
conductors are much higher than that of 3He, electromag-
netic absorption was a more promising probe than sound
attenuation [18]. Early calculations [19] indicated that in
the pseudoisotropic Balian-Werthamer model state, such
modes should be observable as large sharp features in
the power absorption or surface resistance below the gap
edge in the clean, type-II limit. The mode was found
to have a finite width even at T=0 caused by its cou-
pling to screening currents j(q, Qcon(q)) at all wave vec-
tors 0 < ¢ < 1/&y. The question then arises whether such
sharp absorption features can be observed in anisotropic
states thought to be realized in heavy fermion supercon-
ductors, where additional broadening will be caused by
excited quasiparticles in the neighborhood of the points
or lines where the order parameter vanishes.

For definiteness, we study the 2D E1, representation of
the hexagonal group, with basis functions lAczlAcz, k, lAcy on
the Fermi sphere, where 2 coincides with the hexagonal
crystal axis é. In fourth-order Ginzburg-Landau theories
of the UPt3 phase diagram, the (1,i) state with symme-
try fcz(l::x —H’fcy) is the stable low-temperature phase if the
quartic coefficient 85 >0. This state is a popular candi-
date for the ground state of UPt3 since it displays a line
of nodes in the basal plane, consistent with anisotropic
sound attenuation measurements [21,22] and other trans-
port properties (23, 24]. We then write the spin singlet
equilibrium order parameter as Ay = Angl(lAc), where
Ygil(k) = 2k, (k¢ iilAcy) is normalized such that Ag is the
gap maximum over the Fermi sphere. A time-dependent
perturbationlike sound or an electromagnetic wave will,
to leading order, excite all order-parameter components
degenerate with Y2;(k). In the case of a pair interac-
tion transforming according to the £ = 2 representation
of the rotation group, one recovers the 3He-like problem
involving all five ng(l::) analyzed by Hirashima and Na-
maizawa [25]. In a hexagonal crystal, however, rotational
symmetry is lowered to Dgp symmetry, and only Yo,
are degenerate. We therefore write the order-parameter
fluctuation 6Ar =3, _ ., 6A,Yom(k); by doing so, we
exclude all possible spin-orbit Goldstone modes such as
those found in Ref. [25].

We now calculate the order-parameter fluctuation and
current response using the matrix kinetic equation [5].
We consider an electromagnetic wave characterized by
potentials A, ¢ normally incident on a type-II super-
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conducting surface. Quasiparticles of momentum & on
the Fermi surface then experience an energy shift of
5er(q, Q) = ed + (evr/c)k - A + vgbng, where dng is the
density fluctuation. We have neglected Fermi-liquid cor-
rections, but included the average shift v,6n¢ due to the
long-range Coulomb interaction v, = 4me?/q?, which is
necessary for the proper treatment of long-wavelength
density fluctuations. The full solution of the kinetic equa-
tion requires the inversion of a 4 x 4 matrix of collective
response functions and the construction of the scalar dis-
tribution function ény in terms of the self-consistently
determined mean fields § A and de,. We reserve the de-
tails of the method of solution and its complete form for a
longer work, and focus instead on the special case of max-
imum coupling to the collective mode, as well as qualita-
tive features of the general case. We neglect particle-hole
asymmetric terms in the kinetic equations, thereby ne-
glecting some additional collective modes which couple
weakly to electromagnetic fields. We note, however, that
these terms have recently been claimed to be important
for observations of circular dichroism in time-reversal-
breaking unconventional states [20].

The current response is now given by the usual trans-
port -expression, j = —evpNo(kéng)y — (ne?/mc)A,
where Ny is the density of states at the Fermi surface,
and (- - -); represents a Fermi surface average. If one per-

forms a gauge transformation ¢ — 0,4 — A’ = cE /182,
where E' is the electric field, the transverse current re-
sponse may be written in gauge-invariant form in the

limit Q << Q) = y/47ne?/m as

Gl g - K@K

q-K-q

A=K A, (1)

where K is the current response, to a vector potential,
of the quasiparticle gas in the absence of the long-range
Coulomb interaction [26]. The symmetries of this tensor
have recently been discussed by Yip and Sauls [20], who
calculated the current response for an axial-type p-wave
state using methods similar to ours. If we take the elec-
tric field E at the surface to be polarized along ¢ L ¢
and the gap axis ! = 3% = &x g, the coupling to the
mode may be shown to be maximal. Furthermore, the
kinetic equation decouples into two 2 x 2 blocks, and its
solution simplifies considerably. For this configuration,

the response K may be written Koy + Kcol1, with single-
particle excitation response

—

Kex = (—3ne?/me) (kk(Q? — n22\) /(Q% — n*));

describing particle-hole excitations of energy n = ¢~ Vieg.

The collective response Ko describes resonant excita-
tions of the order parameter at finite frequency Q2 into a
state involving an admixture of a Y2 _; component into
the ground state. This is equivalent to an oscillation of
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the preferred directions 7 and i of the nonequilibrium
order parameter Ay = 2Agk, (A + i) - k about their
equilibrium positions 7 = £ and M = ¢ (a corresponding
mode in superfluid 3He-A has been termed the “clapping
mode”). We find

I?coll = (—23mn:2> (UFQ)2 (%)
x[(Xy - @)@~ A- )+<R’ @)@ A1),

where & = Q2XA—4X2A% — (vrq)? ¢j -4,
denominator D* is given by

Dt = afa +2A5(A2 — A4,1))]
C[(org)%d- A1 G- MR +4ADG 2 (3)

and the resonance

Here we have defined various moments of the dynamical
pair response function Ag(q,2) first derived by Tsuneto
[27] as given, e.g., in Ref. [19]. These include A = (Ax);,

= (kkM\)g A1 = (YR Y1)y A2 = (AklYar|?);,

Am = (KEAYZ2, /Y2125, A21 = (MeYE)g, and Mgy =
(AY3/|Y21]?);. An intuitive feeling for these quanti-
ties may be gained by examining the static homogeneous

limit at T = 0. In this case Ay — 1, so that A\ — 1/3,
Ay — 8/15, and A — 1. Furthermore, it is easy to check
that Ay, Ag,1, and A4 are of order (vrg/Ag)?, so that
the position of the collective pole in the response, cor-
responding to ReD, = 0, is given roughly at ¢ — 0 by
02 = 2A2Re[\2(Q)/A(Q)] ~ 1.42A3. The full numeri-
cally determined dispersion of the mode is shown in Fig.
1.

We now solve the boundary value problem for an elec-
tromagnetic wave normally incident on a half space, lead-
ing to an expression for the power absorption at fixed
frequency:

QcoII/AO
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FIG. 1. Dispersion relation Qcon(g) vs vsq for E14 “clap-

ping” mode. Dot-dashed line represents “pair-breaking edge,”
ie., Q> 2A; Vk.
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where By is the magnetic field amplitude at the surface.
For the highly symmetric configuration considered, we
note that the coupling to the density éno vanishes, so

that Kot = K in (1). We have evaluated (4) numerically,
with results illustrated in Fig. 2 for various values of the
Ginzburg-Landau parameter k = Ag/&p, where Ap and
&o are the T'=0 penetration depth and coherence length,
respectively. For highly nonlocal electrodynamics k < 1
the single-particle excitations dominate the power spec-
trum, while the collective mode dominates in the local
(London) limit appropriate for the heavy fermion super-
conductors. In fact, the weight in the collective mode
is found to scale with . This follows from (4) after ex-
pHanding the denominator in terms of the small quantity
1in the ¢-
integral provided by Kex. We conclude that, while the
peak is broader than in the pseudoisotropic case, in the
clean limit broadening due to excited nodal quasiparti-
cles should not prevent the observation of the mode.
Since relaxation times at T, in good samples of UPt3
are of order 7y 2 1/T,, the clean or anomalous skin ef-
fect limit discussed above is clearly not appropriate. One
might at first glance conclude that the chances of ob-
serving such a mode at frequencies Qcon ~ Ag ~ T¢ are
therefore marginal. As pointed out by Wolfle [18], how-
ever, at temperatures T' < T, the actual damping of the
collective oscillations can be considerably smaller. When
collisions are properly accounted for, the order parameter
obeys an effective damped harmonic oscillator equation

Ko, taking account of the lower cutoff Ay
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FIG. 2. Normalized power absorption P/Px in Ei4 state
for various k = Ao/€o. Pn is power absorption in anomalous
skin effect regime.
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for ¢ — 0:

[92 -+—z'Q-)-<7_2 -2, (1 - T_"ﬁ)] §A; =0, (5)

where §A; are any of the order-parameter components
with the symmetry of the exciton, and xo and x; are
combinations of moments of the Tsuneto function A ()
and an analogous function of Q + ¢/7. The term xo/7
represents a relaxation of the order parameter due to
quasiparticle collisions, while x; represents a quasipar-
ticle correction to the oscillator potential itself. Thus
both xo and x; are found to vanish as T — 0 roughly
as the normal-fluid density p,, [we neglect gapless effects
leading to p,(T" = 0) > 0]. For a (1,i) Ey, state and
a “clapping”-type mode [5] of the type considered here,
we estimate xo ~ (1/A0)(T7)% ~ T* and x; ~ xo for
T < T,. Thus the mode should always be well defined
even for Qry =~ 1 at sufficiently low temperatures.

_ We note that an odd-parity state with symmetry
d(kg + iky) belonging to the E;, representation will give
rise to a current response of identical structure if the spin
axis d is taken to be homogeneous and time independent.
While the damping coefficients xg and x; will be quite
different, the position and anisotropy of the mode feature
in the power absorption in the clean limit will differ from
the (1,i) Ei4 state considered here only through quali-
tatively insignificant angular averages. However, other
possible states will be distinguishable through quite dif-
ferent anisotropies, e.g., dependence on electric field po-
larization.

We have shown that excitonic collective modes, char-
acteristic of all multidimensional unconventional order
parameters, should be observable in electromagnetic ab-
sorption experiments. Our best estimate of the maximum
linear frequency at which such a mode might be detected
iS Umax =~ 26 GHz. If the mode is well defined at interme-
diate temperatures, the temperature variation of the gap
should allow for its detection at fixed v < vpa.x as tem-
perature is swept, but for frequencies too small compared
to Vmax the absorption peak temperature will lie too close
to T,, most probably smearing out the predicted feature
beyond recognition. We are not aware of any published
experiments which have been performed on UPt3 involv-
ing frequencies in the required range. The measurement
we propose requires cavities with resonant frequencies in
the far-infrared operated at low temperatures, a difficult
but not impracticable experiment. Observation of such
a collective feature would provide definitive evidence of
unconventional superconductivity and aid in the identi-
fication of the pair state of such systems.
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