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Comparison of the normal- and superconducting-state electromagnetic absorption in Sr,RuQ,
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The ratio of the far-infrared reflectance of Sr,RuQ, in the superconducting state Rg to that in the normal state
Ry has been measured. For light polarized within the ab plane, the superconducting state reflectance is
enhanced over that of the normal state below =~20 cm™!, with the thermal reflectance ratio Rg/ R, peaking near
9 cm™!. The energy at which the thermal reflectance peaks, and the magnitude of its enhancement are signifi-
cantly larger than expected due to the formation of a BCS energy gap. The energy scale coincides with the
superconducting energy gap of Sr,RuO, determined via tunneling measurements.
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The discovery of superconductivity in Sr,RuQ, (Ref. 1)
quickly triggered great interest because of its structural simi-
larity to the high T~ cuprates and its exhibition of multiband
unconventional superconductivity (for a review, see, e.g.,
Refs. 2 and 3). The unconventional characteristics of the su-
perconductivity in Sr,RuQ, include the temperature indepen-
dence of the spin susceptibility across its transition tempera-
ture T for magnetic fields parallel to the conducting plane,*>
the spontaneous appearance of a magnetic field on entering
the superconducting state which is a signature of broken
time-reversal symmetry,® evidence for a two-component or-
der parameter,” and the absence of a Hebel-Slichter peak in
the nuclear spin relaxation rate 1/7), just below T..® These
experimental findings indicate that the ruthenate exhibits
spin triplet superconductivity for which a p-wave order pa-
rameter is the simplest candidate. However, for a p-wave
order parameter the excitation spectrum should be fully
gapped which implies exponential behavior of physical prop-
erties such as the penetration depth, the electronic ultrasound
attenuation, the nuclear spin-lattice relaxation rate, the elec-
tronic specific heat, and the thermal conductivity, whereas
experiments showed a power law behavior of the quasiparti-
cle density of states to the lowest temperatures.” '

A number of theoretical models which take into account
the quasi-two-dimensionality of the Fermi surface!”'® and
orbital dependent superconductivity!® were proposed to ex-
plain how the power law dependence of the quasiparticle
density of states can arise within a system exhibiting spin-
triplet superconductivity.?2> The Fermi surface of Sr,RuO,
crosses three bands which are referred to as the 7y or “active”
band, and the « and 8 or “passive” bands.?® In these models
the y band is the source of the superconducting instability
and has a p-wave order parameter. The y band is close to
circular, and thus the anisotropic order parameter would lead
to a gap function with minima and maxima at points on the
Fermi surface. Recent field-orientation dependent specific
heat measurements by Deguchi et al.>” resolved a supercon-
ducting gap in the active band with a minimum along the
[100] direction. Based on these results a p-wave order pa-
rameter d(k)=2A(sin ak,+isin ak,) where A, is the gap
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amplitude,? was proposed for the v band. For this d vector
the spin component of the Cooper pairs is parallel to the
RuO, plane while the orbital moments align along the ¢ axis.
The orbital symmetry suppresses scattering of Cooper pairs
between bands and as a result the passive bands develop only
small amplitude gaps which are modeled to go to zero at
intermediate temperatures on a line of the Fermi surface, thus
giving rise to the power-law behaviors observed. Note that
magnetic fluctuations, assumed to be responsible for the an-
isotropic Cooper pairing,”?° have significant orbital
dependence,®” and thus the temperature onset of the super-
conducting instability in the passive « and 8 bands can be
lower than that of the active 7y band.

In conventional BCS superconductors the energy gap A
can be directly measured through energy resolved tunneling
and electromagnetic spectroscopy techniques. Laube et al.
investigated the gap function of Sr,RuO, with 7-=1.02 K
using point contact spectroscopy.’! They extracted a value
for the gap of, 2A/kzT-=17 using an indirect method of
analyzing differential resistance as a function of applied bias
in terms of Andreev bound states based on the assumption of
the order parameter d(k)=2A,(k,+ik,) for the chiral p-wave
state. However, the work of Deguchi et al., which suggests
that this is not the correct order parameter for Sr,RuQO,,
places a caveat on this result. Laube et al. used excess cur-
rent measurements>> to explain the unusually large value of
2A/kT-=17. An additional pair breaking channel is invoked
to reconcile the magnitude of the superconducting gap and
the temperature dependent excess current. The scattering be-
tween quasiparticles and low energy bosonic fluctuations,
which probably originate from spin fluctuations in the super-
conducting order parameter, is proposed. Upward et al. per-
formed a more direct measurement of the gap by means of
measurements of the tunneling conductance parallel to the ¢
axis via scanning tunneling spectroscopy experiments.3
Their results show a suppression in the density of states of
Sr,RuO, which disappears at temperatures above 7 and in
the presence of a field larger than the critical magnetic field.
They determined 2A,,,,/kT-=8.0 at the surface, where A,
is the maximum value of the gap in k space. The relationship
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between A, and A, is dependent on the geometry of the
Fermi surface and the model order parameter; see, for ex-
ample, Ref. 25. Since the value of the gap at the surface may
be reduced from the bulk as a result of surface disorder,
8.0kT represents a lower bound for 2A,,, in the bulk. They
attributed this value, which is still substantially larger than
that expected within BCS theory for an isotropic gap within
the weak coupling regime, to strong anisotropy of the super-
conducting gap within the RuO, plane. While they question
the validity of the analysis of Laube et al., they note that
their result, which being a lower bound, is not inconsistent
with the conclusion of Laube er al.

We have taken an electromagnetic approach in an attempt
to gain further information regarding the superconducting
state of Sr,RuQO,. An advantage of this technique is that it is
not surface sensitive since electromagnetic radiation pen-
etrates on the order of a micrometer into the crystal. We used
very-far-infrared spectroscopy to compare the low frequency
reflectance of a high quality Sr,RuO, single crystal with a T
of 1.42 K and transition width 67 of 24 mK in the normal
and superconducting states. This method has been used to
extract the magnitude of the superconducting gap in conven-
tional dirty limit superconductors with an isotropic s-wave
order parameter.>*3 In such a case, since the density of
states is zero within the gap region at 7=0, absorption of
radiation with frequency less than the magnitude of the gap
is prohibited, unit reflectance is observed and the real con-
ductivity, o, vanishes for 0 <w=<2A, except for a 5-function
peak at zero frequency due to the superconducting conden-
sate. The conductivity is expected to increase monotonically
from zero just above 2A.

In the case of anisotropic unconventional superconduct-
ors, measurement of the superconducting energy gap is not
straightforward, but has been modeled by Hirschfeld et al.3
They considered an isotropic p-wave state as well as model
anisotropic states with points and lines of nodes on the Fermi
surface. They found that in general the frequency depen-
dence of the electromagnetic absorption in the superconduct-
ing state compared to the normal state varied considerably
from the singlet isotropic pairing case. They examined both
strong and weak impurity scattering strengths and calculated
the ratio of the superconducting state to normal state real
conductivity, og/ oy, for various scattering rates. They found
that for the isotropic p-wave case in the presence of weak
scatterers that unlike the BCS case there is a discontinuous
jump in absorption from zero to a finite value at 2A in the
clean limit. In the resonant strong-scattering limit they found
a dominant absorption edge at w=A with the possibility of
some absorption below A as well, due to the presence of
bound states near w=0. For nonresonant scattering the
threshold shifts to near 1.5A due to scattering processes be-
tween a gap edge, and the bound state, which has moved
away from zero energy. For anisotropic states they found that
there is finite absorption to zero frequency, but that the spe-
cific frequency dependence depends on the details of the
state. For strong (resonant) scattering og/ oy shows a broad
peak centered near A, which is absent for weak scattering. In
the weak scattering limit the frequency dependence of the
electromagnetic absorption obeys a power law which is de-
termined by the symmetry of the order parameter.
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The work of Hirschfeld ef al. shows that in principle, the
form of the electromagnetic absorption can be useful for
gaining information concerning the gap amplitude, and the
structure of the order parameter of the superconducting state
in the clean limit. Finite temperature, or increasing magni-
tude of the scattering rate relative to 7~ degrades distinctive
structure making it more difficult to distinguish between
states.’® Another complication is that collective modes of the
order parameter may also play a role in the electromagnetic
response of unconventional superconductors where they can
contribute to the power absorption at frequencies below the
quasiparticle gap edge at 2A.3%-3% Their response will look
similar to the bound-state peak centered near A that occurs in
the strong-impurity scattering limit.>

Our measurements were carried out on a single crystal
sample of Sr,RuO, grown in an image furnace by the float-
ing zone method. We measured an ab-plane face which was
8 mm long and 4 mm wide. In each case the power reflected
from the sample was ratioed to that from a reference mirror
at temperatures above and below the 7 of 1.42 K using a
Helium-3 Cryostat and step-and-integrate Martin-Pupplett-
type polarizing interferometer. This instrumentation is effi-
cient for very low frequency measurements. The measure-
ments were repeated with a metallic gold film evaporated in
situ onto the sample in order to ensure that the temperature
dependence observed was intrinsic to the sample. In prin-
ciple the absolute reflectance R could be determined using
this technique®® however, a reduced intensity of the power
spectrum at these low frequencies, and the fact that there is
little difference between the high reflectance of the sample
and the metallic gold film, resulted in the additional ratioing
required by this method of extracting R, increasing the noise
to unacceptable levels. Only the reflectance ratio between
temperatures below and above T is thus presented. We refer
to such ratios of the reflectance at two different temperatures
as “thermal reflectance” which represents the relative change
in the reflectance between the two temperatures.

Figure 1(a) shows the frequency dependence of the in-
plane thermal reflectance, defined to be the ratio of the re-
flectance in the superconducting state at 7=0.5 K to that in
the normal state at 7=1.6 K for measurements on the ab
face. Within the scatter of the data beyond ~35 cm™' the
thermal reflectance ratio is approximately one indicating that
the reflectance above and below T is the same. At lower
frequencies the thermal reflectance shows structure. Below
~20 cm™! the superconducting state reflectance is enhanced
by a maximum of =~1% over that in the normal state. This
implies that the electromagnetic absorption A in the super-
conducting state is less than in the normal state since R=1
—A for bulk metallic samples in the far infrared. In conven-
tional superconductors a monotonic Drude-like decrease of
the reflectance with increasing frequency is expected in the
normal state while in the superconducting state there is 100%
reflectance below 2A, beyond which there is an onset of
absorption due to excitation of electrons across the energy
gap. Thus, the ratio of the superconducting to normal state
reflectance will be enhanced at low frequencies, peaking at
2A. A BCS calculation assuming a Hagen-Rubens normal
state reflectance corresponding to the ab-plane resistivity of
Sr,RuO, at 1.6 K of =2 u)cm! however yields an en-
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FIG. 1. (a) Frequency dependence of the ratio of the reflectance
in the superconducting state to that at 1.6 K in the normal state
measured on an ab face [squares]. The inset shows the BCS predic-
tion for a normal state resistivity of 2 u{) cm. (b) The ratio of
reflectances for the gold coated sample at low and high tempera-
tures [circles].

hancement that is more than an order of magnitude less than
that observed experimentally as shown in the inset to Fig.
I(a). This result is not very sensitive to variation in the
ab-plane resistivity which ranges from 1-2 u{)cm.'#0
While the R¢/Ry enhancement in the BCS calculation in-
creases as the ab-plane resistivity increases, an ab-plane re-
sistivity of 10 u{) cm, which is five to ten times larger than
literature values for Sr,RuQy, yields a peak in R¢/Ry that is
five times less than the observed experimental result.
Figure 1(b) shows the ratio of reflectances for the gold
coated sample at low and high temperatures. The thermal
reflectance ratio for the gold coated sample is within uncer-
tainty approximately one for the frequency range investi-
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gated indicating that the reflectance is the same at 0.5 K and
at 1.6 K. Note that in order to increase the signal to noise
each curve of Figs. 1(a) and 1(b) represents the average re-
sult for an experiment which consisted of several days of
data collection. While these curves represent the best sets of
data obtained, other experiments produced similar results.
Error bars calculated using standard deviation are shown at
some frequencies.

As discussed above, the experimental challenges of mak-
ing these measurements at low frequencies preclude our abil-
ity to determine the absolute reflectance from which, with
Kramers-Kronig analysis, one could obtain the optical con-
ductivity. The optical conductivity could be used to make
comparisons with the predictions of Hirschfeld et al. for un-
conventional superconductors, with the caveat that their
work is limited to three-dimensional (3D) gaps while the
Sr,RuO, system is closer to 2D. What are needed are predic-
tions for the frequency dependence of the experimentally
measurable quantity Rg/Ry, from which it would be possible
to elucidate information concerning the magnitude of the en-
ergy gap and the structure of the superconducting order pa-
rameter in unconventional 2D and 3D superconductors. Our
measurements bear out that for light polarized within the
planes there is increased reflectance in the superconducting
state over an interval of =20 cm™! which peaks near 9 cm™'.
The magnitude of the enhancement is significantly larger
than expected for a conventional BCS superconductor. Since
Sr,RuQ, is established to be an unconventional anisotropic
superconductor the method of using the peak in Rg/Ry to
determine 2A, appropriate for conventional isotropic s-wave
superconductors, is likely inapplicable. The work of Hir-
schfeld et al.® shows however that even for unconventional
3D superconductors the changes in electromagnetic absorp-
tion due to the onset of superconductivity take place within
an interval of order 2A. We note that the range of the interval
where greater absorption is observed in the normal state rela-
tive to the superconducting state in Sr,RuQy is roughly com-
parable to the size of the gap deduced by Laube et al. while
the peak location corresponds approximately to the lower
limit placed on the gap by Upward ef al. This suggests that
the enhanced reflectance we observe at low temperatures is
due to the onset of superconductivity, and we conclude that
our results provide independent confirmation (i.e., by a tech-
nique distinct from tunneling) that 2A/kgT for Sr,RuO, is
considerably larger than the BCS result.
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