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Low-frequency excitation in the optical properties of superconducting CeColng
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The far-infrared optical response of CeColns, a superconducting heavy fermion metal with a 7 of 2.3 K,
was investigated from 5-40 cm™' at temperatures from 0.5-2.5 K using a polarizing interferometer and a He3
cryostat. A strong absorption feature is revealed at low temperatures which appears to be a gap in the density
of states, reminiscent of the energy gap seen in the hidden order state in URu,Si,. The depth of the spectral
structure decreases with increasing temperature from 0.5 to 2.5 K indicating that the characteristic temperature
for this behavior is close to the superconducting 7. A peak in the superconducting state Kramers-Kronig-
derived optical conductivity occurs just above the gap at 1.5 meV.
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I. INTRODUCTION

The superconducting pairing mechanism in strongly cor-
related f-electron systems has intrigued researchers during
the last decade. An attractive interaction between the elec-
trons resulting from the virtual exchange of spin fluctuations
was suggested to be responsible for the superconductivity
rather than the one usually seen in ordinary metals which is
due to the exchange of phonons.'= It is believed that the
superconductivity found among these materials occurs in the
vicinity of a quantum-critical point (QCP) where the charac-
teristic temperature of a magnetically ordered ground state
approaches zero temperature.'* An interesting example of a
magnetically ordered state is the “hidden-order” state in
URu,Si, that occurs at 17 K, well above the superconducting
transition at 1 K.> The optical reflectance of this material
develops a sharp minimum at 17 K and Kramers-Kronig
analysis shows that this is the result of a gap in the
frequency-dependent conductivity.® Tunneling measurements
show that this is a gap in the density of states.”® However dc
resistivity shows very little change at 17 K suggesting that
only parts of the Fermi surface are gapped and the remaining
regions are able to supply the carriers responsible for the
superconducting transition. The initial suggestions that the
state that develops at 17 K is a spin-density-wave state have
been challenged recently® on grounds that while quantities,
such as the specific-heat coefficient are large, the ordered
moment is very small and at this time the 17 K state in
URu,Si, is not well understood. For this reason it would be
interesting to find other systems where a hidden-order state
might be present. We suggest that one such material might be
CeColns which also has an anomalously large specific-heat
coefficient but no measurable bulk moment. CeColns has the
highest superconducting critical temperature, 7,=2.3 K,
among the known heavy fermion materials at ambient pres-
sure. In the limit as 7— 0 tuning parameters such as chemi-
cal doping,” pressure,'” and magnetic field'""'? yield phase
transitions to a magnetic state indicating proximity to
quantum-critical behavior.
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As T—0, a Landau Fermi liquid exhibits a 7> dependence
of the resistivity and constant C/T and y, where C is the
specific heat and y is the magnetic susceptibility. In contrast,
the resistivity in the normal state of CeColns is approxi-
mately linear in temperature while the susceptibility exhibits
a modified Curie-Weiss behavior and the specific heat di-
verges as T In T when a magnetic field is applied to quench
the superconductivity.!"!3-17 A deviation from the Landau
Fermi-liquid state occurs when a system is located near a
QCP and its physical properties are affected by strong spin
fluctuations. The non-Fermi-liquid behavior exhibited by
CeColn;s is interpreted to be an indication that it lies near an
antiferromagnetic (AFM) region in phase-space and that a
transition to the magnetically ordered state would have been
observed in the absence of superconductivity at the QCP.!%!8
This is further supported by normal-state nuclear-spin-lattice
relaxation-rate measurements which find rather than the lin-
ear temperature dependence expected for a Fermi liquid, a
T"* dependence of 1/T; characteristic of when 1/T is gov-
erned by strong AFM spin fluctuations.'3

At ambient pressure the magnetic field at which Fermi-
liquid behavior is recovered, Hcp, has been found to be very
close to H,, the magnetic upper critical field at which su-
perconductivity disappears,'"!? which initially suggested that
superconducting fluctuations might be responsible for the
non-Fermi-liquid behavior in CeColns.!” Recent work?%?!
however has shown that under pressure Hgcp and H, sepa-
rate, from which it is concluded that the coincidence of H,
and Hgcp at ambient pressure is accidental and that the
quantum-critical fluctuations which produce the non-Fermi-
liquid behavior have another origin.

Recent neutron-scattering measurements have found a
sharp spin resonance which develops in the superconducting
state of CeColns at 1=0.60 meV in the absence of long-
ranged spin correlations, similar to that observed in the su-
perconducting state of the cuprate superconductors
YBa,Cu;04,, and Bi,Sr,CaCu,0g4 near 41 meV.?? Since the
physics governing the competing magnetic and supercon-
ducting ground states lies in the details of the electronic
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FIG. 1. Frequency dependence of the ratio of the reflectance at
various temperatures to that at 2.3 K just above T in the normal
state. The curve with solid diamonds shows the corresponding ratio
of reflectances for the gold-coated sample at 0.5 K to that at 2.3 K.

structure at low energy, it is of significant interest to examine
optically the spectrum of excitations of CeColns at low en-
ergy and temperature.

The normal-state optical properties of CeColns have pre-
viously been investigated.?>>> In these studies it is found
that with decreasing temperature the optical conductivity
evolves from Drude-type behavior at room temperature to a
multicomponent form at the lowest temperatures consisting
of a highly renormalized narrow mode at low frequencies
separated by a minimum from a higher frequency feature
centered near 600 cm™'. This behavior results from hybrid-
ization between the localized f electrons and conduction
electrons. Intraband transitions within the lower band pro-
duce the narrow Drude-type feature while interband transi-
tions between the hybridized bands produce the higher en-
ergy feature. Herein we present the results of optical
measurements of CeColns which provide spectroscopic evi-
dence for the presence of a gap in the density of states that
develops just above the superconducting transition tempera-
ture.

II. EXPERIMENT AND RESULTS

Frequency-dependent measurements of the electromag-
netic response of a single crystal of CeColns at various tem-
peratures were carried out with a Martin-Pupplett-type polar-
izing interferometer and a *He cryostat. This combination of
instruments is optimized for measurements at low energy.
The ratio of the power reflected from the sample to that from
a reference mirror was measured. In Fig. 1 the reflectance
ratio between selected temperatures below 7 and that at 2.3
K, which is above T, are presented. Such ratios of the re-
flectance at two different temperatures are referred to as
“thermal-reflectance” ratios and represent the relative change
in the reflectance between two temperatures. Note that while
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FIG. 2. Temperature dependence of the depth of the dimension-
less low-frequency absorption feature observed in the thermal-
reflectance ratio. (See text for definition).

the thermal reflectance ratio is essentially unity (indicating
no change in reflectance between the two temperatures of
interest) above approximately 12 ¢cm™! that at lower frequen-
cies a strong absorption feature sets in as the temperature is
lowered. The oscillations on the order of £0.5% that can be
seen in the data are due to incomplete cancellation of inter-
ference fringes resulting from windows, filters, beam split-
ters, etc. within the optical path. The measurements 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. Since the reflectance of
gold has negligible temperature dependence at these low
temperatures the thermal-reflectance ratio is expected to be
unity. The curve indicated by solid diamonds in Fig. 1 shows
the thermal-reflectance ratio of the gold-coated sample at a
temperature of 0.5 K compared to that at 2.3 K. Note that as
expected, within experimental uncertainty, the thermal-
reflectance ratio is unity, and that the absorption feature is
absent.

III. DISCUSSION AND ANALYSIS

To parameterize this absorption feature we plot in Fig. 2
an estimate of its depth as a function of temperature at all
temperatures for which spectra were collected by subtracting
the average value of the thermal-reflectance ratio at the low-
est frequencies measured from the average value of the base-
line between 20 and 30 cm™'. The appearance of this feature
in the spectra seems to correspond closely with the tempera-
ture of onset of the superconductivity. (Without higher tem-
perature measurements one cannot rule out from these
thermal-reflectance data, the possibility that the suppression
starts above T-. We show below that the absolute reflectance
confirms the absence of the feature at 2.3 K in the normal
state). In conventional superconductors one expects the zero-
temperature superconducting-state reflectance, Rg, to be
unity at frequencies below the superconducting gap while the
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normal-state reflectance, Ry, follows a monotonically de-
creasing Drude form with increasing frequency. Thus the
thermal reflectance ratio Rg/Ry will peak at the gap with a
value greater than unity. At finite temperatures below 7 the
peak becomes smaller and shifts down in frequency as the
superconducting gap is reduced in magnitude. Materials that
have shown such behavior include the layered Ruthenate
Sr,RuO, (Ref. 26) and the graphenelike superconductor
CaAlSi.?” By comparison the results for CeColns are quite
different. The observed optical response of CeColns is remi-
niscent of that of materials in which the excitation spectrum
of itinerant charge carriers is affected by a Fermi-surface
instability which gives rise to a magnetic state, such as the
spin-density-wave (SDW) transition in Chromium,”® AFM in
UCus,?® UPd,Aly and UPty (Ref. 30) and the hidden-order
transition in URu,Si,.° In these materials an energy gap ap-
pears at low frequencies in the optical conductivity associ-
ated with the onset of the phase transition. Its signature in the
reflectance is a strong absorption feature at finite frequency,
which gives rise to a pseudogap in the optical conductivity.
Note that in these materials it is believed that only a fraction
of the carriers are involved in the SDW-like phase transition;
the remainder contributing to the low-frequency Drude be-
havior. If the phase transition occurs at a temperature well
below the onset of coherence then the Drude peak is very
narrow and the absorption feature appears essentially as a
peak on a very low background conductivity (assuming elec-
tronic transitions occur at higher frequencies). This is the
case for URu,Si,, UPd,Als, and UPt;.3° If on the other hand
the phase transition occurs at a temperature comparable to
the coherence temperature as in UCus (Ref. 29) or in a ma-
terial that does not show low-temperature heavy-electron be-
havior such as Chromium,”® then the gap excitation appears
as a small peak or shoulder on the Drude background.

In the case of CeColns the temperature at which the ab-
sorption feature appears (=2 K) is well below the tempera-
ture at which the resistivity begins to fall (=40 K) from its
maximum value and thus behavior similar to that of
URu,Si,, UPd,Als, and UPt; would be expected. That is, an
absorption peak on an otherwise low background conductiv-
ity. It is thus of interest to examine the low-temperature op-
tical conductivity which can be obtained from the absolute
reflectance via Kramers-Kronig analysis. In principle the
gold-coated spectrum allows one to determine the absolute
reflectance.?!' Fig. 3 shows the absolute reflectance at 0.5 and
2.3 K obtained by dividing the sample spectrum by the gold-
coated sample spectrum. As shown by the error bars the un-
certainty is on the order of £0.0075. Thus structure in the
data of this order of magnitude is indistinguishable from spu-
rious noise or oscillations, which if they cause the reflectance
to vary close to, and exceed unity cause difficulties for the
Kramers-Kronig procedure. For this reason it was not pos-
sible to perform Kramers-Kronig analysis on the 2.3 K data.
Note however that within the error bars no absorption feature
is detected. Since the absolute reflectance of the 0.5 K data is
several percent less than unity at low frequencies the
Kramers-Kronig procedure could be carried out. At higher
frequencies the reflectance data was extended using results of
Singley et al.?®* at 10 K. The levels of the two data sets
matched well. More of a challenge was the extension of the
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FIG. 3. Absolute reflectace at 0.5 K in the superconducting state
and at 2.3 K in the normal state. At low-frequency solid and dashed
curves show extensions of, respectively, R=1 and HR with
p=2 puQcm. Also shown (solid curve) is a smoothed result
through the 0.5 K data used for Kramers-Kronig analysis.

data to zero frequency. Since CeColns is metallic the reflec-
tance is expected to be unity at zero frequency. We found
that extensions from w=0 to the start of the data that yielded
physical values of o;(w) were those with high reflectance
(R) such as Drude or Hagen-Rubens (HR) extrapolations
consistent with the dc resistivity above T or R=1 (as would
be expected in a conventional superconductor below T¢) fol-
lowed by a sharp decrease to the start of the measured data.
Two such example extensions are shown in Fig. 3. Also
shown is a smoothed curve through the data at higher fre-
quencies which eliminates the spurious oscillatory structure
discussed above. In the inset to Fig. 4 we show the Kramers-
Kronig-derived optical conductivity for the smooth curve
with the two low-frequency extensions shown in Fig. 3.
There is little difference in the results above =~8 cm™,
which sets a lower limit on the reliability of o(w). In the
main figure we show in addition to the data of the inset, the
0.5 K conductivity estimated from microwave surface im-
pedance measurements of Ormeno et al. who have resolved a
very narrow Drude peak with a scattering rate on the order of
0.5 cm™! providing evidence for a clean-limit supercon-
ductor with a superconducting order parameter with line
nodes similar to the High T cuprate superconductors.’> The
microwave measurements show the peak narrowing by al-
most two orders of magnitude below T.. Ormeno et al. at-
tribute the strong temperature dependence of the scattering
rate below T to interactions with spin fluctuations. The
pseudogap of magnitude w=12 cm™'=1.5 meV, that we
observe in the optical conductivity is reminiscent of that ob-
served in UPd,Al; and UPt; attributed to magnetic correla-
tions between localized and delocalized carriers, and that as-
sociated with the hidden order state in URu,Si,. In these
materials its appearance correlates not with the onset of co-
herence but rather with the emergence of a low-temperature
magnetic-phase transition. From this we infer that it is not
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FIG. 4. Real-optical conductivity at 0.5 K. The solid circles at
low frequency are from the microwave measurements of Ormeno et
al. Curves are the data of this work derived from Kramers-Kronig
analysis. The solid and dashed curves are the results for
low-frequency extensions of, respectively, R=1 and HR with
p=2 pQ cm. The inset shows a magnified view of the results of
this work.
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the superconductivity that gives rise to the observed
pseudogap in CeColns but rather magnetic excitations result-
ing from the proximity to a QCP.

IV. CONCLUSION

Our results indicate that there are carriers in CeColns that
are sensitive to an underlying ordered state, which may be of
magnetic origin, with a characteristic temperature that lies
very close to the superconducting 7. Their presence is
manifested in a low-frequency pseudogap feature of magni-
tude 1.5 meV that is distinct from the hybridization gap and
which is similar to a feature observed in the optical response
of other heavy-electron superconducting materials.
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