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Far-infrared electrodynamic response of( TMTSF),CIlO, in the normal and superconducting states
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The far-infrared reflectance of (TMTS}IO, has been measured at temperatures between 0.45 and 26 K in
the 10—70-cm? frequency range for light polarized along taexis conducting chains. Slow cooling of the
sample permits the anions to order near 24 K and a superconducting state to develop below 1.2 K while
fast-cooling yields an insulating ground state. The thermoreflectance was found to be temperature dependent
below the anion ordering temperature for the slow-cooling case only. A low-frequency edge in the absolute
reflectance and a peak near 30 Cmattributed to a phonon coupled to the electronic background, are found
to exhibit a strong temperature dependence in the relaxed state. The Kramers-Kronig-derived optical conduc-
tivity indicates that the 30-cm' mode becomes highly asymmetric below the ordering temperature. On
entering the superconducting state it is observed to shift upward in frequency as would be the expected effect
on the real part of the self-energy of a phonon coupled to the electronic system of a frequency greater than the
superconducting gap.
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The temperature-dependent normal-state far-infrared opthnia, however, carried out thermal conductivity measure-
cal properties of the quasi-one-dimensional organic supements and found that their results provided support for a
conductor (TMTSF)CIO, have been the source of consid- nodeless superconducting gap functtdrhey argued that
erable discussion over the yearS.A brief overview was the NMR experiment was not carried out at sufficiently low
given by Cacet al® Slow cooling of the sample permits the temperatures to determine the powephowever, left open
anions to order near 24 K resulting in metallic conductivity the possibility of an antisymmetric order parameter. Shima-
and the development of a superconducting state below 1.2 Kara proposed that the apparent contradiction could be re-
while fast cooling yields an insulating ground stiteAt solved by ad-wave gap function under anion order with the
room temperature the optical conductivity along the conductpairing interaction mediated by antiferromagnetic spin
ing chains exhibits a broad incoherent band, the low-luctuationst* In this model the anion order eliminates the
frequency limit of which tends to a value somewhat less tharine nodes of thed-wave gap function and a small finite
the dc conductivity. As the temperature is lowered the disenergy gap appears in the quasiparticle excitation spectrum.
crepancy becomes increasingly more pronounced; the ddear T, the closing of the already small energy gap would
conductivity growing dramatically while the real optical con- cause temperature dependences of observed guantities to be
ductivity develops a clear gap like depression belowsimilar to those for al-wave gap function with line nodes,
170 cmi'! which is accompanied by a significant growth in while for low temperatures behaviors corresponding to the
intensity of phonon lines. The prevailing explanation is thatsmall but finite gap are expected. On the other hand, pairing
the transport mechanism is via charge-density-wave fluctuanediated by electron-phonon coupling would likely be asso-
tions. The high dc conductivity is interpreted to result from aciated with conventional BCS-likewave superconductivity.
narrow collective mode associated with transitions across thBoth the magnitude of the specific heat jumpnd the en-
charge-density-wave gap while the broad incoherent band isrgy gap deduced from tunneling spectros¢8ave been
due to a strongly correlated Luttinger liquid® found to be consistent with conventional BCS theory. Fur-

The superconducting state of (TMTSEJO, has been thermore, evidence of strong electron-phonon interaction is
subject to very few studies, likely as a result of the Idw  found in infrared data as discussed below.
and the fragility of the brittle, needlelike crystals. Neither the Herein we report a study of the far-infrared electrody-
mechanism driving the superconducting instability, nor thenamic response of (TMTSELIO, along thea axis in the
symmetry of the superconducting order parameter have beanetallic state at temperatures which extend to the supercon-
established. In particular it is important to determine whetheducting state. We cannot probe the superconducting energy
the superconductivity involves a phonon mediated interacgap directly because according to the tunneling and specific-
tion or a more exotic one since the symmetry of the gapheat measurements it is found to have a typical BCS value
function is likely determined by the pairing mechanism. Us-and would therefore appear at frequencies lower than those
ing the technique of nuclear magnetic resonafiN®IR) accessible. We do, however, observe a shift of the low-
Takigawaet al. inferred an anisotropic order parameter van-frequency spectral features on entering the superconducting
ishing along lines on the Fermi surface from the absence of atate which indicates that the spectrum is influenced by the
coherence peak just beloW, in the nuclear relaxation rate superconducting ground state via an electron-phonon cou-
and aT® dependence at lower temperatuté8elin and Be-  pling.

0163-1829/2002/68)/0125084)/$20.00 66 012508-1 ©2002 The American Physical Society



BRIEF REPORTS PHYSICAL REVIEW B56, 012508 (2002

AL L B the insulating spin-density-wave state indicate that this

@) ¢ LA strong temperature dependence is associated with the relaxed

state. The inset to Fig.(8 shows the thermoreflectance,

defined to be the ratio of the reflectance at low temperature
to that at 26 K which is above the ordering temperature, for
both the slow- and fast-cooled sample. The slow-cooled
curves have considerable structure, in particular at low fre-
quencies. The fast-cooled results, however, make only small
excursions from unity, on the order of a percent, indicating
that the reflectance is essentially independent of temperature
in this range.

The peak near 30 cnt has been identified in earlier
work as a coupled electron-phonon mddé&®Eldridgeet al.
proposed that it is a zone-boundary acoustic phonon acti-
vated as a result of zone folding which accompanies the for-
mation of the ordered anion superlatticn their work the
mode was observed to broaden dramatically for temperatures
above the anion ordering transition, however, it was found
. that its intensity remained constantto/5 K, beyond which
T it was too broad to measure. Above the anion ordering tran-
20 40 60 sition they proposed that the absorption would occur due to
defect-induced one-phonon processes along the entire pho-
non branch. The rising reflectance between 50 and 75'cm

FIG. 1. Temperature dependence of the normal-state far-infrare@@n be attributed to the leading edge of a strongly
(a) reflectance andb) real optical conductivity of slowly cooled t€mperature-dependent phonon as also observed in Refs. 5
(TMTSF),CIO, along thea axis. In(b) the vertical lines at 5-cmt  and 6. Unlike the 30-cm" mode, this mode appears to gain
intervals indicate uncertainty in the optical conductivity as a resultoscillator strength as the low-frequency gap forms, presum-
of selecting a different low-frequency extension for the Kramers-ably due to the onset of charge-density-wave ofder.

Kronig analysis as discussed in the text. The insdtaompares The origin of the low-frequency edge is somewhat uncer-
the slow- and fast-cooled thermoreflectance. tain. According to Refs. 1 and 2 the rising low-frequency
reflectance is the falling edge of a phonon feature centered at

A mosaic of eight needle-like single crystals of 7 cm ! In other measurements a phonon mode was not
(TMTSF),CIO,, synthesized by electrocrystallizatibhwas ~ observed at 7 cmt,*®°and thus the rising low-frequency
constructed for the measurements. The crystals were alignedflectance was assumed to be the plasmalike edge of the
parallel with each other along treeaxis to obtain a surface zero-frequency mode which gives rise to the large dc
as flat and continuous as possible. The far-infrared refleceonductivity®® We infer from the strong sharpening of this
tance was measured using a step-and-integrate Martifeature in this narrow temperature range that it is highly sen-
Puplett-type polarizing interferometer with 2-Cfresolu-  sitive to the electronic structure. In Ref. 2 this feature, like
tion at temperatures ranging from 0.45 to 26 K obtainedthe one near 30 cnt, is attributed to an electron-phonon
using a helium-3 cryostat. A holographic far-infrared grid coupled mode.
polarizer was used to polarize the light along thexis of The considerable variation in both the magnitude of the
the crystal. At every temperature typically 16—20 scéofs reflectance and the presence or absence and strength of pho-
10-min duration eachwere averaged. Am situ gold evapo-  non features is a concern for elucidating the optical proper-
ration was used to obtain the absolute reflectaniith this  ties of (TMTSF),CIO,.6 Thermal cycling leading to surface
technique the absolute reflectance is correct to approximatelyeterioration is suspected to be the leading cause of the
+1% while the relative error between the curves at differentariation in the literature dafa*® The crystals used in our
temperatures is less. High-frequency extensions to enabkiudy were cooled only once slowly from room temperature
Kramers-Kranig analysis to obtain the optical conductivity to nitrogen temperature. They were then quenched to helium
were taken from literature d&t# as discussed below. temperatures, warmed to 90 K while data was collected, and

Figure 1a (main pari shows thea-axis reflectance of then slow cooled back to helium temperatures in order to
(TMTSF),CIO, at three temperatures in the normal statecollect data in the anion-ordered state. The data of Ref. 6
measured upon warming after slowly cooling the sample bewere used to extend our data to higher frequencies in the
low 40 K at a rate of approximately 0.1 K/min in order to Kramers-Kronig procedure for obtaining the optical conduc-
reach the relaxed state in which the anions are ordered andtigity since the limit of our data was found to be in good
superconducting ground state exitsNote that both the agreement. Beyond the high-frequency limit of Ref. 6 data
peak near 30 cm' and the rising low-frequency reflectance were taken from Ref. 18. The low-frequency extrapolation
are strongly temperature dependent. Additional measurevas more problematic. Given the extent of variation in the
ments for which the sample was fast cooled through the arliterature data in the far infrared, we used the phonon of Ref.
ion ordering temperature at a rate of 15—20 K/min to favorl and alternatively we assumed that the reflectance follows a
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Hagen-Rubens dependence below 10 &niThese are the

resistivity!® is shown for the slow-cooled sample in the nor-
mal state in the far-infrared in Fig.(d). The vertical line

segments at 5-cnt intervals indicate the magnitude of the
difference in the optical conductivity determined using the

1
[ AR LARES RALES L, I
most reasonable extrapolations under the circumstances al- 1__(a) gor- wa -]
though the Hagen-Rubens dependence assumes Drude trans- 8 C < fas'v,}’ ]
port which it is clearly not. Soesf x| mslow
The real conductivity calculated using the Hagen-Rubens 3 f 0 05 1 15 ]
low-frequency extrapolation consistent with the dc gt 7T K 3

Hagen-Rubens and the phonon low-frequency extrapolations — -
discussed above. The effect of the low-frequency extrapola- 'g .
tion on the optical conductivity beyond25 cm ! was neg- T : \ .
ligible. It is thus clear that while there is considerable uncer- }300 ] N N

tainty in selecting the correct low-frequency extrapolation, it
does not change the general trends observed in the data
above 15 cm!. We limit the optical conductivity to

60 cm ! because we could not measure the reflectance of
the phonon at the upper limit of our data to high enough Frequency (cm™)

frequencies to determine the temperature dependence of the

corresponding conductivity accurately. In agreement with FIG. 2. Comparison of the far-infrare@) reflectance andb)

previous work the lower limit ofr;(w) is orders of magni- real optical conductivity of slowly cooled (TMTSEEIO, along

tude less than the dc conductivity which implies that thefh® @ @xis at 1.5 K in the normal state with that at 0.45 K in the
uperconducting state. Vertical lines (b) indicate uncertainty as

geun;{i)\?i;;t?;eng? ?hgte (qeg(%r;?tlegeﬁﬁnge;fnepg ;: gta(l).ptAlcsald?S?rEiscussed in the text. The inset ta) shows thg ac susceptibilit_y '
cussed in the Introduction, the optical data available in themeasurﬁoI unﬁer ISIOW' aTd deSt‘CE()'e.d Cogd'tfonsl; The ﬁ"ow indi-
literature suggest the development at low temperatures of t%ategw ere the slow-coole ata begin to deviate from the tempera-
. . . re independence of the fast-cooled curve due to the onset of su-
mass-enhanced collective mode with width much less thaBerconductivity.
the low-frequency limit of the data, superimposed upon a
gapped low-conductivity single-particle bahds the tem-  approximately 1.2 K(indicated by the arroythe slow-
perature is lowered in Fig. (i) the low-frequency back- cooled curve deviates from the temperature independence of
ground optical conductivity decreases in magnitude, whilehe fast-cooled data as expected with the onset of supercon-
the 30-cm ! mode becomes more asymmetric, appearing aguctivity, thus confirming that the relaxed state has been
an antiresonance. The sensitivity of this mode to changes ireached under slow-cooling conditions and that for tempera-
electronic structure support its assignment as a strongliure below 1.2 K the sample is superconducting. Note that
coupled electron-phonon mode. The limit of the optical con-both the low-frequency edge and the 30-cmmode in the
ductivity of Fig. 1(b) at the lowest frequencies shows that thereflectance of Fig. @) (main parj shift to higher frequency
gaplike depression continues to develop over this very naby approximately 2 cm! upon cooling from the normal
row range of temperatures and thus suggests that it istate at 1.5 K to the superconducting state at 0.45 K. There is
strongly affected by the anion ordering. a corresponding shift in the antiresonance near 30 tin
Because acoustic modes play an important role in the suhe optical conductivity, shown in Fig.(). This shift up-
perconductivity of simple metals exhibiting the conventionalward in frequency opposes the trend found in the normal
electron-phonon mediated pairing interactibftit is of par-  state where both the 30-cth mode and the low-frequency
ticular interest to examine the effect of the onset of superreflectance edge shift down in frequency with decreasing
conductivity on the mode near 30 crh In Fig. 2a) we  temperature. Since it has been established that these features
show a detail of the-axis reflectance of (TMTSKLIO, in  are highly sensitive to the electronic structure, it can be as-
the relaxed state under slow-cooled conditions at the lowestumed that this behavior is the result of the change in elec-
temperatures measured. The corresponding optical condutronic structure upon entry into the superconducting state.
tivity is shown in Fig. Zb). In order to confirm that a super- For a BCS superconductor, an energy gap ol,2
conducting ground state was attained under the experimental 3.5X T, is expected to open up in the density of states at
conditions used, ac-susceptibility measurements were carriddw temperature. A BCS superconductor with a nodeless iso-
out with a susceptometer based on the design of Ref. 22 artcbpic gap function will thus have a sharp threshold of ab-
configured for the same Fleryostat that was utilized for the sorption at 2. According to tunneling measurementa 2
optical measurements. The mosaic sample used for the opis ~2.8 cm *® which is below the range of accessible fre-
cal experiment was mounted within the ac susceptometer oquencies. However, the interaction of the superconducting
a cold plate of the cryostat and measurements were takesarriers with strongly coupled phonon modes will also reflect
upon warming from 0.4 K with both the fast- and slow- this shift in the density of states giving rise to changes in
cooling procedures reproduced as closely as possible. Thghonon structure. For example, in conventional BCS super-
results are shown in the inset of FigaR At a temperature of conductors such as Pb the contribution to the spectrum due
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to Holstein emission, wherein a photon is absorbed and aptical mode at 30 cm below T., which identifies a
phonon is emitted resulting in absorption thresholds with onhigher-energy phonon modehich would not contribute to
set at the various phonon frequencies, is shifted by the gajiie thermal conductivity at low temperaturéisat is coupled
2A.%%|n the highT, cuprate superconductors modification of strongly to the electrons forming the superconducting con-
the Fermi surface, caused by the opening of the supercorflensate may provide new constraints for theoretical models
ducting gap, results in Changes in the real and imaginar{pr the mechanism of SU_percondUCtiVityin this SyStem which
parts of the self-energythe resonance frequency and line- fémains an unresolved issue. )

width, respectivelyif the phonon is coupled to the electronic /N summary, the optical properties of (TMTSEIO,
systen?® The hardening of the 30-cmt mode of have been examined along thexis at low frequencies and

(TMTSF),CIO, on entry to the superconducting state is con-ter?;piroatggfes t\grr:]'cgr:txtf;d déntgngheemf:pgégg?dggt'n%esgaiﬁé
sistent with its resonance frequency lying above the gap, a-g peralu P DServed w
ample was cooled slowly through the anion ordering tem-

is the slight broadening due to the opening of an addltlonaierature was absent when the sample was quenched quickly

decay channét: from liquid nitrogen to helium temperatures. This suggests

Itis instructive to compare these findings with _th_e r.eSUI.tSthat there is a strong coupling between the electronic back-
of the above-mentioned study of thermal conductivity in th'sground and the features in the reflectance below 50" cim

system. Since the lattice thermal conductivity beldwap-  the relaxed state where the sample is metallic at low tem-
peared to be unaffected by the condensation of electrons Berature. In particular, the mode near 30 ¢ntakes on a
the superconducting condensate, Belin and Beéfirgan- highly antisymmetric form at low temperatures. Upon entry
cluded that the acoustic phonofwhich are the only ther- 5'the superconducting state both the 30-émode and the
mally available modes at sub-Kelvin temperatiirag not |o,y.frequency reflectance edge are observed to shift upward
strongly coupled to electrongThis contrasts with the case of i, frequency indicating that there is a coupling to excitations

k-(BEDT-TTF),Cu(CNS), where thermal conductivity does ¢ quasiparticles across the superconducting gap.
detect such a coupling between low-energy phonons and

electrons’®] Hence this new result,e., the hardening of the Financial support was provided by NSERC of Canada.
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