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We report on the observation of phonon self-energy effects in the vicinifl,0f the organic supercon-
ductor x-(BEDT-TTF),CUu N(CN),]Br, and their interpretation in the framework of strong electron-phonon
coupling. The data qualify anomalous temperature dependence of the low-frequency phonons around and
below T., and are consistent with an isotropic gap2close to 2.8 meV. Significant frequency shifts are
recorded which allow us to evaluate the electron-phonon couplirigr energetically weak phonons. The
subsequent calculated values agree well with a superconducting transifigrn 1.6 K.

In cuprate superconductors, Raman spectroscopy and neguency softening of the lowest energetic phonon and the
tron scattering were exploited to scrutinize the phonorhardening of a Iimit_ed number_ of phonons_in addi_tion to
anomalies and quasiparticle dynamics arising in the supe@nomalous broadening. Thus, in contrast with previous re-
conducting staté-® The electronic dressing of the Ports, we deliver more stringent lower and upper limits of the

, A,. Our interpretation is founded on extending
phonong'® as well as the nature of the order parameter 92P €Ne€rgy ao. LUl L !
were examined in detdl’ In particular, much effort focused the Zeyher and Zwicknag?’Z) theory”® to an OSC. Experi-

on explaining strond variations in the phonon self-ener mental variations of RE (w) are used to directly infer par-
plaining 9 P ENerGYial electron-phonon coupling constants consistent with the
> (w), which were regarded as meaningful for validating observed critical temperature of 11 K.

phonon-mediated pairing mechanisfns” Indeed, phonons  The objects of investigation were diamond shaped, sub-
which are strongly coupled to electronic excitations near thenillimetric, untwined, superconducting single crystals se-
Fermi level are likely to be sensitive to the opening of thelected from the same crystallization batch, typically 0.3
superconducting gap/& The outcome in Raman spectra is X 0.2x0.05 mm in size. Their habit was checked with x-ray
the concomitant appearance of asymmetrical Breit-Wignerdiffraction. The crystallographia, c, andb axes were ascer-
Fano shapes, anomalous damping, phonon hardening, atained parallel to the long and short diagonal of the diamond,
phonon softening below, . In the highesfF, family of the ~ and perpendicular to the (010) plane, respectively. The crys-
Organic superconductotgsc's K-(BEDT-TTF)z)( (Where tals Were attached W|th a heat tr-ansfer Compounq near a
BEDT-TTF or ET is the bitethylenedithigtetrathiafulvalene ~nominal-temperature silicon diode in a vacuum loading, he-
moleculd such investigations have been essentially pre_I|um cooledz continuous flow shielded ‘microcryostat. The
cluded because of the extreme difficulty in measuring minutd2West possible temperature reached with this device was 5
energy shifts belowl,. When the A pair-breaking peak K~T/2. The Raman specira were collected under a micro-
occurs between 40-70 meV in cuprates, in organics one excOPe(objective X 50) by a triple grating spectrometer with
pects it to be lower by one order of magnitude, with low- & Ilqwo_l-nltrogen cooled charge-coupled device detector. The
energy optical phonons as small as 2.2 to 13 e, excitation w, =1.83 eV from a K" laser was chosen to get

Recently, claims for phonon hardening closeTiowere ~ OPtimal spectral resolution&y~0.2 cm *).*° To account

_ for a possible spectrometer drift, a number of plasma-
reported by two groups fae-(ET),Cu(NCS), (T.=10.4 K) . :
and k- (ET),CUN(CN),]Br (T,=11.6 K).1*14 Beside these discharge lines were recorded before each measurement, and

. : . . calibration corrections were added to frequency values when
two experiments which characterized an anoma]ous behav'c?{eeded. Attention was paid to keep the laser power as low as
of ReX(w), there has been no report that confirms phonogbossible(sz KWi/cn?) and to avoid sample heating.

renormalization, and a model that offers a coherent interpre- "+ cne should exercise extreme care when inter-

tation is still lacking. The very existence of such events in reting the Raman spectra since instrumental resolution and

OSC's is an issue of central interest. Thus, one may wond honon bandwidth can have the same order of magnitude.

whether the phonon.self-ene@/(w) EXperences S|zeab|_e Therefore, Lorentzian fits were discarded. In order to obtain
shifts belowT, anq if so, Whether such shifts haye bearlngreliable phonon frequenciesand widthsl’, we extracted the
on the understanding of organic superconductivity. The ori-, = R
gin of the phonons possibly involved in such effects is alsdfirst and second momentd, = w=2 w;li/>l; andM,=T
elusive. Finally, this would allow for an unprecedented =2(w;—®)?l;/X1;, wherew;, |; are the frequency and in-
evaluation of the coupling of the phonons with continuumtensity of a given spectral channel, respectively, with sum-
states of the superconducting condensate. mation extended around the spectral maximum._This proce-
These issues are addressed in this paper where ature insures a parameter-free determination «ofwith
extensive analysis of anomalous temperature-dependenbntrollable absolute errdrswhich in our case are typically
phenomena affecting the Raman spectrum  oftwice the theoretical resolution of the spectrometer.
k-(ET),CUN(CN),]Br is reported. NearT., our results Raman spectra were recorded(at), (ac), and(bc) scat-
provide evidence for a crossover region between the fretering (Fig. 1) and also from a crystal rotated in the (010)
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FIG. 1. Typical low temperature micro-Raman spectra obtained T

on ax-(ET),CU N(CN),]Br single crystal, recorded ifao), (co), mec |

and (bo) scattering. (*) Reference line. (R 7

plane. The good resolution of the bands at 57, 67, and 7< 33 . 7 el

cm 1 in (co) scattering allows us to follow their temperature ji ™ ]

dependence with sufficient accuracy. The previously unre- 3 4 T .

. i ~ : &
ported spectrum taken on the crystal sli¢ec)] is roughly }; ; ]
similar to that taken in crosse@c polarization, the main 3L 36" [ . ]

difference being the relative intensities of the phonons at 19, L ‘ , 5240 , e

33, and 42 cm®. The (a¢ and (bc) spectra confirm the ex- 0 50 100 150 200 0 50 100 150 200

istence of a phonon at 19 ¢, quite intense iffac) scatter- Temperature (K) Temperature (K)

ing. The low-frequency phonons obey the selection rules of

]IE)thr:epresentta]:téon§ lan(i].arr]ebtoltally Stycrgmetgch, e)icept 67, and 102 cm®. The circles are the frequencies, the diamonds the
or . eonea cm-which belongs 29+ .epara € ©X- \idths. The solid lines are anharmonical decays and guides to the
periments performed on ET crystals and thiocyanate saltéyes' The widths of the 19 and 24 chphonons(open and solid

indicated that the modes at 19 and 24 crare likely to stem  giamonds, respectivelyare plotted against a double-sized tempera-
from the anion sublattice while the strong mode at 33 €m e scale.

may originate from ET dimers.
The temperature dependenced’gpoint phonon frequen-

FIG. 2. Self-energy effects on the phonons at 19, 24, 33, 44, 58,

of this phonor? contrasts to the sharp-peak edge observed
by us for the 19 cm?! line and may be caused by a much

) N Shorter electronic mean-free path in cuprates. The behavior
results single out p_honon renormalization n&aras shown of the phonons above the gap 24 cm2) is qualitatively

by the increase 0w andsI" with respect to the bare values different: again the prediction of the ZZ theory 6K T, is
extrapolated from anharmonic curdséw finally exhibits  verified sincel’ and% monotonously increase. Therefore,
much steeper jumps with greater magnitudes than in Ref. 14ve conclude that the low-frequency phonons in
Close toT, we find that a number of phonons hardet  «-(ET),CU N(CN),]Br sense the opening of a gap\g in
~24, 33, 44, 58, 67, 74, 102 cnh), while the shift of the the range 2.3—-2.9 meV.

most energetic phonons scales to zgr®0, 153 cm ). This Our strategy now will be to estimate the electron-phonon
trend is accompanied by the broadening of the modes at 24pupling for the phonons subjected to renormalization below
33, 44, and 102 cm* below T, an observation unreported

so far. Interestingly, the frequency and linewidth of the 19 1A E | Frequency at 5 K, absolute and relative frequency

_1 . .
cm ~ phonon display a steep increase around T fol-  ghifts (hardening as obtained from this work, real part of the elec-

lowed by monotonous decrease at lower temperatltf&s  {onic polarization function corrected for strong coupling and
2). This behavior is similar to that of the acoustic phonongjectron-phonon coupling constants.

reported at the same energy #a(ET),Cu(NCS),.*3

We attribute these self-energy effects to the developmenf, (cm-1) 50 (cm™Y)  Sw/w 11(@)/N(0) A,
of a temperature-dependent isotropic gap(Z),'° which
spans the phonon energy» belowT.. Our results corrobo- 19 0.6(+x0.2) 0.029  1.0600 0.1%(0.04)
rate what is expected in the frame of the clean-limit Zz24 1.6(x0.3) 0.068  1.0014 0.13(0.03)
theory: sincel is sensitive to the quasiparticle density of 33 0.6(+0.4) 0.018  0.6474  0.0570.038)
states atiw, the condition A(T)<# w is satisfied neaf.. 44 0.6(x0.3) 0.014 0.4299  0.064{0.032)
On cooling, the phonon hardens unthT) =% w. Thenfi w 58 1.4(x0.2) 0.023 0.2862 0.16{0.02)
falls in the gap, A(T) reaches a maximum exceeding the 67 1.3(+0.2) 0.020 0.2303 0.1%0.03)
phonon energy, and consequently the phonon frequency soft4 0.9-0.4) 0.012 0.1979 0.12(0.05)
ens wherea$' rapidly decreases. One may recall the similar102 1.3¢0.4) 0.014 0.1200 0.19(0.08)
behavior of '(T) for the 340 cm? phonon found in the 130 not detectable 0 0.0815 0
YBa,Cu;O; high-T,. superconductot® in which 2A, was 153 not detectable 0 0.0626 0

determined at=440 cm 1. The monotonous frequency drop
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T, by fixing the value of the gap parameter. The basic tool ofx-(ET),Cu(NCS),. It was demonstrated that the
our approach is the ZZ formalism, in which the optical pho-T -effective mass dependence is best reproduced assuming
non frequency shiféw [ReX(w)] and the broadeningl”  an effective attractionu* =—0.2 and, therefore, an addi-
[—ImZ(w)] below T are proportional to the real and tjonal electronic pairing mechanism has to be involved. In-

imaginary parts, respectively, of the electronic polarizationgteaq as far as we are going to estimate the extreme require-

functionTI(q=0,0): ments for a purely phononic pairing, we will set a repulsive
e _ value u*=0.1, as already chosen in interpreting point-
dw=101'=(wM2)T(q=00)/N(0). @ contact spectroscopy dataFor aT,~11 K, Eq.(3) yields
On the right-hand sidey is the phonon frequency in the 0.81<\,;<1.0. Then, quantitatively, the conditiof#) is
normal metallic statel the dimensionless electron-phonon satisfied and 0.58 (1+ \;) ~'<0.55.
coupling constant for the given phonghandN(0) denotes We adopt a value of 2,=2.8 meV (22 cm 1), and we
the one-spin density of states at the Fermi level. Providingorrect the BCS polarization function E) by the strong-
Swlw is measured and the polarization function is properlycoupling factor (& \.) '=0.53. We assume thak(T)
calculated, Eq(1) directly affords the coupling constanks  opens completely at the lowest accessible temperdipyg
=2(dwl/w)/(Rell/N). ~T./2, and that Eq(2) gives correct results at this tempera-
It is now well established that OSC’s are good representyre. Accordingly, the absolute frequency shifio of the
tatives of clean-limit superconductors, with an electronicphonons is calculated by a difference between the frequen-
mean-free path which exceeds considerably the correlatiogies 45 K andT,. For the phonon at 19 cit, we use again

length?! In the simplest, clean, weak-coupling limit, the real Eq. (2) with Sw calculated at the frequency maximum just
part of the polarization function is given at zero temperatureb : —
by:15 elow T, taking, however, &(T)=Aw<2A,.

Table | presents the calculated values of the electron-

B — — [~ phonon coupling constanis for the low-frequency phonon
Rell(q=0.0) :In(2v —1+2vVy 1) (zy  branches. Assuming that the values forT-point phonons
N(0) e /:vz—l are uniformly spread over the Brillouin zone, one gefs

=0.97+0.11. This value lies at the upper limit estimated

where v is the dimensionless frequenay/2A,. Here, we oM McMillan's formula. o
restrict ourselves to the expression valid for frequency hard- W& now comment on the striking fact that calculated par-
R L . . . tial A values are up to one order of magnitude greater than
ening, i.e.,»=1, which is the case of interest in this work. 9 i h .
: . . those of YBaCu;O,.” This can be explained if one recalls
However, since Eq(2) applies for weak coupling, tha

values would always beinderestimated Therefore, one that «-(ET),X superconductors are near the border of an

should consider strong coupling effects if they do exist. The insulator-metak|-M) transition, which can be switched on

can be pictured by a smearing of the sharp featurd(in) y Cl or | substitutions for Bf/ Therefore, it is plausible to
around the pair-breaking edgeh2and substantial reduction expect that particular phonons can substantially modulate the

. electronic density of states leading to anomalous large
of the absolute values of the self-energy with respect to the Finally, we note that the low-frequency phonon spectrum

weak-coupling limit*>??Nicol et al?® have proposed an ap- of «-(ET),CUN(CN),]Br consists of many phonon

S&ZXQI‘? vev ?rl:éi?Ir?gt:gc?gréobacigﬁgir;glitzkilr? SE{LOengr]i Cﬁgﬁg?\g'branches: the correct number of intermolecular vibrations of
P y 9 9 the ET molecules is 48, in addition to 84 anionic vibrations

side of the BCS formula2) with a correction factor (1 of which =~24 involve the heaviest atoms, and several low-

_1 i i = .
A or) in which )‘EOt 2<)">.BZ stands for the total_ frequency intramolecular ET vibratioR%.Our estimate of
electron-phonon coupling resulting from average summation _ . 3
S o partial A values shows thatnly 8 phonon branches are suf
over all vibrational branches of the Brillouin zone.

In order to estimate the strong coupling correction we usé‘icient to account for the magnitude of the total electron-
the standard McMillan's formuf4 phonon coupling. Thus, a precise assignment of these vibra-

tions in the crystal would be required in any microscopic

T 10414\ theory of organic superconductivity in this phase.
—BC _ex : tot ) In summary, we have presented and interpreted anoma-
114 wq Mot— m* (14 ({ @) wo) N ior) lous variations ofS(w), which characterize the supercon-

ducting transition neafl; in x-(ET),CU N(CN),]|Br. The
uncertainties in our measurements are clearly much lower

No<15 4) than the observed effects. We provide evidence for large

tot=4.9- s )
variations of phonon frequency and damping rBt@cross

The cut-off frequencywy is taken at 100 cm?, correspond- T, when%w<13 meV. BelowT,, the phonon at 19 cit
ing to the limiting energy of Raman-active phonons sub-softens and” decreases. Simultaneously, the phonons lying
jected to renormalization beloW,. This choice means that above 24 cm?® harden whilel" increases. According to the
in turn these phonons are able to mediate the electronic paiZZ theory, such a behavior calls forth the opening of a rela-
ing. The parametefw)/w, depends on the electron-phonon tively isotropic gap between 19 and 24 t(2.4—3 meV.
spectral functiona(w)?F(w) and is bounded in th¢0,1]  We have handled these self-energy effects within the frame
interval. There is no firmly established value for the Cou-of a self-consistent strong coupling scenario. Our quantita-
lomb pseudopotentigh* in OSC's. In Ref. 25 the Eliash- tive analysis indicates that if a limited number of low ener-
berg equation has been solved at differaneaind u* for  getical phonons ink-(ET),Cu N(CN),]Br are coupled to

which holds on condition that
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conducting electrons, the valuer at least the right ordgof
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