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Tc-dependent Raman scattering from a high-frequency phonon ink-„BEDT-TTF …2Cu†N„CN…2‡Br
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We report the temperature dependence of the frequencies of two high-frequency intramolecular modes in
k-(BEDT-TTF!2Cu@N~CN!2#Br measured by resonant Raman scattering, with the use of a Fourier-transform
spectrometer equipped with an infrared laser. One of these modes, that at 892 cm21 and assigned ton60(B3g)
exhibits an increase belowTc of 2.260.7 cm21 and 2.260.4 cm21 when measured in a Janis Dewar and in a
Heli-Tran refrigerator, respectively. A smaller increase is observed in the deuterated sample and no increase is
observed at all if the samples are cooled too rapidly. Two other modes,n3(Ag) at 1474 cm21 andn9(Ag) at
503 cm21, show no such increase belowTc in the slowly cooled samples. We speculate that the normal
electron-phonon interaction may not be responsible for the frequency increase but that the superconducting
transition may involve a change in either the geometry or the arrangement of the BEDT-TTF molecules to
which the particular mode is sensitive.@S0163-1829~98!07601-2#
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I. INTRODUCTION

k-(BEDT-TTF!2Cu@N~CN!2#Br is an ambient-pressur
organic superconductor with an inductive onsetTc511.6 K.1

The isostructural saltk-(ET!2Cu@N~CN!2#Cl, where ET is
the usual abbreviation for BEDT-TTF, on the other hand
an insulator with antiferromagnetic ordering2 at low tempera-
tures after a metal-insulator transition at 50 K. Under a m
mal applied hydrostatic pressure3 of 0.3 kbar the latter be-
comes a superconductor at 12.8 K, the highest value for
organic compound, except the fullerenes.

Very recently Kawamoto and co-workers4 reported that
thedeuteratedk-(ET!2Cu@N~CN!2#Br is in the critical region
between the superconducting phase and the antiferrom
netic phase, with the crystals if they are slowly cooled co
taining both phases, but if they are rapidly cooled contain
only the magnetic phase. In our Raman-scattering meas
ments on this material we have found one medium-stren
high-frequency intramolecular mode near 890 cm21 that is
unusual in several respects, one of these being that the
quency increasesupon deuteration by 9 cm21 even though
the mode does not involve the displacements of the hydro
atoms. This suggests that the deuterated molecule h
slightly different conformation, and therefore this conform
tion may be playing a role in the competition between m
netic and superconducting behavior.

In this work we report that the frequency of this mo
increases in the superconducting phase in the nat
k-(ET!2Cu@N~CN!2#Br compound, that it also increases b
less so in the deuterated compound, and that no increa
all is seen if the sample is rapidly cooled. This behav
agrees with that reported by Kawamoto and co-workers4 and
implies that a molecular distortion accompanies the e
tronic phase transitions.

Pedron et al.5,6 have reported a study of the Rama
spectroscopy of some low-frequency phonons
k-(ET!2Cu@N~CN!2#Br. They observed an increase in fr
quency of up to 3.2% for all of the phonons studied when
570163-1829/98/57~1!/597~5!/$15.00
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samples were cooled to 1.8 K. These phonons had freq
cies ranging from 27 to 133 cm21, and the shifts were large
for the lower frequency modes. In Ref. 5 they compared th
results to a strong electron-phonon coupling model a
showed that they are more consistent with ans wave than
with a d-wave gap function, and that the upper limit on th
BCS energy gap would be 28 cm21.

Our measured shift of 2.2 cm21 for the mode that we have
assigned ton60(B3g) at 892 cm21 is a much smaller percent
age shift~0.25%! than those seen by Pedronet al.5,6 but is
very unusual for such a high-frequency phonon in a mate
with a small energy gap. No shifts were observed in the ot
strong features, which are due toAg modes.

Few other Raman studies of these organic supercond
ors have been reported because the Raman scattering is
weak and long data collection times are required. This is
partly to the fact that the samples are black and tend to o
heat. Thus low laser powers must be used. The only stud
which we are aware that covers the entire phonon freque
range and was performed as a function of temperature is
one by Sugaiet al.7 on k-(ET!2@Cu~NCS!2#. They reported
no frequency changes at 4 K, which is below the transit
temperatureTc of 10.4 K. A variable-temperature Rama
study ofn3(Ag) at 1473 cm21 in k-(ET!2Cu@N~CN!2#Br was
reported by Truonget al.8 and they saw large frequenc
shifts around 150 K. We, however, disagree with this res
Both Zamboni and co-workers9 and Garrigou-Lagrange
et al.10 have also looked at selected regions of the Ram
spectrum ofk-(ET!2@Cu~NCS!2# at low temperatures.

Several resonance Raman studies ona and b-(ET!2I3
have been reported, by Ludwig and co-workers,11 Pokhodnia
et al.,12 Swietlik and co-workers,13 and Sugai and Saito,14

and also onb-(ET!2IAuI, by Swietlik et al.,15 and Ludwig
and co-workers,11 and one ona and b-(ET!2IBr2.14 In
a-(ET!2I3 ~Refs. 11 and 12! and b-(ET!2IAuI ~Ref. 11! it
was found that two low-energy phonon bands near 30 cm21,
and assigned to librational modes of the ET molecule, v
ished belowTc . This behavior agreed with a theoretic
597 © 1998 The American Physical Society
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598 57ELDRIDGE, LIN, WANG, WILLIAMS, AND KINI
model of Behera and Ghosh,16 but was not seen in
k-(ET!2Cu@N~CN!2#Br.5,6

II. EXPERIMENT

The Raman data were obtained with the use of a Bru
RFS 100 Fourier Raman spectrometer, which operates
an infrared diode-pumped Nd:YAG laser with a waveleng
of 1.06 mm. It is sometimes difficult to obtain good Rama
spectra in a reasonable time from single crystals of orga
conductors, when using the infrared laser, because it requ
resonant Raman scattering to see the phonons, and s
times there is little electronic absorption at the frequency
the infrared laser. Fork-(ET!2Cu@N~CN!2#Br, however,
there is strong electronic absorption, and the biggest prob
was sample heating. Overheating was observed in the si
crystals with laser power levels as low as 12 mW. We fou
however, that the heating problem is considerably reduce
the crystals are ground into a powder with KBr, and th
pressed into a conical copper sample holder, which then
abled us to increase the laser power and the Raman sig

Two refrigerators were used. The first measurements w
taken with an Air-Products Heli-Tran, with a copper co
finger and a room-temperature polypropylene vacuu
shroud window. The temperature range was from 295
down to 7 K. Two silicon diodes for temperature measu
ment and control were mounted on the cold finger, with o
on the copper disc containing the powder sample, and im
diately adjacent to the sample. The laser power at 7 K was 15
mW. However, because of the uncertainty of the act
sample temperature, inherent in a cold finger arrangem
the lowest-temperature measurements were repeated in a
ond refrigerator, a Janis supervaritemp with quartz windo
In this system the lowest-temperature runs belowTc were
performed with the sample completely immersed in sup
fluid liquid helium at 2 K, and the measurements aboveTc

were performed with the sample cooled by cold helium g
at 15 K. The quartz windows attenuated the signal more t
the polypropylene window but this decrease was sligh
compensated for by a permissable increase in the laser p
to 20 mW at both temperatures. These refrigerators w
mounted on different platforms in front of the spectrome
collection lens, with the sample at the focus. The focal len
of the collection lens was 50 mm. A 180° backscatter
geometry was employed. The resolution was 4 cm21.

Typically the frequency data points at the two lowest te
peratures above and belowTc were the result of averagin
20 runs with 300 scans in each run, and the total time
quired being approximately three hours. The frequencies
the associated errors were obtained from the average
standard deviations of the peak frequencies obtained in
20 runs. At all of the higher temperatures, a laser powe
50 mW was used and the spectra were an average of 1
scans taken over a period of one half hour. The uncertain
were again obtained by averaging the data from many r
performed at selected temperatures.

The cooling rates varied from 10 K/min for the rap
cooling to 2.5 K/min for the slow cooling.
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III. RESULTS AND DISCUSSION

Figure 1 shows the room-temperature Raman spectr
k-(ET!2Cu@N~CN!2#Br from 100 to 1600 cm21, taken with
the infrared laser at the University of British Columbia a
with a He:Ne laser in a Renishaw Raman microscope sp
trometer at Argonne. The assignments of most of the tot
symmetric (Ag) modes, labeled on the figure, follow from
our previous studies withk-(ET!2Cu@N~CN!2#Br ~Ref. 17!,
k-(ET!2@Cu~NCS!2#,

18 and the neutral electron donor mo
ecule BEDT-TTF~or ET!,19 in which both Raman and infra
red spectra were taken of several isotopic analogs involv
13O, 34S, and 2H. ~A sketch of the atomic displacemen
vectors for the 12Ag modes of ET, assumingD2h symmetry
may be seen in Ref. 17.! One can see that the resonant e
hancement in Fig. 1 is quite different for the two lasers.
particular, the infrared laser missesn8(Ag) and several other
unlabeled lines. The strongest enhancement in the infra
laser spectrum is forn3(Ag) and n9(Ag), followed by
n2(Ag), and the sharp unlabeled line at 890 cm21. In previ-
ous papers17,18 we have argued that the best assignment
this last feature isn60(B3g), a nontotally symmetric mode. I
does not appear in the Raman spectrum of neutral ET,17,19

which is identical for both the visible and the infrared lase
since there is no resonance, and that would be unusual fo
Ag mode. Furthermore it has isotopic frequency shifts t
agree with those calculated forn60(B3g). A summary of the
assignment arguments may be found in Ref. 18.

The electronic resonance that is enhancing the Ram
scattering with the infrared laser appears to be the same e
tronic transition that produces the electron-phonon coup
responsible for the infrared activation of the gerade mode
the infrared spectra, sincen3(Ag), n9(Ag), andn60(B3g) are
also the strongest features in the infrared spectra. Figu
shows both the infrared conductivity17 and the infrared-lase
Raman spectrum ofk-(ET!2Cu@N~CN!2#Br in which these

FIG. 1. The room-temperature Raman spectra
k-(BEDT-TTF!2Cu@N~CN!2#Br taken with a visible laser~solid
line! and with an infrared laser~dashed line!, from 100 to
1600 cm21. Ten of the 12 assigned totally symmetric (Ag) intramo-
lecular modes of vibration of the BEDT-TTF molecule have be
labeled in the visible-laser spectrum, as well asn12(Ag) in the IR-
laser spectrum.
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57 599Tc-DEPENDENT RAMAN SCATTERING FROM A HIGH- . . .
three modes have been labeled and the clear similarity o
two spectra is evident. The primes on the infrared featu
indicate that they have been shifted down in frequency
to the electron-phonon interaction. The structure onn38 is due
to the antiresonant interaction ofn5(Ag), which is a
quartet.20

The temperature dependence of the frequency of the
ture due ton60(B3g) is shown in Fig. 3. The measured fre
quencies above and belowTc , when the sample is slowly
cooled, are indicated for both refrigeration systems. The
quency increases are in very good agreement, being
60.7 cm21 for the Janis~from 892.460.6 cm21 to 894.6
60.3 cm21 at 2 K! and 2.260.4 cm21 for the Heli-Tran.
~from 892.660.3 cm21 to 894.860.3 cm21 at 7 K!. The rea-
son for the low value of the error~only 0.3 cm21! is because
of the high intrinsic wave-number stability of the Fourie
transform machine, due to the laser interferogram. It sho
be noted that these two measurements were performe
crystals made in different batches. The average increas
only 0.25% compared with 3.2% for the lowest measu
frequency mode at 27.4 cm21, down to 0.6% for the highes
frequency mode measured by Pedronet al.5,6 at 133.5 cm21,
but it is certainly statistically significant and unusual for su
a high-frequency mode.

Upon rapid cooling we measured 892.960.3 cm21 at 15
K and 893.060.3 cm21 at 2 K, indicating no shift~see Fig.
3!. For the deuterated compound we measured 90
60.2 cm21 at 15 K and 902.860.2 cm21 at 2 K, a
superconductivity-induced shift of 0.960.3, nearly one half
of the shift seen in the natural compound. Notice thepositive
9.0 cm21 isotope shift, which was mentioned earlier. All o
these results show that the effect is due to the supercon

FIG. 2. A comparison of the infrared conductivity o
k-(BEDT-TTF!2Cu@N~CN!2#Br at 10 K with the Raman spectrum
at 2 K, taken with an infrared laser, of the same material. The th
prominent features in each spectrum are due ton3(Ag), n9(Ag),
andn60(B3g) and these have been labeled. The prime in the infra
label indicates that the feature has been shifted down in freque
due to the electron-phonon interaction. In the Raman spect
n2(Ag) is also strong just aboven3(Ag). In the infrared spectrum
n38(Ag) extends from 1200 to 1350 cm21 and the fine structure is
due to antiresonant interference withn5(Ag) that is a quadruplet a
the same frequency.
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tivity transition and agree with the results reported by Kaw
moto and co-workers,4 even though our cooling rates ar
different from theirs and their measurements were perform
on only the deuterated samples.

The temperature dependence of the frequencies of on
the stronger features in our Raman spectra
k-(ET!2-Cu@N~CN!2#Br, that due ton3(Ag), is shown in Fig.
4. The frequency increases almost linearly over the en
range with no obvious discontinuities. The Heli-Tran. da
show a possible increase belowTc but the Janis data confirm
that this is not the case. Likewise no increase was obse
with the Janis refrigerator belowTc for the other strong
moden9(Ag), at 504 cm21. ~The data in Fig. 4 forn3(Ag)
around 150 K disagree with those presented in Ref. 8,
those authors were working with a single crystal, which d
played a close doublet, and this is difficult to work wi
unless the signal-to-noise ratio is very good.!

Superconductivity-induced changes in phonon frequ
cies are of course evidence for electron-phonon coupl
Such changes are also seen in the high-Tc superconductors
Thomsenet al.21 and Friedl, Thomsen, and Cardona22 used
the temperature dependences of the frequencies and
widths of the Raman-active phonons to obtain an estim
for the superconducting gap in several RBa2Cu3O7 com-
pounds, whereR is a rare-earth element, using the pred
tions of a strong-coupling model.23 Altendorf et al.24 looked
at these changes as a function of oxygen concentration
M3C60, on the other hand, Raman studies by Zhouet al.25

and Brocardet al.26 show weak or no temperature depe
dence of the high-frequency intramolecular modes throu
Tc . Zhouet al.25 state that this is consistent with the fact th
the frequencies of the modes are much greater than the
ergy of the superconducting gap. Since we also observe
temperature dependence of the frequencies of our h
frequencyAg modes,n3(Ag) and n9(Ag), perhaps the nor-
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FIG. 3. The Raman frequency as a function of temperature
the feature due ton60(B3g) in k-(BEDT-TTF!2Cu@N~CN!2#Br mea-
sured with an infrared laser in a Fourier-transform spectrome
Independent measurements, taken in a Janis Dewar at 2 and 1
above and belowTc at 11.6 K, are included. The frequency in
creases belowTc were obtained when the samples were slo
cooled. The results of rapid cooling are also shown.
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600 57ELDRIDGE, LIN, WANG, WILLIAMS, AND KINI
mal electron-phonon coupling does not explain the incre
in the frequency ofn60(B3g).

Figure 5 shows a sketch ofn60(B3g) ~with the assumption
of planarD2h symmetry!. The manifestations of this mod
are unusual for several reasons. First, it is strongly activa
in the infrared spectra of the conducting ET salts~along with
other much weakerB3g modes! whereas theory predicts ac
tivation of only theAg modes. Second, it is absent in th
Raman spectrum of the neutral ET compound, but app
strongly in the spectra of the conducting salts. Third, it h
this superconductivity-induced frequency increase repo
here. Fourth, the mode frequency is almost constant from
to 295 K, decreasing by only 1 cm21 compared with 7 cm21

for n3(Ag) ~see Figs 3 and 4!. Finally, it has apositiveiso-
topic frequency shift of19 cm21 upon deuteration of the ET
molecule @also reported here and seen in the infrared20

where it was originally assigned ton49(B2u)#.
The infrared activity and superconductivity-induced fr

quency increase imply a strong coupling ofn60(B3g) to the
electrons, whereas theT-independent frequency implies
relatively weak coupling to the lattice. The positive isoto
shift may also imply that upon deuteration the equilibriu
geometry of the ET molecule or the arrangement of the
molecules in the crystal change slightly in a way that
creases the frequency ofn60(B3g). This change may come
about through a change in the electronic bandwidth as s

FIG. 4. The Raman frequency as a function of temperature
the feature due ton3(Ag) in k-(BEDT-TTF!2Cu@N~CN!2#Br mea-
sured with an infrared laser in a Fourier-transform spectrome
Independent measurements, taken in a Janis Dewar at 2 and
above and belowTc at 11.6 K, are included. No increase belowTc

is observed.
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gested in Ref. 4. This same change also affects the super
ductivity and magnetic transitions.n60(B3g) involves the
inner-ring double-bonded carbon sites as shown in Fig
The same atoms are involved inn6(Ag), n58(B3g), and
n59(B3g). These three modes are very close in frequency
are responsible for the broad feature centered at 1000 c21

in the IR-laser Raman spectra of Figs. 1 and 2. This fea
grows at low temperature and also appears to be sensitiv
Tc but our signal-to-noise ratio is insufficient to extract t
three peaks and follow their frequencies throughTc . Never-
theless it is another indication that the superconducting tr
sition may involve a rearrangement of the ET molecule t
affects the inner-ring carbon atoms.

IV. CONCLUSION

In conclusion, therefore, we have measured a signific
increase in the frequency of a mode at 892 cm21, which we
have previously assigned ton60(B3g), in the infrared-laser
Raman spectrum ofk-(ET!2Cu@N~CN!2#Br below the super-
conducting transition temperature. The increase is only h
as much in the deuterated compound and disappears i
sample is cooled too rapidly, confirming the dependence
the increase on the superconductivity. This increase is
usual for such a high-frequency phonon in a material w
such a small energy gap. Since no increases are observ
the other high-frequency phonons in the spectrum, we spe
late that belowTc the geometry or the arrangement of the E
molecules may change in a way that affects this particu
mode of vibration.
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