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Effect of magnetic fluctuations on Raman scattering ink-„BEDT-TTF …2Cu„NCS…2
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The temperature dependence of the intensity and frequency of two intense features in the Raman spectrum
of k-~BEDT-TTF!2Cu~NCS!2 have been measured. The spectra were taken with a Fourier Raman spectrometer
equipped with an infrared laser. The two lines are due to a strongly resonantn9 ~Ag) doublet, and a sharp line
due ton60 ~B3g). The frequencies of these modes are observed to soften below 80 K, in the temperature range
where antiferromagnetic spin fluctuations have been observed with NMR, providing evidence of interactions
between the phonons and the magnetism.@S0163-1829~98!50926-5#
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BEDT-TTF @Bis~ethylenedithio!tetrathiafulvalene# is an
electron-donor molecule, which has been the source
many charge-transfer salts with a variety of ground-st
phenomena, including superconductivity and magne
insulator. Thek-phase family of BEDT-TTF compounds
which include k-(BEDT-TTF)2X „X5Cu~NCS!2,

1–3

Cu@N~CN!2]Br,1,2,4–7 and Cu@N~CN!2#Cl5,8,9
… are attractive

for the study of the competition between superconductiv
and magnetic ordering. The salts ofX5Cu~NCS!2 and
Cu@N~CN!2]Br are the well-known superconductors wi
transition temperatures of 10.4 and 11.6 K, respectivel10

However, the Cu@N~CN!2#Cl salt, which has a similar crysta
structure to that of the Cu@N~CN!2#Br salt, is an insulator
with antiferromagnetic ordering.5,8,9 This salt becomes a su
perconductor with aTc of 12.8 K when under a pressure o
0.3 kbar.11

Recently,13C-NMR magnetic susceptibility, and Hall ef
fect measurements of these compounds revealed the
hancement of antiferromagnetic spin fluctuations even in
superconducting salts in the temperature range of 50
K.1–7 In k-~BEDT-TTF!2Cu~NCS!2 many anomalies aroun
60 K have been reported, including resistivity,12–14

thermopower,12,14 electron-spin-resonance~ESR! spin
susceptibility,15 and lattice expansion.16

An electronic band calculation of k-~BEDT-
TTF!2Cu~NCS!2 by Demiralpet al.17 found that the norma
state of the system is a weakly antiferromagnetic conduc
As the temperature increases, the BEDT-TTF phon
couple to the electrons strongly and promote transitions
tween the two bands. Thesek-type organic superconductor
are similar to the high-Tc cuprate superconductors since bo
materials have a two-dimensional electronic structure and
interplay between magnetism and superconductivity.18

Raman scattering is sensitive to magnetic effects.19,20 It is
therefore worthwhile to investigate the Raman scatter
from k-~BEDT-TTF!2Cu~NCS!2 in order to detect a correla
tion with the antiferromagnetic spin fluctuations between
and 80 K. To our knowledge, four papers have been p
lished on the Raman scattering fro
k-~BEDT-TTF!2Cu~NCS!2.21–24 We have investigated th
room temperature Raman spectrum with a Fourier Ram
PRB 580163-1829/98/58~2!/599~4!/$15.00
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spectrometer.21 The other three papers used a grating sp
trometer with a visible laser, which is resonant with the
tramolecular electronic excitation of the BEDT-TTF mo
ecule around 20 000 cm21. Sugaiet al.22 have measured the
Raman spectra, covering the entire phonon frequency ra
at 2, 20, 100, and 200 K. The Raman scattering was v
weak and long data collection times, such as 24 h for o
scan, were required. Zamboni and co-workers23 have looked
at selected regions of the Raman spectra from 50
400 cm21 and from 1300 to 1550 cm21 at 1.3 as well as 120
K. The low-frequency spectra below 160 cm21 were mea-
sured by Sekine and co-workers24 and a broad peak aroun
55 cm21 was interpreted in terms of critical dynamics of th
pseudo-spin-phonon coupled system.

However, none of these studies gave a detailed temp
ture dependence of the Raman features. In this pa
we investigate the frequencies and intensities of
Raman scattering from a powdered sample
k-~BEDT-TTF!2Cu~NCS!2 at temperatures between 10 an
293 K. Pronouced anomalies are observed around 60 K,
temperature reported for the magnetic fluctuations.

The measurements were performed with a Bruker R
100 Fourier Raman spectrometer, which operates with
infrared diode-pumped Nd:YAG laser with a wavelength
1064 nm. Overheating was observed in the single crys
with laser power levels as low as 12 mW. The crystals w
therefore ground with KBr powder and pressed into a hole
the copper sample holder to both reduce the laser heating
to provide a good thermal contact with the copper cold fin
of the Air Products Heli-Tran refrigerator. The vacuu
shroud had a room-temperature window of 2 mil polyprop
ene. The refrigerator unit was mounted on a platform in fro
of the spectrometer collection lens, and this platform co
be adjusted in three perpendicular directions and about
vertical axis for sample alignment and signal optimization.
backscattering geometry was employed. The focal length
the collection lens was 50 mm. Two silicon diodes for te
perature measurement and control were mounted on the
finger, with one on the copper disc containing the powd
sample, and immediately adjacent to it. The laser power
70 mW. At each temperature we performed four runs of 5
scans each, taking a total of approximately one hour,
with a resolution of 4 cm21.
R599 © 1998 The American Physical Society
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The Raman spectra of BEDT-TTF compounds are sim
and can be analyzed on the basis of the molecular vibrat
of the BEDT-TTF molecule.21,25,26 Figure 1 shows the Ra
man spectra taken with a visible laser and with an infra
laser.21 Eleven of the twelve totally symmetricAg modes,
assumingD2h molecular symmetry, are labeled for th
visible-laser spectrum. One can see that the resonance
ditions for the two lasers are quite different, producing qu
dissimilar spectra. In particular the resonance of the infra
laser with the electronic excitation23 at 11 500 cm21 pro-
duces a very intense feature at 500 cm21 due to n9 ~Ag).
Figure 2 shows this infrared laser Raman spectrum betw
400 and 600 cm21 as a function of temperature. We can s
that the intensity increases strongly with decreasing temp
ture until 70 K, after which it drops until 55 K and the

FIG. 1. The room-temperature Raman spectra
k-~BEDT-TTF!2Cu~NCS!2, where BEDT-TTF is abbreviated as E
in the figure, taken with a visible laser~solid line! by use of a
Raman microscope spectrometer at Argonne and an infrared
~dotted line!. Eleven of the 12 totally symmetricAg modes andn60

~B3g) mode are labeled. The asterisk~* ! indicates an atmospheri
line.

FIG. 2. The temperature-dependent Raman spectra
k-~BEDT-TTF!2Cu~NCS!2 between 400 and 600 cm21. The inten-
sity of then9 ~Ag) Raman mode, a main feature of the spectra,
a strong variation with temperature.
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grows again below 55 K. The frequency of the maximu
also shifts down below 70 K. This unusual temperatu
dependent shift of phonon Raman intensity has not been
viously reported by others. In order to properly analyze
feature, it was fitted at each temperature to three Lorentzi
by a nonlinear least-squared method, and these may be
at 90 and 10 K in Fig. 3. It is clear thatn9 ~Ag) is at least a
doublet, and this is due to the two BEDT-TTF dimers in
unit cell. No assignment has yet been made of the third sm
resonance.@In the infrared spectra21 we have seen a quarte
which was due ton5 ~Ag).#

The two components of this doublet behave differently
a function of temperature. Figure 4 shows the integrated
tensity of both components versus temperature. The up
component~lower trace! is seen to have a broad maximu
around 80 K and a minimum near 50 K. Figure 5 shows
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FIG. 3. The Raman spectra of then9 ~Ag) mode of
k-~BEDT-TTF!2Cu~NCS!2 at 90 and 10 K~dots! and the best-fitted
results ~solid lines! with three Lorentzians. The Lorentzian a
484 cm21 is an unassigned Raman line clearly observed in the sp
trum with the visible laser in Fig. 1.

FIG. 4. The temperature dependence of the integrated intens
of the n9 ~Ag) doublet: upper component~solid line! and lower
component~dotted line!.



i

av
-
hi
ud

tl

t
y
n
tio
n

s
nd

en
uen-
tors

oft-
der
pin
s

ion
-

K.
er

ere
ure
line
es,
l re-

ture

by
-
hat
and

of

veral
ture
two
nti-

rted
o-

ci-

er-
rgy
rt-

th
-

RAPID COMMUNICATIONS

PRB 58 R601EFFECT OF MAGNETIC FLUCTUATIONS ON RAMAN . . .
frequency of the lower component of then9 ~Ag) doublet,
which is seen to soften below 80 K. On the same Fig. 5
plotted the frequency of the sharp line at 890 cm21 which is
also resonant with the infrared laser, and which we h
assigned ton60 ~B3g) in the D2h symmetry scheme. A pro
nounced softening below 80 K is again observed for t
feature. This latter mode is anomalous in many ways, incl
ing a frequency increase of 2.2 cm21 below Tc in
~BEDT-TTF!2Cu@N~CN!2#Br.27 No such increase belowTc
has so far been observed ink-~BEDT-TTF!2Cu~NCS!2 but
that may be because we have not cooled it sufficien
slowly. We also investigated the strong features due ton2,
n3, andn4 ~Ag), around 1460 cm21, but found that at leas
six Lorentzians were needed to fit them, and the accurac
the fits was therefore low. The behavior of the intensities a
frequencies in Figures 4 and 5 are evidence of the interac
of the intramolecular phonons with the magnetic fluctuatio
occurring between 50 and 80 K.

Several papers have reported on phonon anomalies a
ciated with magnetic effects. Litvinchuk, Thomsen, a

FIG. 5. Raman frequencies of the lower component of
n9 ~Ag) doublet and then60 ~B3g) mode, as a function of tempera
ture.
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Cardona20 have showed a remarkable correlation betwe
the temperature-dependent softening of the phonon freq
cies and the magnetic susceptibility in the superconduc
YBa2Cu4O8 and YBa2Cu3O6.57 well above Tc where the
63Cu nuclear-relaxation rate shows an anomaly. These s
enings were explained as an effect of the magnetic or
aboveTc on the phonon energy due to the opening of a s
pseudogap. Yamaguchiet al.28 have reported an anomalou
splitting of some phonon modes and their intensity variat
with temperature for LaCoO3 which shows an abrupt de
crease of the magnetic susceptibility between 100 and 50
The intensity of one split mode increased while for the oth
two split modes it decreased below 100 K. The results w
explained in terms of the Jahn-Teller effect. The temperat
dependence of the integrated intensity of a broad Raman
in the magnetic semiconductors, europium chalcogenid
has been calculated and compared with the experimenta
sults in terms of the one phonon-one spin mechanism,19,29

which predicts a decrease in the intensity as the tempera
approachesTc from above. Fork-~BEDT-TTF!2Cu~NCS!2,
the frequency softening appears similar to that reported
Litvinchuk, Thomsen and Cardona20 and is, therefore, prob
ably due to the antiferromagnetic fluctuations. We note t
this presents yet another similarity between the organic
high-Tc superconductors.

In summary, the Raman spectra
k-~BEDT-TTF!2Cu~NCS!2, from 293 down to 10 K, have
been measured using a Fourier Raman spectrometer. Se
splittings of the Raman modes are observed. The tempera
dependence of the Raman intensities and frequencies of
of these modes shows an anomaly around 60 K where a
ferromagnetic spin fluctuations have recently been repo
with NMR. There is therefore a correlation between the ph
non and the magnetic anomalies.
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