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Phonon anomalies due to strong electronic correlations in layered organic metals

Jaime Merino* and Ross H. McKenzie†

School of Physics, University of New South Wales, Sydney 2052, Australia
~Received 6 September 2000!

We show how the coupling between the phonons and electrons in a strongly correlated metal can result in
phonon frequencies that have a nonmonotonic temperature dependence. Dynamical mean-field theory is used
to study the Hubbard-Holstein model that describes thek-(BEDT-TTF)2X @where BEDT-TTF is bis-
~ethylenedithia-tetrathiafulvalene!# family of superconducting molecular crystals. The crossover with increas-
ing temperature from a Fermi liquid to a bad metal produces phonon anomalies that are relevant to recent
Raman scattering and acoustic experiments.
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An important problem concerning strongly correlat
metals such as heavy fermions, cuprates, and organic su
conductors is understanding the interplay of the strong in
actions between electrons and the interactions between
electrons and phonons. This is particularly relevant to und
standing the question of whether the phonons play any
in superconductivity.1 In this paper, we show how stron
electronic correlations can lead to phonon frequencies v
ing with temperature. Although our calculations focus
explaining recent experiments on a particular family of
ganic superconductors, the physics involved is relevan
other strongly correlated metals in which there is a sign
cant redistribution of the electronic spectral weight as
temperature is varied.

The quasi-two-dimensional organic superconducto
k-(BEDT-TTF)2X, are strongly correlated electro
systems.2–6 Recent Raman scattering experiments7 find that
in the metallic state the frequency of certain phonons as
ciated with the BEDT-TTF molecules has a nonmonoto
temperature dependence below 200 K. Acous
experiments8,9 find that around 40 K there is a significa
softening of the speed of longitudinal sound propagating p
pendicular to the layers. This softening, of the order of a f
percent, is more than an order of magnitude larger than
softening associated with the superconducting transition.
will show that such a temperature dependence can arise
to the destruction of Fermi liquid quasiparticles that occ
above the coherence temperature,T* .5,10,11 Anomalies in
acoustic phonons in the heavy fermion UPt3 have also been
seen at temperatures of the order ofT* .12

The simplest possible strongly correlated electron mo
for the k-(BEDT-TTF)2X family is a single-band Hubbard
model on an anisotropic triangular lattice at half-filling.2,4

We have found5 that many of the transport properties of th
metallic phase are consistent with the predictions of dyna
cal mean-field theory~DMFT!,10 which captures exactly the
dynamical fluctuations at each lattice site, but neglects
nonlocal spatial correlations. In order to understand the
fect of electronic correlations on the molecular phon
modes, we have considered the relevant Holstein-Hubb
model where the phonon amplitude couples linearly to
local charge density. The phonon self-energy is proportio
to the electronic density-density correlation function, whi
we calculate using DMFT. When the electron-electron int
PRB 620163-1829/2000/62~24!/16442~4!/$15.00
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actions are sufficiently large, we find that phonon freque
cies can have a nonmonotonic temperature dependence.
is related to the crossover from a Fermi liquid to a bad me
that occurs with increasing temperature and has a signifi
effect on the electronic transport properties.5 The actual form
of the temperature dependence of the shift in phonon
quency varies significantly with the phonon frequency.

We consider the Hubbard-Holstein Hamiltonian

H5t1(
i j ,s

~cis
† cj s1H.c.!1t2(

ik,s
~cis

† cks1H.c.!

1U(
i

ni↑ni↓2m(
is

nis1
g

A2
(
is

~ai
†1ai !nis

1v0(
i

ai
†ai , ~1!

where the electronic part describes electrons on the antib
ing orbitals of each dimer of BEDT-TTF molecules that a
located on an anisotropic triangular lattice.t1 and t2 are the
nearest- and next-nearest-neighbor hoppings.U is the Cou-
lomb repulsion between two electrons on the same site anm
is the chemical potential. The operatorci

† creates an electron
on the antibonding orbital of the dimer. The operatorai

†

creates a phonon at sitei, which describes a molecular vibra
tion of frequencyv0. We consider only the in-phase vibra
tions of the two phonon modes associated with the dim
these can be activated by Raman scattering~see below!. g is
the coupling between the Raman active phonon and the e
tron density on a dimer.

We focus on the parameter regime where the electr
electron interaction is dominant and we are well away fro
any instability~superconducting or charge-density wave! due
to the electron-phonon coupling. We can then decouple
set of Dyson’s equations in the electron-phonon problem
that the electron self-energy contains the electron-elec
scattering mechanism only; any effects coming from the
teraction of the electrons with phonons on the elect
propagator are neglected. The electron Green’s functio
given by10

Gs~k,ivn!5
1

ivn2ek2S~ ivn!
, ~2!
16 442 ©2000 The American Physical Society
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PRB 62 16 443PHONON ANOMALIES DUE TO STRONG ELECTRONIC . . .
where vn5(2n11)pT is a Matsubara fermion frequenc
for temperatureT. ek5t1„cos(kx)1cos(ky)…1t2 cos(kx1ky) is
the dispersion relation for the anisotropic triangular latti
S( ivn) is the momentum-independent self-energy compu
within DMFT from the associated Anderson impurity pro
lem, using the iterative perturbation theory. Details can
found elsewhere.10,5

The phonon problem is solved separately through the
sociated Dyson equation,

D~q,v!5
v0

2

v22v0
22g2v0

2P~q,v!/2
, ~3!

where P(q,v) is the electronic density-density correlatio
function ~or polarization!, which includes the full effect of
the electron-electron interactions at the level of DMFT. F
P(q,v), we take the particle-hole bubble, which, in terms
Matsubara frequencies, is given by

P~q,inn!5T (
k,s,vn

Gs~k,ivn!Gs~k1q,ivn1 inn! ~4!

andGs(k,ivn) is the Green’s function of the electrons o
tained from the solution of Eq.~2!. The temperature depen
dence of the polarization predominantly comes from the te
perature dependence of the individual one-electron Gre
functions. Figure 1 shows how the Fermi liquid quasiparti
peak in the spectral density of states is strongly tempera
dependent. We show results for the caset15t25t, which
corresponds to a triangular lattice.13

Due to the electron-phonon interactions, the phonon
quency is shifted from its bare valuev0 and has a finite

FIG. 1. Spectral densities of the metallic phase of the Hubb
model at half-filling calculated for the triangular lattice using d
namical mean-field theory. The bare density of states (U50) is
shown as a dotted line. A peak at the Fermi energy due to a co
ent band of Fermi liquid quasiparticles and two incoherent Hubb
bands situated atv56U/2 are clearly resolved when the electro
electron interactions are larger than the metal bandwidth,W(U
>W54.5t). The quasiparticle peak is strongly temperatu
dependent and its spectral weight becomes small asT.T* ,T* be-
ing the coherence temperature. This strong temperature depen
of the spectral density is the origin of the temperature depende
of the phonon frequencies discussed in this paper.
.
d

e

s-

r
f

-
’s

e
re

-

lifetime. This shift can be obtained from the poles of Eq.~3!,
which we denote byṽq5vq1 iGq . For weak electron-
phonon coupling, the frequency shift is

Dv

v0
[

vq2v0

v0
5

g2

4
PR~q,v0!, ~5!

where PR(q,v0) denotes the real part of the polarizatio
The phonon damping is proportional to the imaginary part
the polarization. Figure 2 shows the temperature depende
of the real part of the polarization,PR(q50,v0), for differ-
ent bare phonon frequencies,v0.

Our DMFT calculations show that for frequencies close
U/2 and sufficiently strong interactions, the phonon fr
quency can have a nonmonotonic temperature depend
near the coherence temperature,T* . From Fig. 2, we find
that T* '0.1t;100 K for t;0.1 eV. However, this behav
ior disappears gradually asU decreases and becomes smal
than the bandwidth,W54.5t. This is clearly seen forU
52t. The effective-mass enhancement forU55.5t is
m* /m'3.8; this is in the range of the effective masses fou
in k-(BEDT-TTF)2X.6 Lin et al.7 have measured an anom
lous softening below about 100 K of the Raman frequen
shifts in the phonons,n95505 cm21 and n60(B3g)
5890 cm21 for k-(BEDT-TTF)2 Cu(SCN)2 ~see Fig. 5 in
Ref. 7!. The higher-frequency mode,n351478 cm21, also
exhibits a strong~but monotonic! temperature dependenc
Table I gives values of 0.3–1 % for the magnitude of t
total temperature dependence between about 10 and 30
Other phonons do not exhibit such a strong tempera
dependence.14 Figure 2 and Eq.~5! imply that for a coupling
g;t the temperature dependence can be as large as 5%
v05U/2 and of the order of 1% for larger or smaller fre
quencies. The values ofg deduced below~see also Table I!
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FIG. 2. Temperature dependence of the real part of the po
ization for different frequencies and correlation strengths. Due
their coupling to electrons, the phonons undergo a frequency s
that is proportional to this polarization. Significant temperature
pendence occurs when two conditions are simultaneously satis
~i! v0 is close toU/2 and ~ii ! electron-electron interactions ar
sufficiently strong that there are well-defined Hubbard bands~com-
pare Fig. 1!. For U/t52, the temperature dependence is negligib
as expected from the slight temperature dependence of the spe
density.
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TABLE I. Parameters for three molecular phonons ink-(BEDT-TTF)2Cu(SCN)2. The experimental
values are taken from Ref. 22. The difference between the infrared frequency,v IR , and the Raman fre-
quency,vR , and Eq. ~6! is used to estimate~est.! the electron-phonon couplingsg. These values are
compared with values ofg calculated by a quantum chemistry~QC! calculation.19 DvR(T) is the observed
magnitude of the temperature dependence of the Raman-active mode between about 10 and 300 K.DvSC is
an estimate of the increase of the phonon frequency on entering the superconducting phase, based o~7!.

Observed frequency (cm21) e-p coupling,g ~eV!

Mode Infrared (v IR) Raman (vR)
vR2vIR

vR
~%! est. QC

DvR~T!

vR
~%!

DvSC

v0
~%!

n3 1276 1478 14 0.14 0.14 0.3 0.13
n9 431 505 15 0.07 0.08 1 0.7
n60 881 890 1 0.02 ? 0.3 0.02
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are consistent withg;t if t;0.1 eV; this is also
reasonable.6 However, if g;t;v0 this raises question
about vertex corrections to Eq.~4! and the contribution of
electron-phonon coupling to the electronic self-energy. Y
the effects shown in Fig. 2 are at most a few percent and
we consider that effects that are higher order ing will be
very small. In summary, our model can produce freque
shifts of the order of those observed~0.3–1 %! for reason-
able parameter values. From the high-energy peak in the
tical conductivity, it can be estimated4,5 that U;0.3 eV
52400 cm21. Hence, our model predicts the largest effe
for phonons with frequencies of about 1200 cm21. How-
ever, the nonmonotonic temperature dependence is seen
broader range of phonon frequencies than our model wo
predict.

We find even stronger effects for low-frequency phono
In Fig. 3, the real part of the phonon self-energy15 is plotted
for q50 andv050.05t. For strong correlations (U.W), a
dip in the real part of the self-energy appears at the co
ence temperature,T* . For decreasing values ofU, the posi-
tion of the dip moves to higher temperatures~becauseT*
increases! and the dip becomes smaller. These results co
be relevant to understanding recent acoustic experimen8,9

FIG. 3. Temperature dependence of the real part of the po
ization for v050.05t and different values ofU/t. A dip appears at
the coherence temperature,T* , and it becomes more sharply de
fined as the electron-electron interactions increase. The positio
the dip shifts towards lower temperatures asU/t increases.
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The velocity of ultrasonic waves that are propagating p
pendicular to the layers was found to have a nonmonoto
temperature dependence. These waves have frequenci
100 MHz and velocities of about 2000 cm/s. The veloc
versus temperature shows a broad dip of a few perc
around 40 K. This softening becomes larger as
pressure is decreased and is about three tim
larger for k-(BEDT-TTF)2Cu@N(CN)2#Br than
k-(BEDT-TTF)2Cu(SCN)2. Decreasing the pressure o
changing the anion from Cu(SCN)2 to Cu@N(CN)2#Br cor-
responds to increasing the electronic correlations or incre
ing of U/t. For example, it has been observed that as
pressure decreases,m* /me increases and the metal-insulat
transition is approached.2–4 Our calculated variation of the
position of the dip withU is in qualitative agreement with
the observed variation of the position of the dip with pre
sure~compare Fig. 4 in Ref. 8!. However, caution is in orde
because further experiments16 find that the softening only
occurs for waves propogating parallel to the layers wh
their polarization is perpendicular to the layers. Our mo
can only explain this if modulation of the interlayer spaci
has a much stronger coupling to the electronic charge den
within the dimers than modulation of the interdimer spacin

The familyk-(BEDT-TTF)2X is particularly amenable to
studying the effect of electronic correlations on the mole
lar phonons because the dimer structure of the molec
crystal allows us to extract the electron-phonon coupl
strengthg from experimental data. The crystal structure
such that the BEDT-TTF molecules are arranged in pairs
are reasonably well separated from one another. There
three electrons per dimer. For each phonon mode on a m
ecule, there is a symmetric and an antisymmetric comb
tion on the dimer. By parity conservation, the antisymmet
modes are infrared active and the symmetric modes are
man active. If there is a Holstein model coupling for a sing
molecule, the Hamiltonian for a dimer is17

Hep52t0~c1
†c21c2

†c1!1(
i 51

2

gci
†ci~ai1ai

†!1v0ai
†ai ,

where t0 is the transfer integral for hopping between mo
eculeswithin the dimer. This is much larger than the ho
pings t1 and t2 betweendimers that appear in Eq.~1!.4 The
bonding and antibonding orbitals associated with the dim

r-
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are separated by 2t0, even in the presence of a Hubbard ter
The Hamiltonian can be rewritten as

Hep52t0~c1
†c21c2

†c1!1 (
a56

g

A2
na~aa1aa

† !1v0aa
†aa,

where a651/A2(a16a2) and n65c1
†c16c2

†c2. The n1

term is the same as the number operator,ni , appearing in
Eq. ~1!. It is the fluctuations in this term that produce th
temperature dependence shown in Figs. 2 and 3. In cont
the infrared-active mode will not couple to these fluctuatio
and so should have no such temperature dependence.

If the number of electrons on the dimer is fixed, then t
symmetric mode has frequencyv0. A second-order pertur
bative calculation17 predicts that forv0!t0, the infrared fre-
quencyv IR will be smaller than the Raman frequency (vR
5v0),

v IR2vR

vR
52

g2

2v0t0
. ~6!

Table I lists the details of the measured frequency shifts
three different modes fork-(BEDT-TTF)2Cu(SCN)2. For
t050.3 eV ~Ref. 18!, these values are used together w
Eq. ~6! to evaluate the electron-phonon couplingg. The val-
ues obtained are in reasonable agreement with those fou
a modified neglect of differential overlap~MNDO! frozen
phonon quantum chemistry calculation19 on a single BEDT-
TTF molecule.

Zeyher and Zwicknagl20 considered the frequency shift o
phonons when they enter the superconducting phase. W
the framework of BCS theory, phonons with frequencyv0
much smaller than the Fermi energy and much larger t
the superconducting gapD will harden by an amount

*Electronic address: merino@phys.unsw.edu.au
†Present address: Department of Physics, University of Que
land, Brisbane 4072, Australia; electronic addre
mckenzie@physics.uq.edu.au
1O. Gunnarsson, Rev. Mod. Phys.69, 575 ~1997!.
2H. Kino and H. Fukuyama, J. Phys. Soc. Jpn.65, 2158~1996!.
3K. Kanoda, Physica C282, 299 ~1997!.
4R.H. McKenzie, Comments Condens. Matter Phys.18, 309

~1998!.
5J. Merino and R.H. McKenzie, Phys. Rev. B61, 7996~2000!.
6J. Merino and R.H. McKenzie, Phys. Rev. B62, 2416~2000!.
7Y. Lin, J.E. Eldridge, H.H. Wang, A.M. Kini, M.E. Kelly, J.M.

Williams, and J. Schlueter, Phys. Rev. B58, R599~1998!.
8K. Frikach, M. Poirier, M. Castonguay, and K.D. Truong, Phy

Rev. B61, R6491~2000!.
9T. Simizu, N. Yoshimoto, M. Nakamura, and M. Yoshizaw

Physica281&282, 896 ~2000!.
10A. Georges, G. Kotliar, W. Krauth, and M.J. Rozenberg, R

Mod. Phys.68, 13 ~1996!.
11Th. Pruschke, M. Jarrell, and J.K. Freericks, Adv. Phys.44, 187

~1995!.
12J. Grolle, V. Müller, and K.H. Bennemann, Phys. Rev. B35,

4493 ~1987!. Both the temperature dependence of the acou
attenuation and the thermopower exhibit peaks around 10 K
.

st,
s

e

r

in

in

n

vs2vR

v0
5

8g2N~0!

v0
S D

v0
D 2

lnS v0

D D , ~7!

where N(0) is the density of states per spin at the Fer
energy. There should be no shift in the frequency of
infrared-active mode on entering the superconducting ph
Using D;2kBTc;0.002 eV and the values forg in Table I,
we have evaluated the estimated shift in the phonon
quency for three different modes in Table I. Eldridgeet al.14

found that ink-(BEDT-TTF)2Cu@N(CN)2#Br, then60(B3g)
mode at 890 cm21 hardened by about 0.2 % on entering t
superconducting phase. A shift in this mode was not detec
in k-(BEDT-TTF)2Cu(SCN)2. No frequency shift in the
other high-frequency modes was detected to within ab
0.1%. However, one should be cautious about making qu
titative comparisons between experiment and Table I si
Eq. ~7! is only valid for v0!t and we havev0;t. Pedron
et al. did observe the hardening of modes with frequenc
ranging from 27 to 134 cm21.21 For acoustic phonons th
softening will scale like (v0 /D)2 and so be much smalle
than the effects shown in Fig. 3.

In conclusion, we have shown how in a strongly corr
lated metal the redistribution of spectral weight over t
scale of the bandwidth with varying temperature can resul
phonon frequencies with anomalous temperature dep
dence. The effects involved are larger than those associ
with the superconducting transition because the latter o
involves a redistribution of spectral weight over energies
the order of the superconducting gap that is much less t
the bandwidth.
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