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The effect of Coulomb and electromagnetic interactions on the dynamics of spin-density waves is dis-
cussed. We show that effects analogous to the Anderson-Higgs mechanism for superconductors occur,
and discuss the experimental evidences for such a mechanism.

PACS numbers: 75.30.Ds

Coulomb effects play an important role in the electro-
dynamics of superconducting' and charge-density-wave?
(CDW) ground states. In the absence of Coulomb ef-
fects the excitation spectrum is gapless for both types of
condensates. The velocity of the excitations is equal to
the Fermi velocity V¢ for the superconducting ground
state, and screening effects are important only in the im-
mediate vicinity of T.. Also, Coulomb effects lead** to
a shift of the dispersion relation up to the plasma fre-
quency w, =4nne 2/my, where n is the number of carriers
and my the band mass. Typically, w,>>2A and there are
no excitations below the gap frequency 2A/h. For a
charge-density-wave ground state the phason excitations
have a velocity ¢=(my/m*)">Vr. Here m* is the
effective mass, which is typically? (102-103)m,. The
consequence of the large m* is twofold. First, Coulomb
effects become important>® only at temperatures well
below Tcpw; and second, Coulomb effects lead to a mas-
sive mode at frequency w; =w,(m/m*)"2e; /2, where
&x is the dielectric constant associated with the single-
particle excitations across the gap A. As m*>m,,
o, <w, and is typically smaller than 2A. These fea-
tures have several important consequences on the fre-
quency-dependent conductivity o(w), which due to ran-
dom impurities, is determined both by the transverse and
by the longitudinal mode.® There is a contribution from
single-particle excitations across the gap 2A which ex-
hausts nearly all the spectral weight associated with the
ac response. The collective-mode contribution appears at
the so-called pinning frequency which occurs well below
the gap frequency. The contribution of the collective
mode to the spectral weight of the w-dependent conduc-
tivity,

A=chDw(w)dw=7me2/2m* , ¢))

is small, but finite as 7— 0 and reflects the large dy-
namical mass m*.

The electrodynamics of the spin-density-wave (SDW)
ground state is expected to be different from that of the
superconducting and charge-density-wave state. Because
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the dynamical mass m* is equal to the band mass m,
and because of pinning effects (which are comparable to
pinning effects in charge-density-wave systems), it is ex-
pected’ that the collective-mode contribution (1) ap-
pears at finite frequencies wo < 2A, and (2) contains the
full spectral weight of the frequency-dependent conduc-
tivity with no single-particle contributions to o(w) at
®=2A and above. (Both statements are appropriate in
the so-called clean limit where the inverse relaxation
time 1/7<A.)

We have recently reported® on our frequency-depen-
dent conductivity measurements, performed in the spin-
density-wave state of the organic linear chain compounds
tetramethyltetraselenofulvalene, X [(TMTSF),X] with
X =PF¢ and NO;. Our experimental observations are
dramatically different from the expected frequency-
dependent response. In the spin-density-wave state we
find clear evidence for single-particle excitations across
the gap, in agreement with earlier optical studies.” The
analysis of our experimental results at temperature T
=0.5Tspw leads to a low-lying resonance at wo<<A in
the PFg salt, with a spectral weight which, if interpreted
in terms of Eq. (1) would lead to a large effective mass
m*=100m,;. In the NO; salt,!° experiments at low
temperature do not give evidence for a collective mode,
and o(w <2A) is dominated by thermally excited car-
riers across the gap.

Phase excitations for spin-density waves result in
charge fluctuations, and in the absence of screening are
subject to long-range Coulomb interactions. In contrast
to CDW’s, the phase velocity is Vr, significantly larger
than the velocity of charge-density-wave phason excita-
tions ¢. The large phason velocity of the SDW state is
expected to lead (in analogy to what is observed in su-
perconductors) to two effects. First, screening is impor-
tant only in the intermediate vicinity of T'spw. Second,
Coulomb effects raise the phason spectrum to the plasma
frequency w,>>2A in an analogy to the Anderson-Higgs
mechanism>* for superconductors, and the transverse
mode is also fundamentally modified. In this Letter we
calculate optical properties of the SDW ground state and
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evaluate explicitly the effects of Coulomb and elec- temperature dependence, determined by the equation, !
tromagnetic interactions. We show that the Anderson-

Higgs mechanism applies for spin-density-wave conden- (T, 0) =[2A(T)]2fEF dE tanh(BE/2)
sates, and that the consequence of Coulomb interactions ’ A [E2—=AND]'? 4E*—0?

is a spectral weight of collective-mode excitations which 4)
is strongly reduced, and ideally, disappears as 7 — O.

We discuss various experimental results obtained on where B=1/kT. For w/AL1, f(T,0<KA)—0 as T
(TMTSF),X salts which support our conclusions on the — Tspw and f(T,0 <A)— 1 for T— 0; at T <K T'spw,

importance of Coulomb and electromagnetic interac- 1—f(T,0<A)~exp(—pA). In the absence of
tions. Coulomb interactions®'! D, =wé — w?, and
The electrodynamical response of the spin-density- _ . _
wave state was discussed earlier!' in the limit where oconl(@) = (ne/my)iof(T,0) (@ —wd) ™. (5)
long-range Coulomb interactions are neglected. o is determined by the interaction of the collective
In terms of the phason propagator D, the collective- mode with impurities,'? and here we treat it as a free pa-
mode contribution to the conductivity oo is given by rameter. It is expected that for nominally pure speci-
(2 . mens, where wo is due to the residual impurity concen-
Seon(w) = (ne*/my )i f (T, ) D, @ tration, hwo<KA. Relaxation time effects are not includ-
where>!! ed in Eq. (5); they lead to the broadening of the collec-
5 tive-mode resonance, but do not influence the parameters
! —_8A° _ LUlsA,8AD)) . 3) such as the spectral weight. Equation (5) gives”!' a col-
Uf(T,0) lective mode at w =wq, which contains all the oscillator
In Eq. (3) U is the on-site Coulomb Hubbard interac- strength with no contributions to (@) from excitations
tion, 8A is the ¢ =2kr component of the spin density #, across the single-particle gap, in clear disagreement with
f(T,w) is the dynamical condensate density, and wy is the experimental findings. The effect of Coulomb in-

the pinned mode frequency. f(T,w) has a nonanalytical N teractions is incorporated'? by replacing the correlation
function ([8A,5A]) with

4re? ([8A,n1X[n,6A1)

q> 1—xn/g)(?*2)In,nl)’
4re?  ([8A, 1L}, 8A1)

g®> 1—@re?/q*)NLj,j1°
for the two modes. Substituting these expressions into Eq. (3), and then into Eq. (2) and assuming that f is indepen-
dent of frequency, we obtain the collective-mode contribution to the conductivity for both polarizations,

w1 —f) !
w’+iol,
1

o*+ioly —od(1—f)

([6A,6A1) +

longitudinal , (6a)

([8A,6A1) + transverse , (6b)

2
ol (@) =£me—iwf o’+iol, —w&—wﬁf{l -

b

’ (7)

2
z%—iwf[f(wz—wg—wgf)_'+(l—f)

where w, =(4ze*/m;) /2 is the plasma frequency. T, and I', are the phason and quasiparticle damping constants and
I;=I,(1—=f)+TI,f. For the (TMTSF),X salts, w,=10000 cm ', and A=15 cm !, and it is expected that
wo < A/h,w, We have made use of the fact that @ is smaller than the other frequencies when deriving the final form
of oeon(w) in Eq. (7). Note that the first term in Eq. (7) is negligible as f(w,) =0(2A/w,)*>< 1. The real part of the
complex conductivity is given by

_ne’ |1 _ ol

O']((l)) ", [wlmf(w)+(l f)f[w_wp(l_f)1/2]2+(wr;:)2 ’ (8)

where |
) analogous to the plasma frequency in superconductors.
Imf(w) =£—2——l—/2tanh {& ] 06(z—1) ) As w, > 2A, the spectral weight of this high-frequency
2zz-1) 2 mode is transferred to the spectral weight of the single-
with Z =w/2A for both the longitudinal and transverse particle excitation spectrum, which has the usual onset at
modes. the gap frequency. The second term which appears at a
In Eq. (8) the first term appearing at frequency renormalized pinning frequency of =wo(1 — f)'/? is due
[w2+w3f1'? represents the plasma frequency and is to the pinned collective mode. The temperature depen-

783



VOLUME 66, NUMBER 6

PHYSICAL REVIEW LETTERS

11 FEBRUARY 1991

dence of the spectral weight of this mode is given by
Acon =1 n(ne/my) f(1—f) (10)

for both modes. According to Eq. (4) A4 is strongly
temperature dependent and for T <KTspw, Acol
~exp(—pA), giving a small contribution to the total
spectral weight. The latter which includes contributions
from both the collective mode and single-particle excita-
tions together with the high-frequency mode is constant,
given by A =% n(ne?/my). From Eq. (8) we also
find that the low-frequency dielectric constant is given by
2 2
g(w— 0) =1+ 1(T,0) +£(T,0) %’i] .an
0

@D
2A
The first term is due to single-particle excitations; the
second term is due to the collective mode. The latter
gives no contribution to ¢ at frequencies A > 0> g, and
in this limit

elw> wf) =1+£(T,0)(0,/24)?, (12)

independent of temperature.

The main consequences of the Coulomb effects on the
electrodynamics of spin-density waves are as follows. In
contrast to what is predicted for o(w) in the absence of
Coulomb forces, o,(w) has two important contributions,
one coming from single-particle excitations at frequen-
cies w > 2A/h and one reflecting the collective mode at
the frequency w§. The spectral weight of the collective-
mode contribution is strongly temperature dependent,
and vanishes in the 7— 0 limit, with all the spectral
weight associated with the single-particle excitations at
zero temperature. As both the longitudinal and trans-
verse mode display the same temperature dependence of
the spectral weight, the same conclusion applies for a
q— 0 mode which contains both polarizations due to the
symmetry breaking brought about by the impurities.>

Next, we discuss the various experimental results on
the frequency- and electric-field-dependent response
which, we believe give strong support for the importance
of Coulomb effects suggested by us. As discussed ear-
lier, the frequency-dependent conductivity observed®~'?
in (TMTSF),PF¢ and (TMTSF),NO; gives clear evi-
dence for single-particle excitations across the gap, and
this contribution contains nearly all the spectral weight
associated with o(w). The collective-mode contribution
observed in the PF¢ salt at 7==0.5Tspw has a small
spectral weight in full agreement with the theory. At
T =0.5Tspw where the experiments were conducted,
1 —f =102 and consequently, the spectral weight Ao
is 2 orders of magnitude smaller than the total oscillator
strength including both collective-mode and single-
particle contributions. The small spectral weight was in-
terpreted earlier® as evidence for a large dynamical
mass, and the present theory suggests that it arises as the
consequence of small spin-density-wave mass and signifi-
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cant Coulomb effects. The dc conductivity is signifi-
cantly higher in the NOj salt than in the PFg salt in the
SDW state, and o(w < 2A/#) is dominated by carrier
excitations across the gap, except well below T'spw. Our
experiments'o at T=0.2Tspw do not indicate any low-
lying mode, and we suggest that this is due to the
freezing-out of the collective-mode spectral weight at low
temperatures. Low-frequency dielectric-constant mea-
surements conducted on the PFg salt'* also clearly estab-
lish a reduced spectral weight associated with the low-
frequency excitations. Various experiments conducted at
radio frequencies well below T'spw give an upper limit of
£<107 at T<0.5Tspw. In the absence of Coulomb
effects, Eq. (9) would lead, with wo=5 GHz, to £=10°,
2 orders of magnitude higher than the measured value.
In contrast, Eq. (10) leads with ®,=10000 cm ~' and
A=15cm 'to e=10"7 at frequencies > w§ in broad
agreement with the upper limit of ¢ established by exper-
iment.

The threshold field for nonlinear conduction is related
to the pinning frequency, and

Er=QeVe) 'U—1) lwd?. 13)

Consequently, the simple relation? between E; and
g, involving only the temperature-independent con-
stant, is not valid for spin-density waves. However, from
Egs. (11) and (13) we find that the universal relation?
between the low-frequency dielectric constant and
threshold field eE7 =Ae (with 4 a constant of the order
of 1) is not modified by the Coulomb interactions, but a
significantly reduced ¢Er value could result from experi-
ments where ¢ is measured at frequencies o> og.

In TMTSF salts, the pinning potential, and conse-
quently o, and also € and Er are strongly sample de-
pendent, being determined by residual impurities.'>'¢
Consequently, experiments where the - and FE-de-
pendent conductivity are measured on the same speci-
mens will be required to clarify the relation between the
field- and frequency-dependent response.
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