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A phenomenological Ginzburg-Landau theory of charge-density waves is presented. It yields, in
the absence of pinning impurities, a manifold of stable (equal-energy) states that are independent
of the phase of the wave. The pinning of these waves by impurities (both weak and strong pinning)
is examined in detail and spectra for various impurity distributions are analyzed in detail. Strong
dependence on the wave phase, change in harmonic content, and phase shifts are common features,
in addition to the appearance of a continuous background. There is also a plethora of metastable
states, many of which have energies close to the ground state. Comparison between the proposed

theory and experiment in NbSe; is satisfactory.

I. INTRODUCTION

Charge-density waves (CDW) are a collective phe-
nomenon observed in low-dimensional solids.'™® A strong
electron-phonon coupling in those systems, together with
particular features of the normal-state Fermi surface,
lead to an oscillatory (static) distribution of the elec-
tron charge, to which a periodic lattice distortion (PLD)
is generally associated. In most cases the CDW and the
PLD are incommensurable with the original crystal lat-
tice of the solid. The presence of defects and impuri-
ties pins the CDW to the crystal lattice. Under these
conditions it cannot contribute to the charge-transport
processes, in particular to the electrical conductivity.
The presence of a strong enough electric field depins
the CDW, makes it “mobile” and, therefore, increases
sizably and in a nonlinear fashion the conductivity of
the solid.®>” This interesting nonlinear conduction pro-
cess has been the subject of very extensive investigations,
both theoretical*?1972% and experimental.®7+21

In addition to this dynamic effect, the presence of
pinning impurities, located at random positions in the
lattice, produces a static structural phenomenon (i.e.,
not a transport phenomenon) which has been also ex-
amined in great detail.® There are mutually inconsistent
conditions—frustration—arising from the different geo-
metrical requirements of the CDW, with its own intrinsic
periodicity, and from the location of the pinning impu-
rities throughout the crystal. In its attempt to achieve
equilibrium, i.e., a minimum of the free energy, the sys-
tem encounters a variety of long-lived metastable states,
and may be trapped (for long times, even indefinitely)
in a nonequilibrium state. Concurrently, the structure of
the equilibrium state is drastically modified by the pres-
ence of the pinning impurities and exhibits very complex
properties.

A vast literature, concerned with theoretical models
and calculations for these effects, is in existence. It is
thoroughly and clearly summarized in the review ar-
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ticle by Griiner,” and the collection of articles in the
book by Gor’kov and Griiner.® They range from classical
or semiclassical models to quantum-mechanical formula-
tions, and from analytic solutions of nonlinear equations
to numerical simulations. They, however, either lack the
inherent simplicity of the variational approach proposed
here, or are not susceptible (with a few exceptions?)
to the quantitative description of the many metastable
states introduced by impurity pinning.

It is the purpose of this contribution to formulate a
phenomenological model that describes these static phe-
nomena where both the amplitude and the phase mod-
ification of the CDW in the presence of impurities are
treated in a consistent scheme. In particular it is impor-
tant to obtain a theory that, in the absence of impurities,
yields a CDW state whose energy is phase independent,
i.e., a totally mobile (incommensurable) CDW. Pinning
impurities would then influence, in varying degrees, the
phase and the amplitude of the CDW, and simultane-
ously bring to the problem their own geometrical and
structural features.

The phenomenological theory proposed here is in the
spirit of the Ginzburg-Landau model.23:2¢ It applies to
one-dimensional CDW’s. The natural order parameter
for such systems is the difference in electronic charge den-
sity between the state under study and the normal state,
i.e., that state in which the charge distribution is iden-
tical in every primitive cell. It is a position-dependent
order parameter. Other possible order parameters, such
as the local energy band gap and the PLD, are simply
proportional to the local electronic charge density. Free-
energy contributions of the elastic energy of the PLD and
the electron-phonon interactions are assumed to be taken
into account in the free-energy expression in an implicit
way.

In Sec. II, the free-energy expression for a single chain
containing an arbitrary number of impurities is proposed.
Section III contains the solution of the model in the ab-
sence of impurities and a brief discussion of the behavior
of the order parameter, the CDW wavelength, and the
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excitation modes. The response of the chain to impuri-
ties, both in the normal state and in the condensed phase
is discussed in Sec. IV. Finally, Sec. V contains the con-
clusions.

II. THE MODEL

The free energy is expanded in the customary fashion,
up to fourth-order terms

F=F,+F;+F;. (1)

Each term contains both short-range and long-range con-
tributions in the single space variable = or, equivalently
in the Fourier-transform variable g. The only long-
range contribution—small ¢—is normally caused by the
Coulomb interaction.

If n(z) denotes the order parameter—number of elec-
trons per unit length—the most general form of the
second-order term with complete translational invariance
is

n=§//ﬂwwmmmwmw,

where f(n) is an even function of 5 which may contain
6 functions and their derivatives. For the sake of clarity,
F, will be written in terms of the g variable

F=(L/2) Y falng |, @
where

fo= /f(m)eiq"’d:z:,
n(e) = 3 nge 3)

and L is the length of the chain. A reasonable choice for
fqis

fe=10a1/a® + a2q® + a3, (4)

where the first is a Coulomb-like term which prevents
long-wavelength oscillations, and especially does not
permit a charge transfer to the chain from outside
(ng=0 = 0). The second is a derivative-in-z term which
prevents very-short-wavelength oscillations. The simplic-
ity of Eq. (2) implies that the transition from the normal
to the CDW state occurs when in some region of g space
fq becomes negative. Therefore, it is useful to write f,

in the form
2
fqu(%—%> +B, (5)

where Qo = (a1/az)/* is the value of ¢ for which f, has
its minimum. It is assumed that the two constants A and
Qo are temperature independent, and that B varies lin-
early in T and changes sign at the transition temperature
T
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B=B (T-T.).

The fourth-order term should be positive and short
ranged. These conditions are satisfied by the simplest
possible form

Fy = (C/a) / n(z)de . (6)

Finally, the impurity contribution to the free energy is
F, = /V(m)n(m)d:c = Z/U(m — Rp)n(z)dz , (7)

where U(x) is the potential of a single impurity, V (z) is
the sum of all impurity potentials, and R,,, denotes the
location of the mth impurity.

In the cases considered here all impurities are iden-
tical. Their potential is chosen to be a § function
[U(z) = Up 6(x)]. The strength of the potential Uy and
the positions of impurities along the chain R,, are, there-
fore, the only parameters necessary to describe the effect
of impurities.

The free-energy functional F' has one natural length
scale (2m/Qp), the ideal wavelength of the CDW. In
addition, F' does not contain the lattice constant as
a parameter. The model is, therefore, a “continuum”
model, and all lattice effects are ignored. This con-
tinuum approximation is appropriate for the current
problem, but must be reassessed and changed when
looking at other effects, such as the incommensurable-
commensurable CDW phase transition.”-2®

There are two independent dimensionless variables in
the formulated problem. The first, 5 = B/4A, which
is linearly proportional to the temperature, is the only
parameter needed to describe the condensed phase in the
absence of impurities. The other dimensionless variable,
which gives the strength of the impurity potential, can

be taken to be u = UpQo+/C/64A43.

III. CDW PHASE WITHOUT IMPURITIES

A. The order parameter

Above the transition point, i.e., when B > 0, because
all terms in F are non-negative, the order parameter is
necessarily zero. When B becomes negative, the system
can lower its energy if the order parameter assumes a
nonzero value. There is a finite range of wave numbers
in the interval between ¢_ and q,,

ax = Qo (VI+1B1£VIB])

where f; is negative. For any ¢ in this range n, may
have a finite amplitude. The numerically obtained solu-
tion of this problem indicates that the minimum-energy
solution has a well-defined periodicity, i.e., a fundamen-
tal wave number Q—close in value to Qo—together with
its odd harmonics 3Q,5Q,7Q, ... . The absence of even
harmonics is closely linked with the absence in F', Eq. (1),
of a third-order term in n(z). Only one wave number Q
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and its odd-order harmonics are nonzero; all other ng,
even when they are in the interval ¢ < ¢ < ¢4 vanish,
since nonvanishing n, other than those mentioned above
have the effect of increasing F; more than they cause F;
to decrease.

Near the transition temperature, for B negative and
small, the fundamental component of the order parame-
ter is approximately given by

Inq |~ VIB|/3C, (8)

and the higher harmonics vary as

| n@mine | /Ingloc|B™, 9)

for any m > 1. For a CDW peaked at the origin (i.e.,
nq is a positive real number), the third harmonic nzg
is negative in sign [more generally sign of n(3m41)q is
(=1)™]. This has the effect of distorting the pure sinu-
soidal towards a square-wave form. As the temperature is
lowered further, the harmonic content increases and the
CDW wave form approaches to a true square-wave [i.e.,
Nem+1)Q/nQ — (—1)™/(2m + 1) in the limit B — —oo].

It should be noted that, because of the increase of har-
monic content with increasing | B |, the CDW wave num-
ber Q varies with temperature,

Q=Qo(1-&B? for |BIK1, (10)
Qo |6]74 for |B|> 1. (11)

With the assumption of a temperature-independent pa-
rameter Qo, as it appears in (5), the wave number Q
varies quadratically with (T, — T') near the transition
temperature. This behavior does not conform well with
experimental data?%:27 where it has been found that the
variation of Q is linear in (T, — T'). This variation has
been interpreted as caused by the change of the nesting
wave vector 2kg. This Fermi-surface change in turn is
a result of the thermal change in occupation of the elec-
tronic bands, those responsible for the CDW transition.28
Since the parameter Qo, the “ideal” wave vector, is re-
lated to the nesting wave vector 2kr, the linear variation
of the CDW wave vector Q can only be described in the
current model if Qo is assumed to depend linearly on
temperature. It should be stressed, however, that the
two origins for the variation of Q are unrelated: one is
caused by Fermi-surface effects, the second one by the
nonlinear CDW effects.

B. Excitation modes

The formalism described above yields a CDW with
complete phase independence. In other words, the
charge-density distribution can be translated uniformly
by any length without changing the total free energy of
the system. This translation is a zero-energy excitation,
the so-called ¢ = 0 phason mode. It corresponds to a
particular wave vector (¢ = 0) of a continuous branch
of excitation modes, the phasons. Although only the
g = 0 mode has zero excitation energy, the whole branch
carries, for any wave vector, a low energy of excitation.
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The phasons are responsible for the electrical transport
properties” associated with CDW’s. It is of interest to
investigate these excitation modes. The way to do that is
to follow the prescription set up originally by Landau.2®
It consists of taking the second-order functional deriva-
tive of the free energy with respect to the electron density
(a generalized inverse susceptibility tensor)

§%F

®(#2) = F@)on(@) °

(12)

which, according to Egs. (1)-(6), takes the form
®(z;z') = f(z—2') + 3C n(z)? s(z—-2='), (13)

and then determine its eigenvalues w and eigenfunctions

¥(z)
/‘D(m;a:')z,b(a:')dz' = wy(z) . (14)

In these equations n(x) is the CDW that minimizes F,
and has a fized (but arbitrary) phase. The quantity ¥,
as defined above, is symmetric and periodic?®

®(z; z') = B(z +27/Q; ' +27/Q) . (15)

Bloch’s theorem then yields for the eigenfunction
Yok (z) = e*ugr(z) , (16)

where a is an index and u.«(z) is a periodic function of
z with period 27 /Q. The quantity k is the wave vec-
tor of the excitation. The energy of the excitation?8:3°
is proportional to the square root of the eigenvalue wqp.
By taking an appropriate linear combination of ¥, and
Pa,~k, real-valued eigenfunctions can be obtained. A
typical dispersion relation wq is shown in Fig. 1. The
excitations corresponding to the lowest band (o = 0) are
phasons. For the special case of k = 0, wo o is zero,
and o x=o(z), which is proportional to dn(z)/dz, cor-
responds to the uniform translation of the CDW. As ex-
pected, wo . has, for small values, a quadratic dependence
on k. Thus, phason modes are very sensitive to applied
external potentials, such as impurities (because of the low
excitation energies). At the zone boundaries k = +Q/2,
all bands, including the phasons, are degenerate in pairs,
i.e., all bands “stick together.” It is, therefore, possi-
ble (although not desirable) to describe all modes in a
double-zone scheme, in the interval — Q < k < Q.

In addition to the phason there are infinitely many
other modes, each with finite energies throughout the
zone. They all involve amplitude modulation and are
generically called “amplitudons.” The lowest amplitudon
mode (o« = 1, k = 0) has an eigenvalue wi k=0 Which
varies linearly with B, i.e., an “excitation gap” which
is proportional to (T, — T') in the vicinity of T.. There-
fore, low-energy amplitudons may play an important role
in the response of the CDW system to impurities near
the transition temperature. At low enough temperatures
(large and negative B) the importance of the amplitudons
decreases, their energy increases, and there are level in-
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FIG. 1. The dispersion relation (spring constant versus

wave vector) for the collective excitations: (a) 8 = —0.2 and
(b) 8= —0.6. Only the lowest four modes are shown in each
case.

versions which result in a spectrum of nonintersecting
pairs of “stuck-together” bands [see Fig. 1(b)].

IV. EFFECT OF IMPURITIES

The linear response of the charge density to a given
impurity distribution can be found by solving

/@(:c;w') dn(z') dz' = - V(z), (17)

where dn(x) is the difference between the charge density
of the system and its constant, unperturbed value. It is
evident from the form of (17) that the small eigenvalues
of ® play a crucial role in the behavior of the perturbed
charge density. In the normal state, since n(z) = 0, the
inverse susceptibility takes the form

O(z;2') = f(z-2),

and the eigenvalues of ® are simply wy = f; for each
(plane-wave) eigenstate ¥4(xz). The lowest eigenvalue
corresponds to ¢ = Qo and, therefore, the wave vector
Qo “shapes” the charge distribution. In the CDW state,
on the other hand, the charge density is crucially affected
by the phason and low-energy amplitudon modes.

(a) Impurities in the normal state. In the normal state,
the presence of an impurity causes a screening-charge
“pileup” in its environment. There are two regimes where
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the distribution of the charge behaves differently. If the
temperature is high, 8 > 1, the charge density (in the
linear approximation) decays exponentially. For a single
impurity at the origin

() = — —Jo (Le—lzuf- _ _Le—|z|/e+)
AV/B(B—1) \&- &+

where
1/6: = Qo (VBFVB-1) .

In the physically more interesting region close to the tran-
sition temperature, 0 < 3 < 1, Friedel oscillations accom-
pany an exponential decay of charge density

n(z) = 2;;;%?20?6_% #inel=l cos(Qocos g | z | +o) ,

where ¢ is related to 8 by
sin?p = .

Therefore, a small impurity causes oscillations whose am-
plitude and whose healing length

¢ = 1/(QoVB)

go to infinity as the transition point is approached. These
oscillations are induced by the small value of the function
fq at the minimum, i.e., at ¢ = Qp. In other words,
near the transition temperature, there is a giant peak
in the susceptibility x(g) of the coupled electron-phonon
system in the neighborhood of ¢ = Q. This behavior is
a precursor to the CDW transition.3!

(b) Impurities in the CDW phase: linear-response the-
ory. The most important effect of impurities is the pin-
ning of the phase of the CDW to a value determined by
the sign of the impurity potential and impurity distribu-
tion. This phase is equal to the phase of the CDW for
vanishingly small values of the impurity potential. The
linear-response theory can then be applied to find the
change in charge density dn, in the presence of impuri-
ties. The results for a single impurity at the origin for
two different temperatures are shown in Fig. 2. At large
distances from the impurity, the CDW displays a phase
shift which can be described by

n(z) = no(z +7v), £ = +oo,

n(z) = no(z — ), £ = —oo ,

where ng(z) is the zeroth-order pinned solution and + is
the amount of the phase shift in units of distance. The
dominant feature in the spectra, which is the divergence
of the response at the odd multiples of the fundamen-
tal wave vector @, is the result of this long-range phase
shift of the CDW. This behavior is caused by the large
contribution of the gapless phason mode to the response.

Apart from this effect, the CDW is also modified lo-
cally. For a single impurity the local modulation is in
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FIG. 2. The linear response of the charge density (arbitrary
units) to an attractive impurity at the origin for (a) 8 = —0.2

and (b) 8 = —0.6. At Q and 3Q, Jn, diverges to infinity for
an infinite chain length, although ng and n3q are still finite.
These curves are obtained with the application of periodic
boundary conditions to a long chain (with a length of 100
wavelengths) and, therefore, dn, is finite for all q.

phase with the CDW increasing the local amplitude of
the CDW (hence can be termed as Friedel oscillations)
and is mostly the response due to the lowest energy am-
plitudon mode. As explained in the previous section, as
the temperature approaches to T. from below, the “ex-
citation gap” of the lowest amplitudon mode decrease
resulting in larger contribution of the in-phase response
of the charge density in such a way that the response is
divergent at T = T.. Moreover, the healing length of
the in-phase response increase in this limit with a tem-
perature dependence | 3 |~1/2. Therefore, the in-phase
Friedel oscillation created by a single impurity becomes
the dominant response as the transition temperature is
approached (the response is divergent as one approaches
T. from below similar to what happens when approach-
ing from above). This qualitative behavior can be seen
in Fig. 3. If there are many impurities, then the phase
of the CDW at the position of each impurity is the im-
portant quantity that determines the response. In such a
case “gapless” phason modes significantly contribute to
the local response. The overall effect is the change of the
CDW wavelength in both neighborhoods of the impurity.

(¢) Impurities in the CDW phase: finite-amplitude ef-
fects. Linear-response theory is not valid when either the
impurity potential is large or the concentration is small.'!
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FIG. 3. The linear response of the charge density to a single
impurity (v = —1) at the origin for (a) 8 = —0.01 and for
(b) 8 = —0.2. In (a) the dominant response is the Friedel

oscillations of the electronic charge density in phase with the
CDW contributed mostly by the lowest amplitudon modes
and with a healing length ¢ ~ 1.13\. In (b) the healing
length is considerably smaller. Friedel oscillations die quickly
within a wavelength and the dominant response appears as a
long-range phase shift contributed mostly by phasons.

In the present formulation of the problem, one can obtain
the charge density by using numerical methods.

For a finite density of impurities, the nonlinear prob-
lem has been solved under the assumption of periodic
boundary conditions (i.e., the impurity distribution and
the charge density are assumed to have a fixed, predeter-
mined period). The artificial period of the distribution,
a = M), is chosen as an integral multiple M of the CDW
wavelength A at the given temperature. The impurity
concentration c is defined as the number ¢ = (N/M),
corresponding to N impurities per length a. For suffi-
ciently large a and for constant N/M the solution should
depict the features of the infinite system, where the im-
purities are distributed randomly.

To obtain the solutions a cutoff approximation is made
whereby the charge-density components in g space, ng,
are taken to be zero for | ¢ | > Qmax, Where Qunayx is a
large wave number. The solutions are then obtained by
minimization of the free energy, Eq. (1) with respect to
ng, following standard numerical procedures.

A change in the CDW wavelength, and the presence
of several metastable states are found to be the charac-
teristic features in the nonlinear regime. Figures 4 and
5 show the charge density for the minimum-energy state
for two distributions in an N = 2, M = 10 case, i.e., two
identical impurities (u = —0.1), in a period a = 10 A
at a temperature given by 8 = —0.5. The distances be-
tween the impurities in the two cases were chosen close
to a discontinuity of the CDW phase at R = 3A/2. For
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infinitesimally small and negative impurity potentials the
phase of the CDW, ¢, measured at the midpoint of the
two impurities, is equal to 0 when the impurity separa-
tion is slightly larger than 3A/2, (i.e., at the midpoint
the charge density is a maximum). If the separation
is slightly smaller than 3)\/2 the phase is ¢ = 7 (i.e,
the charge density is a minimum at the midpoint). The
charge density in real space and in momentum space for
(R/\) = 1.46 is shown in Fig. 4, and for (R/A) = 1.54 is
shown in Fig. 5.

In the case of Fig. 4, where the shortest distance be-
tween the impurities is R = 1.46), the unperturbed dis-
tribution mo(z) that minimizes the free energy exhibits
a minimum at the midpoint, i.e., ¢ = m at £ = 0 [see
Fig. 4(a), upper panel]. Its Fourier spectrum contains
a negative component at ¢ = @, and a positive one at
q = 3Q, as shown by the open circles in Fig. 4(b). The re-
sults of the finite-amplitude calculation for the minimum-
energy state are shown in real space in Fig. 4(a), and in
q space in Fig. 4(b). It corresponds to an energy per unit

_(é)x I T .

1

n(x)

1 1
x/ A

05 * : *
2
q/Q

FIG. 4. Charge density (a) in z space and (b) in g space
for two impurities located at £0.73A. The unperturbed CDW
(the minimum energy state for vanishing impurity potential)
is shown in the upper panel in (a) and by open circles in (b).
The solid line in (b) is a guide to the eye. Since n(z) is an
even function of z, ng is a real quantity. Periodic boundary
conditions with period a = 10\ are used. The potential of
the impurities is © = —0.1 and the temperature of the system
B = —0.5. The unperturbed CDW has phase 7 at the origin.
The shift of the CDW wave vector can be clearly seen for the
third harmonic.
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FIG. 5. Charge density for two impurities and conditions

identical to those of Fig. 4, but with the impurities located at
+0.77). The unperturbed CDW has a phase 0 at the origin.

length (F/L) = —0.061276(44)/C. It can be seen that,
in addition to a continuous background in g space that
develops because of the impurities, there is change in the
shape of the singularities at ¢ = Q and ¢ = 3Q, as well
as a shift of these features towards higher values of q.

Figure 5 shows the case where the shortest distance
between the impurities has been increased to R = 1.54),
i.e., slightly larger than (3)A/2). Here the unperturbed
distribution ng(z) that minimizes the free energy has a
maximum at the midpoint, i.e., ¢ = 0 at z = 0 [see
Fig. 5 (a), upper panel], and its Fourier spectrum includes
a positive component at ¢ = @ and a negative one at
g = 3Q as shown by the open circles in Fig. 5(b). The re-
sults of the finite-amplitude calculation for the minimum-
energy state are shown in real space in Fig. 5(a), and in ¢
space in Fig. 5(b). The minimum energy per unit length
is now (F/L) = —0.062029(4A4)%/C. There is also a
continuous background but the shifts of the ¢ = Q and
g = 3Q singularities are towards lower values of g.

An important feature of these calculations is, in all
cases, the existence of many low-energy metastable
states. Three of the lowest-energy metastable states
are shown in Fig. 6 for the case of impurity separation
R = 1.46). The energies of all of the metastable states
determined numerically for both impurity separations are
listed in Table I. The states are labeled (u,v) according
to the number of cycles (number of minima) observed
between the two maxima at the impurities in the longer
interval (1) and in the shorter one (v). This classification
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TABLE 1. Energies of stable and metastable states for N = 2 impurities, of strength v = —0.1,
and for an imposed periodicity a = M A of M = 10 wavelengths. The temperature is 8 = —0.5.
Two impurity separations R are chosen. The free energy per unit length F/L is given in units of
(44)?/C. Reciprocal space was cutoff at Qmax = 20Q = 40 7/). The energy density of the chain
without impurities is F/L = 0 in the normal state, and F/L = —0.043950(44)%/C in the CDW
state. It should be noted the energies are slowly convergent functions of the cutoff Qmax and the
energies listed here will change slightly when a larger value of the cutoff is used. However, the
energy differences between states are insensitive to the cutoff, and hence the ordering of the states

does not change when larger values of Qmax are used.

R =1.46) R =1.54\

and and
R = 8.54) R = 8.46\

State F/L State F/L
[(44)*/C] [(44)2/C]
(9,1) -0.061276 (8,2) -0.062029
(9,2) -0.061239 (9,2) -0.061767
(8,2) -0.061189 (9,1) -0.060267
(8,1) -0.060565 (8,1) -0.059866
(10,1) -0.058281 (10,2) -0.058212
(10,2) -0.057923 (7,2) -0.057640
(7,2) -0.056426 (10,1) -0.057027
(7,1) -0.054622 (7,1) -0.054260
(11,1) -0.052932 (11,2) -0.052572
(11,2) -0.052438 (11,1) -0.051517
(6,2) -0.045738 (6,2) -0.047333
(6,1) -0.042413 (6,1) -0.042310

scheme is very informative since it provides a graphical
description of how the CDW gets either compressed or
expanded. In the situation chosen here there are approx-
imately 8.5 cycles in the large interval and 1.5 cycles in
the smaller one.

All metastable states display shifts in the singularity
of charge density in ¢ space, similar to those described
for the ground states.

It is apparent that a small change in the distribution of
impurities can cause drastic changes in the spectrum of
the system. Singularities in g space may shift to higher or
to lower values of the wave number® and energy level in-

n(x)

N ! 1 L 1
-1 1

x/ A

FIG. 6. Charge density for the lowest three metastable
states in the case of Fig. 4. Note that whereas the ground
state, Fig. 4, has a (9, 1) structure, the metastable states are

(a) (9,2), (b) (8,2), and (c) (8,1). The energies of these states
are given in Table I.

versions may occur, as occurs for the ground states of two
cases investigated here. A similarly rich structure is seen
when the impurity potential changes strength: inversions
of states take place, and some metastable states may
change stability. For example, for the N = 2, M = 10,
R = 1.46 case, the (9,1) state, is the lowest-energy state
for small values of u, but it is replaced by the (9,2) state
at larger values of u.

V. DISCUSSION AND CONCLUSION

A Ginzburg-Landau theory of CDW’s on a single chain
has been proposed, developed, and its consequences ex-
plored. The model yields reasonable results, in agree-
ment with observation in real systems such as monoclinic
NbSe3.

This agreement is in spite of the fact that the Coulomb-
like term of the function f(z), as defined by Egs. (3)-(5),
has an unphysical property. The inverse Fourier trans-
form of Eq. (4) diverges, yielding

f(z) = —a1|z|/2 — azd"(z)
+ a3dé(x) + a constant , (18)

which grows without bound as | = | increases. However,
since the average value of n(z) vanishes, and in all cases
considered here the Fourier transform of n(x) does not
contain large terms for small g, this deficiency in f(z)
does not create any problems. Any other model that
uses a different f; would display behavior similar to the
one found here, provided that f, goes to infinity for very
small and very large values of ¢, and that it has two local
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minima at Qo and —Qg.

The function fg is of central importance in this the-
ory. Through Eq. (2) it determines the energy required
to create not only an electronic charge-density distribu-
tion, but also the elastic energy of the lattice distortion
and the electron-phonon interaction energy. It, therefore,
determines the linear response of the coupled electron-
phonon system to externally applied static fields in the
normal state. For this reason it can be related to the mi-
croscopic properties of the electron gas. The short-range
(small ¢q) and the long-range (large ¢q) behavior of fg is
consistent with such calculations (which determines a;
and a,). However, for intermediate values of ¢ close to
the minimum, f, is quite sensitive to the normal-state
Fermi surface and to the temperature. The minimum of
fqisat Qo = 2 kp and the curvature of f, at this point
is strongly temperature dependent in such a way that a
cusp exists at T = 0 (and, therefore, these properties
are not determined solely by constants a; and a3). For
finite temperatures however, f; is analytic and the form
in Eq. (5) is appropriate around the transition tempera-
ture when the variation of the curvature with respect to
temperature is insignificant.

One important property of the form of f, in Eq. (4)
is that the wave vector of the CDW can change slightly
without costing too much energy. Examples of this kind
of changes of Q were given in the previous section which
are forced on the CDW by the presence of impurities.
It is seen that this change in @ not only depends on the
configuration of the impurity distribution but also on the
(metastable) state. Since the CDW wave vector is related
to the Fermi wave vector by Q = 2kp, these changes are
interpreted as changes in the Fermi surface. This pic-
ture conforms well with a recent experiment® on NbSes,
where it has been observed that details of the Fermi sur-
face are strongly dependent on the impurity pinning and
the metastable state in which the system has settled. A
similar phenomenon is present3?>734 in the normal state of
NbSez where, depending on the type and concentration
of the impurities, the lattice distortions adopt a chang-
ing periodicity. ‘The current theory has been applied®® to
this phenomenon with satisfactory results.

The long-range Coulomb interaction between the elec-
trons ensures that the effects of impurities are completely
screened at long distances. The characteristic length
scale for the decay of the charge disturbance is £, the
healing length, which diverges to infinity as the transi-
tion temperature is approached from both sides. This
conclusion remains true for any impurity potential U(x)
that either decays faster than f(z) or is proportional to
f(z) for large values of | z |, whatever the form of f(z).
Consequently it can be argued that the model is partic-
ularly well suited for CDW systems that have metallic
character, such as NbSes, because of the screening ef-
fects.

In the presence of a single impurity, the charge-density
response displays oscillations in both the normal and
CDW phases with a wave vector close to Q. In the
CDW phase the wave vector of these oscillations is iden-
tical with the CDW wave vector Q. Since Qg is related
to the nesting vector of the Fermi surface 2k, it can be
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claimed that these are Friedel oscillations. However, one
distinct nature of these oscillations is that they decay
exponentially (except at T.), unlike the Friedel oscilla-
tions in real materials which decay with a power law.36
The Friedel oscillations are caused by the singular behav-
ior of the wave-vector-dependent susceptibility at 2kp.
However, in the current model the wave-vector depen-
dent susceptibility is [ —1/f(q) ] and it is a smooth, non-
singular function for all finite g. To be able to describe
long-range Friedel oscillations one has to include the sin-
gularities in the model f; from the beginning. On the
other hand, true singularities in the susceptibility exist
only at T = 0. For a finite temperature it can be claimed
that the current approach should work well, and that the
Friedel oscillations have a finite range.

The main properties of the model described here are
the following.

(1) The harmonic content of the charge density is found
to increase with decreasing temperature. This property
follows naturally from the increase of the magnitude of
n¢g and the nonlinearity of the equations. The increased
harmonic content makes the CDW look like a square
wave, a consequence of the special form chosen for Fj.

(2) Increasing harmonic contribution with decreasing
temperature implies that the CDW wave vector @ de-
creases as the temperature is lowered, which follows from
the fact that higher harmonics contribute larger energies
because of the g% term in Eq. (5).

(3) The model exhibits “electron-hole” symmetry, in-
variance under the sign change of the charge density
[n(z) — —n(z)], i.e., a dependence of the free energy
only on even powers of n(x).

(4) Because of the “electron-hole” symmetry there are
no even harmonics in the spectrum n,.

(5) Also because of the “electron-hole” symmetry all
collective excitations are degenerate at the boundaries of
the Brillouin zone.

(6) Impurities produce a variety of effects in the CDW
phase, the most important one being the fixing of the
otherwise undetermined phase (pinning).

(7) A second important effect of the impurities consists
of long-range phase shifts of the CDW, shifts that essen-
tially extend to infinite distances. This effect appears
as a divergence in the spectrum of n4 at the odd multi-
ples of the fundamental wave vector Q. The phase shifts
and the divergences result from the large contribution of
low-energy phason modes.

(8) A third effect is a local disturbance of the charge
density in the neighborhood of the pinning impurities, an
effect that heals over short distances—a healing length

-1
proportional to (Qo VA |) .

(9) In the strong pinning regime, one observes changes
of the wavelength or equivalently changes in the wave
vector of the singularity in the g space. These changes in
magnitude and shape of the charge-density spectra have
a strong dependence on the impurity positions and also
on the strength of the impurity potential; it is possible
to observe discontinuous transitions between states when
one parameter is changed continuously.

(10) In this regime one also observes several metastable
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states which have their own characteristic period distri-
butions. As a function of the main parameters of the
problem, they too show significant variation in ordering,
i.e., level crossings which are apparent in Table I.

(11) Metastable states exist for all temperatures in the
CDW state. Numerical results indicate that when the
temperature is close to the transition point their stability
and abundance is observed to decrease. (i.e., for lower
temperatures one is more likely to encounter metastable
states.)

(12) The existence of very many metastable configura-
tions makes observation of the true minimum free-energy
state difficult, and achieving equilibrium in reasonable
times, a doubtful proposition.

For real, three-dimensional anisotropic systems in-
teraction between chains is important, an effect ig-
nored here. The effect of interchain interactions on the
metastable states is an interesting subject that needs
further investigation. The current theory should be ex-
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panded to be able to answer all questions associated with
three dimensionality in a satisfactory way. It would be
interesting also to develop a time-dependent Ginzburg-
Landau theory which would explain quantitatively the
complex transport phenomena characteristic of CDW
systems.
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