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A theory of two competing order parameters — superconductivity and charge-density waves
— as applied to layered compounds is presented. Both effects are caused by the phonon-
mediated attractive interaction between itinerant electrons in narrow-band materials. The inter-
play between superconductivity and charge-density waves is analyzed. The main results of our
model calculation are: (i) all metallic charge-density systems should be superconducting at low
temperatures; (ii) the presence of superconductivity tends to reduce the charge-density wave
and vice versa; (iii) under some conditions it is possible to have a charge-density-wave—induced
semiconductor which, at low temperatures, makes a transition to a superconducting state. This

last case is examined in detail.

I. INTRODUCTION

Among the states of broken symmetry in a solid,
charge-density waves (CDW) and superconductivity
(SC) are the two most prominent ones which require
an effective attractive electron-electron interaction!™
mediated by phonons. It is therefore not surprising
that systems in which CDW’s have been experimen-
tally observed* are also superconducting at very low
temperatures.’

The tendencies toward the formation of SC and
CDW are to a certain degree opposing one another:
While the SC state has infinite conductivity and a
Meissner effect, the CDW state, for large enough in-
teractions, produces a semiconductor gap in the spec-
trum and a nonconducting state. From the micro-
scopic point of view on the other hand the SC state
arises from electron-electron coupling into Cooper
pairs, the CDW state from electron-hole coupling and
charge redistribution: two effects which are in princi-
ple independent of one another.

Although considerable uncertainty exists, it has
been mentioned in the literature® that some CDW
layered compounds, e.g., 17-TaS,, despite the ap-
parent lack of metallic properties are reported to be
superconducting below a given temperature
Tsc (TSC ~0.8 K for lT-TaSZ).

It is the purpose of this work to study the inter-
dependence of the SC and CDW states. In particular
we are interested in setting up a model Hamiltonian
which allows us to test both effects on the same foot-
ing. We thus expect to clarify several points: (a) the
difference in order of magnitude of Tcpw, the CDW
transition temperature, and Tsc, the SC transition
temperature; (b) the range of relevant parameters
over which a. CDW exists; (c) the nature of the com-
petition between SC and CDW’s; and (d) the possi-
bility of coexistence of both effects, i.e., a nonuni-
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form charge distribution with its attendant CDW gap
and a superconducting state also with its characteristic
gap. A similar study for one-dimensional systems is
reported in the work of Levin et al.® and similarities
can also be found in the article by Bilbro and McMil-
lan.’®

In Sec. II we set a model Hamiltonian and discuss
its validity. Section III studies the existence and
properties of the CDW state within this model. Sec-
tion IV is concerned with the competition and coex-
istence of CDW and SC states. Section V examines
in more detail the semiconductor-to-superconductor
transition. Section VI contains a discussion and con-
clusions. '

II. THE MODEL HAMILTONIAN

Our starting point is a collection of crystalline elec-
trons moving in a single band and interacting with
lattice phonons

Hy=H.,+H,+H, , Q.1
where
H.=3 eal,ac, . 2.2)
ko

€ is the band energy of a state k in the Brillouin
zone, o is the spin index, and akf., (aro) is the fer-
mion creation (destruction) operator. The phonon
Hamiltonian

H,=73 kwgb/b, 2.3)
q

corresponds to a single-branch phonon spectrum, the
phonons being identified by a wave vector @ and a
creation (destruction) operator b} (b,). Finally H,,
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describes the electron-phonon interaction

Hy=i 3 Dyalispoars(b,—bL) (2.4)
kqo
with an interaction D, which, for convenience, we
take to be a constant D.

The standard procedure in studying the SC state! at
this point is to produce an effective electron-electron
interaction mediated by phonons, and replace it by an
approximate expression which leads to the BCS re-
duced Hamiltonian. The well-known canonical
transformation leads to an effective Hamiltonian

Heff=He +H,- s (25)

where H, is given by Eq. (2.2) and the interaction
term is

,-=-12-D El(ek €k—q — Fwg) ™!
kkq

’
oo

_ —_ -1
(Ekl ek'+q + h’wq) ]

a(Tk+q)a"ak'¢71a(Yk'—q)o'a’“7 (2.6)
Among the many terms in Eq. (2.6), the relevant

ones for the SC state are those which scatter

coherently a pair [k, —k |] into another pair

[(k +9)1, (=k —q) [], i.e., only those terms for

which k' =—k and ¢’ =—0o. The retention of only

those terms yields

=3 Vigalespaloi-oia-x19x1 Q@
kg

where
2D? Fw,

V,, =
M (e — €xrg) = (Fwg )?

2.8)

In the BCS reduced Hamiltonian the matrix element
Viq is replaced by a simpler form

—A, ifIEk—€F|<f[wD,
lek+q —€rl <t wp,
0, otherwise , 2.9)

BCS _

where e is the Fermi energy and wp is a characteris-
tic (Debye) frequency. The use of the mean-field ap-
proximation now yields

HBCS=H2—A E (a,!,alkl +a_“ak,) +A2/)\ ,
k
(2.10)

where the superconducting order parameter A is de-
fined by

AEKZI (a_klak') , (211)
k

the primed summation is over all states k such that

|ex — €r| < Ewp, and (- - - ) indicates thermodynam-
ic mean values.

The terms in Eq. (2.6) responsible for the forma-
tion of a CDW are completely different. We restrict
ourselves to the case of a single wave vector Q and
choose a commensurable Q of special value such that
2Q is a vector of the reciprocal lattice, i.e.,

k +2Q =k. The terms in Eq. (2.6) which contribute
to this CDW are those for which ¢ =Q, i.e.,

HEPY = 2 7Wig +V, )a(k+Q)a- ayoa)

*'+Q)e'%'s

’

oo (2.12)

where Vg is given by Eq. (2.8).

In the same spirit of the BCS model we replace Vo
by the simpler form (2.9). The use of the mean-field
approximation now yields

Heow=H,— Gy 3, alc+0)0ko
ko

—Gl zna(tk*'Q)a'akcr“‘_GOGl/)\ . (213)
ko

In Eq. (2.13) the doubly primed summation is over
states which satisfy the two conditions
IEk—GFI < Fwp and |Ek+Q_€Fl < kwp, and

GOE A 2” (a(tk.f.g)]akt) , . (2.14)
k

Gi=\3 (alerorrany) - (2.15)
k

In addition we have assumed that there are no
unusual spin arrangements and

(alerorany) — (aleronan)) = (alerriax)) =0 .
(@16

Finally our total Hamiltonian which includes both
SC and CDW states is now given by!®

H=Hgcs+Hcpw—H, . .17)

The values of the SC parameter A and the CDW
parameters Gy and G, as well as all the transition
temperatures and stability conditions, depend crucially
on the details of the band structure and Fermi sur-
face of the electronic system, i.e., on the form of ¢,
and the number of electrons. For the sake of defin-
iteness we now restrict ourselves to a well-defined
model. We choose a two-dimensional structure in a
square lattice of constant a with first- and second-
neighbor couplings, where the band energies are
given by

€, =—2t¢(coskya +cosk,a)

~4t) coskea coskya . (2.18)
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Band structures and Fermi surfaces for this model
fot a half-filled band and various values of (¢,/ty) are
shown in Fig. 1. The structure given by Eq. (2.18)
has two degenerate saddle points of energy e, =4t
and located at the X points of the square Brillouin
zone. For t; =0 the saddle-point energy coincides
with the Fermi level of the half-filled band. We
choose our Q vector to be that which connects the
two saddle points, i.e., Q =M = (w/a, w/a).

III. CDW INSTABILITY

We first study the CDW instability in the absence
of superconductivity, i.e., we study Eq. (2.13) or
equivalently set A=0 in Eq. (2.17). In particular if
t;=0 in Eq. (2.18), most of the calculation can be
carried out analytically. For ¢; =0 we have

€40 = "€ _ 3.1
0
r X M r
M
74 N,
Y
r X
AN y
N Y
N Y
S

FIG. 1. (a) Band structure of the two-dimensional square
lattice for 1;/tg=0.25. (b) The Fermi surface for the two-
dimensional square lattice and a half-filled band. The
dashed line is for ¢,/1g=0, the full line for #,/1y=0.125, and
the dotted line for ¢,/tg=0.25.

and the quasiparticle energies of Eq. (2.17) for A=0
are given by!!!

Ey=—(e2+GODV% E)=+(e2+GHV2 ; (3.2)
where

Go+G,, if |€k"‘€}:| < kwp ,

G, =
ke Gy, otherwise . 3.3)

Evaluation of the relevant expectation values in
Egs. (2.14) and (2.15) yields, in terms of the usual
Fermi-Dirac functions f(E),

" f(E[k) —f(Ezk)

Go=—\NGy+G , 34
’ (Got+G) g - Ey—Ey G4
SEv) — f(Ey)
Gi=—-\) Gi—"F——"7-—""—", 3.5)
! % T En—Ex (

which are the self-consistent equations for G¢ and
G,. A CDW instability sets in whenever Egs. (3.4)
and (3.5) yield nonvanishing values for G, and G.
The onset of this instability can be obtained from the
linearized form of these equations

G1 kap
1=A1+ Go f_mbp(e)x(e) de , 3.6)
Gl —Kop, 4t .
a=n [, +f p@x@de| 3 G

here p(e) is the electronic density of states, and the
temperature-dependent susceptibility X(e) is defined
by

x(e) = {tanh[(e — €f) /2kz T]
+tanh[(e +ep)/2kpT 1}/4€ . (3.8)

At T =0 and half-band occupation, € =€, =0, the
integral (3.6) diverges, indicating a stable CDW at all
positive values of A\. This is easily understood in
terms of the features of the Fermi surface: for ;=0
and ex =0, as seen in Fig. 1, the Fermi surface is a
perfect square with perfect nesting,!'”!3 and even an
infinitesimal perturbation is sufficient to open a com-
plete gap in the spectrum and stabilize the CDW.,

For t; =0,er #0 a minimum value of X\ is required
to stabilize the CDW. This value is shown in Fig. 2.

Equations (3.6) and (3.7) also yield the transition
temperature Tcpw at which the CDW becomes un-
stable. In the particular case of a half-filled band the
expression for Tcpw becomes identical to the expres-
sion of Bardeen, Cooper; and Schrieffer for the SC
transition temperature

TCDW(tl =0, €p=0) =1.14 ﬁu)p exp(—l/)\effpo) B
3.9
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FIG. 2. Phase diagrams (interaction strength A versus
Fermi energy €) for CDW formation. Various values of
11/t are shown. For €f at the saddle point of the band
structure (point X) a CDW is stable at any value of A.

where, to a very good approximation,

po~=—(8!0)—1 . (3.10)

and )
AeffEX[Z")\poln(zpoﬁ'mD)] . (311)

This is to be compared with the ordinary SC transi-
tion temperature Tsc

Tsc=1.14 kwpexp(—1/xpy) . (3.12)

An examination of Egs. (3.9) and (3.12) gives us a
clear understanding of orders of magnitude. If in
temperature-energy units we choose #o=1500 K (a
bandwidth of 1.2 X 10* K ~1 eV), #wp =300 K, and
A=2000 K we obtain TCDW ~31 K, TSC ~08K. If
we increase A to 3000 K we obtain Tcpw — 80 K and
Tsc ~—6.3 K. In both cases Tcpw is more than one
order of magnitude larger than T'sc.

For the general case ¢; # 0 the Fermi surface
changes shape and even for the half-filled band situa-
tion there is no perfect nesting (see Fig. 1). Even
though the Fermi surface is no longer a perfect
square, there are large regions of good if not perfect
nesting, and CDW’s may occur. However in this
case, and for low enough values of G-+ G, the sys-
tem is always metallic. It is therefore a much better
model to describe the physical properties of layered
compounds to consider the general case of #; #0.
The expressions for the CDW order parameters G,
and G, are still given by Eqgs. (3.4) and (3.5), but the
expression for the quasiparticle energies Ex and Ey
are now given by

Ey= %(ik +erg) F %[(Gk —€ex10)? +4GA?
(3.13)

where the negative (positive) sign corresponds to
v=1(r=2), and

€x+0 = —€x — 81y coska cosk,a . (3.14)
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0.3 T
L2 0.2+ —
~
>
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FIG. 3. Various order parameters for the square lattice
and a half-filled band as a function of the interaction
strength \ for 1;/t5=0.125. (a) The CDW parameter
(Gy+G)) in the absence of SC for A > A, (dashed line); the
semiconducting half-gap for A > A (dotted line); and the
SC order parameter A in the absence of CDW’s (full line).
(b) The CDW order parameter (Gy+ G,) (dashed line) and
the SC order parameter A (full line) when the two effects
are considered; Go+ G, =0 for A < A,y and A =0 for
A > A, Coexistence occurs for Agy < A < A,y (c) The ex-
citation half-gap (half the excitation energy of a pair) for the
case shown in (b). All order parameters are energies in
units of ¢g.
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The results for this model can now be summarized
as follows: (i) If the Fermi level is at the saddle
point € = €, =4¢,, the CDW is stable for any posi-
tive value of A\ (see Fig. 2). (ii) For ¢, > 0, there is
no stable CDW state if the Fermi level falls outside of
the interval —fwp < €r < €, + Kwp; for €r outside
this interval there are no states such that
lex — €r| < kwp and |ex+g — €| < Fwp simultaneous-
ly, and therefore there is no effective interaction.

The solution of Egs. (3.4) and (3.5) must be
found, in the general case, numerically. In Fig. 3(a)
we show the value of G =Gy + G, as a function of A
for T=0, t,/1y=0.125, Kwp/ty=" and a half-filled
band (the bandwidth is in this case 8¢y, independent
of t;). The CDW is stable only for values of A > A
in our example A\, =1.67¢y. As \ increases beyond
A¢, G increases rapidly. For A, < A < A*, where

A" =2.23¢, in the example of Fig. 3(a), a CDW state
is stable, but the system exhibits no gap in the quasi-

particle spectrum, i.e., we have a metallic CDW state.

For A > A", the two quasiparticle bands, £, and
E,x, have no overlap and a gap appears in the spec-
trum; for a half-filled band the system now becomes
a semiconductor. The value of the gap in the spec-
trum is also shown in Fig. 3(a) for A > A". For the
sake of completeness we also show in Fig. 3(a) the
value of the SC parameter A corresponding to the
same model and to the Hamiltonian (2.10). It should
be noted that A 0 for any value of A, and that the
SC and CDW gaps are of the same order of magni-

tude for A~ A",

IV. SUPERCONDUCTIVITY
AND CHARGE-DENSITY WAVES

The self-consistent solution of Eqs. (2.17), (2.11),
(2.14), and (2.15) involves as a first step the solution
of a (4 x 4) secular equation.'*

e—er—E =Gy ~A 0

_Gk €x+Q —EF— E 0 —Ak+Q

- - - =0, 4.1
Ak 0 € + €r E Gk
0 —AIH.'Q Gk '—Ek+Q+€F'—E

where Gy is given by Eq. (3.3) and A; is defined by
A, = A, ifle_EF‘<fl—wD,

0, otherwise . 4.2)

The four roots of Eq. (4.1), labeled E,x(v=1,2,3,4) in order of increasing energy, are such that

E\x=—Es, Ex=-E;3 .

4.3)

When the eigenstates of Eq. (4.1) are determined and included in Egs. (2.11), (2.14), and (2.15), three integral

equations are obtained for A, G, and G,. These are

' 1
A=2\A
% El—E%}

Go=NGo+G) 3"

and

Gy

E}— €} E} — €t w A2+ (Go+G)?
4~ €k+Q _ L3k~ €k+Q N 2 - 0 . 1 11 , 4.4)
2E 4 2E5 X Ef—Esy 2E4  2E3
1 E42k+5k€k+Q—A2_(GO+G1)2 _ E32k+€k€k+Q—A2"'(GQ+Gl)2 4.5)
 El—E3 2E 4 2E3; .
E} + exexsg — AE — G _ Ej +exersio— A2 —GR 4.6)
2E4 2E3; ’ )

Gi=\
! %E&—E}k

These equations must be solved numerically. Some
results follow.

(a) If 1, =0 and €f = €;, =0 the summations in Egs.
(4.4) and (4.5) become identical. This implies three
possibilities A =0; Go=G,=0; or A=Gy and G;=0.

However it can be easily seen that Eq. (4.6) [or
equivalently Egs. (2.14) and (2.15)] requires that if
Go#0 then G; #0. Therefore the third possibility is
unacceptable and there can be no coexistence of SC
and CDW. It can be seen in addition that the stable
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solution is A =0 at all temperatures, i.e., the semi-
conductor CDW state is the stable phase for
T < Tcpw and the results of Sec. III apply.

(b) For ¢, #0, even when CDW'’s are stable, if the
nonsuperconducting state is metallic then a SC state
is always present and stable at low enough tempera-
tures.

(c) In Fig. 3(b) we show the results for the same
parameters of Fig. 3(a), i.e., T =0, #,/t=0.125,
Fwp/to= and a half-filled band.

(d) For A < A;; (A\;;=1.75¢; in the example of Fig.
3) the CDW is not stable and an ordinary BCS super-
conductor! appears, with its characteristic gap param-
eter A and transition temperature Tsc. It should be
noted that A, is larger than the value A, obtained in

~ Sec. III when SC correlations were not included.

(e) For Ay <A< A *(\** ~\"=2.231 in Fig.
3) the ground state of the system is a state in which
SC and CDW coexist, i.e., both order parameters are
nonvanishing; the value of A remains practically un-
changed throughout the interval because of the com-
peting effects of increasing A and decreasing density
of states at the Fermi level. It should be mentioned
that the pure CDW state is metallic in this range.

() For A** <X < A2 (A;,=2.461¢ in Fig. 3) the
CDW induces a (semiconductor) gap in the quasipar-
ticle spectrum, but superconductivity does exist and
the ground state of the system is SC. In this range of
A values, A decreases drastically with increasing A.
We expect in this case to have a transition as a func-
tion of increasing temperature between a SC and a
semiconducting CDW state; this is discussed in
Sec. V.

(g) For A, < A no SC state is stable, and the
ground state of the system is an insulating CDW
state.

(h) In Fig. 3(c) we give the minimum quasiparticle
‘excitation energy (one half of the pair excitation en-
ergy) as a function of A. For A <A™ " this energy
corresponds to the breaking up of a Cooper pair; for
A > A\, it is the excitation across the CDW gap; at in-
termediate values A" * <\ < A¢2 it is a combined ef-
fect. Comparison of the gaps in Fig. 3(c) with the
various gaps in Fig. 3(a) is instructive.

V. SUPERCONDUCTOR TO SEMICONDUCTOR
TRANSITION

Of the cases reported in Sec. V, the most interest-
ing one is that corresponding to large enough values
of A, very close to the values where the SC state be-
comes unstable: \** <\ < Ac2. In this range, in the
absence of SC, the system is a semiconductor of
electron-hole pair excitation gap 2G. At first sight it
might seem unlikely that a system with no electron

states at the Fermi level can produce a SC state with
infinite conductivity and a Meissner effect. We ex-
plore this situation here in greater detail.

A semiconductor of energy gap 2G is such that
each electron-hole pair requires an energy of the or-
der of and greater than 2G. Since in order to pro-
duce a current j we must excite approximately n;
pairs (n;=2|7|/|e||¥|, where ¥ is a typical band
velocity), the mmlmum excitation energy necessary
to produce a current j is ~2n,G, i.e., the total ener-
gy of the system is a linear function of |7 and there-
fore has a cusplike behavior at j 7—0. The energy gap
2G is a consequence of the self-consistent lattice (or
CDW) potential which couples two points in k space
separated by a vector of the reciprocal lattice Q and
opens gaps wherever €, = €,49, the equation for the
generalized Bragg surfaces (planes).

In a superconductor, on the other hand, a super-
current is established by forming Cooper pairs of
wave-vector 2k, i.e., by coupling states (k +«) 1 with
(—k +«)| in the BCS ground state. The state thus
obtained yields a supercurrent j ,(K) such that the to-
tal energy of the system is proportional to (J,- j ,)
and gaps in the quasiparticle spectrum appear at
points on the displaced Fermi surface k such that

€xr—x =€ .

The resulting "supercurrent” state is metastable as
long as quasiparticle energies inside and outside the
Fermi distribution have no overlapping range, i.e., as
long as the two branches of the quasiparticle spec-
trum

E (k) = %(Zér + €xte— €k—)
i-;—[(ek+,‘+ek_,‘—2ep)2+4A2]l/2 (5.1)

have no common values.

The anomalous situation we want to examine has
fgur states c_g)upled gy two different mechanisms:
k+®1, (k+x+Q1, (—k +x) |, and
(—k +k+Q)|. The relevant Hamiltonian for a given
K is

H(k) = 2 ekaltt‘rakcr -G 2 a?k+Q)o'aka
ko ko
—A®K) 2’ (a(Tkﬂ)taLkﬂ)l
k N
+ a0 @iy - (5.2)

Here we have taken G to be a fixed parameter, since
the fact that it originates from a CDW correlation is
of no relevance for the present purposes. We also
take €7 =0, €419 =—¢€, and

AW =N (@ (k1 h+01) (.3
k

in agreement with Eq. (2.11). For k=0 we find that
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the quasiparticle energies are given by

E= (e +A)2 | (5.4
valid for »
G <A, (5.5)

and where A, is the BCS gap parameter for Eq. (5.2)
when G is put equal to zero, i.e., in the metallic case

Ap=2fkwpe 2 | (5.6)

The energy gap parameter A, defined in Eq. (5.3), is

AG) =NA(K) 3 [2(E] — EZ3)MEd — exrvex—— G
k

given by
A(k=0)=(A2—-GH2 | .7

For G > A,, there is no superconducting solution,
A(k=0) =0, and the quasiparticle spectrum is that
typical of a semiconductor

Ey=t(e+GH'\? | (5.8)

For k # 0 the equation that determines the energy
gap parameter is

2 AMWIEHR — [Ed — €xsnen—— G* — A2 E5}

(5.9)

where the quasiparticle energies £, (v =1,2,3,4 in order of increasing energy Eix < Eyx < E3, < E4) are

1

EVk(K) =t [_;-El%*’“ + _6’3—‘ + AZ(K) + 62 + |€k+x - ek—ul [% (€k+x - ek—u)z + AZ(K)]l/Z}I/Z .

2

It is a good approximation to take
ete=€ £ (Vi) K, (5.11)
from which we obtain a critical value of x given by
k. = A(k.)/ kvp (5.12)

where v is the average value of the metallic Fermi
velocity we would have obtained if G is put equal to
zero.

In Fig. 4 we show the solution of Eq. (5.9) in units
of A,, given by Eq. (5.6), as a function of « in units
of A,/ kvr. The results can be summarized as fol-
lows:

(i) The condition for a critical current j, or,
equivalently, for a critical k. is given by Eq. (5.12),
as in the metallic BCS-like SC state. However in this
case A is a strong function of k.

Alk) < A(k=0) < A, (5.13)

and therefore . is smaller than the corresponding
value for the metallic SC.

(ii) The critical k. decreases rapidly with increasing
semiconducting gap G and vanishes for G = A,,.

(iii) As a consequence of this a Meissner effect is
present as long as G < A, and the induced currents
are smaller than the critical value.

(iv) A semiconductor to superconductor transition
is possible for semiconductors of small enough gap;
more explicitly the semiconductor gap G must be
smaller than the energy gap A,, that the system
would have in the superconducting state if it were
metallic.

-(5.10)

VI. DISCUSSION

The theory presented here treats SC and CDW’s
on the same footing. According to our model the
phonon-mediated attractive electron-electron interac-
tion leads to both CDW and SC states.. There are
four possible states: (i) a normal paramagnetic state

1.0

0

0.2 /
/

A/A,

1

0.5 1.0
K VF/Am

FIG. 4. The SC order parameter A as a function of
kVr/A,,. This quantity is proportional to the intensity of the
supercurrent. The various values of G/A,, in these
semiconductor-superconductors are indicated. The values at
which A drops discontinuously to zero correspond to critical
currents. .
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A=0,G =0; (i) a SC state with uniform charge dis-
tribution A #0,G =0; (iii) a CDW state A=0,G #0
which may be either (a) metallic or (b) semiconduct-
ing; and (iv) a metallic SC and CDW state, with a
modulated charge distribution A #0,G #0. The sta-
bility of each of these states depends sensitively on
the temperature, the strength of the interaction, and
the details of the electronic spectrum and Fermi sur-
face.

In general terms the order parameters interfere
destructively, with CDW tending to suppress SC and
vice versa. A large enough CDW which produces a
semiconductor state may completely destroy SC. But
all metallic CDW states become SC at low enough
temperatures. Not all semiconducting CDW’s on the
other hand show a lack of SC at low temperature: if
the CDW gap is small enough, smaller than an "ideal"
SC gap, as the temperature decreases the system
makes a transition from a nonuniform semiconductor
to a nonuniform SC. This semiconducting-SC state
shows persistent currents and a Meissner effect, but
the dependence of the SC parameters on the total

current is different and more pronounced than in the
metallic SC state.

Experimental data on the SC properties of the
transition-metal dichalocogenides show that (i) all
metallic CDW systems are SC at low enough tem-
perature; (ii) those layered compounds which exhibit
no SC show a nonlinear iow-temperature specific
heat, i.e., a lack of ordinary metallic properties; (iii)
it has been reported,? although uncertainties still
remain unsolved, that some systems which are SC at
low enough temperature are probably semiconducting
at temperatures higher than Tsc.

All these findings are in agreement with our
theory.
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