
Structural transitions with formation of charge-density
waves in layer compounds

L. N. Bulaevskii

P. N. Lebedev Physics Institute, USSR Academy of Sciences
Usp. Fiz. Nauk 120, 259-271 (October 1976)

The current experimental data and theoretical views on structural transitions with formation of charge-
density waves (CDW) in layer compounds of transition-metal dichalcogenides are reviewed. The
crystallographic data on the parameters of the incommensurate 1Τ and ΪΒ modifications are discussed,
together with the information on the change in these parameters in transitions to the commensurate state.
A microscopic interpretation of the CDW transitions is based on a model of nested regions of the Fermi
surface for the IT modification and a saddle-point model for the 2ff compounds. The fundamental
characteristics of transitions from a normal metal to an incommensurate CDW state and from the
incommensurate to the commensurate state (change in the period of the superstructure in the layer and
perpendicular to the layers) are described on the basis of the phenomenologtcal Ginzburg-Landau theory.
Experimental data on changes in the phonon spectrum and the effect of impurities on CDW transitons are
also treated.
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1. INTRODUCTION

Structural phase transitions have been discovered and
studied intensively in the last several years in the layer
compounds of the transition-element dichalcogenides of
the type MX;,, where M = Ta or Nb, andX = Se, Te, or
S. A superstructure arises in all these layered metals
below a temperature To. This involves displacement
of atoms from the equilibrium positions of the funda-
mental structure. As a rule, the period of this superstruc-
ture is incommensurate with the period of the funda-
mental lattice (the lattice above To). With further drop
in temperature, the superstructure approaches a struc-
ture commensurate with the original one, continuously
or in jumps. Weighty evidence now favors the idea that
the reason for the transitions involves the special geo-
metric properties of the Fermi surface of the conduc-
tion electrons of the layered metals. We shall treat be-
low the experimental data on the structural transitions
and a microscopic picture that enables one to under-
stand the reason for the transitions and the phenome-
nological description of the transitions based on the
Ginzburg-Landau theory. We shall also discuss the
features of the phonon spectrum, both at the transition
point To and in the phase having charge-density waves,
as well as the effect of impurities on the transitions.

2. GENERAL INFORMATION ON THE STRUCTURE
OF THE LAYER COMPOUNDS

The crystals of the layer compounds contain repeating
sandwiches consisting of three layers X = M=X. Here
the bonding of the metal layer to the chalcogen layers
in the sandwich is strong and predominantly covalent,
while the bonding between adjacent sandwiches in the
crystal is of van der Waals type (Fig. 1). The charac-
teristic distances between the Μ and X atoms within a
sandwich are 1. 5-2 A, while those between adjacent X
layers of different sandwiches are about 3 A. The
overlap of the electronic wavefunctions of the metallic
layers is small, and the movement of conduction elec-
trons in the layer compounds is near to two-dimen-
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FIG. 1. Arrangement of the layers of atoms of the metal (M)
and the chalcogens (X) in the layer compounds.
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TABLE I.

FIG. 2. Temperature-depen-
dence of the resistance along the
layers in lT-TaS2, lT-TaSej,

and 2#-TaSe2.

sional. This is why the electronic properties of the
layered metals is predominantly determined by the
structural arrangement of the atoms within the X = Μ
= X sandwich. The structure of the Μ and X layers is
hexagonal. The layers of Μ and X atoms can be rela-
tively shifted so as to generate a trigonal (2H modifi-
cation) or octahedral (IT modification) environment of
X atoms about Μ atoms in the sandwich. Compounds of
the same composition in different modifications differ
very strongly from one another. For example, the 2H
modifications of NbSe2, TaSe2, and T a ^ remain metals
after the superstructure has set in, and they are super-
conductors (Tc= 7.4, 0.7, andO.15°K, respectively).
The IT modifications become semimetals after onset of
the superstructure. Trigonal and octahedral sand-
wiches alternate in the AHb modification. At low tem-
peratures, the conductivity of AHb-TaSz crystals is
metallic in terms of its temperature-dependence for
movement of electrons along the layers, and semi-
metallic for movement of carriers in a direction per-
pendicular to the layers. Detailed information on the
structure and electronic properties of the layer com-
pounds has been given in the reviews. C 1"4 ]

3. CHANGE OF ELECTRONIC PROPERTIES IN THE
TRANSITIONS

Figure 2 shows the variation in the resistance pM

along the layers as a function of the temperature in the
crystals lT-TaSa, lT-TaSe2, 2ff-TaS2, and 2#-TaSe2.
In the 2H modifications, the structural transition is
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FIG. 3. Temperature-dependence of ihe magnetic susceptibil-
ity in lT-TaSe2, IT-TaSj, 2ff-TaSe2, and 2if-TaS2.

manifested as a change in slope in the pn(T) relationship
(the quantity dpn/&T increases below To) and in a change
in sign of the Hall coefficient in the vicinity of To. In
the IT modifications, the resistance at 500°Κ is about
an order of magnitude larger than in the 2H crystals,
and one observes first-order transitions with decreas-
ing temperature in which the resistance increases ab-
ruptly (approximately by a factor of two in lT-TaSe2
and by an order of magnitude in lT-Tau^). Figure 3
shows the change in magnetic susceptibility in the tran-
sitions. We stress that all the transitions below 500 °K
in the IT modifications are reversible transitions with-
in a single particular modification. The transitions
among the modifications (IT, 2H, AHb, or 6R) occur
above 500 °K, and the enthalpy jump for them is about
an order of magnitude larger than for the transitions
below 500 °K. They have established ίη£ 3 · 5 ·β ] that the
transitions in the IT modifications below 500 °K are
transitions from incommensurate to commensurate
superstructures, and we shall denote the temperature
of these transitions hereinafter as T4. Apparently the
superstructure in the IT crystals sets in at To= 600 °K
(from indirect data).C 7 ] Table I gives the thermody-
namic characteristics of the transitions at the points
To and Td for a number of layer compounds (the en-
thalpy jump iff, and the dTjdp and dTjdp relation-
ships). In lT-Tai^, the transition to the commen-
surate superstructure occurs in two stages—the first
jump is observed at T'd =352 °K, and the superstructure
below 352 "Kis merely close to commensurate though
not actually so. At T4 = 200°K, a transition now occurs
to a strictly commensurate structure. In 4Hb-TaSz,
the changes in structure in the trigonal layers quali-
tatively resemble the changes in the 2H modifications,
while those in the octahedral layers resemble those in
the IT modifications.

4. STRUCTURAL DATA ON THE TRANSITIONS

The displacements of the atoms upon onset of super-
structure are rather small (several percent of the in-
teratomic distance). Hence the onset of superstructure
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FIG. 4. Reflections from the funda-
mental structure and from the super-
structureu] in 2H-TaSe2.

was only discovered five years after the observation of
the transitions themselves at the points To and T4.
Most of the data on the superstructures have been ob-
tained by fast-electron diffraction. Ι 3 · 5 · 7 ] The transi-
tions in the IT modifications have also been studied by
x-ray structural analysis.C 6 ] The method of elastic
and inelastic neutron scattering has recently been
usedC8] with great success to study the superstructures.
The latter method is precisely how the superstructure
of the 2H modifications has been studied in great detail
(it is about an order of magnitude less marked than the
superlattice in the IT modifications).

A. The 1H modifications

A superstructure sets in at the temperature To in the
2H metals in the plane of the layers with an approxi-
mately tripled period (Fig. 4). That is, the shifts of
me atoms from the equilibrium positions that they had
occupied in the high-temperature phase are described
by the relationship

X(r 11 = -̂ L (1-6), (1)

Here r is the coordinate in the layer, the Q t J are the
three reciprocal wave vectors of the superlattice that
make 120° angles with one another and are equal in
magnitude, the Φι, are the phases of the waves, and K(

are the reciprocal-lattice vectors of the original hex-
agonal structure of the layer. One finds that 6=0.025
immediately below To for TaSeg and NbSe2.

C8] Accord-
ing to the experimental data, the density maxima of
the superstructure coincide with lines of atoms. Since
the maxima of the displacements in (1) are rotated by
30° with respect to the vectors Q u , the triplet of vec-
tors Qn is rotated by 30° with respect to the lines of
atoms. Figure 5 shows the directions of the vectors
QXJ in the Brillouin zone of the original two-dimen-
sional hexagonal lattice of the layer, together with the
reciprocal-lattice vector Kt of the layer (K^ and K3 are
rotated by ± 120° with respect to K^. The period of the
structure in the 2H modifications is not altered in the
direction perpendicular to the layers. That is, the
superstructure is identical in phase in all the layers.

Changes in the superstructure are observed as the
temperature falls below the point To. The value of δ

FIG. 5. The Brillouin zone of the lay-
ered metals and the orientation of the
wave vectors of the superstructure in
the 2if-modifications.

-0.2

FIG. 6. Temperature-dependence of the magnetic susceptibil-
ity'7·1 in powdered specimens of 1T-Ta0-96T10.04S2, and the
method of determining the temperature To of onset of super-
structure (arrows) and the temperature Td of change of super-
structure (hysteresis loops).

declines continuously in NbSea to reach the value 0.013
at 5 °K. In 2ff-TaSe2, the value of δ falls to 0.005 at
90 °K, and a first-order transition occurs at this point
to a commensurate structure having a tripled period
within the layer (δ vanishes abruptly).

In addition to the onset of superstructure of (1) in
TaSea and NbSe2, one finds also displacement waves
having the vectors QU, =K, - 2QU =K f(l +2δ)/3 (we shall
denote their amplitude and phase by Xa and Φ2<). The
ratio iXgl/lX^ increases with decreasing temperature
(from 0 to 0.3 in 2ff-TaSe2 as the temperature varies
from To to Τ4 = 90°Κ).

Thus a superstructure arises in the 2H metals below
To that is incommensurate with the original structure.
In 2i/-NbSe2, the incommensurability persists at least
to 5 °K according to the data ofU], and even to 1. 3 °K
from the indirect data oft9]. In 2#-TaSe2, a transition
occurs at the point Tt = 90 °K to a commensurate super-
structure having a tripled period (a' = 3a, c =c).

B. The 1Τ modifications

A superstructure exists in the crystals lT-TaSz and
lT-TaSea throughout the temperature range in which
this modification is stable. That is, the temperature
To lies above their transition temperatures to other
modifications (2H, 4H, or 3R). In crystals of
lT-Ta^Ti^Sa having x>0.1, the IT phase is stable
over a broader temperature range. Figure 6 shows the
temperature-dependence of the magnetic susceptibility
of the alloy with χ = 0.04, and it also indicates the
method of identifying T4 and To. These temperatures
depend on χ (see Chap. 8 below) and extrapolating them
to * =0 gives To« 600 °K in TaSjj and TaSe 2 . t 7 ] Below
500 °K, the arrangement of superstructure reflections
is analogous to that shown in Fig. 4, but Qit =0.285 K,
(a' =3.5 a). The period of the superstructure in the
direction perpendicular to the layers (along the c axis)
is tripled, i.e., c' = 3c.

At the temperature T4 in lT-TaSe8, the vectors Q u

of the superstructure are rotated by 13° 54*. The new
lattice has the period (Vl3) aQ, and it is commensurate
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FIG. 7. Fundamental reflections in lT-TaSe2 above and below
the temperature Td in the plane of the layers. Ihe dark
circles show the reflections above Td. Below Tt they lie at
the nodes of a rhombohedral lattice in the a -orientation. t3J

with the original hexagonal lattice, with 13 atoms lying
in the new unit cell. Figure 7 shows the relationship
between the reflections above and below Td, while Fig.
8 shows the arrangement of the points of the new rhom-
bohedral lattice as related to the old hexagonal lattice.
We see from Fig. 8 why the 13° 54' rotation
(= arctan (V3/7)) makes the superstructure commensu-
rate. We note that lT-TaSe2 below Td shows domains
with clockwise and counterclockwise rotation of the
superstructure by 13°54' (a- and β domains).

In lT-TaSa, the superstructure from 500° to 352 °K
is analogous to the incommensurate superstructure in
lT-TaSez. At 352 "K, the superlattice rotates by 12°,
while the period along the axis remains tripled. At
200 °K, the superlattice rotates up to 13°54', and it
attains the same commensurate superstructure as in
ir-TaSe 2 .

The displacements of the lattice atoms in the super-
structure give rise to charge-density waves in the crys-
tal (the electronic charge is the same on all atoms in
the hexagonal lattice, while the equivalence of the
atoms is lost in the superlattice, and the electronic
charge on them is redistributed in such a way that the
atoms that are closer to one another gain an excess
electronic charge). According to the data of the x-ray
photoelectron spectra, c l 0 ] the charge nonequivalence of
the Ta atoms in lT-TaS2 below 200 °K reaches values
of the order of one electron per atom. According to
the x-ray data of[6], not only the atoms of the metals
shift when charge-density waves arise in the IT mod-
ifications, but also the chalcogen atoms. Here the dis-
placements of the two types of atoms are opposite in
phase. According to the data on quadrupole splitting of
the NMR line in 2//-NbSe2,

:i11 the non-equivalence of
the Nb atoms with respect to electric-field gradient is
about 10%. That is, the superstructure of the ZH modi-
fications is about an order of magnitude less marked
than for the IT modifications (in agreement with the
values of their transition temperature To). We shall
use the abbreviations CCDW and ICDW for the commen-
surate and the incommensurate CDW, respectively.

5. THE REASONS FOR ONSET OF CDW. THE

MODEL OF NESTED REGIONS OF THE FERMI

SURFACE

According to the results of Chan and Heinec i 2 ] (see
alsoc i 3 ]), onset of CDW involves the great increase in
the polarizability of the electronic system with de-
creasing temperature. A structural transition occurs
whenever the frequency of any phonon mode becomes
very small. Within the framework of the electron-ion
Hamiltonian with Coulombic interaction of the electrons
and the ions, the frequencies of the longitudinal phonons
are determined by the relationship

(2)
Here N is the density of ions, Μ is their mass, ω0 is
the plasma frequency of the ions, go(q) is the matrix
element of interaction of the electrons with the plasma
oscillations of the ions, and x(q) is the static polar-
izability of the electronic system. The polarizability
of the electronic system with account taken of the Cou-
lombic repulsion of the electrons is expressed in terms
of the polarizability xo(q, T) of noninteracting electrons
by using the relationship"0^

x(q, xo(q,

q, T)

(3)

Here F(q) is the direct Coulombic interactions of the
electrons, U is their exchange interaction, tt is the
energy of the electrons, and/(e) is the Fermi distribu-
tion function. The system becomes unstable if the
polarizability xo(q, T) becomes large in it, and the fol-
lowing condition is satisfied:

(4)
i xo (q. r,\

Equation (4) determines the transition temperature
and the wave vectors Q4 of the superstructure. In or-
der for CDW to arise, the electron-phonon interaction
must be larger than the Coulombic interaction. That
is, the condition go(q)> F(q) must be satisfied. Other-
wise (when gz(q) < V(q)), the system proves to be un-

. -vs. . ,7/. . . . + ' · — Ta atoms
\'\f'% °,H atoms at the-

~W' ' i t ' nodes of the
' "•' superceU

FIG. 8. Superlattice in lT-TaSe2 below Tt. The a- and β-
domains and the unit cell of the commensurate phase having
the period (Vl3) a0 are shown.
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0.300 -

FIG. 9. The Fermi surface for wave vectors lying within the
layer, and the extent of nesting of the flat regions upon shift-
ing by a vector lying parallel to the line FM(a), or by a vector
parallel to the line ΓΚ (b).L3]

stable with respect to formation of spin-density waves
(this transition is realized in chromium).£ 1 2 ] Over-
hauser" 4 1 thought that onset of spin-density waves
(SDW) is favorable when the Coulombic interaction is
very large while xo(q, T) has an ordinary value. How-
ever, the approximation that he used seems to be un-
suitable in this case, and Wigner crystallization of the
electron gas proves to be more favorable in the situa-
tion that he treated. In systems for which Eqs. (2) and
(3) are applicable, the electron-phonon and Coulombic
interactions cannot be very large, and the condition (4)
is reached when the electronic polarizability xo(q, T)
becomes large. For an isotropic Fermi surface,
X0(q, T) has a Kohn anomaly at q = 2kF. However, here
the derivative 8χο(?, T)/Bq is large when q =2kF, but not
the quantity xoiq, T) itself. Yet if the Fermi surface
has regions that nest together upon shifting by the wave
vector Q,, then x(Q,)~N(0)\n(eF/T) as Γ - Ο . " 5 ' 1 6 3

Here N(0) is the density of states at the Fermi surface,
and Ejr is the Fermi energy.

The conditions for onset of CDW are favorable in the
layer compounds, owing to the rather strong electron-
phonon interaction, the almost two-dimensional nature
of the Fermi surface, and the existence of flat regions
on the two-dimensional Fermi surface. Mattheiss1173

has calculated the band structure of the IT and 2H
modifications, and Fig. 9 shows the two-dimensional
Fermi surface for lT-TaSea· This diagram shows the
flat regions and their degree of nesting upon displace-
ment along the lines ΓΜ and ΓΚ. The ΓΜ shift proves
to be more favorable, since here the flat regions on
four segments of the Fermi surface nest together,
rather than on two (as in the shift along ΓΚ), though the
length of the nested regions per segment proves to be
less. According to the experimental data, the vector
Q u actually lies along ΓΜ. According to Mattheiss'
calculations, the Fermi surface intersects the line MK

FIG. 10. The Fermi sur-
face in lT-TaS2 according
to Mattheiss' calcula-
tions.'3·1"

FIG. 11. Relationship of
the magnitude of the su-
perstructure wave vector'33

Qj{ to the fraction χ of
metal atoms in the com-
pounds lT-Taj^MjSj with
Μ=Τϊ, Nb, or V.

to cut off a segment of 0.59 MK from it as we move
from Μ to K. According to the experimental data, the
magnitude of Qu gives the value 0.43 for this. We can
deem the agreement to be quite satisfactory in view of
the simplifications that Mattheiss has made. The
agreement of the experimentally determined and theo-
retically calculated values of Qu proved to be even
better in calculations by the Korringa-Kohn-Rostoker
method. The corresponding calculations1183 give the
value 0.34 for Qu/Kx below To for ΙΤ-TaSj, and 0.32
for lT-TaSe2. The experimental data for these same
quantities"3 are 0.288± 0.005 and 0.285± 0.006, re-
spectively.

We note that Mattheiss' calculations have confirmed
the two-dimensional nature of the band structure of the
layer compounds. Figure 10 shows the complete three-
dimensional Fermi surface for lT-Tai^. We see that
the electron energy varies very slightly as the wave
vector passes along the line LM, which is perpendicu-
lar to the plane of the layers.

In order to confirm the hypothesis of onset of CDW
owing to the presence of nesting regions on the Fermi
surface, the values of the wave vectors Q u of the
superstructure of the alloys l T - T a ^ M , , ^ (M = Ti,
Nd, V) were measured. Replacement of Ta by Ti de-
creases the number of electrons in the conduction band
(Ta, Nb, and V atoms contribute one electron to the
conduction-band, while a Ti atom contributes none). A
parabolic relationship of Qi, to χ was obtained above Tt

in the compound with M = Ti (Fig. 11), and Q u is prac-
tically independent of χ for M=Nb or V. Comparison of
the data for M = Ti and M = Nb or V implies that the de-
crease of Qu in the alloy with Μ =Ti mainly involves
the decreased concentration of conduction electrons.
According to Mattheiss' calculations, the e(k) rela-
tionship is parabolic as k varies along the line ΓΜ
(the relationship changes as we approach the point Γ—
the curve becomes flatter). In this case the dependence
of Qu on the concentration of electrons, i .e . , on (1 -x)
should actually be parabolic, as is observed experi-
mentally. The agreement of the theoretical calcula-
tions of the quantity Q u (*) t 1 8 3 with the experimental re-
lationship is also quite good.

The onset of the superstructure below To is accom-
panied by onset of an energy gap in the nesting regions
of the Fermi surface. Hence the model of nesting re-
gions of the Fermi surface explains the decrease in
conductivity and magnetic susceptibility at the point To

of crystals of the IT modification (see Fig. 6). Accord-
ing to optical studies"9 3 in ΙΓ-TaSjj below 380 °K, the
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FIG. 12. Ihe two-dimensional
Fermi surface for 2ii-NbSe2
according to the calculations of
Mattheiss (schematic).

absorption spectrum at energies below 0. 5 eV shows a
weak structure that is not characteristic of a metallic
system of electrons. The absorption in the 0.04-0.5
eV region declines with decreasing temperature, but
no clear signs of a gap arise.

Thus, the model of nesting regions of the Fermi sur-
face describes the situation well in the IT modifica-
tions. This model enables one to explain the magnitude
and direction of the vectors Q 1 | ( and it qualitatively ex-
plains the change in the electronic properties during the
transitions. Yet is hard to understand the properties
of the 2H crystals on the basis of this model. Accord-
ing to the data oiil9:, a structure appears in the ab-
sorption spectrum of 2i/-TaSe2 below 80 ° Κ that is
characteristic of a gap of 0.25 eV. This value seems
too large for a transition temperature of 80 °K—such a
large ratio Δ/τ 0 can hardly be obtained in the nesting-
region model. The increase in dpn/dT below To and the
nature of the change in the magnetic susceptibility in
the transition also do not agree with the predictions of
this model.

Rice and ScottC20:l have proposed another model that
explains the onset of CDW in the 2H crystals. Figure
12 shows the Fermi surface of 2.H-NbSe2 as obtained by
Mattheiss. The central part of the Brillouin zone cor-
responds to hole conduction, and the peripheral parts
to electronic conduction. These regions make contact
at saddle points, and if the Fermi surface passes near
the saddle points, then the electronic polarizability
x(Q) increases logarithmically with decreasing tem-
perature when Q is the vector joining the saddle points
(if kT» ε Γ ' where eF is measured from the saddle
point). This model can qualitatively explain the large
value of Δ/Τ0 ; the small change in the density of states
during the transition, the sign of the variation θρ,,/θΓ,
the peak in the magnetic susceptibility near the transi-
tion point, and the change in the sign of the Hall coef-
ficient in the transition. However, the theory of Rice
and Scott is based on the very strong assumption that
the Fermi level is close to the saddle points. There-
fore we cannot consider the problem of its applicability
to the 2H crystals as being fully solved. Within the
framework of this model, a change in the concentration
of electrons (replacement of Ta by Ti in the
2i/-Ta1_ITiJ(Se2 alloys) should greatly diminish Γο.
Such experiments have not yet been performed.

Thus the microscopic models of the transitions fun-
damentally predict only qualitatively the change in the
lattice and the electronic properties at the point To.

Quantitative calculations of the change in the electronic
spectrum in a CDW transition have not yet been made.
The microscopic models are not yet in a condition to
give any information on ICDW-CCDW transitions. Yet
one can draw many qualitative and quantitative conclu-
sions on the normal metal-ICDW and ICDW-CCDW
transitions based on the Ginzburg-Landau macroscopic
theory of phase transitions. In particular, this theory
describes very well the transitions between the super-
structures of the IX and 2H modifications and the tem-
perature-dependence of the vectors Qlt in 2//-NbSe2
and 2#-TaSe2.

6. THE PHENOMENOLOGICAL THEORY OF CDW
TRANSITIONS

We can take as the order parameter of a CDW transi-
tion the displacement of the atoms from the equilibrium
positions X(r) or the change in electron density—these
two quantities depend linearly on one another. The de-
scription in terms of electron density is simpler, but
it gives no information on the magnitude and direction
of the displacements of the atoms in the superstruc-
ture. The currently existing phenomenological
theory1 8·2 1 '2 2 1 uses as the parameter the relative change
an (r) in the electron density in the layer. Its expansion
in terms of plane waves having the wave vectors Qu in
the layer and the wavenumbers p{ along the c axis has
the form

1 (r), ) = u,exp (iQ (5)

Here M, is the amplitude of the waves (Qit,pt) and Φ4

is their phase. The Ginzburg-Landau free energy for
the parameter an(r) has the form

+ I ψίΛπ Ρ + I fir*» |2] + 2 [« « | (Qi V _ iQ?) ψίη

+ / (r) [Q, j dT'gntl. (r, r') an (r) «„. (r')} , (6)

where the coefficients a, b, c, d, e, /, and g depend
periodically on the coordinates with the period of the
original lattice, i. e., for example,

(7)

The last term in (7) describes the Coulombic interac-
tion of the CDW's of different layers. This interaction
declines exponentially with increasing distance between
layers, and we can restrict the treatment in practice
to accounting for the interaction of adjacent layers
alone. As usual, ao = a'{T-T*), and the terms contain-
ing the gradients determine the magnitude and direction
of the CDW wave vectors. The free energy of (6) with
account taken of the dependence of the coefficients on r
describes the following effects that have been detected
experimentally:

a) The first-order transition at the point To (Φ Τ*}
from the normal state to the CDW state having three
waves arises from the cubic term in a.C2U It is evident
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from the microscopic picture of the causes of the tran-
sition that the vectors Q4 are generally incommensurate
with the vectors Kt) and the superlattice will be incom-
mensurate below To, since the vectors Qu must be
equal to Q< near To. Owing to the same cubic term,
the period of the incommensurate superstructure along
the c axis can be either tripled or the same as in the
original lattice. In the IT modifications, the adjacent
layers of the original lattice are equivalent, the Cou-
lombic interaction is minimal when c' =c, and a tripled
period of the superlattice arises. In the 2ff modifica-
tions, the adjacent layers of the original lattice are
nonequivalent, and the case e ' = c is found experimen-
tally.

b) In the case of incommensurate CDW, the appear-
ance of the wave Q^ arising from the terms having the
coefficients bu cl} etc., unavoidably entails the appear-
ance of harmonics of the superstructure of the type
Q'=«Qu + mKj, where η and m are integers. Owing to
the gradient terms, the only large amplitudes are those
of the harmonics for which |Q'|« IQ, I. This situation
is realized in the 2ff modifications, since 1Q* I ~ IKj/3|
for them, and the harmonics having Q^ = Kj - 2Q l f also
have a value of IQ^I close to IKj/31, and thus to |Q, | .
Therefore the amplitude of the harmonics Q^ in
2ff-TaSe2 is rather large, and as we go away from the
point To, it approaches the amplitude of the fundamental
superstructure. The presence of the harmonics Q 2 j

causes the actual wave vectors Qu of the superstruc-
ture to depart from Q4 as we go away from the point
To. In 2ff-NbSe2 and 2ff-TaSe2, the vectors Qu and

Q2, approach Kj/3 with decreasing temperature. In
2ff-TaSe2 at the temperature ΤΛ, this change ends in a
first-order transition to a commensurate superstruc-
ture having Qn = K'</3. A description of all these ef-
fects within the framework of the free energy of (6) and
the corresponding measurements of the superstructure
are given in£ 8 :.

c) In the l r modifications, the transition to a com-
mensurate superstructure does not arise from the
cubic, but the fourth-order terms in a having the co-
efficients cj . A rotation of the vectors Q( by 13"54·
from the direction ΓΜ has the result that the new vec-
tors Qj satisfy the relationships

3 Q i - Q l + 1 = K i ,
3pi — Pm = 2jim,,

i = 1.2. 3.
p4 = p,. (8)

The relationships (8) give (VT3)a as the period of the
new unit cell, and they give a 13-fold period along the
c axis in the commensurate structure. t 2 l« 2 2 ]

7. CHANGES IN THE PHONON SYSTEM IN CDW
TRANSITIONS

As the point To is approached, the phonons must be-
come softened that have the wave vectors Qf and show
polarization in the direction of the static displacements
of the ions in the superstructure. A softening of pho-
nons having the momenta Q< and a polarization along
the layer has been observed by inelastic neutron scat-
tering in : e : l for 2ff-TaSe2. However, even at 130 ° Κ

(To = 120 °K), the gap in the frequencies of phonons hav-
ing the momenta Q, reached only 0.0015 eV for an ini-
tial phonon frequency of 0.007 eV. The reason for the
incomplete softening of phonons in 2ff-TaSe2 remains
as yet unclear. It is not ruled out that the mode that is
almost completely softened in the transition is a super-
position of displacements of atoms along the layers and
displacements in the direction perpendicular to the
layers (in this regard, see1·23·1).

The. specifics of the phonon spectrum of the CDW
state has not yet been studied experimentally. Accord-

ing to the theoretical ideas, [21,24] the phonon branches
at lowest frequencies in the CDW state involve oscilla-
tions of the phases of the superstructure. These oscil-
lations correspond to modulation of the period of the
wave, and they therefore involve local variations in the
electron density. In the ICDW state, the free energy
of (6) fixes only the sum of the phases Φ(. Therefore,
if we don't account for the Coulomb interaction of the
electrons in the layer, the frequency of the two phonon
modes must vanish in the limit of long-wavelength vi-
brations (one of these modes is longitudinal, and the
other transverse). The Coulomb interaction causes the
frequency of the longitudinal mode cox(q) to differ from
zero as q—0, and one transverse mode of phase oscil-
lations of the superstructure must exist in the ICDW
state along with the sonic spectrum. The problem of
the interactions of this mode with the corresponding
sonic mode of the fundamental lattice has not yet been
studied.

8. THE EFFECT OF IMPURITIES ON CDW
TRANSITIONS

Impurities smear out the nesting (in momentum
space) regions of the Fermi surface. Hence, intro-
duction of impurities or defects into crystals of the
layer compounds should lower the transition tempera-
ture To or completely suppress the CDW transitions.
The results of theoretical calculations of the effect of
disorder on the temperature To of CDW transition in
quasi-one-dimensional structures (Peierls transition)
have been presented in'25·1 and in the reviewC2el. The
corresponding calculations for the layer compounds
have not yet been made. It is evident from general
considerations that the effect of disorder on ICDW-
CCDW transitions must be even stronger, but a micro-
scopic theory of such transitions that would enable one
to calculate T4 has not yet been devised. InC 2 U, the
phenomenological Ginzburg-Landau theory was used to
describe the effect of impurities, and the following
term was added to Eq. (6):

\ ί/Γ,»,, (r) u (r) U (r). (9)

Here po(r) is the charge density of the original lattice,
and U(r) is the chaotic potential of the impurities. A
theory of this type accounts for the effect of impurities
on the ordering of the CDW phase, yet it fully ignores
the effect of the impurities on the movement of elec-
trons and the temperature-dependence of the polariz-
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ability of the electronic system. No theory yet exists

that accounts for both aspects of the effect of disorder

on CDW transitions.

The effect of impurities on the points To and Tt has

been studied experimentally for the 1Γ modifications.m

In the system l T - T a ^ T i ^ , they got dTjdx^ - 3 °K/

at. %, and in lT-TaL^Nb^ they found dT'd/dx = - 12 °K/

at. %, while the transition at the point Tt disappears

when x> 0. 005. The concentration of electrons does not

vary with increasing χ in this alloy. Therefore all the

changes in Td and ΤΛ' involve lattice disorder. The

anion disorder in the compound lT-TaS^Se* gives rise

to a monotonic variation in ΤΛ: with increasing x, Td

varies from 473 °K (Tt for lT-TaSe2) to 350 °K

(lr-TaS2), and the curve of the Tt{x) relationship

passes everywhere below the straight line passing be-

tween the points 473 and 350 °K.

Intercalation of the layer compounds of the ZH modi-

fications also lowers the temperature To or completely

suppresses the CDW transition. This apparently in-

volves the fact that the intercalated molecules have di-

mensions incommensurate with the period of the unit

cell of the layers. Thus intercalation changes the

structure of the layers and gives rise to lattice defects.

We note in conclusion that CDW transitions undoubt-

edly affect the critical temperature of the supercon-

ducting transition of the IE metals—suppression of the

transitions increases Tc (see the reviews1-2'4·1). The

effect of the transitions on the magnetic properties of

layered superconductors has been discussed inC4], and

more detailed results are contained inC273.
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