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Effect of high magnetic fields on the electronic structure of density-wave systems
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The effect of high magnetic fields on the electronic structure of some quasi-one-dimensional sys-

tems with charge- or spin-density waves is examined. Because of the specific anisotropy of the sys-

tem, small electron and hole pockets created by the density wave can be destroyed by the presence of
a magnetic field. This phenomenon is analyzed for various orientations of the field. The energy

spectrum and the density of states in the presence of an external field are calculated for a simple

quasi-one-dimensional model band structure. The effect of the magnetic field on the density-eave
critical temperature is also calculated. Recent experimental results on NbSe3 are analyzed in terms

of this theory.

I. INTRODUCTION

The problem of the behavior of charge- and spin-
density waves (CDW's and SDW's) in high magnetic
fields is currently under close scrutiny. ' Although
these two kinds of broken-symmetry states are very
different —CDW's are caused predominantly by the
electron-phonon interaction and produce a charge redistri-
bution throughout the crystal, whereas SDW's are induced
by the repulsive electron-electron interaction and produce
a spatially varying spin polarization —the effect of a high
magnetic field on the electronic structure of CDW's and
SD%'s is, to a great extent, similar.

The effect of magnetic fields on the SDW systems
(TMTSF)2X, where X stands for PF6 or C104 and TMTSF
stands for tetramethyltetraselenafulvalene has been stud-
ied experimentally' ' and theoretically. ' These com-
pounds are regarded as examples of quasi-one-dimensional
(QlD) systems. At low temperatures, they exhibit a stable
SD%' state. Under applied pressure, however, the SD% is
destroyed: a consequence of changes in the electronic
structure and in the Fermi surface. It has been reported
that the application of a magnetic field perpendicular to
the axis of high conductivity restores the SDW in the
high-pressure regime.

Gor'kov and Lebed gave the first interpretation of this
remarkable effect. They showed that for a simple aniso-
tropic metal with two open Fermi-surface sheets (corru
gated planes), the tendency to SDW formation is
enhanced by a magnetic field applied in a direction paral-
lel to the sheets.

Heritier et al. ' generalized the theory by including a
magnetic-field dependence of the SDW q vector. They
found a cascade of first-order transitions that could be ob-
served as the magnetic field is increased.

These theoretical contributions focused only on the in-
stabilities of the normal phase, i.e., they studied the diver-
gences of the generalized susceptibilities in the normal
phase. The susceptibility Xo(q, H, T) for various values of
the q vector, the magnetic field H, and the temperature T
was evaluated for some simple band structures. ' Friedel

discussed these models in semiclassical terms, which is
only valid for weak magnetic fields. He argued that the
same effects should be observed in nearly stable CDW's as
well.

Recently, an anomalous magnetic field dependence of
the transport properties in the low-temperature CD%
phase of NbSes was reported. It is also known that
NbSes, a QlD system, exhibits two phase transitions"
associated with CDW's at Ti ——144 K and T2 ——$9 &.
the low-temperature phase, a magnetic field perpendicular
to the high-mobility b axis produces an anomalous mag-
netoresistance. The anomaly has been interpreted as a
substantial decrease in the number of carriers caused by
the magnetic field, i.e., a magnetic-field-induced oblitera-
tion of parts of the Fermi surface. ' lt has been shown
that because of the anisotropy of the system, small elec-
tron and hole pockets created by the CD% can be des-
troyed by the effects of the magnetic field, resulting in an
effectively better nesting of the Fermi surface.

In this contribution, we analyze the effect of high mag-
netic fields on the electronic structure of some Q1D sys-
tems with stable CDW's or SDW's. We also discuss the
effect of the magnetic field on the critical temperatures.
The model under consideration is presented in Sec. II.
Section III includes the calculation and results for the
electronic structure and the critical temperature. A sum-

mary and discussion are given in Sec. IV.

II. THE MODEL

—4t "cos(ks a )cos( k,a ), (2.1)

where k =(k„,ks, k, ) and a =a 2
——a q. The parameters t

and t' are the electron-transfer matrix elements between
nearest neighbors in the x direction and in the (y,z) plane,
respectively; t" is the electron-transfer matrix element be-

The model used here to represent the Q1D system con-
sists of a tetragonal lattice with constants a i ~&a2 ——ai, in
which an electronic single s-like tight-binding band exists.
The dispersion relation is given by

Eo(k) = 2t cos(k„aj)——2t'[cos(ksa )+cos(k,a)]
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H =H() +H i (r),
where

H() —g E()(k)ci, ck
k, o

01 SeckcrC {k+q)a

{2.2)

(2.3)

(2.4)

The operator cq creates an electron with crystal momen-
tum k and spin cr, and

tween second-nearest neighbors in the {y,z) plane. Be-
cause of the QID character of the system, t » t', t".

Except for energies close to either the bottom or the top
of the band, the surfaces of constant energy in k space are
given by two open, corrugated sheets. The system shows
a tendency to form density waves (DW's) with a wave vec-
tor q which connects (nests) the two open sheets of Fermi
surface. The stable DW is either a CDW or an SDW, de-
pending on the number of electrons and on the strength of
the electron-phonon and the repulsive electron-electron in-
teractions.

If the electron density is taken to be one electron per
site, the two pieces of Fermi surface are centered at
k„=+(n/2a) ). For t"« t', the DW instability occurs
for q=(m/ai, n. /a, m/a). The DW is characterized by a
gap order parameter r Bec. ause of the extra periodicity
induced in the system by the DW, the one-electron state

~

k) is mixed with the state
~
k+q); the matrix element

of this mixing is proportional to v, a quantity assumed to
be independent of k.

The total Hamiltonian in second quantization takes the
form

tinuous spectrum, the magnetic field quantizes the elec-
tronic motion in the two directions perpendicular to it and
tends to form either discrete levels and narrow bands if
the cyclotron electronic orbits are closed, or complicated
continua if they are open. ' ' The competition between
these various effects are the cause of the strange, complex
behavior under study here.

For low magnetic fields, a simple semiclassical descrip-
tion of the motion of the electrons can be used. This
scheme, according to Onsager's quantization rules, '

yields only allowed closed electron and hole orbits which
enclose an integral number of magnetic field fiux quanta.
Open orbits, which arise from the combined effect of
magnetic field and periodic potential, form a continuum
and are not quantized in the traditional sense. This ap-
proach completely neglects several secondary effects:
band broadening, tunneling between bands, and the com-
plicated structure of the continuum. These effects are of
considerable importance in the case under study. Were it
not for the presence of the gap parameter ~, the spectrum
of the model would yield only open orbits, i.e., a continu-
um in Onsager's scheme; the gap parameter r, on the oth-
er hand, may be of the same order of the magnitude of the
cyclotron energy fico, of the closed electron or hole orbits
(induced by r) for reasonbly attainable values of the mag-
netic field.

An acceptable scheme to describe the DW and the ef-
fects of the magnetic field on equal footing can be ob-
tained from the well-known effective-mass theory of Lut-
tinger and Kohn. If paramagnetic (spin) effects are
neglected, the Hamiltonian of the system in first quantiza-
tion is given by

for CDW's,

i.,= —i, =~ for SDW's .

The DW quasiparticle spectrum of the system is given

by

E+ (k) = —4t "cos(k~a)cos(k, a)

H =H()(K) +H i (r),
where the first term is obtained from (2.1),

Hp(K) =Ep(k =K),

with the differential operator K defined by

K= iV+(
~

e
~

—/(ric)A(r),

(2.7)

(2.9)
+( t Zt cos(k„a i )

+2t'[cos(k~a)+cos(k, a)]I +i )'

(2.5)

and the second term describes the perturbations induced
by the DW. For a uniform magnetic field H=(O, H~, H, )

perpendicular to the x direction, the vector potential takes
the form

4t" if rl—t"&4,
0 otherwise. (2.6)

For t"=0, this energy spectrum has a gap 2~ at the center
of the b'and, i.e., at the Fermi level. The DW phase is
therefore a semiconductor. This fact is a consequence of
the perfect nesting of the normal, v=0 Fermi surface.

For t"&0, there is no longer perf(x:t nesting. As be-
fore, the DW induces a direct gap of value 2r. But the
spectrum now has a smaller indirect gap of value 26~
given by

A(r) =(0, H,x,H„x) . — (2.10)

H g C(n kp)Crnk rrnk rr t g g Cnk rrC(n+5)k cr

n, k, cr
P P

n, k, a 5=+1 P P

+ g 'raCOS{nqna))Cnk ~ n(k +() )n .
n, k, o

(2.11)

In this gauge, the total Hamiltonian in second quantiza-
tion can be written

In this case, depending on the value of r/t", the sytem in
the presence of a DW is either a semiconductor or a semi-
metal.

When a magnetic field is applied, new complications
arise. Whereas the DW causes gaps in an otherwise con-

Here, kz (qz) is a two-dimensional vector with com-
ponents k„and k, (q~, q, ). The index n refers to the
atomic planes perpendicular to the x direction and the
operator c„k ~ creates an electron in the state

~ nkvd(T) of
energy e(n, kz) given by
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s(ti, k ) = —2t'[cos(k~a+4, n)+cos(k, a+~'i ti)1

4—t "cos(k~a +4,n )cos(k,a +&'Y)i ) (2.12}

III. CALCULATIONS AND RESULTS

A. Semiclassical results

(2.13)

+ g ICOS(lt7za)Cnk a n(k +q )a r

n, k, cr
P P P

where kp=(k„k, ),

(2.14)

e(n, kp) = —2t cos(k, a, ) —2t'cos(k, a+An), (2.15)

t +(n, kp)=-t'+t" I cos[k,a+4(n+1)]

4=(
~

e ~HlRc)a

+cos(k,a+An )], (2.16)

(2.17)

Results for the energy spectrum for magnetic fields along
[001],[011],and [100]are shown in the next section.

The effective Hamiltonian for the magnetic field along
the x direction is obtained in a similar way. Since the
vector potential is now (depending on the gauge) a func-
tion of either y or z, the substitution of k in (2.1) by the
operator (r given by (2.9) yields two cosine operators that
do not commute, and therefore an "ambiguous" Hamil-
tonian. If the Hermitian (symmetrized) product of the
two cosines is taken, the resulting Hamiltonian is

e("rkp)cnk acnk a
n, k, cr

(nrkp)Cnk a (n+1)kpa
+

n, k,a

+t (5&kp)Cnk aC(n —l)k a]
P P

For low magnetic fields, a simple semiclassical descrip-
tion of the motion of the quasiparticles and Onsager's
quantization scheme' are adequate. Although this pro-
cedure neglects several important effects, it is instructive
as a first approximation to this cotnplex problem.

The motion of the quasiparticles along the direction of
the magnetic field is not affected by the presence of the
field, and consequently the crystal momentum along the
direction of H is a good quantum number. In k space,
the orbits are defined by the lines of constant energy in
the two-dimensional (2D) band structure corresponding to
any plane perpendicular to the magnetic field direction.
In the direction perpendicular to the field, the allowed
semiclassical trajectories are determined by Onsager's
scheme, which requires that the closed semiclassical tra-
jectories enclose (n+ —,

'
) magnetic flux quanta, where

n =0, 1,2, . . . . Open orbits are not quantized. This
scheme yields a continuum in the region of open orbits,
and highly degenerate, discrete states (the Landau levels)
in regions of closed orbits.

For the simple tetragonal band structure in the presence
of a DW and for a magnetic field along [001], the 2D
band structure contains, near the Fermi level, four Van-
Hove singularities, two in the valance band (a saddle point
T„( and a maximum T„2) and two in the conduction band
(a minimum T,o and a saddle point T„}.These singular-
ities correspond in the density of states to finite discon-
tinuities (for T„2 and T,o) or to logarithmic divergences
(for T„i and T, i}. For a given value of k„ the energies
associated with these singularities are,

E(T,())= E(T„2)=—

E(T, i)= —E(T„i)=

—4t"cos(k,a)+~ if
~
k,

~

&(m/2a),

4t"cos(k,a)+r if
~
k,

~

&(ir!2a),

4t"cos(k,a)+«f
( kg

~

((irl2a),
4t"cos(k, a)+r—if

~
k,

~

&(m/2a) .

(3.1)

(3.2)

Depending on the values of the parameters and on the

k, section under consideration, there are two possible or-
derings for these energies, either

or

E(T„))&E(T,()) (E(T„2)(E(T,))

E(T„i)(E(T„2)&E(T,()) &E(T,i) .

(3.3)

(3.4)

In either case, there are only open orbits in the valence
band for E &E(T„,) and only open orbits in the conduc-
tion band for E & E(T, i). If the ordering is that of (3.3),
i.e., a semimetallic 20 section, there are closed hole orbits
only for E(T„,)(E&E(T,O); both closed electron and
closed hole orbits for E(T,o) (E&E(T„z);closed electron
orbits only for E(T„2)(E(E(T,)). If the ordering is
that of (3.4), i.e., a semiconducting 2D section, there are

closed hole orbits only for E(T„))(E & E( T„2); no states
at all (a gap) for E(T„2}& E & E(T,O); closed electron or-
bits only for E ( T,o) (E & E(T„).

In the presence of a magnetic field, there are continua
for E&E(T )) and for E&E(T )). For E(T ))(E
&E(T, i) there are either only discrete Landau levels or
no states at all, depending on the values of the band pa-
rameters and the value of the magnetic field.

It has been shown' that broadening effects caused by
the lattice periodic potential are important for those Lan-
dau levels with energies close to that of a saddle point.
Onsager's scheme neglects this broadening. For our
model, this effect would call for considerable broadening
only for those energies slightly larger than E(T, () and
those slightly smaller than E(T, i).

This analysis can be carried out for any 20 section and
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for any orientation of the magnetic field, and depends
only on the values of the energies at the 2D Van Hove
singularities.

B. Energy spectrum: exact results

From the Hamiltonian obtained in Sec. II, it is clear
that the magnetic field induces a new periodicity in the
system. The problem of Bloch electrons in a magnetic
field has been studied intensively and extensively. '

The physical properties of the system do not depend, ex-
cept on an extremely fine scale, on the commensurability
of the magnetic-field-induced and the lattice periodicities.
Within this framework it is possible then, without loss of
generality, to restrict oneself to the case of "rational"
fields, in particular, to values of 4t or 4 of (2.13) and
(2.16) equal to 2rr/N, where N is a large integer.

As shown in Appendix A, the energy spectrum for each
value of k~ can be obtained by evaluating the eigenvalues
of the transfer matrix. The total energy spectrum is a su-

perposition of the spectra obtained for all values of k in

the two-dimensional Brillouin zone.
For a magnetic field along the z direction the 2D ener-

gy spectra for E & 0 and various values of k, are shown in

Fig. 1. The spectra for E &0 are very nearly the same.
The numerically exact method employed in the calcula-
tion is slowly convergent and no longer practical for small

values of the magnetic field (N & 2000). For small mag-
netic fields, more efficient approximation methods should

be used. Interpolation between the lowest calculated
values and H =0 is easily accomplished, and is shown as
an example in Fig. 1(a). Results can be summarized as
follows.

(i) For low magnetic fields, the semiclassical spectra are
rcprcKiuccd.

(ii) For intermediate and high fields, there is a substan-

tial broadening of all Landau levels.
(iii) For high magnetic fields, electron and hole levels

are very broad, and the lowest (highest) boundary of the
broadened n =0 electron (hole) level is at an energy very

close to r ( r—). As a consequence, the total three-
dimensional spectra for high magnetic fields have a gap
for energies

~

E
~

& r and a continuum of states for

~

E
~

& r. All k, sections contribute no states for

~

E
~

&r and continuum states for
~

E
~

& r, just as in the
perfect nesting case.

(iv) For energies E &E(T„)and E &E(T»), the spec-
tra still exhibit broad levels (bands) separated by small
gaps. A gapless continuum is only recovered for
E »E(T, i) and for E «E(T, i).

The very large broadening of the Landau levels, in par-
ticular the n =0 levels, and the existence of gaps in the
semiclassical continuum can be understood only in terms
of a magnetic-field-induced mixing of electronic bands,
i.e., a hybridization of the valence and conduction bands.
This mixing is important if the magnetic cyclotron energy
i5co, is of the same order of magnitude of the gap parame-
ter r. In fact, the proper scale to measure the magnetic
field strength is not 4 (which measures the ultrafine
structure), by the cyclotron energy

(3.5)

with an effective mass m ' corresponding to the bottom of
the 0%-state conduction band

(3.6)

It can be seen that if the condition t » t' » t" is main-
tained, the energy spectrum is only sensitive to the ratios
fico, /t" and sit"

For a high magnetic field, the spectrum has a large gap
at the center of the band, i.e., the Fermi level. This cen-
tral gap 2b,s is of the order of 2r, even for values of
alt" &4 As the .magnetic field is reduced, the size of the
central gap decreases and vanishes for a given value of the
field which depends on r For mag. netic fields smaller
than this value, there is a band of allowed continuum
states at the center of the spectrum and the system is
semimetallic.

Figure 2 is a diagram of constant energy-gap parameter

I

3n /Sa

10 0 1.010 0
0 r-~~~~ . I ~ I I

0 0.5 $.0 0 0.5 1.0 0 0.5 0.5 0.5
PIT

FIG. l. Energy spectra for magnetic fields parallel to [001], E &0 (the conduction band} and various values of k, . The abscissae
are energies and the ordinates the magnetic field strength. Near the abscissa axis, the numerical method described in the text con-
verges very slowly. Extrapolation to 8—+0 of the first few hole levels (dashed lines) is shown in for k, =0. The semiclassical Van
Hove singularities are indicated along the energy axis and by arrows. The broadened Landau levels can be recognized in all sections.
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0
200 5 10 15

hm, /t"

FIG. 2. The values of hgA as a function of magnetic field

fior, /t" and r/t" for H parallel to [001], t'/t =0.2, and
t" ~~t'. The shaded region corresponds to hg=O and band

overlap, the semimetallic case. The gap increases rapid1y to its

maximum value hg 7 Note that for a11 parameter values, a
semiconducting state is obtained if the field strength is large

enough.

200 5 10 35

0~u, /t"

FIG. 3. The values of hg/~ as a function of magnetic field
%co, /t" and r/t" for H parallel to [011], t'/t =0.2, and
t" g&t'. The shaded region corresponds to kg=0 and band
overlap, the semimetallic case. The gap increases rapidly to its
maximum value 6g ——~. Note that only for ~/t" & 2, a semicon-
ducting state is obtained if the field strength is large enough.
For ~/t" g2 the system is always semimetallic, regardless of
magnetic fieId strength.

hg /r in the (fico, /t", alt") plane. For alt" &4, there is a
two-dimensional region of the plane corresponding to a
semimetallic regime, b,x=0. The high-magnetic-field re-
gion is semiconducting, with the energy-gap parameter in-
creasing monotonically with either variable.

Because of the intricate fine structure of the spectrum,
characteristic of Bloch electrons in a magnetic field, a
very small gap could appear at the Fermi level in the
semimetallic regime for some particular values of the
magnetic field. These are in general very small gaps of a
different nature that are completely obliterated by small
inhomogeneities in the fidd and that do not change the
physical properties of the system.

A magnetic field along [011] produces similar but less
pronounced effects. Figure 3 is a diagram of constant en-

ergy gap for this case. Any reasonable high magnetic
field produces now a semiconducting state only for
w/t" )2.

Energy spectra for magnetic fields along the high-
conductivity [100] x axis are evaluated in the same
fashion, with the use of the Hamiltonian (2.14)—(2.17).
For the field in this direction, no central gapa are obtained
if v./t" &4.

where Im indicates the imaginary part and G„k is a

Green's function, given by

G k,.«+t q)= «c.k c k ~~E+ (3.g)

The method used to evaluate G is described in Appendix
B. Densities of states at the center of the band for three
different values of the magnetic field along the [001]
direction are shown in Fig. 4. Figure 4(a) corresponds to
a value of the field in the semimetallic regime; a complex
structure characteristic of Bloch electrons in a magnetic
field is readily apparent. Higher values of the magnetic
field are presented in Figs. 4(b) and 4(c), where hz/w at-
tains the values 0.38 and 0.85, respectively. The small
tails in D (E) which can be observed near the gap edges
are a consequence of the finite imaginary part rl of the en-

ergy used in the numerical evaluations. Except for the
fine-structure details, the densities of states at high mag-
netic fields resemble that of the system with perfect
Fermi-surface nesting, i.e., no k, section contributes states
to the

~

E
~

&v region of the spectrum. Contrary to the
predictions of the semiclassical model, there is a real gap
in the spectrum.

C. Density of states

A magnetic field along [001] can produce important
changes in the energy spectrum of the system. It is in-
structive to study the behavior of the density of states as
the magnetic field increases. In what follows, numerical
results for the density of states in the region of interest,
i.e., the center of the band, are presented.

The total density of states per spin is given by

D (E)=(—1/m) lim g ImG„k (E+iq),
Pf,

7 =A, y cos{nq Q) )&c„k c„(k + ) )
k

P
8,

(3.9)

where A, is the interaction parameter and &
. . ) indicates

thermodynamic averages. A self-consistent calculation

D. Critical temperature

The order parameter ~ must be calculated self-
consistently, and is, in general, a function of the direction
and the strength of the magnetic field. The equilibrium
value of ~ is given by



C. A. BAI,SEIRO AND L M. FALICOV 34

0.02 ~.

CO

0
1.0

g$

CQ

0.5I
09

0
0

40 ]0I
C3

0.5

0
-0.04

I I 1

-0.02 0 0.04
E/f

FIG. 4. Total three-dimensional densities of states near the
Fermi 1evel for magnetic fields parallel to [001] and various
values of the field strength. (a) Semimetallic regime Ace, /
v=2.03 {%=400); (b) semiconducting regime %co, /v=4. 07
{N =200) with d /~=0. 38; (c) semiconducting regime
Ac@,/v =8.14 (X= IOO) with Lg/r=0. 85.

0.02

with the present model is a tedious and numerically ex-

pensive proposition which has not bien carried out. Two
extreme situations can, however, be readily analyzed. At
T =0, the self-consistent solution of (3.9) can be obtained

by minimizing the total energy

Er —g f D (E—)EdE —2/2A, , (3.10)

XJc((4i"/r @)sin(yt4/2m T, )),
(3.11)

where s~ is the Fermi level. Since the density of states

D~(E) for high magnetic fields along [001] resembles that
characteristic of the system with perfect Fermi-surface
nesting, the order parameter r for this limiting case must

be numerically close to that obtained in the perfect-
nesting case.

The critical temperature and its magnetic field depen-
dence can also be calculated in a simple way. A lineariza-
tion of the dispersion relation (2.1) for k„ in the vicinity
of +(rr/2a i ) and the procedure described in Ref. 2 yields,
for the magnetic field in the [001]direction, the following
equation for the critical temperature T, :

oo l
dy .~tg

&
g c sinhp

0.01—

L
0 0.1 0.2 0.3

FIG. 5. The critical temperature T, as a function of interac-

tion strength g for (a) the perfect nesting case t"=0 and H =0
(dashed line); (b) a semimetallic case t"=0.01' and 8=0 (ob-

serve the critical value g, ); the case shown in (h} for magnetic
fields parallel to [001], strength such that (c) N =400 and (d)

S=200. It should be noted that T, changes appreciably with

magnetic field strength only for g in the vicinity of g, . For the

lattice parameters of NbSe3, % =400 corresponds to H =250
kG.

IV. SUMMARY AND DISCUSSION

The effect of a magnetic field on the electronic struc-
ture of some QlD systems with a CDW or an SDW has
been examined. The system is characterized by a we11-

defined q vector and by a lack of perfect nesting which
result, at zero field, in a semimetallic system. The results
can be summarized as follows.

(a) A magnetic field perpendicular to the axis of high
conductivity may induce gaps in the spectrum at the Fer-
mi level, thus transforming a semimetallic structure into a

where 4=4, of (2.13) and Jc is the ordinary Bessel func-
tion.

In Fig. 5, the critical temperature T, as a function of
the dimensionless coupling constant /=A/4mtaia, i is
shown. Because of the lack of perfect nesting at H =0,
the DW is stable only for g p g„a minimum critical value
of the interaction. A magnetic field, however, can induce
a DW for ()(,. This magnetic-field-induced DW was

predicted by Gor'kov and I.ebed. For g&g„ the pres-
ence of a magnetic field raises the value of T, . However,
if the critical temperature for zero magnetic field is not
too low, T, does not change appreciably with magnetic
field. This effect is shown in Fig. 6, where T, is plotted
against magnetic field strength for fields along [001] and
for various values of g. The critical temperature increases
monotonically with the field.

For magnetic fields along [011], the 2D band structure
becomes equivalent to that used in Ref. 2. The increase in

T, for this direction of the field shows oscillatory
behavior. Here again, the effect of the magnetic field is

important only for values of g close to the critical value

gc, i.e., for anisotropic DW systems which are either mar-

ginally stable or marginally unstable.



EFFECT OF HIGH MAGNETIC FIELDS ON THE ELECTRONIC. . .

0.025

0.020—

tern) or the TMTSF salts (SDW's). The complexity of the
spectra and electronic effects found here are complicated
even more by the complexity of the real band structure in
these materials, where several sheets of Fermi surface (of
various topologies) contribute to the conduction process.

0.010—

0.005—

10z P

FIG. 6. The D%' transition temperature T, as a function of
magnetic field strength for fields parallel to [001] and various
values of the interaction parameter (. Notice that T, increases
monotonically with field strength, but the increase is sizable
only for g in the vicinity of g, .

semiconducting one.
(b) The value of the gap hs is a function of the DW

strength r, the cyclotron energy fico„and the "lack of
nesting" parameter t", but insensitive to other band-
structure parameters.

(c) Although at low magnetic fields the spectrum of the
system is well described by the semiclassical quantization
scheme, this scheme breaks down for fields such that the
cyclotron energy is of the order of, or greater than the
D% mixing parameter ~; in the latter regime band mixing
becomes paramount.

(d) The complete spectrum of the system as a function
of the various parameters shows two main effects: (1) in
the semiclassical (closed orbit) discrete regime the Landau
levels spread into wider and wider bands as the field
strength increases, and (2) in the semiclassical (open orbit)
continuum energy gaps appear at high fields.

(e) The semimetal-to-semiconductor transition does not
take place for magnetic fields parallel to the axis of high
conductivity, the x axis in the simple model.

(f) There is also considerable anisotropy for fields per-
pendicular to the high-conductivity axis [the (y,z) plane].
For fields along the (001 ) axes, semimetal-to-
semiconductor transitions are obtained for high enough
field strength regardless of the value of the ratio r/t".
For fields along (011) axes, the semiconducting gap does
not open up at any field strength if the ratio rlt" is small-
er than a given value (2 in this model).

(g) The DW transition temperature T, is, in this model,
enhanced by the magnetic field. ' The enhancement,
however, is only appreciable if the situation is such that
the interaction strength g is just below or just above the
critical value g„ i.e., for marginally stable or marginally
unstable, semimetallic D%'s. For well-estabhshed, stable
DW's, the enhancement effect is small.

(h) All effects encountered in this tetragonal inodel ean
be directly applied to interpret the experiments in the
more anisotropic, real systems such as NbSe3 (a CDW sys-
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APPENDIX A: THE TRANSFER MATRIX

The transfer-matrix method used to calculate the ener-

gy spectrum for H along the z axis is described here. For
a given value of kz, the Hamiltonian is diagonalized by
defining a quasiparticle creation operator

a„k = +[a(v,n;k~o)c„k +P(v, n;k~o)c„~k +v ~ ],
P

(Al)

which satisfies the equation of motion

t[&.k 8]= —«.k
p p

(A2)

where the column vector A„(kz,o) is defined by

a(v, n;kpo)

a(v, n —1;kzo)
A (kp o'):

p(

P(v, n —1;kzo}

and the transfer matrix T„(kz) is given by

(A4)

T„(kp}=

E(n, kz) E t— —
1 0 0 0

0 s(n, kz+q~) E t——
0 1 0

(A5)

where

r„=r eos(nq„o) =(—1)"r

The coefficients associated with a given n can be ob-
tained in terms of those associated with n =0 by repeated
application of the T matrix

Equation (A2) is used to determine the coefficients a
and p of (Al). For that purpose, the following matrix
method is employed:

A„+,(kp, o }=T„(kp)A„(kq,o),
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An(k~, o)= Tn ((k~)T„2(kp)
. T((kq)T0(k )Ao(k, (r) . (A7)

eigenvalue equation, a quartic of the form

P—3g' —8/2 —A/+1=0 . (A8)

For values of the magnetic field such that (Ii, =2m/X,
with S an even number, the combined lattice-magnetic-
field periodicity of the system in the x direction is given

by ¹i.The use of Bloch's theorem yields the important
result that an eigenstate of the system with energy E ex-
ists if the product of N transfer matrices has a complex
eigenvalue g in the complex-plane unit circle, i.e., an
eigenvalue of modulus one. The use of (A5) gives, for the

With the definitions

= —(A /4)+ —,[(A /4)+2+8]'~2,

it is easy to show that the eigenstate condition is satisfied
if either 2)+ or q is a real number such that
—1(g+ (1.

This procedure needs to be repeated for each value of
kp.

APPENMX 8 GREEN'S FUNCTIONS

The Green's functions of the system were calculated only for values of the magnetic field such that 4, =2m/N, with

N an even number. The combined periodicity of the field and lattice systems is then ¹ ( along the x axis. The follow-

ing Green's function matrix is defined

)) +

{{Cn(k +(( )n Cn'k cr ))E+ig
P P P

{{Cnk ~~Cn (k +'& )a ))E+iq

{{Cn(k +q }n~Cn (k ~&')o'))E+(&
P P P

(Bl)

The equations of motion for G„„aregiven by
AA

Goo =go+go(TG io+ TG io»-
AA AA

G+10 g+1(TG00+ TG+20) ~

G+2o=g+2(TG+(0+TG+20) ~

etc., where

E+imls(n, kz+ qz )

g„= t [E+irl s(n, kp)][E—+ill e(n, kp—+q~)] r I— E+irl e(n,—kz)

(82)

(83)

and g+2=(1 g2~S+—(T) 'g+2 (87)

A A
G+2o =g+2(T+ Goo+ TG+20)

AA
G+20 =g+2(TG+2o+ TG+40)

etc., where

go=(1 —goTgi T gorg (T—)—
(8&)

(86)

0
T n (84)

Elimination of G+io from the (82) system of equations
yields

Goo go+go( ~+ G20+ ~—G —20)

T+ =Kg+(T . (88)

Repetition of this procedure (X—1) times gives Goo

directly connected with G+i((0. In a similar way G+ivo

can be directly connected with Goo and G+2~o, etc. Since
the locations 0, +N, +2%, . . . are all equivalent by
translational symmetry, the remaining equations can be
easily solved by Fourier transformation. It was found,
however, that for numerical calculations, it is convenient
to use a lattice decimation procedure which converges
~ore rapidly.
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