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We discuss the nonuniform high-field collective states of a multivalley electron gas. We consid-
er specifically a model where there are two different orientations for the principal axes of the
effective-mass tensor in the various valleys, and the magnetic field is applied along a direction that
is symmetric with respect to these orientations. The onset of various instabilities is found within
the Hartree-Fock approximation for the electron-hole correlations, as a function of the carrier
density and magnetic field strength, the effective-mass anisotropy, the electronic g factor, and the
number of degenerate valleys. Depending on the parameters, we find that the ground state may
contain spin-density waves or valley-density waves—i.e., a state in which there are out-of-phase
charge-density waves in various valleys. We discuss how the disorder that is present in most ex-
perimentally relevant systems may affect various collective transitions.

I. INTRODUCTION

Over the years there has been considerable interest in
the properties of an interacting three-dimensional elec-
tron gas, in strong magnetic field, at low temperatures.
In an early paper, Celli and Mermin' proposed that the
ground state of this system should contain a spin-density
wave with a wave vector oriented parallel to the magnet-
ic field, provided that both spin states remain occupied.
More recent discussions have concentrated on the strong
field limit where all electron spins are parallel to the
magnetic field; in this case the most prevalent finding is
a ground state with charge-density waves of several
different orientations, such as a Wigner crystal, or an ar-
ray of charged rods, first considered by Kleppmann and
Elliot.> Most of the analyses have been carried out using
Hartree-Fock and related approximations or parquet
equations.’~°

In the present paper, we extend this work to a situa-
tion where the electrons occur in two or more degen-
erate valleys. We consider the effects of effective-mass
anisotropy in the valleys, and we consider the situation
where the principal axes may have different orientations
for different valleys.

Within our model we consider the possibility of
several types of ground states, including spin-density
wave (SDW) states and states we describe as valley-
density wave (VDW) states. Depending on the parame-
ters of the system, the SDW or VDW may have lower
energy. The SDW we consider have separate spin-
density waves for electrons in each valley. The wave
vector of the SDW may have different directions in vari-
ous valleys as a consequence of the different orientations
of the effective-mass tensors in the valleys. In the sim-
plest type of VDW state, there are separate charge-
density wave states formed in each valley and each spin
state. For each spin state the charge-density waves from
two different valleys must lie in the same direction, and
be 180° out of phase, in order that there be no inhomo-
geneity in the net charge density of the system, to lowest
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order in the VDW amplitude. Because there are
different densities of spin-up and spin-down electrons,
their charge-density waves will have different wave-
lengths, and there cannot be cancelation of the CDW’s
between spin-up and spin-down electrons of the same or
different valleys. We note that in a weak-coupling situa-
tion, where the gap due to the order parameter is small
compared to the field-dependent Fermi energy, the ener-
gy cost of the first-order charge-density inhomogeneity is
sufficiently great, that the system will generally avoid
such a state. When the magnetic field becomes
sufficiently strong, however, an inhomogeneous state,
such as a Wigner crystal, may occur.

In addition to the type of VDW state described above,
there are related VDW states in which electrons near the
Fermi energy are placed in a linear combination of states
from two different valleys. If the valley is indexed by an
“isospin variable” 7=x=1, this second type of VDW has
an oscillating isospin polarization in the x -y plane, while
the VDW described earlier is polarized in the z direction
of isospin space. Within the approximations of our
model, the two types of VDW states are exactly degen-
erate as long as the principal axes of all the valleys are
identical. If this is not the case, however, the two polar-
izations of the VDW may have different energies. (We
will discuss these questions further in Sec. IV and Ap-
pendix B.)

In general the VDW state will result in a modulation
of the electron density and/or a modulation in the orbit-
al magnetic moment at large wave vectors, comparable
to the separation between valleys in the Brillouin zone.
To lowest order in the VDW amplitude, however, there
is no charge-density inhomogeneity at the smaller wave
vectors which correspond to a wave vector difference be-
tween two points in the same electron valley. Thus, in
weak coupling at least, we expect the VDW states to
have lower energy than a simple CDW state.

Our calculations are carried out in the Fukuyama ap-
proximation to the Hartree-Fock equations,” in which
the nonlocal exchange potential is replaced by an aver-
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age over momentum components parallel to the magnet-
ic field. In general, we do not actually solve the problem
of the ground-state energy, but rather look for the tran-
sition temperature at which the uniform electron gas be-
comes unstable to a broken symmetry of the various
types considered. At least in the weak-coupling limit,
the form of the ground state can be inferred from this
analysis.

It should be mentioned that the present model cannot
be applied directly to actual semiconductors or semimet-
als. In doped semiconductors, the random potential of
impurities is a big perturbation, which may have a dras-
tic effect on the ground state. In the weak-coupling re-
gime, where the electron-electron interaction is small
compared to the kinetic energy, the impurity potential
will destroy the predicted phase transition, and eliminate
the ordering completely. In the strong-coupling regime,
however, near the metal-insulator transition at zero mag-
netic field, it is possible that local ordering persists, and
perhaps even a phase transition under certain cir-
cumstances. Although a Hartree-Fock calculation can-
not be trusted in this regime, the analysis of the present
paper may still be useful in suggesting the types of states
that could occur.

Our analysis may be more applicable to a semimetal,
such as graphite, where a phase transition has already
been observed in strong magnetic fields.® A proper
analysis of the semimetal case must allow for two kinds
of carriers, electrons and holes, in different parts of the
Brillouin zone, or a nonparabolic band structure, if the
electrons and holes are in the adjacent regions of the
zone. Also, at high carrier densities, one must take into
account electron-electron scattering between different
valleys, which has not been included in our model. The
“charge-density wave” state proposed by Yoshioka and
Fukuyama* for the case of graphite in a strong magnetic
field is actually a VDW state, in our notation, since there
are CDW’s for two different valleys which are 180° out
of phase.

II. DESCRIPTION OF THE MODEL

We assume that the effective-mass tensor in each elec-
tron valley has axial symmetry, with a doubly degenerate
transverse eigenvalue m,, and a single longitudinal eigen-
value m; (we assume m, <m;). The important dimen-
sionless parameters which characterize the band struc-
ture of the system are then the number of degenerate
valleys N,, the mass anisotropy ratio m,/m,, and the an-
gles between the longitudinal axes of the various valleys.

In the presence of an applied magnetic field there are
additional dimensionless parameters which describe the
orientation of field relative to the symmetry axes of the
valleys. Another important dimensionless parameter is
given by g* =m,g, where m, is given in units of the bare
electron mass, and g /2 is the spin magnetic moment of
the carriers, in units of the free electron Bohr magneton
(for simplicity we assume that the g factor is isotropic;
more generally the g factor should be represented by a
tensor with longitudinal and transverse components in
each valley). If the magnetic field is applied along the
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symmetry axis of some valley, then the ratio of the Zee-
man energy to the cyclotron energy is equal to g* /2 for
carriers in that valley.

It should be remarked the dimensionless material pa-
rameters defined above vary considerably from one ma-
terial to another, and they may differ greatly from the
free electron values. For example, in n-type Ge there
are four electron valleys, the mass ratio m, /m,; is =0.05,
and the parameter g* is also of order 0.05.

When a finite density of carriers is present in the sys-
tem, two more dimensionless parameters come into play:
One parameter is the ratio of the Fermi energy to an en-
ergy, such as Zeeman energy, which measures the
strength of the magnetic field; the second is a quantity 7,
which measures the relative importance of the electron-
electron interaction and the kinetic energy of the system.
In doped semiconductors these are experimental parame-
ters which can be varied by altering the doping concen-
tration and the external magnetic field. In a semimetal
the carrier concentration is determined by the band
structure of the material, but some variation may still be
obtained by application of pressure or by adding impuri-
ties to the material.

It is clearly not practical to explore all regions of pa-
rameter space for a model where the number of impor-
tant parameters is large. However, we can hope to gain
some insight by looking at some illustrative examples,
where a representative value is chosen for each of the
various parameters, except for the field strength which
we vary continuously in an interesting range. One case
which is easy to discuss is the isotropic situation, where
m,=m;. Also relatively simple is the case when all oc-
cupied electron valleys are oriented in the same direc-
tion. In order to illustrate the situation for valleys of
different orientations, we shall choose a model where
there are valleys of two different orientations, and an
equal number of valleys N, /2 for each orientation. The
magnetic field in this case will be taken along a direction
which bisects the angle between the axes of the two val-
leys.

To define the model further, we shall take the z direc-
tion to be the direction of the applied magnetic field B.
The symmetry axis of each occupied valley «a
(a=1,...,N,) is assumed to lie in the y-z plane at an
angle 6, with z direction. For the case of two different
valley orientations, this means that there are two classes
of valleys, “left valleys” and ‘“right valleys,” for which
0, is chosen to be, respectively, —0 and 6, where 20 is
the angle between the two valley axes. This situation is
shown in Fig. 1.

We choose to work in the Landau gauge with vector
potential A=(—By,0,0). Then the one-electron eigen-
states for an electron in valley a are described, in the
effective mass approximation, by the envelope function

b,
Yok k,alT)= Liexp ik,z +ik,x —i—=k,(y +1%k,)

XD,y +1%,) ,
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where a=1,...,2N, is a valley index,
cos’9, sin%g,
Ga= m; m ’
. 1 1

b, =cos0,sinb, m—,_m_z ] ,

1 =V/(c/eB), and
S S S _1y?
Pra) = 72 ‘la PITa |

with H, being Hermite polynomials,
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m,
cos?6,+ —sin%0,
m,

I,=1

and L is the linear size of the system. The energy corre-
sponding to this state is

H= 2 2 gkz,achkzsackxkzsa_f‘g.uBSzB

ke k, s,a
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where & ,=E; ,—p, s is a spin index, up is the Bohr
magneton, p,(q) is density operator for electrons in val-
ley a, restricted to the lowest Landau level (explicit form
for the density operator is given in Appendix B),
q,=(4gx,q, ), and we are considering the long-range form
of the Coulomb potential ¥ (q)=(4me?/exL3q?), L be-
ing the total volume of the system. We have assumed
here that the quantum limit has been attained in which
only the lowest Landau level with both spin levels is oc-
cupied, implying
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FIG. 1. The model of the multivalley Fermi surface. All
valleys are identical except for the orientation of the principal
axis, which is directed either at the angle 6=60; or —0=0,
with respect to the magnetic field B. There are %N,, “left” and
1N, “right” valleys.
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(For derivation of the above single-particle eigenfunc-
tions and energy eigenvalues, see Appendix A.) From
now on we restrict ourselves to the case when only the
lowest Landau level is occupied, i.e., n =0.

Within our model, the Hamiltonian for the electron
gas in a magnetic field can be written as follows:

(2.1)

f

where m, and m, are given in units of the bare electron
mass m,. In practice this can be accomplished with
moderately strong fields in several degenerate semicon-
ductors.” The case with several Landau levels occupied
can be treated along similar lines. We also ignore the in-
tervalley scattering which is very small and can be
neglected to a good approximation in most semiconduc-
tors. !0

In the quantum limit the spectrum of single particle
excitations appears effectively one dimensional, leading
to an anomalous increase in the response functions at
the wave vector g, =k§:I +k{;';2, where k£, is the Fermi

momentum in the direction of the field for valley a and
the spin state s. This makes the system susceptible to
various instabilities. In this paper we calculate the
response functions in the uniform system, within the
Hartree-Fock approximation for the mutual Coulomb
interaction, and look for the temperature where the ap-
propriate response function diverges.

In the noninteracting electron gas, the response func-
tion is proportional to the particle-hole bubble, i.e., the
Lindhard function. In the quantum limit, the particle-
hole excitation spectrum is quasi-one-dimensional, and
the Lindhard function D p,5,s,(q,0) depends only on the

z component of the wave vector q; indices a and s, refer
to the particle propagator while 8 and s, correspond to
the hole. For our purposes only the static (i.e., @=0)
Lindhard function is needed which is given by

dkz f(é-kz,asl)_f(é—kz‘qu,ﬁb‘z)

27 é-kz,as] *é‘kz +4,,85;

L3
Dug s z)=
B,s | Z(q (277,1)2.[
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where f is the Fermi function. D ,g,5,5,(q,) exhibits a

well-known “one-dimensional” logarithmic singularity at

T =0 when g, =kg +k§ ; if we consider the finite tem-
SI _Yz

perature case, this singularity is cut off by 7. We will be
typically interested in the value of the Lindhard function
at the wave vectors where the zero temperature singular-
ity occurs. In the weak-coupling regime, the transition
temperature T., at which the response of an interacting
system diverges, satisfies T, <<Ef; for each a and s,
where EX =(k%,)*/2m, is the Fermi energy in a given
valley and spin state. Then the Lindhard function

Dalesz( kgsl+kgsz)

has the following form:

2L3(m m,;)l/2

D 2
Qml(kE,, +kF,)

aB,s;s, =

kas]kﬁs
XIn [1.14 2
2(mam3) TC

[4 1(215 I(ZIB ba bﬁ
MA s ( )=ex —_ 2_— 2_— _ —_
aB,sys, \d p 41(21qu 4 qy 16 a, ag

with  [34 :—(l 2+l§2). The matrix elements

(as, |64 lBsz) are given explicitly in Appendix B. In
the interacting system, it is convenient to work with the
function P g s, (q,®), which is defined by
XA(q,m)=ZBM;‘,,,SlSZ(q)P;’B,Slsz(q,w). (2.4)
a,

To find the temperature and wave vectors at which
P;"g‘slsZ(q) diverges (we now consider only the static

response), we need an explicit form for the interacting
response function. Here we use the Hartree-Fock ap-
proximation to determine P(fB,slsz(q). This approxima-

tion consists of summing the electron-hole bubbles for a
direct interaction and the self-consistent vertex correc-
tion for an exchange part.” The diagrams included in
the Hartree-Fock approximation are depicted in Fig.
2(a). The bare interaction ¥V (q) defined earlier is scaled
down by familiar Gaussian factors; we define

I 14
412 * 4%

Vap(@)=V(qexp 2

9x

1213
R

2
y

P:B,srvz (q)—_—M;B/,‘slsz (q)Déﬂ,slsz (QZ )+8aﬁssls2D£B,slsz (qz )V(q)TI‘P 4

In (2.5) DO,BSIS2 is defined as f,(q)fp(q

aB,slsz .
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In searching for the various instabilities we are in-

terested in the spin, valley, and charge-density responses
of the interacting system. The general form for these
response functions can be written as'!
X 4(q0)=—i f0°° dt e’ ([ A(q,1), 47(q,00]) , (2.2)
where ( ) denotes quantum mechanical and thermal
averaging and A (q,?) refers to the single-particle opera-
tors like the particle-density operator p(q,t), the spin-
density operators o(q,?), and the “valley-density” opera-
tors 7(q,t). The explicit forms for these operators are
given in Appendix B.

In the noninteracting case, the response function is
given by

X”(q,w)=2Mﬁﬁ,slsz(q)Dag,slsz(q,w)
a,B

Malesz(q) ’ 2.3)

where M (fﬁ(q) contains the matrix elements of various
density operators

2 125
Q,
97+,

ba by

—_— (as1|eA|Bsz>,
aq ag

q:9y

Furthermore, as a direct consequence of anisotropy,
there are additional f,(k,,k,,q) factors that contribute
to the bare electron-electron vertex as shown in Fig. 2(b).
They are given by

fa(kx)kz’q)Zexp

b
‘iilzkqu

12b2
42qz

I3ba

+ 2a, qy9: —

These factors can be included in the definition of the
electron-hole correlation functions without affecting
their pole structure. (The above expressions for ¥ and
fo are derived in Appendix C. There is some arbitrari-
ness associated with this particular factorization. We
have chosen to define ¥ in a way that naturally extends
the notation of Ref. 7.)

Summation of Hartree-Fock diagrams leads to a com-
plicated integral equation for the response function
which is difficult to treat exactly. Here we can use the
fact that we are working in the strong field limit
(kpl <<1) and use Fukuyama’s approximation’ for the
exchange integral. In this approximation one replaces
the exchange part by its average over the relevant
momentum range in the z direction (this range extends
typically from kgxl to kgsz). In this way we obtain

(q)_DaB,slsz(qz)WaB,slsz(q)P:B,slsz(q) . 2.5)

In the Fukuyama approximation, the exchange interaction W is
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given by

F
ksz 14 )
211% px

i

_ __da
WRR,s,sz(q>—§ f~k5}: 2kf +kE) ¢

Xp

X | cos( lzpy g, )cosh

bg
12
R ag pyp

—sin(lzpyqx )sinh

iF
1

sin[2(bg /ag )%k ] p, ]
2(bg /ag 1?k ! p,

dp
(S
i

WRL,SI :sz(q):
pl

4re?
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2P

bg
13—
R ag pyp
Xp

———cos(I’p,q; )cos(I%p,q,) .

13b3

2a} P

4rre? 1
el’ pt+p?

2 2

Ccos

bg
12
ar axp

b
sin lza—qup +(s;—s,),
R

Ik bR

2a}

"o, 2

i
2P

1

el’ pi+p

Subscripts L and R denote valleys at angles —6 and 6
with respect to B, respectively, while 6; = —6 and
Or =6 in accordance with Fig. 1. Wy, and

WiR,s, are found from (2.6) and (2.7) by replacing 6z
with 6, while Wyg s ., is not needed for our purposes.

=5,

In (2.7) we specified 8; = —0Oy; if this is not the case, the
expression for Wg; and Wiy is quite a bit more compli-
cated. This is a closed system of equations for the
response functions.

In the following two sections, we calculate the transi-
tion temperatures for SDW and VDW states for various
values of parameters of our model, discussing separately
isotropic and anisotropic cases. Transition temperatures
will be evaluated as functions of the magnetic field which
is allowed to vary in the interval from B, the field above
which only the lowest Landau level with both spin states
is occupied to B,, where the spin-down band is com-
pletely empty. For the general anisotropic case, when
6+0 and m,sm;, these two limiting fields are given by
the following expressions:

B} 3
B?Id—oé—zll_%g_(l_g)l/zl (2.8)
a
and
B3
B;=4d L (2.9)
g
a

where B3 =m®3n?/16N2, ®, being the elementary flux
quantum and n the total density of the system,
dy=mgyal/?/m}’? and

3

a

dq

g= g - (2.10)

III. ISOTROPIC CASE

To see a qualitative effect of the valley degeneracy, let
us further simplify (2.5) by assuming m,=m;,.!? In this
case we have N, identical valleys and Hamiltonian (2.1)

I

possesses a full SU(N,) valley symmetry (we therefore
drop the valley index throughout this section). If we
now consider solutions of (2.5) we immediately see that,
for large N,, the charge density response P P¥(q) does
not have a singularity at all. In this case © 4 is a unit
matrix, and the positive second term on the right-hand
side of (2.5) (i.e., the ‘“direct term”) is enhanced by
TrPPY « N,. Actually, for isotropic valleys the CDW
is never a favored state in the Hartree-Fock approxima-
tion. This is easy to see: In the absence of valley degen-
eracy, SDW can take advantage of the exchange energy
without coupling to the direct part, but it is eventually
destabilized by the Zeeman energy, which causes de-
population of the up-spin band. For valleys, there is no
Zeeman energy; therefore, the VDW can always take the
full advantage of the exchange part resulting in the tran-
sition temperature higher than that of CDW. It is, how-
ever, interesting to consider the relative stability of SDW
and VDW states.

In the weak-coupling limit that we are considering,
the temperature at which P4 diverges has the following
generic form:

—1/A 4(q))

TA(q)=1.14E%e , (3.1)

where we have set g, =kf; +kf; since we expect that, in
the weak-coupling regime, this value of g, corresponds
to highest T, by virtue of the logarithmic singularity in
D ps,s,(q,). For spin-density waves which are formed
independently in each valley, the “cutoff”” E4 is provid-
ed by Ef, =(kfk¥ /2m) (Here 1 and | stand for the + 1
and —1 eigenvalues of the spin angular momentum
operator o,. They denote the up- and down-spin bands,
respectively). The coupling constant A 4 is given in this
case as

2L°m
QaDXkF+kF)

ASDW( SDW

q,)=

’

ql’qz:kf+kf ’ (3.2)

where
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WSDW(quqzzkf+kf)= 60L3

Jo(Ixq,) being the Bessel function and p,(,,=Ik%,,. The
variable of integration is x =Ip,. Similarly, for valley-
density waves which are formed as out-of-phase charge
density waves in left and right valleys Ef is given by
Ef,,=(k%,))?/2m for the up(down)-spin band and

L’m

}\.VDWT(U(qJ_)= (21Tl)2k{‘(1) VDWT(U’ quqz:2k{:{1) ,
(3.3)
(a) oda k%0
k-%,8 k-3,8
ked, a Ke3,8
+ __VaE
K-3.8
.+.
(b) ,
k+3,a K+3, B
V(@)
fa(k,-Q) f3(k,3)
k-3, a k-3, B
2 K= (ky, k) 2

FIG. 2. (a) Diagrams entering the Hartree-Fock form of the
particle-hole correlation function. (b) The renormalization of
the bare vertex due to the anisotropy which is ultimately ab-
sorbed in particle-hole loops. Latin alphabet letters with ar-
rows denote three-dimensional vectors while those without ar-
rows stand for x and z components only.

i@zl_zf“’dx eAxZ/z‘_IM
0 pPrtp.
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P P
arctan— +arctan— | ,
X X

where
WVDWT(L)(ql,qZZZkIT‘"U))
_47re212faodxe_xz/z-]o(lx‘h)
L3 Yo P
Xarctanpm)

It is easy to see that in both cases the highest transi-
tion temperature is obtained for ¢,=g,=0. Both
SDW’s and VDW’s in up- and down-spin bands will be
along the direction of the magnetic field. Let us now as-
sume that we can replace the integrands in the exchange
interaction by a constant in the momentum space so that
the exchange interaction does not depend on (3% and p,;
we will justify this later. Then we have ASPW=2k/
(p1+p,) and APV W=y /p. |\, where k is some dimen-
sionless parameter (independent of p, and p,) measuring
the interaction strength. Combining this with (3.1) and
expressions for E% in the spin- and valley-density wave
cases we obtain the following simple relation for transi-
tion temperatures:

(TYPWITVDWi)1/2_ 7SDW (3.4)

where 1(1) denotes an up- (down)-spin band. Equation
(3.4) holds for any magnetic field, any number of valleys
and arbitrary electron g factor. Thus one of the VDW
states always has higher transition temperature than
SDW.

To see whether this conclusion remains correct for the
exchange interaction appearing in (3.2) and (3.3) we cal-
culate transition temperatures performing the integra-
tion over p, numerically. The electronic density »n is set
to 107 cm~3 and the effective mass is taken to be
m =0.1m,; these numbers we consider to be representa-
tive values for semiconductors. The electron gas interac-
tion parameter r,;, which is defined as

1/3
3

re=|——5—
4mapn

ay being the effective Bohr radius €,/me?, where €, is
the static dielectric constant of the system, is then sim-
ply r,=25/€;. For most materials of interest €3> 10 so
that r; is of order unity. For example, €, is 15.8 in Ge
and 11.7 in Si. We have actually set €,=16 in our calcu-
lation. A more appropriate measure of the interaction
strength in strong magnetic field is, however, the ratio of
the average potential energy and the kinetic energy in
the z direction. We define this new ratio rZ as

13
N,

agyl®n

rsB:

3
47

Note that
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rB/r =13 <N, (lkg) 723 .

Since in the strong field limit the dimensionless quantity
lkp can become quite small, we see that interactions are
strong and that our Hartree-Fock results should only be
used as a qualitative guidance.

The results are shown in Fig. 3 as a function of mag-
netic field, for several values of N, and electronic g fac-
tor. Indeed, the VDW state in the down-spin band has
always higher T, than SDW, indicating that VDW may
be the preferred ground state of the system. In fact, Eq.
(3.4) is satisfied everywhere to within 5%, providing
a posteriori justification for our assumption. As temper-

ature is lowered below 7.YPW' we may ask whether the
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ground state developing is simply separate VDW’s in
spin up- and down-bands or some more complicated
configuration involving the SDW too. It is easy to show
that, in the weak-coupling limit, VDW’s in two spin
bands are energetically favored over SDW. The conden-
sation energy equals

( TCVDWT )2 ( TCVDWl )2

+
ET Ef
in the former case, while it is (TSPY)2/(ETEF)!? in the
latter (the proportionality constant is the same for both

cases). Using (3.4) it follows that VDW’s have higher
condensation energy.
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FIG. 3. VDW and SDW transition temperatures measured in units of the cyclotron frequency, for the isotropic case m, =m, for
various values of the reduced g factor and the valley degeneracy N,. B, is the field at which only the lowest Landau level with both
spin states remains occupied, while, for fields larger than B, only the spin-down band is populated. Horizontal axis starts at B
and ends at B, (magnetic field is given in units of B,). g is defined in (2.10), and m;, is set to 0.1 in units of bare electron mass. As
explained in the text, the electronic density is 10'” cm~?, implying r, =1.56.
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If the coupling is strong the question of the nature of
the ground state becomes more complicated since there
will be mixing of higher harmonics between VDW and
SDW. The mismatch between periods of VDW’s in two
spin bands may favor SDW and the fully self-consistent
solution of the Hartree-Fock equations is necessary to
find the true ground state.

IV. ANISOTROPIC CASE

We now consider the effects of valley anisotropy. As
long as the magnetic field is in a direction of one of the
principal axes of a valley, the effect is simply to properly
rescale various quantities with m, /m;,.

The situation is only slightly more complicated if B is
in an arbitrary direction as long as the orientations of all
valleys are identical. For our model this is achieved if
we assume there are only ‘right” valleys, with
Ogr =60546. Then similar conclusions follow as in the iso-
tropic case: In particular, VDW is the favored state and
relation (3.4) is still valid within few percent. The
changes are in the values of the ‘“‘coupling constants”
and transition temperatures for various instabilities and
the fact that anisotropy changes the basic wave vector at
which the instability sets in. For SDW and VDW this
wave vector is g, =0, g, =(bg /ag )q,, where g, remains
as before.

In a typical case, however, the valleys will have
different orientations. We investigate this possibility by
setting Og = —6@; =6. Let us first assume that there are
only two valleys (N,=2). The SDW state is formed as
before containing up- and down-spin bands from each
valley with the coupling constant given essentially by
(2.6). For a given spin state, we can form two VDW’s
with different polarization, the one which has an oscillat-
ing isospin polarization in the x -y plane, and the one po-
larized in the z direction of the isospin space; we expect
that the most favored direction for the wave vector of
the VDW is along the magnetic field, i.e., g, =¢, =0.
Within our model and Fukuyama approximation we find
that the VDW polarized along the z direction in the iso-
spin space has somewhat lower transition temperature
than the one with polarization in the x -y plane. There-
fore, we will discuss only the x -y plane polarized VDW
which includes mixing of L and R valleys. The corre-
sponding coupling constant is proportional to W, gz. An
oscillatory term in (2.7), which is due to anisotropy,
reduces W, relative to Wy, rr) and, if the anisotropy
is strong enough, may result in a region of the phase dia-
gram in which SDW is the preferred state. In Fig. 4 we
plot transition temperatures of VDW and SDW for
several values of 6 and m,/m,;. Again, the density is
fixed at 10'7 cm~3, and the dielectric constant is set to
16, m,=0.1m,. It is natural to define interaction
strength parameters r, and r? in the anisotropic case by
replacing the effective mass in ay by (m?2m;)'/?. In this
way a simple formula

re=16(mp2m;)">

can be used to calculate r; for various situations shown

in Fig. 4. From this expression one can easily obtain rZ.
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Note that, when the anisotropy is strong enough,
there is a region of low B where SDW has highest transi-
tion temperature. However, VDW ultimately wins as
the magnetic field is increased toward B,. Figure 5
represents the qualitative dependence of dominant insta-
bilities found in our model on anisotropy and g factor.
We should mention that the above situation occurs in
our model only if N,=2. As soon as there are more
than one left (right) valley a VDW state becomes possi-
ble with W;; or Wxzi as a coupling constant which is
again always favored relative to SDW and CDW. From
here we conclude that in real systems, when m,/m,; is
not particularly small, VDW is the most probable candi-
date for the high-field collective state of the electron gas.

We expect that large valley degeneracy in a material
like Si will further enhance the VDW instability; a large
number of valleys leads to an increase in the number of
possible VDW’s, some of which are likely to have high
transition temperature. It is important to note at this
point that in Ge (g=1.6, g*=m,g=0.09) the ratio
m, /m,; is as small as 0.057 implying strong valley anisot-
ropy, and consequently the window of stability of SDW
can be quite wide, extending over most of the experi-
mentally accessible region of magnetic fields. The possi-
bility of SDW ground state and its properties in Ge has
been discussed in Ref. 9.

In Figs. 6(a) and 6(b) we present the results of the cal-
culation of different transition temperatures in our mod-
el, for the case of two valleys, with angles
Or = —0; =0.1967r. This situation can be realized in Ge
by applying B along the [110] axis and by applying stress
along the same axis, so that only [111] and [111] valleys
remain occupied. The g factor is set to 1.6, its value for
Ge, and the transverse and longitudinal effective masses
are also taken to represent the band structure of Ge,
m,=0.082 and m; =1.64 in units of m,. We find transi-
tion temperatures at two different carrier densities,
6%10'7 cm~3 and the density at the metal-insulator
transition 2 107 cm™3. These densities correspond to
r; equal to 1.9 and 2.7, respectively. For Figs. 6(c) and
6(d) we have repeated the calculation for the case when
all four Ge valleys are occupied (unstressed sample),
with magnetic field directly along the [100] axis. Here
we consider only the case when the direction of VDW is
along the magnetic field, which is the situation that can
be represented within our model. It is quite possible
that other VDW’s, with the wave vectors in some other
directions, have higher 7T.. The results we obtain for
these two cases indicate that in Ge the SDW may be
stable over significant range of the external magnetic
field. We should stress here that the effects of the ran-
dom impurity potential have been omitted from our
model.

V. TRANSPORT PROPERTIES

We expect the transport properties of the SDW and
VDW states to be quite remarkable. Due to the forma-
tion of the gap at the Fermi energy, the diagonal ele-
ments of the conductivity tensor vanish as 7—0. In the

isotropic case, only o,, and o,, are different from zero,
» y xy yx
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FIG. 4. Transition temperatures as functions of B for various values of 8 and m,/m,, indicating different degrees of valley an-
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at some particular values of B appears to be caused by the systematic error in the routine used to numerically evaluate a two-
dimensional integral appearing in ASPY. We expect that the exact result does not have any sharp structures.
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and are given by their classical values, i.e.,
0,y = —0, = —nec/B. Inverting conductivity tensor,
we find that the system is an insulator for electric field
parallel to B(p;— ), but a perfect conductor in the
perpendicular direction (p,—0) as T—0.

The situation is slightly different for the anisotropic
case. Let us first consider a single valley rotated with
respect to the magnetic field by some angle 6 (this corre-
sponds to the case of a single “right” or “left” valley of
our model when the axis of rotation is along the x direc-
tion). As we have shown in Sec. IV, SDW, or VDW for
several such valleys, will not be along the direction of
the magnetic field; the angle ¢, between the field and the
direction of the SDW (VDW) is found from
tang,=b,/a,. It is easy to show that in this situation,
the conductivity tensor has the following form:

0 (cosp,)oy —(sing,)oy
o= |—(cosp,loy 0 0 ,
(sing,)oy 0 0

where oy is the Hall conductivity. Inverting this tensor
one finds that both p(=p,,) and p,, go to infinity when
T—0. p,, and p,, diverge too. Thus the system is an
insulator for electric fields applied along the axis given
by the unit vector (0,sing,,cosd,); it remains a perfect
conductor in the plane perpendicular to this axis.

When there are several valleys, one must add the con-
ductivity tensors for the various valleys. If there is a
“left-right” symmetry, as in our model for the Fermi
surface topology with two valleys, 6g =6,, the o,, and
o, components of the conductivity tensor from different
valleys cancel out, and once again one finds that the only
nonzero components are o,, = —a,, = —hec /B.

We may remark that each period of the VDW or
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sinfg=sin8_=0 sinfg=-sin@ <<1
VOW SOwW VDOW

1 1
B, B2 By B2

gzl g=1

m
sinfg= -sinf_<<1 cosBg= cosb| = ﬁ; <=1

VOW
SOW VDW SDW

1 I
B B2 B, B2

FIG. 5. Qualitative form of the weak-coupling zero temper-
ature phase diagram as a function of the magnetic field, the
valley anisotropy, and the effective electronic g factor g The
VDW involves combined valley-density waves in up- and
down-spin bands up to the magnetic field strength B,, after
which point only the down-spin band remains occupied. The
last case corresponds to the extreme anisotropy situation in our
model.
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SDW is a layer which contains an integral number of
electrons per quantum of magnetic flux, and its transport
properties are just what one finds in the quantized Hall
effect. If the period of VDW1(1) is 7/k%,), then the
product of the number of layers per unit length times
the quantized Hall conductance per layer (N,e%/h) is
equal to the classical Hall conductance of the carriers
with spin 1(l). Similar argument holds for SDW. If
there is pinning of the VDW or SDW period due to im-
purities or defects, we might expect the wave vector to
deviate slightly from its value in the clean system, and
some hysteresis might be expected as the magnetic field
is varied at low temperatures. This should lead to a hys-
teresis in the Hall effect at low temperatures, which may
be observable. For further discussion of transport prop-
erties see Ref. 9.

VI. CONCLUSIONS

In this paper we have investigated the instabilities of
the multivalley electron gas in strong magnetic field. We
propose that the ground state of this system, for a wide
range of parameters, is the valley-density wave (VDW),
as described in the text, but that spin-density wave
(SDW) can also occur.

In application of our model to real materials there are
several complications that must be kept in mind. Possi-
bly the most serious one concerns the strong impurity
scattering due to dopant atoms in degenerate semicon-
ductors. The impurity potential may destroy the collec-
tive effects discussed above, resulting in the ‘“magnetic
freezeout” of the electron gas. Still, there is a possibility
that some of the collective effects will remain, probably
in the form of coherent domains of size much larger
than the period of VDW (or SDW) or a collection of
dislocation lines extending through a sample. The
effects of disorder on SDW have been discussed in Ref. 9
and similar conclusions hold for the VDW. We also
have to be careful about extending the Hartree-Fock re-
sults into the strong-coupling regime of the low-density
experimental systems.!* We expect that, while we can-
not rely on Hartree-Fock approximation for quantitative
answers, it is still illuminating to use its predictions as a
qualitative guidance.'*
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APPENDIX A: SINGLE PARTICLE
EIGENFUNCTIONS AND EIGENVALUES

In this appendix we calculate single-particle eigenfunc-
tions and energy eigenvalues of an electron with an an-
isotropic effective-mass tensor in the constant magnetic
field directed along the z axis. Let us assume that the
effective-mass tensor in its principal frame of reference
has the form
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where we assume m, <m;.
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m,! 0

with R (6) being the corresponding rotation matrix.
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As shown in Fig. 1 the principal axes of M are rotated
with respect to the laboratory frame (defined by the
direction of magnetic field B) by some angle 6 about the
x axis. In the laboratory coordinate system the inverse
effective-mass tensor (the inverse 1is needed in
Schrodinger equation) is found from
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is explained in the caption of Fig. 4.
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The Schrodinger equation can be written as

— M a,.—%A,. Y(r)=EW¥(r),

ie
9= 4,
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(A3)

where i,j =x,y,z, A is the vector potential and summation over repeated indices is implied. We choose to work in
the Landau gauge with A=(—By,0,0). Equation (A3) assumes then the following form:

sin20

1
2m,

cos?0
m, my

1
.

ie 1
J, +—B -
x+ P 2

In order to find the solution of this equation we first
make an ansatz

W(r)=explik,x +ik,z)P(y)
and define E =la’k?+¢, where
a'=m, 'sin’60+m; cos®0 .

Then we can rewrite (A4) as an equation for ®(y):

2
2r1n, kx+%y 1482 —ibk,d, |D(y)=£d(y) ,
(A5)
with
a=m,; 'cos’0+m, sin%0 ,
and
b=cosOsinf(m, ' —m; 1) .

Equation (A5) has a familiar form of the linear har-
monic oscillator equation with minimum of the potential
shifted to yo= —ck, /eB. However, unlike the standard
J

sin’6
m,

cos’6 32

my z

—(cos6)(sind) ———l—layaz W(=EW¥(r). (A4
m, m;

r

case, there is additional term coupling k, and d,. This
term simply introduces translation in the momentum
space, i.e., p,—p,+(b/a)k,. Therefore, we can write
the solution as

L N
a

d i 2
¢(y+lzkx):f_zl_’1_ry_e:py(y+l ke Iy 2

where Y[p —(b/a)k,] is the momentum space eigen-
function of the Schrodinger equation without the term
coupling d, and k,. These eigenfunctions are just the
standard solution of the Schriodinger equation for elec-
tron in constant magnetic field and after some straight-
forward manipulations we can finally write the eigen-
functions and eigenvalues in the form given in the text.

APPENDIX B: THE SINGLE-PARTICLE
OPERATORS 4(q,t?)

In this appendix we give an explicit second-
quantization form of various single-particle operators
that appear in the response functions we will be consid-
ering. The particle-density operator can be written as

— T
p(q’t)_ 2 2 ckx—1/2qx,kz—1/2qz,as(t)ckx+l/qu,kz+l/2qz,as(t)

k .k, a,s

x*"z

X exp[ —iual*(k,q, +k.q,)+il*(q, +u,q, )k, Jexp

4 ]2

where c,Ix kz‘m(t) is the electron creation operator in the Heisenberg representation, and u,=b,/a,.

The spin-density operator we can write as

'
o(q,)= 3 3 3 Ck 1529,k —1/2q,as, Dk 11,29k, +1/2q,,as,(D)(28)5 5,

k_,k, a 51,83

x' "z

Xexp[ _iualz(kqu +kxqz )+ilz(qy +uaqz )kx ]CXP

/
_ZIE—qg_Ta(qy+uaqz)2 » (B1)
a
.l 2
_ 41—2qx — ~4—(qy +u,q,) , (B2)

where S is the spin angular momentum operator. In the spin space its components are just the ordinary Pauli ma-

trices, i.e., 28=(y,,¥,,¥.) where:

0 1
1 0

0 —i
i 0

1 0

Yx= 0 —1

y Y=

» Vy=

The “valley-density” operator can be defined for the case when there are “right” and “left” valleys using the analo-

gy with the spin degree of freedom
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m@)=3 3 Sl stk vq k +q.6 (2D
ko k, a,B s

X expli(uq—up)l?k k, —iugl*(k,q, +k.q,)—itpq.q,]

* 12
X exp —Ez—q:%—T[qy +quz"(ua—'uB)kz]2

+il*[q, +upq, —(ug—upg)k,)(ke +1q,) |, (B3)

where we have used the fact that in our model Iz =I; =T and I is the “isospin” operator. The components of I are
Pauli matrices in the isospin space: 2I=(y,,7,,7,).

The matrix elements {(as, |© , |Bs,) are then given explicitly as 84p05,s5, for A =p (6 4=1), ¥, for A=0
(© 4 =28), and ¥ 445, s, for 4 =7 (6 4=2I). We note that the “isospin” operators commute with the Hamiltonian of
our model in the case where the two valleys have identical orientation.

In general, if there is a nonzero expectation value (7,(q)), or (7,(q)), then there are nonzero expectation values of
the form <Ckx,kz,asckx +ay.k, +4,.B5 ) for as4B. This may lead in turn to nonzero expectation values of the electron den-
sity or of the transverse electron current, at a wave vector Q+ G +q, where Q is the difference between the positions
of valleys B and « in the Brillouin zone of the crystal, and G is an arbitrary reciprocal lattice vector. (The appearance
of a modulated electron current may be alternatively described as a type of orbital antiferromagnetism.) Similar
modulations may also occur in the case where (7, )520. The precise forms of the possible modulations will depend on
the symmetries of the system in question.

APPENDIX C: EVALUATION OF MATRIX ELEMENTS

The interaction term in Hamiltonian (2.1) can be written as (since the interaction is spin independent we can drop
spin indices in what follows):

Hint= 2 célacgzﬁcE#?cE“aFGB(EI’EZ’E3’E4) N (Cl)

EI’EZ’KJYEA

where k=(k,,k,) and

1
2

(ry), (C2)

= = = = V(q) iq-(ry—r,)
Faﬁ(kpkz:ks’k‘t):ET?—f d’r, f d3rye'dmTn W o1 W plr2)* Wi p(r) W,
q
where Wi (r) are the electron eigenfunctions defined in the text; we here consider only the electrons in the lowest Lan-
dau level.
To evaluate (C2) we first perform the integration over z and x coordinates. If we write W (r) as
1/L explik,z +ik,x)@io(y) the result of the integration is

BT T T T V(q) - -
r B(kl,kz,k3,k4)=2—]:g—figljﬁqéizyij_qya(k4,q)y3(k3,—q) ,
q
with q=(q,,q,) and
Yako@)= [ dy et (0)pz o) - (C3)

The function y,(ks,q) is found by integrating over y using the explicit form for ¢>E4a(y) given in the text. After
some algebra we find

b 14 2 121 2 .72 l 2 o ba 2 .ba 2 llzzba libi 2
Yalk,q)=exp ———4l§qx~7qy+zl kqu+51 qxq, |exp —IEI qxqz“"’zl k,q,— 2, 9,9: — 4a2 q; |, (C4)

where a,, and b, have been defined previously. Going back to (C1) and changing k4—ks—1q and k;—k;+1q we ob-
tain the final form for the interaction term in the Hamiltonian
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1 =~ _”2“‘4x _k3)c )qy - - T i
Hi, = 23_2_L_3 V(q)_z_ e fa(k4,q)fB(k3:—q)CE4+1/2q,aCE3—1/2q,BCE3+1/2q,Bci4—1/2q,a ’ (C5)
q,q, ki, ky
I
where and
A A SRS B TR 7 T ba 5 laba labe ,
Vas(q)=V(q)exp -‘E+Zﬁ x T+‘4" y falk,q)=exp —t;l k.qx+ 2a, q9y9: — 4a? q:
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