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We argue that in a degenerate planar semiconductor, where the low-energy dynamics of electrons can
be modeled by a relativistic Dirac theory, it is important to include the Zeeman interaction of the physi-
cal spin of the electron with magnetic fields. We show that including this interaction leads to a quanti-

zation of the high-field magnetic susceptibility.

PACS numbers: 72.15.Gd, 05.30.Fk, 11.30.Rd, 71.70.E;j

Level crossings of Dirac operators are responsible for
axial anomalies' in gauge-field theories as well as several
other phenomena. In this Letter we wish to point out a
new effect due to level crossings of a particular Dirac
operator which occur in strong external magnetic fields
in 2+ 1 dimensions. We show that they lead to a steplike
behavior of the high-field magnetic susceptibility and ar-
gue that they should be observable in the appropriate
condensed-matter-physics systems.

We shall be concerned with gapless semiconductors in
2+1 dimensions. The distinct feature of gapless semi-
conductors is that the valence and conduction bands in-
tersect in discrete points. When, as is often guaranteed
by symmetry and charge neurality, the chemical poten-
tial also lies at those energies, these materials have point
Fermi surfaces.?

In general, near a degeneracy of two energy levels, the
Hamiltonian describing the full theory may be approxi-
mated by an effective 2x2 Hamiltonian H.x describing
the states of the two-level subsystem. The spectrum of
this Hamiltonian is linear. For example, for a gapless
semiconductor the energy e(k) of the electrons near a
degeneracy is linear in the Bloch momentum k:

E(k)=hCF|k| , )

with cr the electron velocity describing the slope of the
dispersion relation. A linear relation like (1) in the con-
text of two-dimensional gapless semiconductors was first
obtained in Ref. 3, where graphite, which is the prime
example of such a system, was studied. The value of cg
in gapless semiconductors is typically of the order of
105-10% m/s, as in ordinary metals. The linear disper-
sion relation (1) has to be contrasted with the one in
metals where the electron energy e(k) depends quadrati-
cally on the Bloch momentum e(k) ~k?2.

After appropriately shifting and rescaling the energy-
momentum variables, the effective two-level Hamiltonian
H .4 may be cast in the Dirac-like form

Hepg=ihcra VvV, )

where a are 2x2 Dirac matrices. (We note that the
Dirac matrices here are not related to the physical spin

of the electron.)

There are several examples of two-dimensional tight-
binding lattice systems where the low-energy electron
spectrum is described by a massless Dirac Hamiltonian:
the half-filled honeycomb (graphite) lattice®* and the
half-filled square lattice with a background field of %
flux quantum per plaquette.® The latter arises in, for ex-
ample, the flux phase of the Heisenberg-Hubbard mod-
el.® In these models it can be argued that at half filling
and weak coupling the symmetries guarantee that the
only relevant operators which contain the electron fields
are precisely those which compose the massless Dirac
Hamiltonian with an even number (2 or 4) of degenerate
flavors of fermions.” In these, as on all regular lattices,
lattice doubling ensures that when the spectrum is rela-
tivistic there are an even number of degenerate species of
fermions.®

Thus, in the general case there is more than one de-
generacy point and the low-energy dynamics of a real
gapless semiconductor is described by (2) with several
degenerate species of electrons. A further potential
source of degeneracy is the physical spin of the electron.
We can imagine two scenarios. In the first, the spin de-
generacy of the electron is split by interactions with the
crystal lattice and (2) is an effective Hamiltonian for one
of the spin degrees of freedom. In the second, the spin
degeneracy is not split by such interactions, the spin
operator commutes with the Hamiltonian, and there is a
further doubling of the degrees of freedom in (2). It is
the latter case which we shall consider in this Letter.

In actuality, this scenario can only be approximately
true because spin degeneracy is always broken by elec-
tromagnetic interactions through the Zeeman coupling
to magnetic photons. This is most evident in the situa-
tion where there is an external (three-dimensional) mag-
netic field B=VXA. The effective Hamiltonian will, to
a first approximation, simply be minimally coupled to the
vector potential by the replacement iAV— ihV — (e/
cr)A, for both physical spin states. The next correction
will involve a Zeeman term that describes the interaction
of the electron’s physical spin with the magnetic field.
That is, the effective Hamiltonian describing a gapless

© 1991 The American Physical Society 2653



VOLUME 66, NUMBER 20

PHYSICAL REVIEW LETTERS

20 MAY 1991

semiconductor becomes
Soetap (ihcpV—eA)
—2gupSs: Boap , 3)

Heﬁ',or,ab =

where the last term is the Zeeman interaction, with 2s,,
the Pauli matrices describing the physical spin of the
electrons; ug =eh/2m, with m the free-electron mass, is
Bohr’s magneton (in SI units), and g is the effective g
factor which determines the strength of the Zeeman in-
teraction. To our knowledge, no conclusive experimental
value of this g factor near a degeneracy point of a two-
dimensional gapless semiconductor is known. For
narrow-gap semiconductors this factor is given by the ra-
tio m/m*, with m* the effective electron mass; it is typi-
cally of the order 100 since the effective mass is usually
small, m* ~0.01m. We shall assume in the following
that the g factor near a degeneracy is of this order. The
essential results of this Letter are not sensitive to this
particular choice of the g factor. In (3) o,7 (=1,]) are
spin indices and we also made explicit the Dirac indices
a,b (=1,2). If, as usual, there is further degeneracy,
the Hamiltonian (2) should be multiplied by the unit
matrix in the degenerate degrees of freedom. We stress
that (3) describes the situation without doping, since we
did not include a chemical potential to account for a
finite density of electrons. Because of the special role
played by the Zeeman term, this case will, nevertheless,
prove to be nontrivial.

We note that the Zeeman interaction in (3) should not
be confused with the interaction inherent in the 2Xx2
Hamiltonian (2) of the electron with external magnetic
fields. The latter can be seen by considering the square
of (2) in an external field, HZ% = — (AcpV+ied)?
—jehcra'a’B3, where the last term resembles a Zee-
man coupling and, if the Dirac Hamiltonian had a mass
term, would yield an apparent Zeeman interaction in the
low-energy “nonrelativistic” limit. Since the Dirac ma-
trices here are not related to spin, it does not describe the
interaction of the electron’s physical spin with the exter-
nal field.

The spacing between energy levels of the massless
Dirac Hamiltonian in a magnetic field is proportional to
B2 Since the Zeeman term is linear in the field, this
term in the Hamiltonian (3) will be enhanced for large
fields. Consequently, when the magnetic field is in-
creased, an increasing number of spin-up states cross
from a positive-energy eigenvalue to a negative value,
and vice versa for spin-down states. One, therefore, ex-
pects the magnetization to increase as a function of the
magnetic field. In this Letter we point out that this is
indeed the case. Moreover, we show that the magnetiza-
tion makes discontinuous jumps at the values of B for
which an energy level crosses zero, and that the high-
field magnetic susceptibility is quantized.

The method we use to calculate the magnetization
differs from the one usually employed in the context of
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condensed-matter physics. For this reason, before con-
sidering the effect of the Zeeman interaction, let us illus-
trate the method for the standard (massless) Dirac
Hamiltonian. The energy eigenvalues of this Hamiltoni-
an in a magnetic field are the well-known Landau levels

7\.0=0,
4)
Atn=1FQleBlnhcP)? (n=1,2,...).

In terms of these Landau levels, the ground-state energy
E per unit (two-dimensional) volume and spin degree of
freedom reads

_leB| 1
E= An 5
2nh 22,::' E ®
where |eB|/2xh is the degeneracy per Landau level per
unit volume. The sum in (5) may be evaluated by intro-
ducing the “proper-time” representation of the square
root, >0

__fm (ns)”z s exp( as) . (6)

After a partial integration and after subtracting the B-
independent part, i.e., the free-particle contribution, one
thus obtains for the ground-state energy

_ 1 * ds 1
E"S”s/zj; $32

(hCF)ZS
@)

which should be compared with Schwinger’s result in
341 dimensions.'! Using the expansion

leB|
h

coth(|eB|hcis) —

1 _ % 2x
coth(x) ——= — Y, ®)
x nzl (nn)?+x2
and carrying out the proper-time integration, the
ground-state energy (7) reduces to the well-known
form'? that can also be obtained by other methods,

leB|
5306 ) i 77 el B ©)
with £(z) the Riemann zeta function
(@)=Y n"". (10)

n=1]

From (9) one easily derives the magnetization and the
magnetic susceptibility.

In the theory described by the Hamiltonian (3) with B
chosen to point in some arbitrary direction, there are ba-
sically two separate subsystems. This is because to a
first approximation the spins of the electrons align or an-
tialign themselves with the magnetic field, so that besides
the Dirac Hamiltonian also the Zeeman interaction term
is diagonal in spin space. The states with spin up are,
therefore, independent of the states with spin down, and
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the ground-state energy FE splits into two parts. The first term in (3) couples only to the perpendicular
To facilitate the evaluation of E we note that the Zee- component of the magnetic field Bcosf, where 6 is the

man term effectively acts as a chemical potential in the angle between the applied field and the normal of the

two subsystems. For the spin-up and -down states this plane in which the electrons are confined to move. On

chemical potential is respectively given by the other hand, the Zeeman term (at least in the isotro-

_ _ pic approximation that we use here) couples to the full
Hi=gusB, ni="gusB. an magnitude of the three-dimensional magnetic field.

Without loss of generality, we take gugB > 0. At zero The effect of introducing a chemical potential u in

temperature, all states with energy less than the chemi- general is simply to shift the energy eigenvalues A, — A,

cal potential are occupied. Since u increases with in- —u. Consequently, in the presence of a chemical poten-

creasing external field, it follows that at higher fields tial, expression (5) for the ground-state energy general-

more and more spin-up states become occupied. For izes to

spin-down states, on the other hand, the number of occu-

pied states decreases at higher fields, since u| decreases E=— MLZIK —u| (12)

with increasing field. At this stage we also note the dual 2 250" '

role played by the magnetic field in the present problem.

It not only determines the degeneracy per Landau level, For the eigenvalues A, given by (4) with the substitution

B— Bcos#, the ground-state energy of the system under
consideration is easily calculated to be

but it also determines which levels are occupied.

B cosO 1 < -
E=—2 =i+ X —ml+ =]+ X h,—uyl
2rh 2 n|=1 |n|=l
______eBcosB[ Y, (nehcfcosdB)'?+ (ng+ 5 )gupB |, (13)
nh n=ng+1
with n¢ the integer
no=1_(gug/e)’eB/2hcfcosh, (14)

and where we have chosen eBcos@ > 0. The integer no counts the number of Landau levels with spin up that become
filled as the magnetic field increases from zero. For a given magnetic-field strength the value of no can be varied by
simply tilting the magnetic field relative to the plane. Because the chemical potentials u1 and x| differ only by a minus
sign, it follows that whenever a Landau level with spin up is filled, a level with opposite spin is emptied.

In the proper-time representation the ground-state energy (13) reads

1) gupeB?cosf
2

pry , (15)

—(n0+

poeBcosd (= _ds d [exp[—Z(n0+1)ethzcoseBs]__ 1

rh 0 (zs)2ds | 1 —exp(—2ehcfcosdBs) 2ehcpcosO Bs

where we again subtracted the free-particle contribution. Apart from a factor of 2 due to the spin degeneracy, the stan-
dard case without the Zeeman interaction is recovered by letting the coupling constant g go to zero, so that no=0. In
spite of the complicated form of (15), one can see from (13) that the ground-state energy changes continuously whenev-
er a Landau level is filled or emptied. Moreover, (15) shows that the ng levels that have been filled (spin-up states) and
emptied (spin-down states) in the process of turning on the external field have a contribution which is proportional to
B2, rather than B¥2 This makes the magnetization discontinuous.

When (gug/e)?eB/2hcfcosd is an integer, the magnetization M,

pm=—3E (16)

is discontinuous. Away from these points it is given by

3 ecr cos@
4 b4

) gupBcosb

s an

B Bl/2°°d d
M=— ecos] x d

—2ngx _ _L 1
h 0 317 dx [e [coth(x) —1] . +2(no+ 3

In Fig. 1 the magnetization is depicted as a function of the magnetic field for the case §=r/4, g =200, cr =10° m/s.
As already alluded to above, M increases as a function of B, due to the fact that for higher fields there is an excess of
filled spin-up states over spin-down states. The discrete jumps in the magnetization arise from the presence of the in-
teger no (14) in the last term of expression (17) for the magnetization. They indicate the filling of the next Landau lev-
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FIG. 1. Plot of the magnetization M (in A, remembering
that we have two spatial dimensions) as a function of the mag-
netic field B (in T). The effective g factor is given the value
g=200; for the electron velocity cr at the degeneracy we took
cr=10° m/s, while the angle 6 between the normal of the
plane and the applied field is chosen to be 8 =7/4.

el with spin up and the emptying of the corresponding
level with spin down.

The value of the magnetic field at which the first Lan-
dau levels with spin up (down) are filled (emptied) can
be obtained from expression (14) for the integer no. It
follows that for n¢ to be of the order 1-10, a magnetic
field of order

B~10"%(cr/g)?*cosO T (18)

is needed. So, for ¢y ~10°-10° m/s and g~ 102, we pre-
dict the first discrete jumps in the magnetization to occur
at magnetic fields of the order of (1-100)cosd T.
Hence, by tilting the magnetic field away from the nor-
mal of the plane, one easily brings these predictions into
the realm of present-day laboratory conditions.

For large fields, the magnetic susceptibility

oM

=9 19
3B (19)
that follows from the magnetization (17) is given by
x=2(no+ 5 )(guge/nh)coso , (20)

implying that the high-field magnetic susceptibility has a
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steplike behavior (with singularities between the steps).

In closing we remark that in the undoped system un-
der consideration there is no ordinary quantized Hall
effect. The reason is that the Hall current in a massless
Dirac theory is proportional to the sign of the chemical
potential.!* Since the chemical potentials u; and u
differ by a minus sign, the contributions of the spin-up
states cancel the contributions of the spin-down states,
and the Hall current is zero. Whether an integer quan-
tum Hall effect can be induced by doping and the
electron-electron interaction is the subject of ongoing
research.
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