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Semiclassical theory of magnetic quantum oscillations in a two-dimensional multiband canonical
Fermi liquid
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The semiclassical Lifshitz-Kosevich description of quantum oscillations is extended to a multiband two-
dimensional Fermi liquid with a constant number of electrons. The amplitudes of oscillations with combination
frequencies, recently predicted and observed experimentally, are analytically derived and compared with the
single-band amplitudes. The combination amplitudes decay with temperature exponentially faster than the
standard harmonics, and this provides a valuable tool for their experimental identification.
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It has been showrthat the magnetic quantum oscillations By applying the Poisson formui@o the sum oven in the
in a multiband two-dimensional metal with a fixed electronthermodynamic potential
density[canonical ensemblgCE)] are qualitatively different
from those in an open system where the chemical potential is - Lo~ @ (NT1/2)
fixed [grand canonical ensemb{&CE)]. There is a mecha- Q= —Té Pa“’anzo In 1+ex;{ f”
nism for different bands to “talk” to each other in CE pro- 3)
ducing a de Haas—van AlphédHvA) signal with the com-
bination frequenciesf=f,+f, (Ref. ) and f=f,—f, With u,=u—A,andA,=A+g,0ugB, we obtain
(Refs. 2 and Bin addition to the ordinary dHVA frequencies, _
f1,, of the individual bands in GCE. Numerical studies of 0=0,+Q, 4
oscillations showed that their amplitudes are comparable
with the standard components, and they are robust with rev_vhere
spect to abackground(nonquantizefidensity of states. " .
The frequencies have been recently obsehireduantum Qo= _Tf de> p,In 1+ex;<’u““ 6)
well structures. These additional components in the dHVA 0 a T
frequency spectrum of low-dimensional metals may provide w i . .
a unique information on the Fermi surface and carrierdensity'{s th? cla}tsi}?c’al %art. In .GCEh It does.bno.t osgnlate as a
if detailed analytical theory is available. In this paper we unction of 18, and contains the contribution due to spin
develop such a theory in the framework of the semiclassica?uscem'b'“ty(PauJII paramagnetigmThe second part is
Lifshitz-Kosevich (LK) approac?. The Egs.(12) and (13 1 o of
are the main results of the present paper. 0= 2 r Y
We first derive a convenient expression for a multiband 224 ; paw“+2§ 21 Aa COS( B Y
two-dimensional thermodynamic potential in an external

magnetic fieldH,
n—€
1+ ex;{ T )

®

)

where the first term produces the Landau diamagnetism and
the second oscillatory term is responsible for the de Haas—
van Alphen effect. It is small compared with the “classical”

, (1) part as/Qy~(w/w)?. The Fourier components appear
with frequenciesrf ,=rS,/e, whereS,=2mm_, (x—A ,0)

is the Fermi surface zero-field cross section. The amplitudes
of the Fourier harmonics are

QZ—TJ deN(e,B)In

where

N(f,B)ZE nZO pawa5(€_5an) (2) Ar Tpawa (7)

« 2rsinh( 274 T w,)’

is the quantized density-of-statep,, is the zero-field and the phase,=rm(1+g,0).
density-of-states in the band, e,,=A o+ w,(n+1/2) Differently from GCE, the chemical potential oscillates in

+9,0ugB, w,=eB/m, the cyclotron frequency with the CE. Hence, the classical part 6f contributes to oscillations
cyclotron masam,, B=H+4xM the magnetic fieldA .o as well. The relevant thermodynamic potential of CE is the
the band edge in zero magnetic fiedthe chemical poten- free energyF=Q+ uN, with a fixed number of electrons,
tial, g, the electrorg factor, o=+ 1/2, ug the Bohr magne- N=—3dQ/du. At low temperatures we find

ton, andh =c=kg=1. The band index includes the elec-

tron spin. In actual experiments on 2DE(B,§H and Q= _E pa,ui/Z, (®)
magnetic coupling between subbands was neglidible. a
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so that

0

N+§ paAa-i-m ,

—_
o

9

1
o

where p=% ,p, is the total density-of-states. Substituting
this expression intd),, Eq.(8), we obtain

=
3

F=Fq+F, (10)

where the smooth nonoscillatory part of the free energy is
given by

Ratio of magnetization harmonics

2
o

1
2p

21
Fomo [N+ 2 pode| =5 2 padl, (1D

FIG. 1. The relative values df, +f, andf, —f, combination

while the most essential oscillatory part is Fourier components of magnetization fam,,=1.5m, and f,

1/48)\2 =15f,. The ratio for the parabolic bands i1't /M2
Eop_ — |2 12 =27 Tm(f, £ )/[f.(m,+m,) e, sith(22Tw,)].
2p\d
PAck 1L ool 2 ()2
In a more explicit form we obtain XW’: we’ [T} My o 17)
v AL \f,) metmg lf,)

~ 1 rf,
F= QZ PawiJf 22 A, cos(F+¢; The last two ratios may be even larger than unity for the
“ o “plus” combination harmonic t=f, +f,) while the “mi-
r'f , nus” one (f=f, —f,) is suppressed in magnetization and
B“ +¢ra,). susceptibility, Fig. 1. At higher temperatures the combina-
tion harmonics are exponentially small compared with the
(13)  single-band ones, as shown in Fig. 1.
. . ) o ) We note that according to E¢L3) the difference between
Itis the last term, which yields combination Fourier harmon-ine Foyrier harmonics for open and closed systems should be
ics with the combination frequencids=rf,=r'f,,. Their  seen even in a simplest single-band metal due to splitting of
amplitudes, the band. On the other hand, in thrg@nd higher band
AT AT metals, a mixture of more than two different frequencies
r LTTAA, 14 can be observed due to nonparabolic band dispersion giving
aa PW LW, (14 ise to cubic and higher powers of the chemical potential in
the expression fof),, Eq. (8). In very high magnetic fields
e usual magnetic breakdown and the nonlinear field depen-
dence of magnetic subbands due to nonparabolicity of the
band dispersion could also lead to combination frequericies.
In conclusion we have developed the analytical semiclas-
sical theory of magnetic quantum oscillations in multiband

, rf,
-4 > c, sin(F + q&ra)sin(

a,a’rr’

are comparable with the standard single-band harmonics
low temperaturesT < ,/27°r, as also found in the numeri-
cal analysis? and in the experimerftFor example, the ratio

of the combination amplitude to a single-band one ffor

=r'=1 andT=0 in a metal with two parabolic bandg (

=m,/2m) is two-dimensional metals. We have found the amplitudes of
oclt m th_e combi_nation Fourier har_monics, which are comparable

E;a’ _ @ (15) with the single-band harmonics at low temperatures and ex-

A, my+ My ponentially small at higher temperatures. Their frequencies

) L~ o . and the temperature dependence of amplitudes provide addi-
Differentiating() in GCE andF in CE with respect t¢1, one  jona) information on the band structure and carrier densities

obtains the ratio of the combination and single-band amplinf 5 multiband canonical Fermi liquid. Essentially different
tudes of magnetization as temperature dependence of the combination amplitudes com-

ML, 2clt g m p_ar_ed with the standar_d harmonics, Fig. 1, should allow to
aa’ T Taa’ 1 a (16) distinguish them experimentally.
Mi Al f, m,+tm, f,’ . .
“« “« We thank A. P. Levanyuk for enlightening comments on
Differentiating twice the ratio in susceptibility iST&0) the relationship between different statistical ensembles.
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