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Spin-split de Haas–van Alphen effect in two-dimensional electron systems
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Spin-split de Haas–van Alphen oscillations in two-dimensional~2D! electron systems are studied experi-
mentally and theoretically. It is shown that large second harmonic observed at low temperatures in the
quasi-2D organic metalk2(ET)2I 3 (ET[BEDT2TTF) is due to the effect of spin-splitting close to its
maximal value. The calculated shape and amplitudes of magnetization oscillations are in remarkable quanti-
tative agreement with the experimental ones.@S0163-1829~98!51944-3#
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Two-dimensional ~2D!, or quasi-2D conductors unde
high-magnetic fields have become a subject of consider
current interest due to recent reports of peculiar magn
quantum oscillations in 2D electron systems, such as
GaN/GaxAl12xN heterostructures1 or in the nearly 2D or-
ganic metalk2(ET)2I 3 .2 In particular, the measured d
Haas–van Alphen~dHvA! and Shubnikov–de Haas~SdH!
oscillations in the latter material exhibit a dramatic appe
ance at low temperatures of a significant oscillatory struct
corresponding to doubling of the fundamental frequency
what follows we illustrate the observed oscillations
k2(ET)2I 3 by means of dHvA experiments and show by
simple analytical scheme based on the independent elec
model that this behavior is associated with Zeeman s
splitting of the Landau levels under the condition of tw
dimensionality, an effect that is more pronounced at h
fields and low temperatures.

SdH and dHvA experiments were carried out in fields
to 27 T and temperatures between 0.38 and 1.3 K. Crys
were mounted on a rotatable sampleholder and could
tilted from the field orientation perpendicular to the condu
ing ~b,c! planes (Q50°). DHvA experiments were carried
out by means of torque technique that could not be applie
Q50°, where only SdH measurements are presented. Fi
1~a! shows dHvA oscillations ofk2(ET)2I 3 at Q59°.
While at 1.3 K the oscillations corresponding toF53883 T
are dominant, at lower temperatures an additional set of
cillations arises leading to an enhanced second harmon
the Fourier spectrum.2 This effect occurs in both SdH an
PRB 580163-1829/98/58~20!/13347~4!/$15.00
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dHvA experiments, and is observed in the entire angu
range 0°<Q<40°. The additional set of oscillations, whic
later will be attributed to Zeeman splitting,lies always ex-
actly midwaybetween those that are already present abov
K.

To account for magnetoquantum oscillations in a 2
metal a model has been considered recently~analytically in
Ref. 3 and numerically in Ref. 4! where the electrons on
closed Fermi surface~FS! cylinder may be exchanged wit
electrons in an open planar sheet of the same FS. The de
of this exchange depends on the energy barrier and the ga
momentum space between the cylinder and the sheet3 A
rather similar model, but for two coupled closed pockets
carriers, was considered in Ref. 5. A general formula for
dHvA oscillations in 2D metals similar to the class
Lifshitz-Kosevich ~LK ! formula for three-dimensional~3D!
metals,6 was derived by Shoenberg.7,8 The effect of Zeeman
spin splitting of the Landau levels was considered, howev
only in the limiting case of perfectly sharp levels atT
50 K. An analytical method, in which only two level
around the chemical potential were taken into account, w
developed for canonical ensemble in Ref. 9 and was ge
alized in Ref. 3 for a direct summation of an arbitrary num
ber of energy levels around the chemical potential. It yie
simple formulas and exact results in the low-temperatu
high-magnetic field regimes in terms of the parame
Q[\vc /kBT.1.34B(T)/T(K)hc , where hc[mc /me , mc
is the cyclotron mass, andme is the free electron mass. A
Q>2p2, where the LK-Shoenberg~LKS! series7 fails to de-
R13 347 ©1998 The American Physical Society
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scribe the oscillations via a small number of harmonics, t
method has a clear advantage. We shall show that both
harmonics and the levels representations are necessary
count for different aspects of the experimental data in v
ous organic metals.

The electronic thermodynamic potential of a 3D metal
which the conduction electrons have a 2D energy disper
~i.e., with a cylindrical FS! under magnetic fieldB, tilted
with respect to thea* axis ~i.e., to the direction perpendicu
lar to the easy conducting planes! at angleQ, is10

V

V
5

A

b
B(

s
(
n50

1
2 ln$11e~z2«n,s!b% , ~1!

where A[2 cosQ/(f0a* ), f05hc/e is the flux quantum,
b[1/kBT, z(B,T) is the chemical potential,V is the vol-
ume, anda* is the lattice constant in the anisotropic dire
tion. In this expression the spin-split Landau levels are«n,s
5(n11/2)\vc1(g/2)(s/2)\ve , s561, \vc5mcB, mc
5e\/mcc, mc5mc0 /cosQ, mc0 is the cyclotron mass a
zero tilt angle,\ve5meB is the Zeeman splitting energy fo
free electrons,me5e\/mec, and g is the electrong factor
~for free electronsg52).

We define an effective spin-splitting energy as the ene
difference between two adjacent levels (n̄,m̄) with opposite
projections of spin ~Fig. 2!: Ds[u« n̄,212«m̄,1u5uI (G)
2Gu\vc , where I 5@G#5n̄2m̄ is the integer part of
G[(g/2)hc . We may introduce spin-splitting paramet
s[Ds /\vc5uI 2Gu: 0<s<0.5. For example, forG53.6 or

FIG. 1. Spin-split magnetization oscillations ink2(ET)2I 3 at
Q59° for temperaturesT150.4 K andT251.3 K. ~a! Experiment.
~b! As calculated from theory@Eq. ~3!# ~with hc053.9, G054.39,
s050.39). ParameterQ ranges from 7.0~at T2) to 22.9~at T1).
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4.4, I 54 and the spin-splitting parameter iss50.4. For an
integer G, the effective spin splitting is zero and spin
polarized levels are degenerate; for half integerG, s50.5
and the spin-polarized levels are equidistant, separated b
energy\vc/2.

It can be proved quite generally that for a 2D metal, w
a constant number of electrons in the conduction band,
oscillating part of the chemical potential is related to t
magnetization oscillations by the formula3

M ~os!~B!

M0
5

2

\vc
z8~B!1O~\vc /«F! . ~2!

HereM05«F /f0a* , and the chemical potential,z8(B), be-
ing measured from the Fermi energy, that is,z(B)5«F
1z8(B) ~see Fig. 2!. At T50 K this oscillatory pattern has
the sawtooth form shown in Fig. 2, which is the spin-sp
version of the purely orbital function first derived b
Peierls.11 Note that the intersection points between this p
tern and the averageM base line are equidistant. This sym
metry property characterizes also the corresponding pat
obtained in the grand canonical ensemble~see Fig. 2!. The
two patterns differ by the sign of the slope in the smoo
sectors. Temperature smearing makes the difference
transparent. In fact, the quantum oscillations observed
k2(ET)2I 3 do not show a sawtooth shape atT50.4 K.

Considering the magnitude of the key parameterQ in
these experiments~i.e., when 23>Q>7, corresponding to
the magnetic fields and temperatures used, see Fig. 1!, it

FIG. 2. Schematic magnetization and chemical potential os
lations in a 2D metal with spin-split Landau levels,«n,21(B),
«m,1(B). Also shown are the idealT50 K magntization oscillations
for a fixed chemical potential~dashed curve!, and for constant elec-
tron concentration~full curve!.
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seems reasonable to describe the data in terms of the firs
harmonics of the Shoenberg formula,7 namely,

M ~os!~b!/M052a1sin kb1a2sin 2kb, ~3!

where a154p cos(ps)/@Q sinh(2p2/Q)# and a2
54p cos(2ps)/@Q sinh(4p2/Q)#.

The parametersb andk, appearing in Eq.~3!, are defined
as follows: We first define a set of magnetic fieldsBn̄ andBm̄
at which the chemical potential coincides with its zero fie
value ~i.e., with «F) and is located midway between tw
adjacent spin-polarized levels~see Fig. 2!. Now b5B2Bn̄ is
defined for anyB within the corresponding quasiperiod an
k[p/bn̄ , wherebn̄[Bn̄2Bm̄ is half the quasiperiod.

Figure 1~b! shows the calculated magnetization oscil
tions @Eq. ~3!#. Here the mass ratio atQ50° was taken to be
hc05mc0 /me53.9 ands0 was used as an adjustable para
eter; we find very good agreement with the experimental d
for G054.39, i.e., fors050.39. The extrema of these osc
lations can be readily derived from Eq.~3!; their positions
bm,6[Bmax,62Bn̄ are given by coskbm,65(1/8a2)(a1

6Aa1
2132a2

2) where the minus sign corresponds to the m
component and the plus to the spin-splitting one. The la
disappears when the absolute value of the right-hand sid
the above equation becomes larger than 1, that is, wheQ
becomes smaller than the critical valueQc52p2/ln@y
1A(y221)#, with y[cos 2ps/cosps. Thus, only for values
of s between 0.5 and 1/3,Qc is well defined~see Fig. 3!. The
divergence ofQc at s51/3 reflects the breakdown of th
harmonic approximation for the spin-splitting component.
describe this component in the range 0<s<1/3 it is neces-
sary to invoke the opposite approximation based on the le
representation.

So, let us derive now expressions for the chemical pot
tial and magnetization oscillations in the regionQ.2p2

where a small number of levels is sufficient to describe
oscillations in the entire range of the spin-splitting parame
0,s<0.5. Following the method developed in Ref. 3 we c
write an equation for the chemical potential in the case w

FIG. 3. The critical valueQc for the appearance of the spin
splitting oscillation as a function ofs, as obtained from the two
harmonics approximation~3! and from the level approximation~6!.
For Q.Qc(s) the slope of M (B) at B5Bm̄ is negative, and
changes sign forQ5Qc . Note the breakdown of the two harmonic
approximation ats5
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spin splitting is taken into account. In the limit\vc(B)
!«F , for magnetic fields inside any quasiperiod,Bn̄11<B
<Bn̄ ~see Fig. 2!:

2
b

2bn̄
5

F

B
2

F

Bn̄
5

1
2

11ex 1

1
2

11ex1sQ

1 (
k51

n̄ S 1
2

11ekQ1x2

1
2

11ekQ2xD
1 (

k51

m̄ S 1
2

11ekQ1x1sQ2

1
2

11ekQ2~x1sQ!D , ~4!

where x(B,T)[@« n̄,21(B)2z(B)#b, F5nc /A5«F /mc is
the fundamental frequency of oscillations. Note that ins
the quasiperiodB;Bn̄!F, bn̄5Bm̄Bn̄/2F!Bn̄ . Note also
that the variablex(B,T) may be represented byx(B,T)
5(Q/2)@12s1b/bn̄2(2/\vc)z8(b)#. Solving Eq. ~4! for
chemical potential~neglecting the sums! and using Eq.~2!
we get for the amplitudes~maximal values! of the main~Mn!
and spin-splitting~ss! components:

MMn
~os!

M0
512s2

2

Q
2

2

Q
lnFQ

2
~11e2sQ!22G , ~5!

M ss
~os!

M0
5s2

2

Q
2

2

Q
lnFQ

2
~11e2sQ!22G . ~6!

Note that fors50.5 the amplitudes of the main and the spi
splitting components coincide. This is a general prope
which reflects the equivalence of the energy levels co
sponding to the spin and the orbital quantum numbers in
case. According to Eq.~6! the spin-splitting extrema exist a
long as Q is larger than the critical valueQc , satisfying
sQc'212 ln(Qc/222), so that the parameter determinin
the appearance of these extrema issQ rather thanQ, which
controls the damping of the main extrema. Fors51/3 this
equation yieldsQc'18'2p2, implying that in the range 0
<s<1/3 the temperatures and magnetic fields at which
spin-splitting extrema can be observable correspond to
ues ofQ well within the range of validity of the level ap
proximation~see Fig. 3!.

An important parameter that can be varied in the exp
ment is the tilt angleQ and, consequently, the cyclotro
mass, which influences both the spin-splitting parametes
and the damping parameterQ. The dependence of th
amplitudes ~5! and ~6! on Q is therefore through
s5uI (@G0 /cosQ#)2G0 /cosQu, G0[(g/2)hc0 , and
Q5\vc0 cosQ/kBT (hc0 is the mass ratiomc /me andvc0 is
the cyclotron frequency forQ50°). Figure 4 shows our
results for main and spin-split amplitudes. It is seen that n
Q50° there is a broad region where the spin-splitting co
ponent is comparable to the main component. At maxim
spin splitting (s50.5) the two components are identical. A
angles corresponding tos50 the spin-splitting component i
absent and the main component reaches its maximal va
Comparison of these calculations with the experimental d2

for Q50° ~SdH!, Q59° andQ516° ~dHvA! shows very
good agreement~see also Fig. 1!. It should be noted that ou
approach to calculation of the angular dependence is ba
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on the level approximation and gives results in all range
the spin-splitting parameter, 0,s,0.5. As can be seen from
Fig. 3, the conventional, ‘‘harmonic ratio’’ method8,12 can be
applied only at 1/3,s,0.5. Furthermore, we obtain ‘‘win-
dows’’ where the spin-split component does not even ex
while the two-harmonic approximation~3! fails to describe
the spin-splitting effect.

In summary, a simple analytical scheme, based on
independent quasiparticles approximation, is presented to
count for our dHvA and SdH measurements on the extrem
2D metalk2(ET)2I 3 . In the high-temperature–low-field re
gimes corresponding toQ5,2p2, the two-harmonics ap
proximation of the LKS theory7,8 properly describes the

FIG. 4. Angular dependence of the magnetization oscillati
amplitudes. Upper curve—the main amplitude, with maxima
s(Q)50. Lower curve—the spin-splitting amplitude, havin
maxima ats(Q)50.5, where it coincides with the minima of th
main amplitude. AtQ59° andQ516° the calculated amplitude
are in good agreement with the experimental results fr
k2(ET)2I 3 ~Ref. 2!. The parameters used atQ50 are s050.4,
G054.4 (g52.2,hc054), Q0522.2 (Bn̄526.5 T,T50.4 K).
ar
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shape and amplitudes of the oscillations only at relativ
large values of the spin-splitting parameter, 0.35,s,0.5.
Fortunately, the experimental data fall within this region a
comparison with theory is quantitative. We have also cons
ered theoretically values of the spin-splitting parameter s
nificantly smaller than that found ink2(ET)2I 3 . For these
values ofs the spin-splitting oscillation is observable only
the intermediate and high-fields–low-temperatures regim
whereQ.2p2 and the LKS theory fails to describe the o
cillations quantitatively via a few number of harmonics.
this region the opposite, few levels approximation gives c
rect results.

It should be noted that, in contrast to the nearly symme
oscillations observed ink2(ET)2I 3 , the oscillations ob-
served in the same range ofQ in a different crystalline phase
of the same compound, that is,Q2(ET)2I 3 , have the nearly
ideal sawtooth form characteristic of a 2D electron system13

The difference in the shape of oscillations can be ascribe
the different barriers separating the closed and the o
Fermi-surface orbits in these phases. Such a barrier is lik
to be very small in thek structure12,14in comparison to theQ
structure12,13 due to the presence of center of symmetry
the former. The absence of spin-splitting structure
Q2(ET)2I 3 ,13 indicates a small spin-splitting parameter f
that phase.

We acknowledge stimulating discussions with E. Ste
and V. Zhuravlev. This research was supported in part
Grant No. G-0456-220.07/95 from the German-Israeli Fo
dation for Scientific Research and Development, by the C
ter for Absorption in Science, Ministry of Immigrant Ab
sorption, State of Israel~Gil’adi Foundation!, by the Fund for
the Promotion of Research at the Technion, by the ‘‘Train
and Mobility of Researchers’’ program of the Europe
Community, by the Deutsche Forschungsgemeinschaft,
Caesarea Edmond Benjamin de Rothschild Foundation,
by the INTAS-RFBR fund~Grant No. 96-553!.

s
t

r,

D.

H.

-

1S. Contreras, M. Goiran, W. Knap, F. Yang, H. Rakoto, R. B
baste, J. L. Robert, J. Leotin, S. Askenazy, Q. Chen, and M. A
Khan ~unpublished!.

2E. Balthes, Doktorarbeit, 3. Physikalisches Institut, Univers¨t
Stuttgart, Stuttgart, Germany, 1997.

3M. A. Itskovsky, T. Maniv, and I. D. Vagner, Z. Phys. B101, 13
~1996!.

4N. Harrison, R. Bogaerts, P. H. P. Reinders, J. Singleton, S
Blundell, and F. Herlach, Phys. Rev. B54, 9977~1996!.

5A. S. Alexandrov and A. M. Bratkovsky, Phys. Rev. Lett.76,
1308 ~1996!.

6I. M. Lifshitz and A. M. Kosevich, Zh. Eksp. Teor. Fiz.29, 730
~1956! @Sov. Phys. JETP2, 636 ~1956!#.

7D. Shoenberg, J. Low Temp. Phys.56, 417 ~1984!.
-
if

J.

8D. Shoenberg,Magnetic Oscillations in Metals~Cambridge Uni-
versity Press, Cambridge, 1984!.

9I. D. Vagner, T. Maniv, and E. Ehrenfreund, Phys. Rev. Lett.51,
1700 ~1983!; K. Jauregui, V. I. Marchenko, and I. D. Vagne
Phys. Rev. B41, 12 922~1990!.

10E. Lifshitz and L. Pitaevsky,Statistical Physics, Part 2 ~Perga-
mon, Oxford, 1986!.

11R. Peierls, Z. Phys.81, 186 ~1933!.
12J. Wosnitza, G. W. Grabtree, H. H. Wang, K. D. Carlson, M.

Vashon, and J. M. Williams, Phys. Rev. Lett.67, 263 ~1991!.
13M. Tokumoto, A. G. Swanson, J. S. Brooks, M. Tamura,

Tajima, and H. Karuda, Solid State Commun.75, 439 ~1990!.
14K. Kajita, Y. Nishio, S. Moriyama, W. Sasaki, R. Kato, H. Koba

yashi, and A. Kobayashi, Solid State Commun.64, 1279~1987!.


