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Spin-split de Haas—van Alphen oscillations in two-dimensid@al) electron systems are studied experi-
mentally and theoretically. It is shown that large second harmonic observed at low temperatures in the
quasi-2D organic metak—(ET),l; (ET=BEDT-TTF) 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 orf€¥0163-18208)51944-3

Two-dimensional (2D), or quasi-2D conductors under dHvVA experiments, and is observed in the entire angular
high-magnetic fields have become a subject of considerablenge 0%<0<40°. The additional set of oscillations, which
current interest due to recent reports of peculiar magnetdater will be attributed to Zeeman splittingies always ex-
guantum oscillations in 2D electron systems, such as imctly midwaybetween those that are already present above 1
GaN/GgAl,_,N heterostructurésor in the nearly 2D or- K.
ganic metalk—(ET),l3.2 In particular, the measured de  To account for magnetoquantum oscillations in a 2D
Haas—van AlpheridHvA) and Shubnikov—de Haa$SdH) metal a model has been considered recehalytically in
oscillations in the latter material exhibit a dramatic appearRef. 3 and numerically in Ref.)4vhere the electrons on a
ance at low temperatures of a significant oscillatory structurglosed Fermi surfacéFS) cylinder may be exchanged with
corresponding to doubling of the fundamental frequency. Irelectrons in an open planar sheet of the same FS. The degree
what follows we illustrate the observed oscillations in of this exchange depends on the energy barrier and the gap in
«—(ET),l3 by means of dHvA experiments and show by amomentum space between the cylinder and the sheet.
simple analytical scheme based on the independent electronather similar model, but for two coupled closed pockets of
model that this behavior is associated with Zeeman spircarriers, was considered in Ref. 5. A general formula for the
splitting of the Landau levels under the condition of two dHVA oscillations in 2D metals similar to the classic
dimensionality, an effect that is more pronounced at high.ifshitz-Kosevich (LK) formula for three-dimensiondBD)
fields and low temperatures. metals® was derived by Shoenbefd.The effect of Zeeman

SdH and dHvVA experiments were carried out in fields upspin splitting of the Landau levels was considered, however,
to 27 T and temperatures between 0.38 and 1.3 K. Crystalsnly in the limiting case of perfectly sharp levels @t
were mounted on a rotatable sampleholder and could be0K. An analytical method, in which only two levels
tilted from the field orientation perpendicular to the conduct-around the chemical potential were taken into account, was
ing (b,0 planes @=0°). DHvA experiments were carried developed for canonical ensemble in Ref. 9 and was gener-
out by means of torque technique that could not be applied atlized in Ref. 3 for a direct summation of an arbitrary num-
®=0°, where only SdH measurements are presented. Figulger of energy levels around the chemical potential. It yields
1(a) shows dHvA oscillations of«—(ET),l; at ®=9°.  simple formulas and exact results in the low-temperature—
While at 1.3 K the oscillations correspondingfe=3883 T  high-magnetic field regimes in terms of the parameter
are dominant, at lower temperatures an additional set of 0RQ=%w./kgT=1.348B(T)/T(K) 5., where p;=m./me, m,
cillations arises leading to an enhanced second harmonic is the cyclotron mass, ant, is the free electron mass. At
the Fourier spectrurh.This effect occurs in both SdH and Q=2#2, where the LK-Shoenber@KS) serie$ fails to de-
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FIG. 2. Schematic magnetization and chemical potential oscil-
. . o o ) lations in a 2D metal with spin-split Landau levels, _,(B),
FIG. 1. Spin-split magnetization oscillations in-(ET)ols at - ' (g) Also shown are the idedl=0 K magntization oscillations
©=9° for temperature$, =0.4 K andT,=1.3 K. (8 Experiment. {55 fixed chemical potentidtiashed curve and for constant elec-
(b) As calculated from theoryEq. (3)] (with 7,=3.9, Gy=4.39, tron concentratiorfull curve).
so=0.39). Paramete® ranges from 7.Gat T,) to 22.9(at T,).

. _— . . . 4.4,1=4 and the spin-splitting parameterds-0.4. For an
scribe the oscillations via a small number of harmonics, this . . o .
integer G, the effective spin splitting is zero and spin-
method has a clear advantage. We shall show that both theolarized levels are degenerate; for half inte@ers=0.5
harmonics and the levels representations are necessary to ac- . : 9 E )
and the spin-polarized levels are equidistant, separated by the

count for different aspects of the experimental data in vari-
energyf w /2.

ous organic metals. . .
The electronic thermodynamic potential of a 3D metal in ;ggg& rt:te anr?]\gZdr %lfjlteeie%?rlirsalihrq ttlazzt L%LZuzcgomnettﬁﬁ(\leine
which the conduction electrons have a 2D energy diSperSio@scillatin art of the chemical potential is related to ,the
(i.e., with a cylindrical F$ under magnetic field, tilted ng p ne P
. . o S . magnetization oscillations by the formdla
with respect to th@* axis(i.e., to the direction perpendicu-

lar to the easy conducting planeat angle®, is'® MP®) _ 2 eyt oo, /er) @
Q A Mo e R
T =7 B2 2 dIn{l+el enofy, @ : -
V B o n=0

HereM,=eg/¢pa*, and the chemical potentiaj, (B), be-
where A=2 cosO/(¢hpa*), pp=hde is the flux quantum, ing measured from the Fermi energy, that i§B)=¢f
B=1KkgT, {(B,T) is the chemical potentiaV is the vol-  +/’(B) (see Fig. 2 At T=0K this oscillatory pattern has
ume, anda* is the lattice constant in the anisotropic direc- the sawtooth form shown in Fig. 2, which is the spin-split
tion. In this expression the spin-split Landau levels &g version of the purely orbital function first derived by
=(N+12)hw.+(9/2)(0/2)hwe, o=*1, ho.=pB, n.  Peierlst! Note that the intersection points between this pat-
=ef/msc, m;=mg/cos®, m, is the cyclotron mass at tern and the averagd base line are equidistant. This sym-
zero tilt anglefiwe= 1B is the Zeeman splitting energy for metry property characterizes also the corresponding pattern
free electronsue=efi/msc, andg is the electrong factor  obtained in the grand canonical ensemfdee Fig. 2 The
(for free electrong=2). two patterns differ by the sign of the slope in the smooth
We define an effective spin-splitting energy as the energgectors. Temperature smearing makes the difference less
difference between two adjacent levels ) with opposite  transparent. In fact, the quantum oscillations observed in
projections of spin (Fig. 2): As=|en_1—ema=[I(G)  «—(ET),l3 do not show a sawtooth shapeTat 0.4 K.
—Gl|fw;, where I=[G]=n—m is the integer part of Considering the magnitude of the key paramefein
G=(0/2)n.. We may introduce spin-splitting parameter these experimenté.e., when 23=Q=7, corresponding to
s=A /hw.=|1—G|: 0ss=<0.5. For example, fo6=3.6 or the magnetic fields and temperatures used, see Figit 1
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100.0 : - - spin splitting is taken into account. In the limitw.(B)
Q, <¢gg, for magnetic fields inside any quasiperid@y, ;<B
400 Zszblevel. : 2harmoni'c | <By (see Fig. 2

pproxim. : approxim,
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where x(B,T)=[en_1(B)—¢(B)]1B, F=n./A=¢ep/pu,; is
FIG. 3. The critical valueQ, for the appearance of the spin- the fundamental frequency of oscillations. Note that inside

splitting oscillation as a function of, as obtained from the two- the quasiperiodB~B,<F, b;=B;Br/2F<B;. Note also
harmonics approximatio(8) and from the level approximatioi®). that the variablex(B,T) may be represented by(B,T)
For Q>Q(s) the slope ofM(B) at B=Bg is negative, and =(Q/2)[1—s+b/by—(2/hw) ' (b)]. Solving Eq.(4) for
changes sign fo@=(lgc. Note the breakdown of the two harmonics chemical potentialneglecting the sumsand using Eq(2)
approximation as= 3. we get for the amplitudegnaximal valuesof the main(Mn)

and spin-splitting's§ components:
seems reasonable to describe the data in terms of the first two

harmonics of the Shoenberg formdlaamely, M (09 2 2
J Y M —1-s—=—=1n 9(1+eSQ)—2}, (5
_ _ Mo Q Q |2
M(©9(b)/My= —a;sin kb+a,sin Xb, (3)
M(OS) Q
where  a;=4m cos@o)[Qsinh(274Q)] and  a, Mss =575 I 5 (1+ e s -2, (6)
=47 cos(2m9)/[Q sinh(47?/Q)]. 0

The parameterb andk, appearing in Eq(3), are defined  Note that fors= 0.5 the amplitudes of the main and the spin-
as follows: We first define a set of magnetic fieRfsandBr  splitting components coincide. This is a general property,
at which the chemical potential coincides with its zero fleldwh|ch reflects the equiva|ence of the energy levels corre-
value (i.e., with e¢) and is located midway between two sponding to the spin and the orbital quantum numbers in this
adjacent spin-polarized levelsee Fig. 2 Nowb=B—Bgis  case. According to Eq6) the spin-splitting extrema exist as
defined for anyB within the corresponding quasiperiod and |ong asQ is larger than the critical valu€., satisfying
k= /by, whereby=Bq— By is half the quasiperiod. sQ.~2+2In(QJ2—2), so that the parameter determining

Figure Xb) shows the calculated magnetization oscilla-the appearance of these extrema@rather thanQ, which
tions[Eq. (3)]. Here the mass ratio &=0° was taken to be  controls the damping of the main extrema. B 1/3 this
7c0= Meo/Me= 3.9 ands, was used as an adjustable param-equation yield€Q,~18~2=2, implying that in the range 0
eter; we find very good agreement with the experimental data: s<1/3 the temperatures and magnetic fields at which the
for Gp=4.39, i.e., forsy=0.39. The extrema of these oscil- spin-splitting extrema can be observable correspond to val-
lations can be readily derived from E(B); their positions  yes of Q well within the range of validity of the level ap-
b+ =Bmax:—Br are given by co&h,.=(1/8a;)(a;  proximation(see Fig. 3.

* yai+32a3) where the minus sign corresponds to the main  An important parameter that can be varied in the experi-
component and the plus to the spin-splitting one. The lattement is the tilt angle® and, consequently, the cyclotron
disappears when the absolute value of the right-hand side ofiass, which influences both the spin-splitting paramster
the above equation becomes larger than 1, that is, véhen and the damping parametdd. The dependence of the
becomes smaller than the critical valu®@.=2=?/Inly amplitudes (5) and (6) on ® is therefore through
+(y?—1)], with y=cos 2rs/cosms. Thus, only for values s=|I([Gy/cos®])—G,/cos8), Go=(9/2)5co, and

of sbetween 0.5 and 1/8), is well defined(see Fig. 3 The  Q=fiw COSO/KT (7q is the mass ratin,/m, andw is
divergence ofQ. at s=1/3 reflects the breakdown of the the cyclotron frequency fo®=0°). Figure 4 shows our
harmonic approximation for the spin-splitting component. Toresults for main and spin-split amplitudes. It is seen that near
describe this component in the rangs§<1/3 it is neces- ©=0° there is a broad region where the spin-splitting com-
sary to invoke the opposite approximation based on the levglonent is comparable to the main component. At maximal
representation. spin splitting 6=0.5) the two components are identical. At

So, let us derive now expressions for the chemical potenangles corresponding 8= 0 the spin-splitting component is
tial and magnetization oscillations in the regi@>2=72  absent and the main component reaches its maximal value.
where a small number of levels is sufficient to describe theComparison of these calculations with the experimentafPdata
oscillations in the entire range of the spin-splitting parametefor ®=0° (SdH), ®=9° and®=16° (dHvA) shows very
0<s=<0.5. Following the method developed in Ref. 3 we cangood agreemeri{see also Fig. 1 It should be noted that our
write an equation for the chemical potential in the case whempproach to calculation of the angular dependence is based
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04 0.5 "o 05 0 05 s© | shape and amplitudes of the oscillations only at relatively
: : R R large values of the spin-splitting parameter, 6:35<0.5.

Fortunately, the experimental data fall within this region and
comparison with theory is quantitative. We have also consid-
ered theoretically values of the spin-splitting parameter sig-
nificantly smaller than that found ir—(ET),l ;. For these
values ofs the spin-splitting oscillation is observable only in
the intermediate and high-fields—low-temperatures regimes,
whereQ>27? and the LKS theory fails to describe the os-
cillations quantitatively via a few number of harmonics. In
this region the opposite, few levels approximation gives cor-
rect results.

It should be noted that, in contrast to the nearly symmetric
oscillations observed inc—(ET),l5, the oscillations ob-
served in the same range @fin a different crystalline phase

FIG. 4. Angular dependence of the magnetization oscillation<?f the same compound, that 8,— (ET).l3, have the nearly
amplitudes. Upper curve—the main amplitude, with maxima atideal sawtooth form characteristic of a 2D electron systém.
s(®)=0. Lower curve—the spin-splitting amplitude, having The difference in the shape of oscillations can be ascribed to
maxima ats(®)=0.5, where it coincides with the minima of the the different barriers separating the closed and the open
main amplitude. At®=9° and® =16° the calculated amplitudes Fermi-surface orbits in these phases. Such a barrier is likely
are in good agreement with the experimental results fromto be very small in the structuré®#in comparison to th€
k—(ET),l3 (Ref. 2. The parameters used &=0 aresy=0.4,  structuré>'3 due to the presence of center of symmetry in
Go=4.4(0=2.2,1¢=4), Q=222 ([B=26.5T,T=0.4K). the former. The absence of spin-splitting structure in

o . _ 0 — (ET),l 3,2 indicates a small spin-splitting parameter for
on the level approximation and gives results in all range Ofthat(ph;)szes pin-Spiiting p

the spin-splitting parameter,<0s<<0.5. As can be seen from
Fig. 3, the conventional, “harmonic ratio” meth®tf can be We acknowledge stimulating discussions with E. Steep
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