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Anomalous beating phase of the oscillating interlayer magnetoresistance in layered metals
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We analyze the beating behavior of the magnetic quantum oscillations in a layered metal under the condi-
tions when the cyclotron enerdyw. is comparable to the interlayer transfer enetgysing a simple semi-
classical model, we show that the positions of the beats in the interlayer resistance are considerably shifted
from those in the magnetization oscillations. The shift is determined by the fratidt that may lead to
significant deviations from the conventional periodicity of the beats in the scale of inverse magnetic field. A
comparative study of the Shubnikov—de Haas and de Haas—van Alphen oscillations in the layered organic
metal B-(BEDT-TTF),IBr, is performed and shown to be consistent with the theoretical prediction.
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In the last decade, the de Haas—van AlpkeiHvA) and However, recent experiments on layered organic metals
Shubnikov—de HaatSdH) effects were extensively used for k-(BEDT-TTF),  CUN(CN),]Br (Ref. 19 and
studying quasi-two-dimensionalQ2D) organic metald=®  (BEDT-TTF),[Ni(dto),] (Ref. 20 have revealed a signifi-
Due to extremely high anisotropies of the electronic system§ant difference in the node positions of beating dHvA and

the amplitudes of the oscillations are strongly enhanced ipdH Signals. The respective phase shift in the latter com-
high-quality samples of these materi@dge, e.g., Refs. 4 and pound was estimated to be as bigra®. Noteworthy, in both

5) and often cannot be described by the Lifshitz-KosevichS2S€S the oscillation spectrum was strongly dominated by the

LK) f la_derived f " | th di ) Ifirst harmonic when no substantial deviations from the stan-
(LK) formula derived for conventional three-dimensiona dard LK theory was expected.

metals’ A number of theoretical works performed in the last  Ajthough several potential reasons for this behavior have
years on the dHvA effect in two-dimension@D) and Q2D peen outlined in Refs. 19 and 20 the most plausible one
system& ' provide a consistent theory which can be usedseems to be its association with the Q2D nature of the elec-
for a quantitative analysis of experimental data obtained omronic systent® However, the limited amount of the reported
Q2D systems as long as many-body interactions only lead texperimental data is not sufficient for a detailed analysis.
constant renormalization effects and magnetic breakdown eMoreover, multiple-connected FS’s typical of both com-
fects are not concerned. pounds might lead to additional complications due to effects
The theory of the Q2D SdH effect was also of a greatof magnetic breakdown, interband scattering, etc.

interest in recent yeat$*~1"but the situation here is more  In order to clarify the problem, we have carried out com-
complicated and even some qualitative questions remaiparative studies of the oscillating magnetization and inter-
open. One of these open questions is the origin of the phad@yer _ resistivity ~ of ~ the  radical ~ cation salt
shift in the beats of the resistivity oscillations with respect to8-(BEDT-TTF),IBr,. This material exhibits a relatively
those in the magnetization. The beating behavior of the Oglmple beh;a_wor W|_thout superstructure transitions or insulat-
cillations in Q2D metals is well known to originate from the 'Nd instabilities. It is normal metallic down to low tempera-
slight warping of their Fermi surfaces in the direction normaltUrés and undergoes a superconducting transitionT at

to the 2D plane. The superposition of the contributions from:2 K.”" Its electronic properties are basically determined

the maximum and minimum cyclotron orbits is expected to y a sir_lgle cyl_indri_cal FS(Ref._ 22 slightly (_by =1%)
lead to an amplitude modulation of theh harmonic by the warped in the direction perpendicular to the highly conduct-

: s ing BEDT-TTF layers®>? Thus, the present compound
factor cos(arkAF/2B—mr/4), whgreB IS the magnetic field appears to be an ideal object for our purposes. The experi-
and AF = (cf/2m€) (Ama—Amin) IS the difference between ont \vas done on a high-quality single crystal Tt
the oscillation frequencies caused by the extremal orbits with_ g 5 K in magnetic field up to 16 T. To assure exactly the
thek-space areala,andAy,, respectively. From the beat  same conditions for the dHvA and SdH effetits particular,
frequency one can readily evaluate the warping of the Fermjjentical field orientations are of crucial importancie
surface(FS) and hence the interlayer transfer integral, 4 measurements were performed in a setup providing a simul-
~erAF/F (see, e.g., Refs. 1 and 18he situation becomes taneous registration of the magnetic torque and
less clear when the warping is so weak that less than one-haiésistancé®2°In the field range between 7 and 16 T we have
of the beat period can be observed experimentally. In prinebserved clear beating with several nodes in both dHvA and
ciple, an observation of one single node would already besdH signals. The positions of the beat nodes in the SdH
quite informative!® provided the phase offséie., the phase signal are found to be different from those in the dHVA sig-
of the beat at B—0) is known. In the standard LK theory nal, the difference being dependent on the magnetic field.
this phase offset is strictly determined by geometrical rea- Below we propose an explanation of the phenomenon
sons to be equal te- 7/4 for both dHVA and SdH effecfs.  based on the consideration of both density of staBE®S)
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and Fermi velocity oscillations contributing to the interlayer quantity one has to perform the integrations okgandk, in
magnetotransport in a Q2D metal and then compare the theq. (5) and substitute the expression foy:
oretical estimations with the experimental results.

We consider a Q2D metal in a magnetic field perpendicu- d — 5
lar to the conducting layers with the energy spectrum v (€n)=2Va4t*~[e—hog(n+1/2]% (6)
fn,kfﬁwc (n+1/2)—2t cog k,d), (1)  As aresult one obtains

[

wheret is the interlayer transfer integr is the wave N, d?
Y orak, ()= ﬁwz—[e—ﬁwc(m 1/2)]2
n=0

vector perpendicular to the layerd,is the interlayer dis-
tance, andw.=eB/m*c is the cyclotron frequency. Both

hw. andt are assumed to be much smaller than the Fermi 4N, d?t| 47t “ (1)K 27ke Akt
energy. =T |8Bhe. T & oKk %087 1 7

The DOS of electron gas with this spectrum can be easily wh Yo k=1 @e Ve
obtained performing the summation over all quantum num- @)

bers at a fixed energy:
9 The first-order Bessel functiod,(4wkt/Aw.) entering

* N, | Eq. (7) also describes beatings but with a phase different
gle)=, 5 5 (2  from that of the DOS beatings given kl(4mkt/fhwe) in
1=0 Vat*—[e—fiwe(n+1/2)] Eq. (3): at largex, J;(x)~ \/2/mx sin(x—m/4) is just shifted

where N, is the Landau level degeneracy. The sum ovey 7/2 with respect tl(x). o
Landau levels can be represented as a harmonic series usingThe phase shift in the beating of the oscillationsy()

the Poisson summation formul3As a result one geté andl (e) is illustrated in Fig. 1 in which these quantities are
plotted for two different values of the ratiot/ w.. When

4t/h w,=2.25 the DOS oscillations have a maximum ampli-
: (3 tude of the first harmonigFig. 1(a)]. At the same time the
oscillations ofl(e) exhibit a nearly zero amplitude of the
We shall consider the casert>#w, when the beats can first harmonic as shown in Fig(d while their second har-
be observed. Then the zeroth-order Bessel functiofnonic(not shown in the figureis at the maximum. By con-
Jo(mk4t/fiw,) describing the beating of the DOS oscilla- trast, when #/7iw.=1.8 [Fig. 1(b,d)] the first harmonic of

tions can be simplified, adq(x)~ v2/mx cosk—l4). Fur- the DOS is at the node whereas thatl 0¢) has the maxi-

ther, we consider the limit of strong harmonic damping, re-mum amplitude. , ,
taining only the zeroth and first harmonics. In this limit the ~_The difference between the phases of the beats in oscil-

oscillations of the chemical potential can be neglected. |atingg(e) andi(e) leads to a shift of the beat phase of the
Knowing the DOS we can now obtain the oscillating part of SAdH oscillations with respect to that of the dHVA oscilla-

” 2mke 4kt
gle)x1+2>, (— 1)kcos(—)J0(
k=1 hwc

hw

the magnetization 4% tions. Indeed, taking into account that1/g, substituting
Egs. (3) and (7) into Eq. (5), applying the large argument
~ [2mTu dwt  w expansions of,(x) andJ;(x), and introducing the tempera-
M ocsm( m) COS(% Z) Rr, (4 ture smearing, we come to the following expression for the
¢ ¢ first harmonic of the interlayer conductivity:

whereR; is the usual temperature smearing factor. This ex-

pression coincides with the result of the three-dimensional pl MCOS(ZW_M) cos( 4mt Z+¢) R %)

LK theony and allows an evaluation affrom the beat fre- zz g ho, 4 i

quency. where

The interlayer conductivityo,, can be approximately
evaluated from the Boltzmann transport equafibassum- ¢=arctaia) and a=rw/2mnt. 9

ing the impurities are pointiike: Comparing these expressions with E4), we see that the

beats in the SdH and dHVA oscillations become considerably

o,,=€2 Z vg(kz) S(e(n,ky) — ) () shifted with respect to each other as the cyclotron energy
m={n.kz, ky} approaches the value of the interlayer transfer integral.
=2l () (), (5) The above evaluation is based on the semiclassical Bolt-

zmann equation and certainly is not expected to give a pre-
where v, is the z component of the electron velocity andcise result. Nevertheless, as will be seen below, its predic-
7(u) the momentum relaxation time at the Fermi level. Thetions concerning the phase shift are in good qualitative
latter, in Born approximation, is inversely proportional to the agreement with the experiment and we therefore believe that
DOS: 1#(u)>g(u) and oscillates in magnetic field accord- it correctly reflects the physics of the phenomenon.
ing to Eq. (3). In addition, when the cyclotron energy is  Figure 2 shows the oscillating parts of the magnetization
comparable to the warping of the FS, the oscillations of theand interlayer magnetoresistance in the normal state of
electron velocity summed over the states at the Fermi levelg-(BEDT-TTF),IBr, at magnetic field tilted byg~14.8°
I(,u)EEE:Mlvz|2 also become importafitTo calculate this  from the normal to the BEDT-TTF layers. The curves have
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FIG. 2. dHvVA (left scale¢ and SdH(right scale oscillations in
B-(BEDT-TTF),IBr, at 6~14.8°. Insets: corresponding FFT

the maximum beat frequengynaxAF(6)}~42.0 T for the
given field rotation plang the sensitivity of the node posi-

tions to the field orientation is still quite high: the nodes shift
FIG. 1. () DOS (solid line) near the Fermi level and its first py ~2 3% 102 T~ at changingd by 1°. Thus, if one has

harmonic(dashed ling according to Eq(3), at the ratio 4/%w. 5 remount the sample between the torque and resistance

=2.25;(b) the same at the ratiot#: w.= 1.8; (c) the quantityl (€)
(solid line) and its first harmoni¢dashed lingaccording to Eq(7),

at 4t/h w.=2.25;(d) the same at #% w.=1.8. In all four panels:
the dotted lines are the contributions from individual Landau levels

been obtained by subtracting slowly varying backgrounds

measurements, even a slight misalignment may cause a sub-
stantial additional error. In our experiment both quantities
were measured at the same field sweep, hence, such an error
was eliminated.

From Figs. 2 and 3 one can see that the nodes of the SdH

from the measured magnetic torquéB) and resistance oscillations are considerably shifted to higher fields with re

R(B) and (for the magnetization oscillation#) o 7/B) sub-
sequent dividing byB. The torque was measured using the
capacitance cantilever torque magnetometer described in de-
tail in Ref. 29. The oscillations of the capacitance due to the
dHVA effect did not exceed 210 % pF or ~0.04%,
corresponding to an angular displacement s0.001°.
Thus, any artificial effects of changing the field orientation
during the field sweep can be neglected. The fast Fourier
transformation (FFT) spectra shown in the insets reveal
the fundamental frequency 63930 T in agreement with
previous work$>?® The second harmonic contribution is
about 1% of that from the fundamental one at the highest
field.

Clear beats with four nodes are seen in both the dHvA and
SdH curves. We have assured that the observed beats origi-
nate from the warping of the cylindrical FS by checking the
angular dependence of their frequet¥he positions of the
nodes determined as midpoints of narrow field intervals at
which the oscillations inverse the phase are plotted in Fig. 3.
The straight line is a linear fit of the magnetization data
revealing the beat frequen&yF=40.9 T that, according to
Eq. (4), corresponds to4er=AF/F=1/96. The error bars
in the node positions do not exceed3x 10 % T~ for N
=3-5 and are somewhat bigger,=102 T~ 1, for N=6

7

spect to those of the dHVA oscillations. The shift grows with
increasing field. Both these observations are fully consistent
with the above theoretical prediction.

In order to make a further comparison between the experi-
ment and theory, we plot the quantity ta¥)((wheredg is the

0.06

008 0.10 012 0.14
1/B[T

FIG. 3. The positions of the nodes in the oscillating magnetiza-

due to a lower signal-to-noise ratio. We note that althoughion (filled symbol3 and resistancéopen symbolsversus inverse
the anglef=14.8° corresponds to a region in the vicinity of field. The straight line is the linear fit to the magnetization data.
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phase shift between the beating of the SdH and dHVA oscil-
lations obtained from Fig.)3as a function of magnetic field

in Fig. 4. A linear fit to this plofdashed line in Fig. phas a
slope of 0.0371/F° A substitution of this value and the cy-
clotron massm* =4.2m, into Eq. (9) yields an estimation
for the interlayer bandwidth 4=0.48 meV or the ratio
4t/ eg=AF/F=1/230. This is somewhat smaller than the
value 1/96 obtained directly from the ratio between the beat-
ing and fundamental frequencies. However, taking into ac-
count an approximate character of the presented theoretical
model, the difference is not surprising. Further theoretical
work is needed in order to provide a more explicit basis for
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the quantitative description of the phenomenon.

Summarizing, the beats of the SdH oscillations in

B-(BEDT-TTF),IBr, are found to be shifted towards higher

fields with respect to those of the dHVA signal. We attribute

this effect to interfering contributions from oscillating DOS
and Fermi velocity to the interlayer conductivity of this lay-
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FIG. 4. Tangent of the phase shift between the node positions in

ered compound. The observed behavior appears to be a gehe SdH and dHVA signals taken from the data on Fig. 3 as a
eral feature of Q2D metals which should be taken into acfunction of magnetic field. The dashed line is a linear fit according
count whenever the cyclotron energy becomes comparable {8 Ed. (9) (Ref. 30.

the interlayer transfer energy. Of a particular importance is  \ye are thankful to A. M. Dyugaev, I. Vagner, and A. E.

the dependence of the beat phase on the magnetic fieldyyaley for stimulating discussions. The work was sup-
strength. Ignorance of this fact may lead to considerable eported by the EU ICN Contract No. HPRI-CT-1999-40013,
rors in estimations of the FS warping from the beat fre-and Grant Nos. DFG-RFBR No. 436 RUS 113/592 and

qguency when 2=fiw,.

RFBR No. 00-02-17729a.

13. WosnitzaFermi Surfaces of Low-Dimensional Organic Metals 194, Weisset al,, Phys. Rev. B50, R16 259(1999.

and Superconductor&Springer-Verlag, Berlin, 1996

2M.V. Kartsovnik and V.N. Laukhin, J. Phys.6, 1753(1996.

3J. Singleton, Rep. Prog. Phy&3, 1111(2000.

4W. Kanget al, Phys. Rev. Lett62, 2559 (1989.

SV.N. Laukhinet al, Physica B211, 282(1995.

D. ShoenbergMagnetic Oscillations in Metal§Cambridge Uni-
versity Press, Cambridge, 1984

V.M. Gvozdikov, Fiz. Tverd. Tela&26, 2574 (1984 [Sov. Phys.
Solid State26, 1560(1984)].

8K. Jaureguiet al, Phys. Rev. B41, 12 922(1990.

9N. Harrisonet al, Phys. Rev. Bb4, 9977(1996.

1OM.A. Itskovsky et al, Phys. Rev. B51, 14 616(2000.

p, Grigoriev and I. Vagner, Pis’'ma Zhk&p. Teor. Fiz.69 139
(1999 [JETP Lett.69, 156(1999].

12T, Champel and V.P. Mineev, Philos. Mag.88, 55 (2002).

13p, Grigoriev, Zh. Esp. Teor. Fiz.119, 1257 (2001 [JETP 92,
1090(2001)].

¥A.E. Datars and J.E. Sipe, Phys. Rev5B 4312(1995.

5p, Moses and R.H. McKenzie, Phys. Rev68 7998(1999.

18y M. Gvozdikov, Fiz. Nizk. Temp27, 956 (2001 [Low Temp.
Phys.27, 704 (2000 ].

1N.s. Averkievet al, J. Phys.: Condens. MattéB, 2517 (2007).

BA.P. Mackenzieet al, Phys. Rev. Lett.76, 3786 (1996; C.
Bergemanret al, ibid. 84, 2662 (2000.

20M. Schiller et al, Europhys. Lett51, 82 (2000.

213.M. Williams et al., Inorg. Chem23, 3839(1984.

22An observation of slow oscillations of the resistivity resembling
strongly the SdH effect have led to a suggestion of an additional,
very small FS pocket in this compouriRef. 23. However, our
recent analysisRef. 24 have shown that such oscillations may
originate from the strongly anisotropic character of the main FS
cylinder and do not necessarily invoke additional pockets.

23M.V. Kartsovniket al, Zh. Eksp. Teor. Fiz97, 1305(1990 [Sov.
Phys. JETHO0, 735(1990]; M.V. Kartsovniket al, J. Phys. 2,
89 (1992.

24p.D. Grigorievet al, cond-mat/0108352unpublishedl

253, Wosnitzaet al, Physica B194-196 2007 (1994); J. Wosnitza
et al, J. Phys. 16, 1597(1996.

26 A similar technique was used for studying the organic conductors
a-(BEDT-TTF),MHg(XCN),: 1.J. Leeet al, Synth. Met.85,
1559(1997; M.V. Kartsovnik et al, ibid. 86, 1933(1997).

21G. Mahan, Many-Particle Physics 2nd ed. (Plenum Press,
New York, 1990.

283tandard Mathematical Tables and Formul@RC Press, Cleve-
land, 1996.

29p. Christet al,, Solid State Commur1, 451 (1994).

30For the fit shown in Fig. 4 only the data corresponding to the
nodes withN=3-5 were used. The phase shift fid=6 was
disregarded due to the very large error bar.

060403-4



