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Direct Observation of the Magnetic-Breakdown Induced Quantum Interference
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Magneto-oscillatory behavior of the organic meta(BEDT-TTF),Cu(NCS), has been studied at
temperatures above 2 K at which the thermodynamic quantum oscillations are highly suppressed due
to the temperature smearing of the Fermi level. Under this condition, we directly observe kinetic
oscillations withFg — 2F, frequency coming from quantum interference of the electron orbits in the
magnetic-breakdown regime. The extremely low effective mass of these oscillations causes a very weak
temperature dependence of their amplitude, allowing up te 9 K, the highest temperature reported
for the observation of magnetic quantum oscillations in organic metals. [S0031-9007(96)01213-6]

PACS numbers: 71.18.+y, 71.20.Rv, 72.15.Gd

The interference of conducting electrons moving in asents a textbook example of a MB linear chain network
magnetic field is a specific quantum phenomenon whicltoherent within at least one whole unit cell. Indeed,
can be realized in coherent magnetic-breakdown (MB)oth Shubnikov—-de Haas (SdH) and de Haas—van Alphen
networks. A particular case of the quantum interferencescillations in this compound show that its Fermi surface
(QI), namely, the QI between the electrons passingonsists of a cylinder occupying 16% of the Brillouin
through open orbits connecting two MB junctions (thezone and a pair of corrugated open sheets separated from
so-called Stark interferometer), was investigated in detailhe cylinder by a small energy gap at the Brillouin zone
by Stark and co-workers [1]. A generalized theory ofboundary (Fig. 1). Oscillations of two main frequencies,
Ql in a common case of a coherent MB network wasF, = 600 = 5 T and Fg = 3850 = 50 T, have been
developed by Kaganov and Slutskin [2], and predictedbbserved, corresponding, respectively, to the classical
complicated spectra of kinetic coefficient oscillationsorbit on the cylinder(«) and the magnetic-breakdown
including various linear combinations of fundamentalorbit (8), which includes both the open sheets and outer
harmonics. Recently, Machidat al.[3], based on a arcs of the cylinders, and envelopes the area equal to
numerical analysis of linear chain MB networks, proposedl00% of the Brillouin zone cross section. Besides the
that similar combination frequencies also exist in thefundamental frequenciesd;, and Fg, and their higher
oscillations of thermodynamic properties; however, theharmonics, additional smaller peaks have been detected
temperature and field dependences of their amplitudei® the SdH spectra at frequencigss + nF,, where
differ from those obtained for the kinetic oscillations n = *=1,+2 [5,6]. The frequencies withn < 0 are
[1,2]. From the experimental point of view, QI remains
an exotic phenomenon. It has been observed so far in its
simplest manifestation (Stark interferometer) in pure Mg
and some of its alloys [1] in which the interfering orbits
constitute only a small part of a rather complicated Fermi
surface. The main reason for the lack of experimental
observations is that the MB networks in conventional
metals normally include orbits too large to achieve the
electron phase coherence on a sufficient part of the Fermi
surface including several MB junctions.

Quasi-two-dimensional organic metals are charac-
terized by a relatively small Brillouin zone and, as
shown in numerous experiments [4], the phase co-

herence is often realized in the entire Fermi surfaceFIG_ 1. Schematic view of the Fermi surface of(BEDT-

In particular, the Fermi surface of the organic metalTTF)ZCu(NCS)z. Enumerated filled circles denote the MB
k-(BEDT-TTF);Cu(NCS), [where BEDT-TTF denotes junctions. Dashed lines show the classi¢a) and MB (83)
the bis(ethylenedithio)tetrathiafulvalene molecule] repreelectron orbits
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not allowed within the standard SdH effect which is L
caused by the density-of-states oscillations due to the | IAAANANANAAASY 330K

finite electron motion on closed Fermi surface orbits. AAANAAAAAAAAY 2 99K
Caulfield et al.[7] suggested that these frequencies - ' 1

may come from the QI in the MB regime. However, W 2.41K
the effective mass of the oscillations presented in [7] or ]
with n = —1, mpg_, = 4.7my (where m, is the free g | 2 11K -
electron mass) does not agree with the QI theories
[1,2] and was not explained satisfactorily by the authors c Ar
[7]. On the other hand, Sasaki, Sato, and Toyota [6]
proposed that the additional peaks arise as an artifact
of the fast Fourier transformation procedure. The very 2 .
low amplitudes of the oscillations with the combination Nz
frequencies, which are generally superimposed by much 0.072 0.074 0.076 0,078
stronger fundamental harmonics, did not allow reliable 1H, T
quantltat]ve I_nformatlon on them to be extracted. There_FIG. 2. Oscillatory part of the interplane resistance at differ-
fore, their origin has not been clear so far. ent temperatures, at ambient pressure.

In this paper, we present the results of high resolu-
tion studies of the magnetoresistance quantum oscillations

in k-(BEDT-TTF),Cu(NCS), in magnetic fields up to I .
15’fr(at temperat?freg(up to)é) K. Ab%ve 2 K the thpermo_osuIlat|ons, 2630 T, cannot be represented by a single

dynamic quantum oscillations are found to be highly sup—(:l""SSiC"’lI or MB Qrbit' On the other hand, it perfectly
grees with the difference frequency valég, — 2F,.

pressed, and we directly observe kinetic oscillations wittf! . .
The existence of such frequency can be readily ex-

the f Fg — 2F, ing f I. Thel : . : ;
e frequency ot s coming from Q e low ained in terms of the generalized theory of the MB ki-

effective mass of these oscillations causes a very we . ilati his th di h ilati
temperature dependence of their amplitude. The madetic oscillations [2]- T Is theory predicts the oscillating
art of a kinetic coefficient, in particular, electrical con-

can be tuned to the zero value by applying a modera}tﬁ e b ; bination h .
quasihydrostatic pressure below 10 kbar; in that case, tHaCtivity, to be a sum of combination harmonics,
damping of the oscillations is determined only by the tem- ) ichS
perature dependent phase-relaxation time. This allows the D exdi(dr — da)] = > ex ?> 1)
(B — 2a) oscillations to be observed up To= 9 K, the AN AN

highest temperature reported so far for the observation of , : . .
magnetic quantum oscillations in organic metals, whereA and A’ are a pair of different electron paths in the

The experiment was carried out on several singlﬁk space having common starting and ending poiitsis
crystals of k-(BEDT-TTF),Cu(NCS), synthesized in he change of the quasiclassical phase of the electron wave

either the Himeji Institute of Technology or the Institute packet at its evolution along thi path under magnetic

osc’

of Chemical Physics. The low contact resistance, Iowepe’ld H,
than 10 ), enabled us to measure the interplane (i.e., lic
normal to the highly conducting-c plane) resistance br= eH J, kxdky , )

of the samples, which was typicall10 (O at low
temperatures, with the relative resolutionst0~> atthe and S,, is the area of the corresponding single- or
current of 0.1-1 mA. The in-plane resistance was alsonultiply-connected contour calculated, taking into ac-
measured and showed essentially the same behavior esunt the number and direction of traversing the loops
that of the interplane one. However, due to low valuedncluded in theA and A’ paths; the summation is taken
of the in-plane resistande-10 m{}), it was not possible over all the possible paira, A’. For the network shown
to achieve the necessary accuracy without considerabla Fig. 1, the sum (1) includes, in particular, the paths
overheating by the measuring current. A-1-2-3-4-1B andA-1-2-1-2-1B, giving rise to the oscil-
Figure 2 shows the oscillatory part of the magnetoredating term cof(c/i/eH) (Sg — 2S,)] in the real part of
sistance in the magnetic field normal to the plane at the conductivity.
different temperatures. The slow SdH oscillatioRs, = The origin of the(8 — 2«) oscillations can be clearly
605 T, corresponding to the classicalorbit, which dom- illustrated in a way similar to that used by Stark and
inate below 2 K, fade away as the temperature increaseReifenberger [1], by calculating the probabilif4?) for
and new rapid oscillations become clearly visible. Thean electron to pass from the poidt to B in Fig. 1;
amplitude of the rapid oscillations is very lows10™* of ~ I'“®) enters the expression for the open orbit contribution
the background resistance; nevertheless, they have betnthe magnetoresistance. To do this, we first calculate
found in all the studied samples. The frequency of thes¢éhe probability amplitudes,y,, for different possible
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trajectories of the electron packet which lead franto B,  quasiclassical phase at traversing the orhitend 8 as
restricting ourselves, for simplicity, to those consisting ofdetermined by Eg. (2). Now, taking into account that
no more than four elementary arcs connecting the adjacetite probability amplitude of the electron traversing the
MB junctions. There are four such trajectorie&;1-  path A in time ¢, is damped due to the finite quantum
B, A-1-2-1B, A-1-2-1-2-1B , andA-1-2-3-4-1B, in the state lifetimer by the factor exp—t,/27), we obtain, for
notations of Fig. 1. Denoting the probability amplitude T = 0,

for the transmission through the MB junction as=

P'/2 and for the Bragg reflection ag = i(1 — P)'/2, 48 = yy* = Z YAV

where P = exp(—Hwg/H) is the MB probability and T+ T Toy + T + Tg o — Tga,
Hyg is the MB field [8], we express the probability

amplitudes corresponding to the mentioned trajectories 3)

asq, qp* expliga), ¢°p* expid,), andgp® expli¢p),
respectively, wherep, and ¢z are the changes of th? where

— t
T = Q[l + Pzexp<—t—“> + P2Q2exp<—2ﬁ> + P“exp(——ﬁﬂ,
T T T
ta 22 3la 2 ta
'y =[0Pexg —— | — Q°P expg ——= ] |COSp,, I2¢ = Q°Pexpg —— |coL¢pa),
2T 2T T
2 Ip
I'g = QP ex;{—2 )COSQDB,

5
Tg—o = OP° exp(—

ta t 1t

2ty +t
)COS(GD;; - ¢a), Dpgo2e = Q°P° ex;(—TB>cos(¢ﬁ = 2¢q), (4)

and Q9 =1 — P is the Bragg-reflection probability.| smaller than the MB gaps6 meV [10], the probabilities
Thus, the total probabilityl'“®) contains several os- Q andP may be considered as constant over all the Fermi
cillating terms, includingl'g—», = cod¢p — 2¢,) =  surface. Thed z_,, will represent a rough evaluation of
co§2m(Fg — 2Fy)/H]. the relative contribution of the@3 — 2a) oscillations to the
The effect of finite temperature is determined, astotal magnetoresistance. On the other hand, the upper limit
in the standard Lifshitz-Kosevich (LK) theory, by the of the thermodynamie-oscillation amplitude in the two-
energy dependence of the oscillation phase, in our casdimensional approximation [8] giveR, = 4 X 107*R,
of the difference between the phases of the interferingt the same temperature and magnetic field. At higher

trajectoriesh and A/, temperatures, the oscillations rapidly diminish due to
by — du) e (3 their co.mpgratlvely hlg.h m_asS,Smo. The amplitude of
e — =\—-_ - the oscillations shown in Fig. 2 demonstrates a very good
9e ki 98 Sk 9 Jin agreement of the present estimations with our experimental
Y g p p

= (my — my). (5) data. The very low effective mass of the rapid oscillations
el allows them to be clearly observed at relatively high tem-
Therefore, the corresponding thermal factor contains thperatures and unambiguously proves their QI origin. We
effective mass equal to thdifferencebetween the cy- note that, in contrast to the kinetic oscillation theory [1,2],
clotron masses on the pathsand A’. For the(8 — 2a)  the work [3] predicting thermodynamic oscillations with
oscillations, the effective mass;_,, = mg — 2m, [9].  the combination frequencies suggests that the temperature
Now it becomes clear why the QI oscillations with the dependence of the amplitude of the oscillations with dif-
frequency 2630 T can be observed at high temperaturderence frequency is stronger than that of the fundamental
at which all the other harmonics are damped by the temenes (i.e., higher mass may be prescribed to the difference
perature smearing of the Fermi level. The effective masfrequency oscillations) and is therefore unlikely to be ap-
determined from the temperature dependence of the oglied to the observed phenomenon.
cillation amplitude yieldsng_», = (0.9 = 0.1)mg, which It is interesting to note that the effective mass of the
is a factor of 4 smaller than the cyclotron mass of the(8 — 2a) oscillations can be further reduced and even
fundamentala oscillations. Adding the thermal factor tuned to zero by applying a moderate quasihydrostatic
with m = mp_,, to the expression (4) and evaluating thepressure. Indeed, as shown by Caulfigltl al. [11],
lifetime damping factor through the Dingle temperaturethe areas of thew and B orbits have considerably
determined from the experiment [9]p =~ 0.6 K, we es- different dependences on pressure. Therefore, one can
timate the termlg_,, ~ Q?P3 X 1072 = 3.5 X 1074,  also expect the relation between their masses to change
atT = 25K, H= 14 T. Taking into account that the with pressure. Figure 3 displays the oscillatory part
warping of the Fermi surfacesl meV, is sufficiently of the magnetoresistance & = 8.5 kbar at different
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FIG. 3. Oscillatory part of the interplane resistance at differ-
ent temperatures, at a pressure of 8.5 kbar.

temperatures. The — 2«) oscillations can be resolved 1]
up to 9 K. The standard LK plot for the determination

of the effective mass shown in Fig. 4 yieldsg_,, =

0.3mg, an order of magnitude smaller than the classical 2]
effective mass. This plot does not take into account that
the quantum state lifetime may change considerably
in the relatively wide temperature range. ThigT)
dependence should cause an additional, independent df]
the LK thermal factor, damping of the oscillations at
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FIG. 4. Temperature dependence of tie— 2a)-oscillation ~ [11]

amplitude. The dashed line represents the standard LK plot
with u = m*/my = 0.3.

[7] J. Caulfield, J. Singleton,

heating the sample. Noting that below 4 K the oscillation
amplitude is constant within the experimental error, we
may suppose that the true effective masg_»,
0 at the present pressure, attributing the decrease of

amplitude at higher temperatures to the increasing

temperature dependence of Further detailed studies
under pressure should check this supposition and provide
important information on the quantum state lifetime and
its temperature dependence.
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