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in high magnetic fields

N. Harrison, R. Bogaerts, and P. H. P. Reinders
Laboratorium voor Vaste-Stoffysica en Magnetisme, Katholieke Universiteit Leuven, Celestijnenlaan 200D, B-3001 Heverlee, Belgium

J. Singleton and S. J. Blundell
Department of Physics, University of Oxford, The Clarendon Laboratory, Parks Road, Oxford, OX1 3PU, United Kingdom

F. Herlach
Laboratorium voor Vaste-Stoffysica en Magnetisme, Katholieke Universiteit Leuven, Celestijnenlaan 200D, B-3001 Heverlee, Belgium
(Received 1 February 1996; revised manuscript received 10 May) 1996

Departures from standard Lifshitz-Kosevich behavior observed in the oscillatory magnetization and magne-
toresistance of bigthylenedithigtetrathiafulvalendBEDT-TTF) charge-transfer salts in high magnetic fields
are investigated using a numerical model of the Landau levels in a quasi-two-dimensional metal. The numeri-
cal model enables oscillations in the chemical potential to be treated, as well as the effects of finite tempera-
ture, Landau level broadening, and the presence of additional quasi-one-dimensional Fermi surface sheets. The
numerical calculations reproduce experimental magnetization data successfully, and allow several phenomena
observed in the experiments to be investigated. It is found that pinning of the chemical potential to the Landau
levels is responsible for the apparent anomalously low effective masses of the higher harmonics of the de
Haas—van Alphen oscillations observed in recent experiments. In addition, the quasi-one-dimensional compo-
nents of the Fermi surface are found to have a pronounced influence on the wave form of the oscillations in the
model, providing a means by which their density of states can be estimated from experimental results. Whilst
the magnetization is a thermodynamic function of state, calculations of the behavior of the magnetoresistance
are much more model dependent. In this paper, recent theoretical models for the longitudinal magnetoresis-
tance in semiconductor superlattices have been modified for use with the BEDT-TTF salts and are shown to
successfully reproduce the form of the experimental data. The strongly peaked structure of the magnetoresis-
tance, which comes about when the chemical potential is situated in or close to the gap between adjacent
Landau levels, is found to be responsible for the apparent strong increase of the effective mass which has
recently been reported in high field transport measuremgs@d.63-182606)07137-9

[. INTRODUCTION tudinal magnetoresistance of a quasi-two-dimensi¢@aD)
metal. As the relevant experimental dafsinvolve measure-

The method derived by Lifshitz and Kosevi¢hK) has  ments of then-phase BEDT-TTF salts, the model Fermi sur-
been used to treat quantum oscillatory phenomena such #&ce used is based on those calculated for this family of
the Shubnikov—de HaatSdH) and de Haas—van Alphen compounds; i.e., it consists of a very slightly warped cylin-
(dHvA) effects in metals for many years with great success.der plus a quasi-one-dimension&1D) open section. The
Recently, however, quantum oscillations have been observagsults of the numerical calculations are successful in ac-
to depart significantly from conventional LK behavior in a counting for many of the departures from LK behavior ob-
number of charge-transfer salts based on the molecule biserved in the BEDT-TTF salts. Furthermore, although the
(ethylenedithigtetrathiafulvalenéBEDT-TTF).> > These de- Q1D part of the Fermi surface does not cause quantum os-
partures become most apparent when the temperature depailtations, its associated density of states plays an important
dence of the oscillations is analyzed in an attempt taole in determining the wave form of the experimental quan-
determine the quasiparticle effective mass. In particular, tum oscillations.[Note that departures from LK behavior
the higher harmonics of the oscillations are found to be mordave also been observed in TMT8Ref. 6 and BEDT-TTF
weakly dependent on temperature than predicted by the LKRefs. 7, 8 charge-transfer salts due to the presence of a
model! leading to estimates fom* which are lower than spin-density-wavéSDW) ground state; however, effects due
those derived from the fundamental frequefcyn the case to SDW's are beyond the scope of the model and will not be
of the SdH effect, an apparent increase of the effective madseated in the present papkr.
of the fundamental frequency is also observed at high mag- This paper is organized as follows: Sec. Il gives a more
netic fields>* detailed introduction to the problem, and Sec. lll presents

The departures from LK behavior at high fields appear tocalculations of the oscillatory magnetization. Section IV de-
be directly related to the low-dimensionality of the BEDT- scribes a method for analyzing experimental magnetization
TTF salts. In order to gain an understanding of the influencelata which takes account of the Q2D nature of the BEDT-
of dimensionality on the quantum oscillations, we have used TF salts and Sec. V shows calculations of the magnetore-
numerical methods to calculate the magnetization and longisistance. A summary is given in Sec. VI.
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Il. A QUASI-TWO-DIMENSIONAL METAL The conventional LK theory is based on the assumption
IN A MAGNETIC FIELD that w is constant; as has been described above, this is only a

. valid approximation in a Q2D system at very low magnetic

BEDT-TTF salts are often referred to as Q2D, since %ields1° Therefore, in a derivation of the oscillatory magne-

isnmalll or\]/erlai[;)] (\);rt]hf imolec:IIIarlgertélitg(ljs tﬁit\grezr':atlrl]oe ?g&?iszization or magnetoresistance of a Q2D system, the full mag-
g pianes, at Is usuatly Y 9 netic field and temperature dependenceupB,T] must be

direction, Igads to th_e formatlo_n of a W‘?a"'Y dispersed ®Ntaken into account. This involves finding the inverse of the
ergy band in the reciprocal lattide, direction(i.e., perpen-

dicular to the Q2Lk, kK, planes.®1° For the purpose of this integral
discussion, the three-dimensiori@D) dispersion relation for .
a clos_ed Q2D portion of Fermi surface is modeled by the N:f o[e,Blf[e,u]de )
equation 0
22 A2 W over all states. Herd\ is the total number of electrons per
= X Yy (1— unit volume, which is held constantg[e,B]=g[e,B]
6= 5% + o + o (1=cogkyb]). (1)

+9g[¢] is the total DOS, and[e,u]=(1+exd(e—w)/kT]) !
is the Fermi-Dirac distribution function.
It is the finite interplane bandwidthV which causes the An analytical solution foru[B,T] can be found for the
warping of the otherwise perfectly 2D Fermi surface. Inextreme case of an ideal 2D electron gas with infinitely sharp
some materials, such #@&(BEDT-TTF),l;,'! the warping of  Landau levels. This approach was adopted by Vaghet®
the Fermi surface is thought to have been observed in thia an attempt to explain dHvA measurements made on 2D
quantum oscillations as a beating effect between two similaGaAs/ALGa _,As heterojunctions and graphite intercalation
frequenciesF and F+AF. These correspond to the mini- compounds.! The scope of their solution was, however,
mum and maximum Fermi surface extremal areas respesomewhat limited owing to the fact that it did not include the
tively; the difference frequency is given lyF =Wni/ef.  effects of Landau level broadening. While an approximate
In contrast, thex-phase BEDT-TTF salts do not exhibit pro- solution which considers Landau level broadening in the
nounced beating effects™1%2For this reason, as far as the case wherd =0 has been consideréfithere has yet been no
quantum oscillatory behavior is concerned, these materialsomplete analytical solution which fully combines both the
are nearly ideally 2D. A small but finite warping of the effects of Landau level broadening and thermal damping. In
Fermi surface is, however, known to be present, owing to itgontrast, one of the major successes of conventional LK
manifestation in the form of angle-dependent magnetoresigheory is that it can be adapted to include many additional
tance oscillation&® physical effects such as Landau level broadening in the form
The inability to resolve the two separate frequencies inof harmonic damping factorst>1°
the quantum oscillations implies that the difference in area Without a general analytical solution ft[B,T] which
AA=2meAF/h between the Fermi surface extremal areas isan include scattering, etc., it is necessary to resort to nu-
less than the difference in arda=2mweB/f between adja- merical methods. Although such methods are more time con-
cent Landau tubef.e., AF/B<1, whereB is the magnetic suming, they enable the effects of Landau level broadening,
induction. Current experimental evidence suggests an upp€inite temperatures and so on to be investigated using the
estimate of~5 T for AF in the a-phase BEDT-TTF salt¥.  model. In the following section we shall begin by calculating
Therefore, by applying the high magnetic fields typically the magnetizatiofi.e., the de Haas—van Alphen effecthe
available at pulsed field laboratorfe$ it is possible to advantage of calculating the magnetization is that it is a ther-
achieve the situation whereF/B<1. modynamic function of state and can therefore be related
This near ideal two-dimensionality implies that the Lan- directly to the free energy of an electron gas. In contrast, the
dau level structure in the density of statd30S) should calculation of the magnetoresistan&ec. V) involves many
become clearly resolved. The sharpness of the Landau levelore assumptions about the electronic scattering mecha-
structure depends not only on the degree of warping of th@isms. As the aim of this paper is to model recent high field
Fermi surface, but also on the extent to which the Landawlata (B>20 T), the warping of the Fermi surface will be
levels are broadened by the finite quasiparticle lifetime ignored for the purpose of the magnetization calculations; as
Only when the width of the Landau levelig* is less than  has been discussed above, this is not thought to be an impor-
the cyclotron energyiw, (Wherew,=eB/m*) can the Lan- tant consideration at magnetic fields above 10 T. However,
dau levels be well resolved. As a consequence, the size of thtee existence of a finite Fermi surface warping is necessary
oscillatory contribution to the density of statgfe,B] be-  for the existence of the longitudinal magnetoresistance, and
comes comparable to or larger than the field-averdbadk-  so is reintroduced in Sec. V.
ground DOS g[e]. In this situation, wher@[e,B]>g[¢],
the chemical potentigl becomes pinned to the highest oc-
cupied Landau tube and therefore oscillates as the magnetic
field is swept:> We refer to this situation as the “high mag-  The magnetization for an ensemble of electrons is given
netic field limit”: in 3D systems, it is reached only in the by the partial derivative
extreme quantum limit when one Landau tube is occupied.
However, for the Q2D systems considered in this paper, the IHe
high magnetic field limit is reached when 10 or 20 Landau M[B,T,N]=——5- ,
tubes are still occupiett® 9B lyT

Ill. THE OSCILLATORY MAGNETIZATION

()
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where the Helmholtz free enerdyr is related to the ther-
modynamic potential 30

' increasing 1D DOS '

1/

Q=—kTJ gle,BlIn[1+e# 2k gg (4) S 29
0 £
_ =
by the relation 28
He=Q+ uN. (5) 40 45 50
. TR B(M
It can be shown analyticafly that the magnetization is : ,
equivalently given by b) A ~—— increasing 1D DOS
~ 400 |
o0 P N
M[B,T,,u,]=—£ - (6) g 0F y {
T = 400}
Here, M is a function of u which is itself a function of . . .
magngtic field a_nd temperature. _ 40 45 50
Whilst there is as yet no clear consensus regarding the B(T)

exact form of the Landau level broadening in 2D systems,

recent detailed torque magnetization measurements per-

formed on GaAgGa,Al)As heterostructures have been able FIG. 1. (@ The calculated chemical potential for
to probe the DOS rather directly. Experimentally, the func-a-(BEDT-TTF),KHg(NCS), where7 ! andT are zero, for increas-
tional form of the broadening distribution function is indis- ing values ofg;p/g,p equal to 0, 1/3, 1, 3 and 10. This illustrates
tinguishable from that of a Lorentzigh.Such Lorentzian the effect of the presence of the additional DOS of the Q1D band on
broadening was originally proposed as an appropriate way dhe wave form of the oscillationgb) The corresponding magneti-
taking into account the effects of quasiparticle scattering irFation. The intervaly (over which the chemical potential is pinned
metallic systems by Dingl® A further assumption which S shown for the case whegyp/gp=1 (note that thep-p amplitude
can be made to simplify the integration procedure is that th&f the magnetization is not affected by the presence of the Q1D
field averagedor equivalently, zero fieldDOS g is con-  Pand:

stant. This is generally expected to be true for a 2D parabolic . L
band?* In anygcase, t%e pFr)ecise functional form of tEe poscontext of this calculation it is only the DOS of the Q1D

when < should not have any significant effect on the pand in the vicinity ofu (the reservoir capacitancehich is

magnetization when 10-20 Landau levels are still Occupieanportant,fand ncl)t tlhti total numbetrh of ?‘D states. Fnor the
(as is the case in the high field experiments on BEDT-TT urpose of our calculations, we can therefore consiggtto

salt€9).1° The DOS therefore becomes be b_oth _independent of magnetic 1_‘ie|d ands a first_ gp-
proximation. The following summations are then valid:

gls.BI=(DI/m) X (&' (W4T, () ole.BI=0:0+ gzol e Bl, ®

2 N=Nip+Nzp. 9
whereD =NB/F=1/7b\* is the degeneracy of Landau lev- ] .
els, T=#/27 and A= \A/eB. For convenience, the energy !N all the calculations, we have ignored the effects of Zee-

variable has been changed via the transformatiodnan splitting of the Landau levels. In the experimental re-
¢’ =e—fhw(n—1/2)—W/2, in order to shift the coordinates Sults which are considered, there is no evidence to suggest

to the center of the Landau level. that spin splitting is a significant effect at high magnetic

As has been mentioned in Sec. I, in reality the Fermifields®™* _ .
surfaces of thea-phase BEDT-TTF salts consist of both _Figure X&) shows the calculated chemical potential for
Q2D and Q1D componenfseach of which make their indi- Various values ofj;p W'th*T andT zero; the experimen-
vidual contributionsg,gle,B] andg;p[e,B] respectively, to  tally determined valuesn™=2.7 andF =670 T, valid for
the DOS. These extra terms in the DOS can be included i#-(BEDT-TTF),KHg(NCS), in its high field statéhave been
the model by keeping the total number of electrons in the/Sed. As would be expected, the oscillationsucdre largest
system constant whilst letting them distribute themselved?h€ng1p=0, with @ maximum possible peak-to-pegi p)
amongst the Fermi surface components under the constraififnPlitude equal tdiw,. The fractiony of the oscillation
that u must be the same throughout. The Q1D part of theo_erloq over whmhM increases with fleld corresp(_)nds to the
Fermi surface in thex-phase(BEDT-TTF) salts is an open Situation whereu is pinned to the highest occupied Landau
orbit, and therefore does not undergo Landau quantization itgVel- By increasing the relative contribution to the DOS
the vicinity of . This part of the Fermi surface therefore coming from the Q1D component of the Fermi surface, both

behaves primarily as a carrier resen®itp and from which ¥ and the overall amplitude of the oscillations @fbecome
the carriers can flow in an attempt to minimize the free enSmaller. It can be shown that
ergy of the system. The size of this reservoir is determined —
by the total number of 1D states. In a truly 1D electron 920

T \ Y=o (10)
system, the DOS varies with energy as;owever, in the 910t 92p
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where Ry[T,B]=Xy/sinh[X;], X,=27’kTn{/e#iB, and

aof ' A4 a4 A= ='0 ] a=2e’F/wbm*. Once again, the warping of the Fermi sur-
-~ of M%y 3 face has been ignored and in Figbg 7 '=0. The total
'E -400 | 5 thickness of the Q2D Fermi surface slakkispace is equiva-
< § a) 0T=1 1 lent to the reciprocal lattice parametex/B perpendicular to
< 400 | oEz0 . the conducting planes. Note that in the teRy, the masses
= or % ] my =pm*; i.e., they are a factop larger than the effective
N -400 | ] massm* of the fundamental frequency. As a result, the am-
2 X 910/920=10 4 plitudes of the higher harmonics in the LK theory are more
2 408 y g strongly attenuated by increasing temperature than that of the
= of 1 fundamental frequency.
S Y Ry SR RN Figure 2b) shows that the second harmonic in the nu-
40 42 44 46 48 50 merical calculations of the magnetization departs more
B(T) strongly from the LK prediction(The same is also true for
— T T T the higher harmonics.When g,5/0,0=0, the second har-
~ 400 FT e 910/Tp=0 ] monic amplitude becomes negative due to the change in the
TE a00 Fm s Istharmonics oo Iio/Tn=1 ] left-right symmetry of the wave formisee Figure @)]. In
< | === GipfGop =10 | the casey,p/g,p=1 (i.e., reservoir DOS equal to Q2D DQS
E 200 | — LK model the wave form has no even harmonics at all wier0 as it
£ i consists of a series of symmetrical triangles. Instead more
i 100 spectral weight appears in the odd harmonics. Only when the
F= '\ temperature is increased do the even harmonics begin to ap-
g I peatr; this tilting of the wave form at higher temperatures can
& -100 be explained by the effective extension of the pinning inter-
T val y as the temperature increases. Wheris situated di-
-200 — 5 rectly between two neighboring Landau levels, the width of

the Fermi-Dirac distribution has less influence on the mag-
netization at this point on the wave form, and hence it is less
temperature dependent. Whe/d,p=10, the results of the
FIG. 2. (@ The magnetization calculated for different values numerical calculations correspond most closely to those of
of gip/gp (=0, 1 and 10 now at finite temperatures of the LK theory. However, even in this case, the fundamental
T=0,1,2...,5K.(b) A plot of the temperature dependence of the frequency has a slightly larger amplitude than that predicted
relative amplitudes of the fundamental and second harmonic contripy the LK theory due to a slight shifting of spectral weight
butions extracted by Fourier analysis. The relative harmonic amplifrom the even harmonics on to the odd harmonics.
tudes predicted by the 2D LK model are also shown for Compari- In experimenta| Studiesl effective masses are often ob-
son. tained by fitting the functioR, = X,/sinh[X;] (from 2D or
3D LK theory) to the various temperature dependences of the
The quantityy also defines the fraction of the oscillation harmonic amplitudes of the quantum oscillations. If this pro-
period over which the magnetization increafas shown in  cess is carried out for magnetization amplitudes generated by
Fig. 1(b)]. However, the absolute-p amplitude of the mag- the numerical calculations shown in Fighg, it is found that
netization is independent af;p. In the limit g;5=0, the thatm}~2.8,m} ~3.4, andm} ~ 3.8 wheng,/g,p=0. This
shape of the wave form corresponds to the ideal 2D limitnow explains the origin of the low estimates of the effective
whilst asg;p—, the wave form approaches that in the LK masses obtained from the higher harmonics in dHvVA mea-
regime whereu=¢g, the Fermi energy. surements ofa-(BEDT-TTF),KHg(NCS), in its high field
Figure Za) shows a numerical calculation of the magne-state? Because the higher harmonics deviate strongly from
tization as a function of temperature for three different val-the 2D LK theory and have a complicated temperature de-
ues ofg;p (see figure captionand zero scattering rate. The pendence, they cannot be used by themselves to determine
temperature dependences of the amplitudes of the fundametne true effective mass.
tal frequency and the second harmofiifeig. 2(b)] differ The effects of Landau level broadening on the amplitude
markedly in the various cases considered. For ease of comaf the oscillations can also be investigated. A DOS which
parison, the temperature dependences of the fundamental friccludes Landau level broadening was introduced in (2g.
guency and second harmonic expected in the LK model havEigure 3 shows the calculated magnetization for the two ex-
also been plotted. As the Fermi surface in question is Q2Direme casesy;p=0 andg;p>0d,p, at temperature$=0 and
the 2D LK expression valid for a single slab ofspace has T=2 K: the scattering rate has been set af!
been used, rather than the conventional 3D LK formttlla ~ =0.5x10'? s™%, corresponding to a Dingle temperature of
the 2D LK approximation, the magnetization is Tp~0.6 K1>1°Becauseu oscillates with magnetic field, the
damping factors of the oscillations for finile and 7 * can
no longer be considered separately, but are interrelated. This
e~ Pl renders the conventional “Dingle analysis” approach
' inappropriaté®!® Nevertheless, the fact remains that
(1)  whether thermal damping, Landau level broadening or a

M= iRTB—1 in2 F 2
= ap:l ol T, ]prsm ™53
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FIG. 4. The free energf calculated for two different cases of
01p/9,p. For the case wherg,p/g,p=10, the additional constant
free energy contribution originating from the Q1D band has been

1 . 1_ 21
7 'andT. In the calculations we have used'=0.5x10?s ™%, and ¢\ octad in order to show that the peak to peak amplitudes are
the temperatue 0 K and 2 K. The main observation is that al- identical

though the shapes of the wave forms for the two cases differ some-
what at high magnetic fields, the peak to peak magnetization i
independent 0§;p/g-p.

FIG. 3. The calculated magnetization for two different extreme
cases 0fgip/g,p, to demonstrate the combined effects of a finite

?unction tail kT=0.07 meV are substantially less than the
cyclotron energyhw.=1.7 meV? The oscillations ofu are
combination of the two is included, the p amplitude of the therefore expected to be signific_ant in this material, ar!d so.it
magnetization remains independentef,. Only the shape of forms a yseful test of the numerical calculations described in
the wave form and hence the relative amplitudes of the haith® Previous sections. oy
monics are affected by the presence of additional Q1D states. | "€ intérmixing of the parametefsand 7 ~in Q2D sys-
This result can be understood by examining the analyticale™s: together with the absence of a general analytical ex-
LK expression given as Eql11). The chemical potential Pression forM, means that the simple analysis procedures
appears only in the argument of the sine function, aghich are appropriate for 3D systems can no longer be used.
F/IB=ulfiw.. In this way, an oscillatoryu[B,T,gp] will A point of departure is that the-p magnetization amplitude
not affect the overalp-p amplitude of the oscillatory mag- is independent of the Ql_D DOS. However, this dqes not turn
netization but just shift the relative positions of the minima©Ut t0 bé a very convenient approach for analyzing data, as
and maxima in magnetic field. the maxima and minima iM do not occur at }‘|_><ed values of

A potentially useful empirical relationship can also be de-F/B (S€€, €.g., Figs. 1 and 2 where the positions clearly vary

duced from the results of the numerical calculations; for anyVith both T andg,p); before finding thep-p amplitude, any

91 T OF 7%, calculated expression for the magnetization must first be dif-
ferentiated to locate the maxima and minima. The free en-

~ N _ ergyHg, on the other hand, also hagpap amplitude which

M~ 5B # (12)  isindependent ofi; (an example of this is shown in Fig) 4

_ but possesses left-right symmettiye., it is an even func-
(whereM and are the oscillatory components of the mag-tion). Hence its maxima occur at integer valuesFéB and
netization and chemical potential respectivglyovided that  its minima occur at odd half-integer valuesi®fB (i.e., 1/2,
F/B>~1023 A similar proportionality is thought to apply to 3/2, etc). Thep-p amplitudeH ,_, is independent ofi; (&),

3D systems? In that case, the quantity is defined approxi- because at the points whef¢B is an even or odd half
mately asy/g,,;, whereg,, refers to the field-averaged DOS integer,u is equal to the Fermi energy: . Consequently, the
of the entire Fermi surfac€.Equation(12) is useful in thatit  p-p amplitude of the free energy is the same in the ideal 2D
enables approximate values of the magnetization to be calimit as it is for the 2D LK limit.

culated without calculatingl - . Alternatively for a given set This latter observation provides a unique opportunity by
of dHvVA measurements it is possible to determpeand  which the amplitude of the oscillations can be interpreted in
hence the DOS. terms of the 2D LK result* According to the 2D LK for-
mula of Eq.(11), the p-p amplitude of the free energy is
IV. OBTAINING PARAMETERS given b
FROM THE MAGNETIZATION
, B? M
Experimental measurements of de Haas—van Alphen Hpp=2— P
oscillations in the high field state of F boa 27P
a-(BEDT-TTF),KHg(NCS), show that at fields of~40 T B2 1 X

both the Landau level broadeningir 1=0.13 meV =2a— > —us

p —mplwsT
5 e c’. (13
(Tp=0.25 K) and the width of the Fermi-Dirac distribution F poaa 47P7 sinX,]
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. . FIG. 6. (a) The numerically calculated magnetization using the
FIG. 5. The relative peak to peak amplitudes of the free energ%arameterénl +Landgry whi)éh were determ?ned experimentgally

calculated both from the 2D Lifshitz-Kosevich theory and the nu-: . L
: . . - — in Ref. 2.(b) The corresponding measured magnetization. The ar-
merical calculations in the most extreme scenario wigyg,p=0. — :
rows indicate the appropriate axes.

In addition we show the amplitude of the Lifshitz-Kosevich funda-
mental frequency by itself for comparison. All curves are renormal- . . .
ized so that the zero temperature amplitude of the latter curve iapp“ed to the data of Ref. 2 requires the adjustment of only

unity the parametew, yielding g,p/g,p=0.4+0.2.

To illustrate the results of this procedure. Figa)éshows
a numerical calculation of the magnetization of
a-(BEDT-TTF),KHg(NCS), in its high field state using the
parametersn*, 7 1, andg, determined from the data using
the analysis procedure described above. Figile $hows

Here H,= BZMp/27rpF, and theM,, represent the Fourier
components of the magnetizationote that the even coeffi-
cients do not contribute tbl,., and that care must be taken

to use the correct sign d#1,). Equation(13) is plotted in .
. ; X . ; the measured dHVA signal from Ref. 2, converted to magne-
Fig. 5 alongside the@-p amplitude obtained for the ideal 2D tization by integration. A comparison of Figs(aband &b)

limit using the numerical calculations. The excellent agree- :
ment between the two methods demonstrates that( B3, suggests that the model is able to reproduce the features of

can be used with confidence to obtaiit and T, from mea- the experimental data and provide a satisfactory estimate for

surements, even in the most extreme ideal 2D &hse. the absolute amplitude of the magnetizatiphhe dramatic

For many systems, the third or higher harmonic Contribu_attenuatlon of the experimental oscillations seen in Fig) 6

tions to the experimental magnetization will be negligible InPelow 25 T is due to the so-called "kink™ field-induced
a-(BEDT-TTF),KHg(NCS),, for examplez, Fourier analysis phase transition, which is discussed in more detail in Réf. 2.
of the dHVA signal in the high field state shows that the

amplitude of the third harmonic is only approximately 8% of V. THE OSCILLATORY MAGNETORESISTANCE

that of the fundamental. Since the dHVA Signal is the second In contrast to the magnetization’ the magnetoresistance

derivative ofHg, the magnitude oM /p in Eq.(13) for the  cannot be directly related to the free energy, but instead de-
third harmonic W|” in fact be nine tlmes smaller than this. pends on Comp“cated Scattering processes. It is therefore
ThereforeM4/3 is ~1% of My/1, and is on the threshold of necessary for a number of approximations to be made in

being significant. attempts to simulate experimental data. In high magnetic
Including only the first and third harmonic terms of Eq. fields, it might naively be expected that the form of the
(13), we obtain Shubnikov—de Haas oscillations in organic Q2D systems
would resemble those observed in 2D semiconductor sys-
M 1 Mo X1 oy & X3 iy tems such as Si inversion layers and GdGs;AlAs
1Pz MsTa gy © *9 sinhxg) © : heterostructure¥:?® However, the magnetoresistance of 2D

(14) semiconductor systems is invariably measured with the cur-
rent in the sample 2D plane. In contrast, measurements on

This formula can be iteratively fitted to the experimentalthe BEDT-TTF charge-transfer salts are typically made in
values forM, deduced fora-(BEDT-TTF),KHg(NC9), at  the longitudinal direction, with the current parallel to the
different temperaturésto yield an effective mass between magnetic field and perpendicular to the Q2D conducting
2.5 and 2.6m,, while the quasiparticle scattering rate* is  planes; this approach tends to avoid problems related to con-
approximately 0.X10' s, The effective mass obtained tact geometry and yields much largée., more easily mea-
should be compared with the value 2xi obtained in Ref. 2 sured resistance$’ For this reason, there are significant dif-
by fitting the data to onlyX,/sini{X;]. Finally, g,p is found  ferences between the measurements made on organic
by comparing numerical calculations of the magnetizationconductors and those made on 2D semiconductor based sys-
with the experimental traces and adjustigg, to shift the tems.
maxima and minima in the numerical curves to the same Most theories of longitudinal magnetoresistance deal only
positions as those in the experimental data. Such a proceduvéth fully 3D systems®~?as a strictly 2D system, by defi-
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nition, has no conductivity perpendicular to the conducting
plane. The organic conductors, therefore, represent an inter- i :
mediate case between 2D and 3D extremes and have many 4 la) : 8

culate the longitudinal magnetoresistance. A useful starting +1=02x10"25"
point is formed by the model of Datars and Sfdeleveloped
for semiconductor superlattices; as will be seen below, the
model provides an explanation for some of the essential fea-
tures of the magnetoresistance oscillations observed in or- 0 T f ot . } ;
ganic conductors’ in spite of the fact that the relative energy 5|
scales are very different. x10°1 b)
The component of the velocity in the longitudin@hter-
plane direction in the Q2D organic conductors is very small
compared to the typical values in 3D metals. Furthermore, = 6x10%}
although in 3D systems a large number of Landau levels

properties in common with semiconductor superlattiCes. =0

Although in the above calculations of the Landau level den- 3L

sity of states we have ignored the dispersion in the interplane q
direction, its existence must be reintroduced in order to cal- 2 |

DOS (arb. units)

< 1=08x10"s""

t1=02x10"s"

2

contribute to the conductivity, a single Landau level domi- SN 4x10% - T
nates in Q2D systems at high magnetic fields. The latter o . o
point enables some approximations to be made, and therefore 2x10 TosxI0Ts

greatly simplifies the calculations. In the model of Datars
and Sipe? the longitudinal conductivity of the Q2D band is

. -0.5 0.2 0.0 0.2 0.5
given by 255" ho,
o,=—e%>, ! vqn.k,]7[K]f'dk,, (15
z = D)\2 zL 2l z FIG. 7. (a) The thick line represents the density of states profile

of the Landau level for a given minibandwidtwarping in the
wheref’ is the derivative(with respect toe) of the Fermi-  absence of Landau level broadening. Additionally, as thin lines, we
Dirac distribution function. The longitudinal velocity have calculated the Landau level broadening characteristic of the
v,= delfdk, can be obtained from the dispersion relation of measured samples of(BEDT-TTF),KHg(NCS), (Ref. 2 and in
the Q2D band given by Ed1). In a magnetic field the dis- o-(BEDT-TTF),NH,Hg(NCS), (Ref. 3. (b) The statistical mean

persion relation becomes a series of Landau tubes of energguare velocity, with and without Landau level broadening in-
cluded.

w
en=ho; to (1—cogk,b]). (16)  in Eq. (7), remains constant. Substituting the above and Eq.

(16) and(17) into Eq.(15), we arrive at the conductivity

1
"2

The quantityrt['IZ] is a transport scattering lifetime which
depends on the transition rate between the initial and knal _ 1 o2 N S 7 vnkrd 18)
states(in Q2D systems it is often found to differ by a small 9= 3 er T Tt VelTL AT He

numerical factor from the scattering timeused in the cal- ]
culation of Landau level widtH®. In the absence of Landau level broadening effects, each

In order to calculate the conductivity, it is more conve- K-state can be associated with a single eigenstate energy.
nient to integrate oves rather thark,; these two variables Expressing the velocity as a function of energy then enables

are related via the density of states a straightforward numerical calculation of the conductivity to
be carried out.
1 [1 6k, The uppermost curvegglirawn in thicker lines to represent
gle.B]=— (; g) (170 the situation where*=0) in Figs. @) and 7b) show the

profile of the DOSg[&'] and the square velocity2[¢']. For
Although the transport scattering raterlfias a complicated the purpose of these calculations we have assumed that
dependence okiin the case of elastic scattering processes, iB=50 T andm* =3m, and the raticAF/F has been taken to

is generally thought to be proportional to the number ofbe ~0.01; this latter quantity is only an upper limit which is
states into which the carriers can be scattéfédThis isin  thought to be consistent with recent experimental
turn proportional to the DOS; in accordance with this as-observationd?* The DOS profile in Fig. @) exhibits two
sumption, for isotropic scattering we consider the producsingularities which correspond to the top and bottom of the
gleln[e] to be a constant. Using this approximation, it is band. Although the group velocity of the quasiparticles
therefore possible to define a constant state-averaged scatteithin the conducting planes is10* ms %, the component
ing rate 7,=fr[e]g[e]de/fg[e]de~rgee/N. This ap- of velocity in the longitudinal direction is more than one
proximate definition of a constant longitudinal transport scat-order of magnitude lower, reflecting the small dispersion in
tering lifetime greatly simplifies the numerical calculations. that direction. When the chemical potential is situated at the
Note, however, that the quasiparticle lifetime which is  top or bottom of the band, the longitudinal component of
responsible for the broadening of the Landau levels defineslelocity is zero[see Fig. )]. In principle, the conductivity
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calculation the effects of broadening are included in a similar
F/B manner to the quantum mechanical derivation of Kubo
et al,?® by considering the Lorentzian distribution function

S[S]ZW: (19

p/p,

o N A O OO N B O

renormalized such thaf”.%s?[¢]/ wde=r. Equation(18)
can then be rewritten as

1 . N 7,
— a2 2 2 '
o= —SF; f — (Selviln kD f'de,

(20

where the triangular brackets represent an ensemble average
over all possible, states. The functiog[e] is counted twice
in this expression, since both the initial and final states in-
volved in the scattering process are broadened. By taking the
limit as I" tends to zeros[e] approaches & function, and
Eq. (20) reduces back to Eq18). In contrast to the theoreti-
cal calculations of Kubet al, in the present model we have
ignored any possible shift of the energy states and have as-
. . . . . . . sumedl to be independent af in order to be consistent with
36 38 40 42 44 46 48 50 our DOS defined by Eq(7). The average ovek, in the

B(T) model reduces to the convolutiorg*s?[¢], resulting in the

definition of a broadened square velocigg[¢']. This is

FIG. 8. (8 The calculated magnetoresistance for in ShOYVI’l together with the broaden_ed DOS in Fige) and .
a-(BEDT-TTP),NH Hg(NCS), assuming the model of Datars and 7(b), the curves are calculated using the measured quasipar-
Sipe (Ref. 29 for T=0.4 K (solid ling) andT=4 K (dashed ling  liCle scattering rates for-(BEDT-TTF),KHg(NCS), (Ref.

(b) The calculated magnetoresistance including the Landau levef) @nd a-(BEDT-TTF),NH,HJ(NCS),.” Figure qa) clearly
broadening according to the Dingle temperature estimated b%ndlcates that the double-peaked structure of the DOS can no
Sandhuet al. (Ref. 3. The approximate intervay over which the ~longer be clearly resolved, especially in the case of the latter
chemical potential is pinned to a Landau level is also indica®d.  Salt; this point justifies ignoring the warping of the Fermi
The corresponding measured  magnetoresistance  fopurface for the purpose of the magnetization calculations.
a-(BEDT-TTP),NH,Hg(NCS), of Sandhuet al. (Ref. 3. Note that a potentially useful further approximation can
be made in the limiW<T", which appears to apply to the
should also be zero at this point, but for practical reasons thiexperiments or-(BEDT-TTF),NH,Hg(NCS), in Ref. 3. In
can never be realized, due to the effects of finite temperaturthis case, the detailek, dependence of the velocity is no
and Landau level broadening. Nevertheless, at integer valuésnger important, and the broadened square velocity is given
of F/B, we should expect a minimum in the conductivity approximately by,,_g[s']ocSZ[g]_ Furthermore, in this ex-
and hence a maximum in magnetoresistance. This is prereme limit, the structure in the DOS arising from the dis-
cisely what is observed in the organic conductorpersed band is of litle importance and the DOS is
a-(BEDT-TTF),;NH,Hg(NCS), (Ref. 3 [reproduced in Fig. g, [&,B]«S s[e]. With g,5=0p+Jop, the contribution to
8(c)] and in semiconductor superlattic&sin contrast, the  the conductivity from the Q2D portion of the Fermi surface
transverse magnetoresistance of 2D semiconductor basegn then be approximated by
systems exhibits a minimum in magnetoresistance at integer
values ofF/B.% » Uoole,B]  G3ole.B]

Figure §a) shows a calculation of the longitudinal mag- 020~ UZD,OJ (1+2 ——t—— f'[e]de,
netoresistance,= 1/o, for a-(BEDT-TTF),NH,Hg(NCS), 0 G20 920 21)
carried out using Eq(18). The parameterf =595 T (Ref.
33) andm* =3m, taken from Ref. 3 have been used; the twowhere the background (zero field conductivity
curves represerf=0.4 and 4 K. In additions * has been O'ZDy({O]ZezNTtW/WmZSF can be found by taking the limit
set to zero, as in the upper curves in Figa)7and 7b).  of Eq.(20) asI'—, and wherem, is the average mass of the
Consequently, very sharp magnetoresistance maxima are oband in thek, direction. Finally, the contribution to the con-
served(particularly forT=0.4 K) as might be expected in a ductivity from the Q1D band can also be included by sum-
sample with no scattering. ming the various components so that the total conductivity is

In order to provide a more realistic simulation of the data,given by o=0,p+0p.
the effects of scattering must be taken into account. In many Figure &b) shows the magnetoresistance calculated for
papers, Landau level broadening is often ignored in the derithe temperature¥=0.4 and 4 K predicted by E¢20) using
vation of a formula for the SdH effect, and is only inserted inthe ~ value 7 '=0.8x102 s!  deduced  for
the final solution as a Dingle reduction fact8”®?'The lat-  a-(BEDT-TTF),NH,Hg(NCS), in Ref. 3, assuming that
ter approach is somewhat unsatisfactory and in the presegtpy/g,p~0.4 [as for a-(BEDT-TTF),KHg(NCS),], and ig-

p/p,

-
o
(=]
[=]

Resistance (Q)
(4]
(=]
[=]
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noring the conductivity contribution from the Q1D portion of 55 , . . .

the Fermi surface(Note, however that the ratig,5/g,p has T

been used to calculatg in the Fermi-Dirac distribution —~ 50L o o

function) The curve calculated from Ed20) is indistin- E°’ | 25 |

guishable from one calculated using the more approximate a5k < / 1

Eq. (21), indicating that the latter simplified procedure may S ' 0 o

be used with confidence in the case of § [ 10 20 B30T 40 50 / ]

a-(BEDT-TTF),NH,Hg(NC9), in high magnetic fields. g 40r Mo /. .
The calculated longitudinal magnetoresistance in Filg) 8 S [ Vot /' ]

shows a good resemblance to the data measured in Ref. 3, 351 o " 7

which are shown for comparison in Fig(cB, these are quali- i °® :_/

tatively similar to the data published in Ref. 4 for the 30+ wetfw@MOo-o0—0—0—" A

selenium-based salts which are thought to have similar ma- 1'0 : 2'0 : 3'0 : 4'0

terial parameters. The extent to which the Q1D band contrib-
utes to the longitudinal conductivity is not known, as the
Eg\r/rglnzl:gif%;ir%g%zlﬁgéh%g: d?egg?ozi)? ?ﬁé?g%‘:gnéénfle 9. The apparent effective masses versus magnetic field
. . ) ! obtained by fitting the LK temperature reduction facRy to the
Sldgrable differences between th'e Q2D and Q1D band alculated magnetoresistan¢filed squares and the calculated
V_Vh'k,a the Q2D energy .band experiences Landay level qu"?lrt:nagnetization(open squargsfor a-(BEDT-TTF),NH4Hg(NCS),.
tization and therefore intersects with the chemical potentiay, jjystrate that the apparent effective mass is sensitive to other

at a single point, the Q1D band is not Landau quantized, angaameters such as the scattering rate, we have also plotted the
therefore intersects the chemical potential for all values ohpparent effective mass for the identical system but with re-

k.. For this reason, one might expect the nature of the scatiyced by 25%(filled circles. The inset shows an example of a
tering to be different for the two bands. The S|m|Iar|ty of Flg calculated magnetoresistance trace at 0.4 K.
8(b) to the experimental data of Fig(@ suggests that the
contribution of the Q1D band to the longitudinal conductiv-  Since the valuem*=3 was used in the model calcula-
ity is practically negligible. tions, we can therefore conclude that the apparent increase in
The effect of introducing a small and constant contribu-effective mass reflects the failure of the conventional LK
tion to the conductivity will be both to lower and to round theory to describe the form of the temperature dependence of
off the peaks in the magnetoresistance. However, qualitathe oscillations at high magnetic fields, and cannot be inter-
tively the greatest effect of the presence of the Q1D bangbreted as a real increase of the effective mass. This apparent
results from the effect of its DOS op, which alters the effective mass depends not only on magnetic field, but also
width of the magnetoresistance maxima; the width of theon the degree of Landau level broadening. To illustrate this
shallow region between maxima roughly corresponds to th@oint, in Fig. 9(circle symbol$ we have also calculated the
interval y over which p is pinned. A comparison of the apparent effective mass for the same material parameters, but
model[Fig. 8b)] and the datdFig. 8c)] therefore suggests with the scattering rate reduced by 25%.
that the DOS of the Q1D component of the Fermi surface A higher apparent effective mass indicates that the oscil-
may be somewhat less in-(BEDT-TTF),NH,Hg(NCS, lations have a much stronger temperature dependence than
than for a-(BEDT-TTF),KHg(NCS),. However, given the predicted by the LK theory. To further illuminate this point,
approximations in deriving the model, it would be unwise toFig. 10(a) shows the actual temperature dependence of the
make any quantitative estimates on the basis of this comparamplitude of the fundamental frequency of the numerically
son. calculated magnetoresistivifgletermined over the field in-
One of the most striking observations from experimentaterval shown in Fig. &)]. For comparison, Fig. 18) also
magnetoresistance studies has been the “apparent” increasecludes the amplitude according to the LK prediction. The
of the effective mass at high magnetic fiefdsin order to  numerically calculated amplitude has been renormalized to
make a more direct comparison of the above model withthat of the LK prediction at higher temperatures, where the
experiment, in Fig. %filled square symbojsve have applied two agree[Such agreement is not unexpected; from @4)
conventional LK analysis by fitting the function it is evident that at low magnetic field$,y/g,p<1]. From
Rp=Xp/sinh[X,] to the temperature dependence of the cal-Fig. 10a), it is clear that the additional temperature depen-
culated SdH oscillations; an example of a calculated trace atence responsible for the “enhanced” effective mass occurs
0.4 K is shown as an inset. For comparison, we have alsat the lower temperatures, and is due to a strong increase in
determined the apparent effective masses for the calculatetle magnetoresistance peaks. This effect is unique to the lon-
magnetization(using the same material parameters valid forgitudinal magnetoresistance owing to the fact that it becomes
a-(BEDT-TTF),NH,Hg(NCS),). It is evident from Fig. 9 divergent when the chemical potential is situatedanclose
that the apparent effective masses determined from the cale) the gap between adjacent Landau levels.
culated magnetoresistance increase steadily with increasing Finally, Fig. 1Gb) compares the calculatgetp magne-
magnetic field, in @ manner qualitatively similar to experi- toresistancep,_,/p, and the measureg-p magnetoresis-
mental observations? In contrast, as discussed in Secs. Ill tance of Ref. 3. The close agreement between the two illus-
and IV the apparent effective mass associated with the funtrates that Eqs(20) and (21) provide a good approximation
damental frequency of the magnetization is only slightly in-for the behavior of the magnetoresistancevgfhase BEDT-
creased. TTF salts. There exists, however, a scaling factor between

B(T)
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2.0 N — . — found to have a pronounced influence on the wave form of
18 L e e meas) 5] 1 the oscillations. Comparison of the numerical calculations
g 16 [ -_" Po 107P- T 1 with real measuremeritprovides an opportunity to estimate
< | [P/ py (P-p. calc) the DOS associated with the Q1D portion of Fermi surface,
2 14 1 ] which otherwise could not be measured.
g 12 r 1 A further result which emerges from the analysis is that
g 10 - b | whilst the wave form of the oscillations is significantly per-
Tos| ) 1] turbed by the effects of an oscillatory chemical potential, the
g 06 - 5‘0 ] peak to peak amplitude of the free energy is independent of
€ o4 [ ] this, and also therefore independent of the size of the DOS of
% 02 L a) 1 the Q1D portion of the Fermi surface. This prowdes_a pro-
X 5o [ , . cedure. by which the true effective mass and .quaS|part|cIe
"o 1 2 3 4 5 6 7 scattering rates can be extracted from experimental data,

T (K) even in extreme 2D systems in high magnetic fields.
The main features of the longitudinal magnetoresistance
FIG. 10. (a) The amplitude of the fundamental frequency versusin gquasi-two-dimensional organic conductors at high mag-
temperature, calculated according to our model for the magnetoreetic fields can be understood in terms of theories for the
sistance(solid line). This is compared with that expected assuming conductivity which are normally applicable to semiconductor
the Lifshitz-Kosevich theorydashed lines At high temperatures, superlattice$® In particular, the strongly peake@r diver-
the calculated amplitude has been renormalized to that of thgeny behavior of the magnetoresistance oscillations at high
Lifshitz-Kosevich theory. This indicates the strong increase of themagnetic fields and low temperatures are due to the chemical
oscillatory magnetoresistance at low temperatuflgsA compari-  potential lying in(or close t9 the gap between two adjacent
son between the measur¢Ref. 3 and calculated peak-to-peak | andau levels. The relatively short intervah 1/B-space
amplitut_je _of the oscillatory magnetoresistance as a function ofyer which the chemical potential is situated(@t close to
magnetic field. the gap is responsible for the sharpness of the oscillation
, maxima. We believe that it is this effect which is responsible
measured and calculated valuespgf /oo, which may be ¢, the anomalously high apparent effective masses which

due to additional series resistances or voltages contributing, e heen observed in recent magnetoresistance measure-
to the measured signal. Additional nonoscillatory series re:

X . ments on thex-phase organic conductors in high magnetic
sistances could, for example, originate from layers of theﬁelds?"‘
sample which are damaged or have a higher impurity con-

tont Note added in proofAfter going to press we learned of de

Haas—van Alphen measurements carried out on

6-(BEDT-TTP),l; in magnetic fields of up to 25 % The
VI. SUMMARY Fermi surface of this material consists solely of a quasi-two-
Using a combination of numerical methods and simp|edimen§iona_l cylinder and the samples studied have very long
Scattering times. Conseqqently, the de Haas—van Alphen os-
partures from conventional LK behavior which have bee plllatlons appear as a series of very sharp “saw teeth,” sat-

observed recently in the quantum oscillations of organic C0n|_§fy|ng S|m|Iqr to the predictions qf the numerical calcula-
ons shown in the upper part of Fig. §{,=0). We thank

ductors in high magnetic fields. The calculations are base . )
on the thermodynamics of an ideal 2D electron gas, which i rofessor M. Tokumoto for pointing out these experimental
; data.

found to be appropriate at high magnetic fiel@>20 T).
The advantage of the numerical calculations is that both the
effects of finite temperature and Landau level broadening can
be correctly included, which has so far not been possible in  We would like to thank Professor David Shoenberg for
analytical calculations. The effect of the pinning of theilluminating discussions. We would also like to thank Pro-
chemical potential to the Landau levels is found to have dessor James Brooks and Pavi Sandhu for providing data
dramatic effect on the sign and temperature dependence gfior to publication. This work has received financial support
the harmonics of the magnetization oscillations, and providefrom the EPSRC, the Royal SociefyK) and Belgium Na-

an explanation for the apparent low effective masses whickional Science Foundation, and N.H. and P.H.P.R. are sup-
have been observed for the harmonics in the high field statported by the Onderzoeksraad, KU Leuven. J.S. would like
of a-(BEDT-TTF),KHg(NCS),.2 Furthermore, the presence to acknowledge financial support at KU Leuven which initi-
of additional states in the Q1D portion of Fermi surface isated the high field studies on these materials.
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