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Oscillatory magnetoresistance in the charge-transfer salg’-(BEDT-TTF ),AuBr, in magnetic
fields up to 60 T: Evidence for field-induced Fermi-surface reconstruction
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Magnetoresistance measurements carried out in pulsed magnetic fields of up to 60 T and at temperatures
down to 350 mK and angle-dependent magnetoresistance experiments performed in quasistatic fields have been
used to establish that the charge-transfer@aBEDT-TTF),AuBr, undergoes a change in electronic structure
at~10 T. We propose that this arises due to a field-induced transition between two different spin-density-wave
states. Furthermore, at the highest magnetic fields, both the background magnetoresistance and effective
masses of the quasiparticles were found to increase, possibly as a result of an enhancement of the density of
states. It is found that frequency mixing effects at very high magnetic fields, observed in the Fourier spectra of
the magnetoresistance, cannot be explained by the Shoenberg magnetic interaction, but are instead probably
caused by oscillations in the chemical potential which become important as the extreme quantum limit is
approached.

. INTRODUCTION behavior?®8 In this paper we have used magnetoresistance
measurements in pulsed fields of up to 60 T and the obser-
Pulsed magnetic fields of50 T have recently proved to vation of angle-dependent magnetoresistance oscillations in
be a powerful tool for the study of charge-transfer salts of thestatic fields to demonstrate that the charge-transfer salt
ion BEDT-TTF'~> Some of these salts are found to undergog’-(BEDT-TTF),AuBr, undergoes a field-driven transition
transitions at high magnetic fields between spin-densitybetween two different SDW ground states.
wave (SDW) and metallic regimetRefs. 2—7 and references  g’-(BEDT-TTF),AuBr, is a particularly interesting mate-
therein; in addition, the amplitudes of quantum oscillatory rial, exhibiting a variety of apparent magnetic phase transi-
phenomena such as the Shubnikov—de H&iH) and de tions below 30 K2~! Furthermore, the low-temperature
Haas—van AlphefdHvA) effects are found to grow dramati- magnetoresistance of typical samples possesses a complex
cally with increasing magnetic field and appear to deviatadependence on field strength and orientafiguius a rich
significantly ~ from  conventional  Lifshitz-Kosevich spectrum of SdH and dHvA oscillatiods!! These have
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[Fig. 1(@)], were thought to be due to frequency mixing

2 fg L jreoT 6=0 degrees | caused by the Shoenberg magnetic interaciion.
St 1 In this paper angle-dependent magnetoresistance oscilla-
£t tions measured in static fields between 1 and 17 T and mag-
g r netotransport carried out in pulsed fields of up to 60 T have
2 [oT140T)| 0o ] been used to demonstrate that, while the Fermi surface pro-
el t ] posed by Doportet al® contains some of the elements nec-
g 1 ] essary to account for the behavior oB’-(BEDT-
§ i TTF),AuBr,, the Shoenberg magnetic interaction is insuffi-
u , e ciently strong to produce the effects suggested in Ref. 9 and
0 200 Frggﬂency (619)0 800 1000 that some of the extra observed SdH frequencies arise from a
b) . field-induced phase transition occurring at around 10 T.
© 40T 180 T 2207

Il. EXPERIMENTAL DETAILS

The 8’-(BEDT-TTF),AuBr, samples used in these experi-
ments were distorted hexagonal black platelets with dimen-
sions of approximately 080.5x0.1 mn?; the sample
growth and preparation details are identical to those de-

@

scribed in Ref. 9.
T —— Pulsed field magnetoresistance measurements were per-
formed on two separate samplés and B) at the Leuven
D NE high field facility* The samples were orientated with their
L] ¢ conducting(2D) ac planes perpendicular to the magnetic
8 & field. Four-wire contacts were made to the samples using
BZ\B{B z 7 v platinum paint and 2%m gold wire, giving typical two-

terminal contact resistances 6650 (). All experiments were
performed with an alternating current of 1A at 250 kHz
FIG. 1. (& Fourier spgctrum of the SdH Os_cillations in applied perpendicular to the conductiag planes(see Ref. 9
B'-(BEDT-TTF),AUBr; for a field sweep at 490 mK with the mag- o1 4 discussion concerning the choice of this current direc-
netic field perpendicular to thac crystallographic plandfrom tion). The voltage signal was preamplified and subsequently

Doportoet al. (Ref. 9]. Note the peaks occurring at 40, 140, 180, yetacted using a fast lock-in amplifier. The integration time
and 220 T.(b) Shapes and orientations of the three Fermi-surface 9 b y 9

pockets proposed by Doporét al. (Ref. 9 from observation of the ]?rg tsgnl((;)igl;-lig ?hrgp#:cfrn\gtao S;ess?;t;%(::lgsofss trt]c?tZrOeill:ltlzmceoul d
angular dependence of the SdH oscillation amplitudesSection q 9 P

through the first Brillouin zone og'-(BEDT-TTF),AuBF, showing be detected without any noticeable attenuation. This enabled
the calculated room-temperature Fermi surface of Moml. (Ref. magnetoreSIStance_OSCIIIatlon_s to be measured on the falling
12). (d) Reconstructed Brillouin zone and Fermi surface proposeo("e" Iowerd_ B/th) S'de_ of the field pUIéél down to th_e low-
by Doportoet al. (Ref. 9. est magnetllc fields. Fields of up to 60 T were applied to. the
sample, while temperatures down to 350 mK were provided
proved difficult to reconcile with the various predicted Fermiby means of a plasticHe insert. Owing to the relatively
surfaces, which either consist of quasi-one-dimensionalarge resistivity of this material and small sample size, eddy
(Q1D) sheets or a single closed Q2D pocket plus a Q1Dcurrent heatingwas not significant; this fact was established
section[see Fig. {c) for one examplé? for a summary of by comparing magnetoresistance data recorded with different
other calculations, see Fig. 1 of Ref. Nevertheless, only a field pulse height8.The cryostat was mechanically decou-
very limited number of studies of this material have beenpled from the pulsed magnet to minimize the effects of vi-
carried out(see Refs. 9—11 and references thereshiefly  brational noise.
because of the low yield of crystals of ti# phase. The angle-dependent magnetoresistance oscillations were
Perhaps the most complete study has been that of Doportoeasured for a third samp(€) in static fields of upto 17 T
et al.,® which concentrated on the field region below 30 T;provided by a Bitter magnet at Nijmegen. The sample was
the results of that work are summarized in Fig. 1. An exami-placed in a cryostat, which allowed it to be rotated about two
nation of the field orientation dependence of the amplitude operpendicular axei situ with a precision of+1°. Cooling
the SdH oscillations was used to derive a Fermi surface corwas provided by*He exchange gas, allowing the tempera-
sisting of three small anisotropic Q2D pockets with area cor{ure range between 4.2 and 1.5 K to be studied. The crystal
responding to SdH frequencies 40, 180, and 22Bigs. a)  was aligned by measuring the polarized infrared reflectivity
and Xb)]. One of these pockets was identified with the smallat room temperature. Contacts were made in the same man-
Q2D section predicted in the band-structure calculations ofier as for the pulsed field experiments and the measurement
Mori et all? [Fig. 1(c)], while the others were attributed to was performed using standard four-wire ac techniq@€s-
an imperfectly nested SDW associated with the Q1D sectiod30 H2, with the current directed perpendicular to the
of the Fermi surfac¢Fig. 1(d)]. Other SdH frequencies, in planes. The magnitude of the current was;29throughout
particular a strong set of oscillations with frequency 140 Tthe experiment.
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FIG. 3. Fourier spectra of the data presented in Fig), &fter
FIG. 2. (a Magnetoresistance of sample A of the appropriate removal of the background magnetoresistasce
B'-(BEDT-TTF),AuBr, for temperatures in the range 490 mK to demonstrated in Fig.(2)].
1.44 K. (b) Magnetoresistance of sample B q8"-(BEDT-

TTF),AuBr, at :_380 mK_.(c) O_s_ci_llatory component of the 490 ml_< the a-(BEDT-TTF),MHg(SCN), (M=K, TI, Rb) salts are

trace qf(a) .derlved using Q|V|S|0n by an exponential polynomlal strongly temperature dependent at fields below the “kink”

approximation to the classical background magnetoresistance. (ie., in the SDW state but virtually temperature indepen-
dent at fields above ifi.e., in the metallic staje(see Refs.

IIl. MAGNETORESISTANCE 1-4, 7, 15, and 16 and references thexeifhe fact that
the low-temperature magnetoresistance @f-(BEDT-
TTF),AuBr, is strongly temperature dependent up to the

Figures Za) and 2b) show measured magnetoresistancehighest available fieldlFig. 2(a)] therefore suggests that this
traces for the samples A and B on the falling side of the fieldnaterial continues to remain in a SDW state up to 60 T for
pulse. The magnetoresistance oscillations measured ihe temperature range examined in this study.
sample A were larger than in sample B, perhaps because of We turn to the oscillatorySdH) component of the mag-
better sample quality. The analysis of the quantum oscillanetoresistance oB’-(BEDT-TTF),AuBr,. Previous studies
tions in this paper therefore concentrates on sample A, alen this material have shown hysteresis in the magnetoresis-
though sample B was found in all other respects to behave itance at fields below-20 TP This effect was also observable
a similar manner. in the present experiments, but for fields belew5 T on the

We first turn to the classical background magnetoresisfising side of the pulse, the oscillatory component of the
tance (as opposed to the oscillatory SdH component = magnetoresistance suffered some degree of attenuation as a
B’-(BEDT-TTP),AUBr,; experimental traces at several dif- result of sampling problems of the lock-in amplifier during
ferent temperatures are shown for sample Ain Fi@.2Zrhe  the region of highdB/dt at the start of each pul$e? For
behavior of the low-field magnetoresistance is in good agreethis reason the analysis of the quantum oscillations is re-
ment with previous measurements on these and othestricted to the falling side of the pulse.
samples in static magnetic fields of up to 28 iT:exhibits a For the purpose of the analysig(1/B), the oscillatory
relatively temperature-independent, almost linear, rise component of the magnetoresistance, was divided by the
T followed by a steeper rise to about 10 T. Above this fieldclassical background magnetoresistaR¢&/B) in reciprocal
the magnetoresistance undergoes a drastic change in gradiagnetic field space?(1/B) was approximated to an expo-
ent, falling to a minimum at about 25 T, before increasingnential polynomial of the formP=exp{ay+ a,/B+a,/B?
steeply again. At all fields above 6 T, the magnetoresistance----}. Figure Zc) shows the resulting oscillatory component
depends strongly on temperature. of the magnetoresistance; the Shubnikov—de Haas oscilla-

The supposed presence of a SDW [#-(BEDT- tions can be clearly observed down to magnetic fields of
TTF),AuBr, (see Ref. 9 and references therein for a discusaround 5 T. Spectral analyses of the data in Fige) and
sion of the experimental evidence for a SDW ground $tateother experimental traces at different temperatures are shown
and the observation of drastic changes in magnetoresistanie Fig. 3; Hanning windows' were applied to all data sets
gradient invite immediate comparisons with-(BEDT-  prior to Fourier transformation. As the measurements were
TTF),MHg(SCN), (M=K, Tl, Rb). The latter materials are performed over an extensive range iB Bpace(from 0.017
also thought to exhibit SDW ground states and show strongp ~0.2 T~ %), SdH frequencies can be distinguished with an
“kinks” in the magnetoresistanck;*"'>%commonly asso- absolute resolution of-10 T. The transformed data exhibit
ciated with the destruction of the SDW due to the appliedrich spectra of SdH frequencies with a much more complex
field. Part of the evidence for this is drawn from the fact thatform than earlier published resuft€? in previous low-field
below ~5 K the classical background magnetoresistances oftudies(to ~20 T), where the magnetoresistance or magne-

A. General features and Shubnikov-de Haas oscillations
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tization has been measured using standard techniques, the 1/B (T'1)

Fourier spectra have been found to be dominated by four

principal frequencies;-40, ~140, ~180, and~220 T[see, 000 005 010 015 020 025 030

e.g., Fig. 18)]. In Fig. 3 the previously known frequencies of 10k ' ' ' ' ' |

140 and 180 T appear to be split into separate frequencies of I ]

133 and 145 T, and 175 an€l95 T, respectively. Additional ) a)

features are also present at53 and 240 T, whereas the g 05 ]

frequencies at-77 and 108 T are almost certainly second &

harmonics. The feature at20 T is an artifact of the back- o 00 .

ground polynomial subtraction. At higher temperatures, as is E 1

apparent in Fig. 3, the 195 T frequency drops strongly in E 050 b) UWW\MN\N\W’“W ]

amplitude to reveal a further frequency atl85 T. While -]

there appear to be many new features in this data, the fre- ]

quencies at 38 and 218 T are in accord with values reported  -1.0 [ : - { : : .

in previous studie®° 50 - : ]
The presence of apparent additive relationships between | ¢©)

the components of the Fourier spectra has previously been a0 b i

interpreted as originating from the Shoenberg magnetic % | “ re432) T

interaction®!! It has been speculated that this effect might 2 0l : ]

also account for some of the SdH frequencies observed in —

a-(BEDT-TTF),KHg(SCN),.1®> However, recent absolute g T ) R . i

amplitude measurements of the dHvA effect ia- g 20 et et § 1

(BEDT-TTF),KHg(SCN), at high magnetic fields have =2 o0 [

shown that the internal fields are too small by at least four
orders of magnitude. As the SdH frequenciegin (BEDT- 0 . .5 Lo .
TTF),AuBr, are even lower than those of-(BEDT- ! — ' ! '
TTF)EKHg(ZSCI\D4 (cf. Ref. 2 and this work the internal 000 005 0.0 0'15_1 020 025 030

fields generated by the oscillatory magnetization will be 1B (T™)

much smaller ing’-(BEDT-TTF),AuBr,.2'3 Considered in

the framework of the Lifshitz-Kosevich model for the ampli-  FIG. 4. (@ First differential of the magnetoresistance with re-
tude of dHVA oscillations in a metdf it is now clear that the spect to magnetic field for raw pulsed field data, such as that of Fig.
magnetic interaction is not a significant effect in 2(a). (b) First differential of the magnetoresistance with respect to
B'-(BEDT-TTF),AuBEr,. magnetic field for raw data obtained _using a Bitter magn_et by

Since magnetic interaction is ruled out as an explanatiofoPortoet al. (Ref. 9. (c) Landau level index of the SdH oscilla-
of the multiple frequencies ifg’-(BEDT-TTF),AuBr,, an- tion minima plgtted ag_alnst re_cnprocal magr_lenc _f|eld. This figure
other explanation must be sought. Figufa)&hows the first shows_ the rec_lprocal field regions over which different SdH fre-
differential of the magnetoresistance with respect to the magf'€nc¢ies dominate the Fourier spectrum,
netic field, obtained by numerical differentiation of raw data
such as those in Fig(&. In Fig. 4(b) this procedure has also and F,~191 T are prominen{cf. Figs. 8b) and 4c)],
been applied to magnetoresistance data recorded using a Bithereas above 14 F,~38 T,F 4, ~175T, andF,,~222 T
ter magnet and taken from Ref. 9, with a higher signal-to-dominate[cf. Figs. §a) and 4c)]. In the intermediate region
noise ratio at the lowest magnetic fields. The dominant SdHbetween 10 and 14 T, a poorly resolved mixture of frequen-
frequencies over various field ranges are shown in Fig), 4 cies is observefFig. 5a), insef.
which displays the index of each oscillation minimum versus When performing Fourier transforms it was found that the
the reciprocal magnetic field. modulation of the data by the Hanning window led to the

From Fig. 4c) it is clear that in the region 0.017—-0.TF introduction of an extra low-frequency component to the re-
(~10-60 T, a SdH frequencyr,,~222 T dominates the sulting Fourier spectra. For transforms taken across the entire
oscillatory component of the magnetoresistance, interferindield range, this effect was negligible, but for analysis over
with weaker SdH oscillations of other frequencies. In thesmaller regions of reciprocal space, this artificial peak be-
region 0.1-0.16 T (6.3-10 T}, a frequencyF ,~191 T is came more significant and led to distortion of the low-
strongest, until finally in the field region 0.16—0.25*T frequencyF,~38 T SdH peak, thus shifting it to a lower
(~4-6.3 T) the magnetoresistance minima correspond to drequency value. It was necessary to retain the use of a win-
frequency F ;~143 T. A detailed Fourier analysis of the dow function in order to avoid spurious peaks at higher fre-
guantum oscillations over different field ranges reveals thatjuencies on the Fourier transform, but it should be noted that
the F,,~222 T frequency appears only above 10 T, whilethe values that have been derived for thefrequency were
the F,~191 T frequency(which dominates the magnetore- obtained by performing a Fourier transformation in the ab-
sistance between 6 and 10 anished above-14 T. sence of any apodization.

The Fourier transforms in Figs(& (above 14 J and §b) It is worth remarking that similar transforms to that in
(below 10 T) also show very clearly that different sets of Fig. 5(b) were obtained by Ujet al. using a field-modulation
SdH frequencies are present at high and low magnetic fieldsnethod to enhance the oscillatory component of the
At fields below 10 T three frequenci€s,~38 T,F,~143 T, magnetoresistanc&'’ The reason for the plethora of fre-
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respond to6,>0 and negative to #<0. The gradient of a
0 080 100200 300 400 500 600 plot of tan(6) againsti may thus be used to find one of the
. ' ' ' - - dimensions of the Fermi surface, and if the process is re-
vyt 10 B=10-14T 1 peated for several planes of rotation, defined by an azimuthal
006l B=14-60T # ] angle ¢, the complete Fermi surface can be mapped.(¢
« resolution is defined to be zero in the direction perpendicular to the
| ) crystallographicc axis in theac plang. A(¢) is a function
0.04 0 100 ,300 300 400 7 of the plane of rotation of the field, determined by the incli-
' , m nation of the plane of warping; hence, this may also be
B4y Z'y'Of fOUﬂdlB
Figure 8a) shows the magnetoresistance plotted as a
2" | } function of tilt angled. Note that most of the features in the
magnetoresistance do not shift Bds increased, but merely
grow in amplitude; this is characteristic of AMROQO’s, which
depend on the classical trajectories of the electrons across the
- resolution Fermi surfacé?!®1°However, forB>~10 T a new series of
B=4-6T strong oscillations grows, indicating that the Fermi surface
18, has changed in form. Note that one set of AMRO's is ob-
J . served close to 90° at all magnetic fields and has a period
I 1 A(tan(6)) of between 2 and 4, depending on the azimuthal
0.0 . ; }
o1l . 0 100 200 300 angle_q: [Fig. &b)]; such_a large value indicates a small
20 ¢ FIT Fermi-surface pocket, which we shall label iagpocket. On
| | the other hand, the AMRQO’s which appear for fields above
ookl iy 10 T[Fig. 6@] have a smaller period in t#nindicating that
0 100 200 300 400 500 600 they are associated with a larger area Q2D pocket. Their
F[T] appearance at the same field as hg~222 T frequency
SdH oscillationg see Figs. &) and 5a)] strongly suggests
FIG. 5. (a) Fourier spectrum taken over the field region from 14 that the two phenomena are aSSOC_iated \_Nith the same Fermi-
to 60 T. Note the prominent peaks &f,~38 T, F5,~175 T, and surface pocket. We shall refer to this section of Fermi surface
F,,~222 T.(b) Fourier spectrum for the field region 4-10 T. In as they' pocket.
this case the dominant spectral peaks are observed g, 5@8 T, Assuming for simplicity that the Fermi-surface pockets
Fs~143 T, andF ~191T. involved possess elliptical cross sections, the projection vec-
tor k; (normal to the tangentis related to the radii of the
quencies in the Fourier transform of the complete field rangenajor semi axisk, and minor semiaxik, of a particular
(Fig. 3) is now apparent; different SdH frequencies dominateellipse by
the oscillatory component of the magnetoresistance over dif- i
ferent field ranges. In order to clarify the changes in Fermi- kj=[kicos (¢— &) +ksin? (¢—£)]*2 @
surface topology which gives rise to this phenomenon, weavhere ¢ is again(see abovethe azimuthal angle describing
turn to the angle-dependent magnetoresistance oscillations ghgular position in the plane of the ellipse ahi$ the incli-

0.02

Amplitude [arb. units]

0.00

0.3

0.2

02f © B w11

Amplitude [arb. units]

B’-(BEDT-TTF),AuBr,. nation of the major axis with respect to=0. For an elon-
gated ellipse Eq(2) describes a locus in the form of a figure
B. Angle-dependent magnetoresistance oscillations 8 in polark;¢ space, as shown in Fig(&j.

The technique of observing magnetoresistance as a Figure qb) shows a polar plot ok, derived from the

sample is rotated in a constant magnetic field has become\F/)\a?iriig:j iéity(;)f ;22 ?e%ﬁ?;?egloiistﬁ:%rig Zi%f 3(]2) dteorive d
powerful tool for deducing the Fermi-surfa¢eS) topology 9. ' P P

of organic metals. Both Q1D and Q2D sections of the FS Car(1alllpt|cal Fermi-surface cross section. The AMRO’s which

. g emerge above-10 T indicate that the' pocket(F ., ~222 T
cause angle-dependent magnetoresistance oscillaidvis SdH frequencyis very elongated, with its lon gxis erpen-
RQO’s) via two different mechanisms; it is the Q2D mecha- q Y 9 ! 9 Perp

nism which is thought to be important ifg'-(BEDT- dicular to the crystallographic direction. The limited azi-

TTF),AuBr,.2 AMRO peaks due to a warped Q2D Fermi muthal resolution of the AMRO experiments means that the

surface have been thoroughly treated in Ref. 18 and are cor|161\ngth of the short axik, cannot be determined to any rea-

N L ; -~ sonable accuracy; furthermore, the width determined for this

nected with the vanishing of the electronic group velocity : . .
. elongated section of Fermi surface will also be prone to error
perpendicular to the 2D layers. The angles between the nofr:

mal to the 2D planes and the magnetic fiedd, at which the Lt;‘; godcggﬁe?gtfﬁti r;eﬁg%glI'gggagl'azoééhuft’zbrlzasgrn;f_he
maxima occur are given by X | p

eters, but with the ellipse area constrained to correspond to a
b’k tan(6,) = m(i+ 1) +A(e), (1) S_dH frequency of 222 T. This fit is pre§ented in Figh)7and
yields values ok,~(4.32+0.07)x10° m~* andk,~1.6x 10°
where the signs- and+ correspond to positive and negative m~%. The total length of the major axis of the ellipsek, 2
6, respectivelyb’ is the effective interplane spacinigy, is  exceeds the widtfi7.28<10° m™?) of the room-temperature
the maximum Fermi wave-vector projection on the plane ofBrillouin zone[Fig. 1(c)]. Since the major axis of this ellip-
rotation of the field, and==+1,+2,...1® Here positivei cor- tical pocket is inclined at—12+2)° to the reciprocal lattice



9132 A. A. HOUSE et al. 53

-80 60 -40 20 O 20 40 60 80

1072

Log Resistance (arb. units)

L 2T

T
1 L 1 N 1 N | N | N 1 2 1 N 1 N 1
-80 60 -40 -20 O 20 40 60 80

() 0 (degrees)
-80 60 -40 -20 O 20 40 60 80

T T 1 ' 1 ' 1 N 1 ' 1 v 1 ' 1 v ] (P
17T 1.5 K
)
I=
3
g
e
0]
(8]
c
©
E ]
8 30o
(14 20
00
-8|0.-6|0.-4;0.—2lO‘ (l) .20 40.60l8l0
(b) 0 (degrees)

FIG. 6. (a Field dependence of the AMRO’s in
B'-(BEDT-TTF),AuBr, for ¢=50° and 1.5 K. For clarity the 8, 11,

«_ tangent

$=0

FIG. 7. (a) Elliptical Fermi-surface pocket with its associated
dumbbell-like locus formed by the callipered widthof the ellipse
at the complete range of azimuthal angied-urther figures of this
form are presented for Fermi-surface pockets derived from the
AMRO data: (b) the AMRO near§=0° at 17 T and 1.5 K, origi-
nating from theF ,~222 T electron pocketic) the AMRO near
#=90° at 17 T and 1.5 K, originating from the,~38 T, and(d)
the AMRO near6=90° at 5 T and 1.5 K, originating from the
F,=38 T. Note that the schematic representations of the elliptical
Fermi-surface pockets are indicative of the fitted shape and orien-
tation, but are drawn to an arbitrary scale.

vector a* (which lies along the direction of the Brillouin

zone width, this pocket takes the form shown in Fig. 8.
The AMRO'’s which occur closer to 90°, both above and

below 10 T, can be fitted by a more isotropic Q2D Fermi-

and 14 T traces are shown as dot-dashed, dotted, and dashed linsgyface section, as shown in Figéc)7and 1d); these figures

respectively(b) Variation of the AMRO’s with azimuthal angle at
17 T and 1.5 K.

are derived from AMRO data recorded at 5 and 17 T, respec-
tively, illustrating the field independence of this pocket. The
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recorded at the large number of azimuthal angles necessary

Ve g to obtain accurate Fermi-surface shapes, then the derived
B~ 8B pocket areas agree with the SdH frequencies to within ex-
o pocket (~38 T) per!mental errors; hence, we find that there_is no evidence for
T an interplane component of the SDW nesting vector.
D Qx Additio_nal complications affect _the method used to derive
y' pocket (~222 T) the Fermi-surface pocket shapes in Ref. 9. The amplitudes of
L | the SdH oscillations of the/ pocket could have been af-
fected by the background magnetoresistance, which was not
B B taken into account; furthermore, the strong AMRO's of this
z [ pocket could partly modulate the SdH oscillations of the

. . . _other pockets. Other effects, such as a spin zero in the SdH
FIG. 8. Direct comparison of the Fermi-surface pockets derivedyscillations!® could also cause problems by leading to extra
from the experimental data of the present work with the calculateqninima. It can therefore be concluded that the shapes of the
Fermi surface of Morkt al. (Ref. 12. a and y' Fermi-surface pockets derived in this work are

accuracy of the length of the minor axis of a more isotropicm.uCh mgre reliable than the previous estimates shown in
Fermi-surface pocket does not depend so much on a higﬁ'g' Ab).
azimuthal resolution. Hence the value obtained for both axis
parameters, andk, is much more reliable. From the fit to IV. DISCUSSION
the 17-T data, we getk,=(5.73+0.)x1¢® m?
ky=(2.49£0.4x10° m™*, and é=(—21=4)°, implying that
the minor axis of the pocket is rotated by this angle from the The data reviewed in the previous section provide evi-
crystallographic axis. The values ok, andk, indicate that ~dence that the Fermi surface gf-(BEDT-TTF),AuBr, un-
the area of this Fermi-surface pocket $,=(4.48+0.7) dergoes a field-induced change in form betweetO and
%10 m~2, corresponding to a SdH frequency of48 T. A ~14 T. At fields below 10 T the Fermi surface appears to be
fit to the 5-T data vyieldsk,=(6.04+0.3x10° m™?, characterized by three small Q2D pockets, which we refer to
ky=(2.66i0.7)><1(.78 m%, and &=(—24+7)°, giving asa, B, andy, with areas corresponding to the SdH frequen-
S,=(5.05+1.3x10"" m™2, which corresponds to a SdH fre- cies F,~38 T, F;~143 T, andF,~191 T, respectively.
quency of 5314 T. This strongly suggests that tagpocket ~ There was speculation in Ref. 9 as to whether fhefre-
is largely unaffected by any field-induced Fermi-surface re-quency corresponds to a real carrier pocket or whether it
construction and that it is associated with fag~38 T SdH  results from some kind of frequency mixing effect. However,
frequency present over all field randsee Figs. 3, &), and  as is seen in Fig.(4), the F; frequency dominates the SdH
5(b)]. oscillations at fields below 6 T, implying that it must be a
Support for the above assignments of AMRO features taeal Fermi-surface pocket.
particular Fermi-surface pockets may be derived from data At fields above 10 T thé& , frequency persist&s do the
presented in Ref. 9. The geometrical considerations assoakssociated AMRO) while theF ; andF, frequencies van-
ated with the observation of AMRO’s are also thought toish, to be replaced at fields abovel4 T by two new fre-
lead to oscillations in the amplitudes of the SdH quenciesF; ~175 T andF, ~222 T; we refer to the asso-
frequencie$'® and this was the technique used in Ref. 9 tociated Fermi-surface pockets g6 andy’, respectively. The
derive the approximate Fermi-surface shapes illustrated iAMRO measurements indicate that thé pocket is a very
Fig. 1(b). Although this method is time consuming and of elongated ellipse; however, neither fAer y pockets in the
very limited accuracythe SdH frequencies disappear at rela-low-field (<10 T) state nor thes’ pocket in the high-field
tively low values of tagd) (Ref. 9], it can potentially lead to  state(B>~14 T) results in strong AMRO’s. A number of
a direct association of the Shubnikov—de Haas oscillationveak features away from the stroagand y* AMRO’s may
frequency with a particular shape of Fermi surface. If onebe perceived in Figs.(8) and &b), but these were too indis-
compares Fig. 6 of Ref. 9 with Figs(bj—7(d) of this work,  tinct for quantitative analysis. The reasons for the nonappear-
it is apparent that the Fourier amplitude of the 220 T SdHance of Q2D AMRO'’s have been recently discussed in Ref.
frequency(i.e., F,, in this work oscillates at small values of 19; it is likely that theg, y, and 8’ pockets are too irregu-
0 in a similar manner to the AMRO’s which occur only at larly or severely corrugated to produce oscillations, as the
fields above 10 T whereas the amplitude of the 40 T SdHY2D AMRO effect relies onveakandregular corrugation of
oscillations(i.e., theF , serie$ only begins to oscillate with the section of Fermi surface in question.
tilt angle at much highe#. It is instructive to compare the and y' Fermi-surface
However, the limited number of azimuthal angles studiedpockets measured in the high-field stéte., deduced from
by Doporto et al® means that the derived Fermi-surfacethe AMRO’S) with the Fermi-surface calculation of Mori
shapes shown in Fig.(8) are only very rough guides; this is et al? (Fig. 8). Given the shape of the pocket and also the
especially true for Fermi-surface pockets which are very anfact that it is not affected by any rearrangement of the Fermi
isotropic in shape. As a result, Dopor al. obtained areas surface, we can associate it with the Q2D section predicted
derived from the angle dependence of the SdH oscillationby Mori et al,, centered on thX point of the Brillouin zone.
which they recognized to be too large, and they took this tolhe size of this pocket is much smaller than the band-
imply that the SDW nesting vector included an interplanestructure calculation predictiongderived from room-
component. The present work illustrates that if AMRO’s are temperature crystallographic datamplying that a determi-

A. Field-induced Fermi-surface changes
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nation of the low temperature crystal structure and improvedhe true width of the “kink” transition between the SDW and
calculations are required. On the other hand, the elonggdted metallic states ofa-(BEDT-TTF),KHg(NCS), has recently
pocket is probably generated by the imperfect nesting of théeen shown to be-7 T.2

Q1D portions of the Fermi surface. Imperfect nesting should

result in at least two pockets and so is likely to be respon- B. Extreme quantum limit

sible for theg’ pocket, which should therefore lie roughly in | magnetic fields of 60 T ther frequency reaches the
the same plane as thg pocket. From the charge transfer gyireme quantum limit where the last Landau level is only
known to occur in thes” salts, it is expected that the band partially occupied. The extent to which the last level is oc-
structure should be exactly three-quarters fifletf.For this  cypied will depend on the deviation of the chemical potential
reasong’-(BEDT-TTF),AuBr, is a compensated semimetal- ,, from its zero-field value. The simple depopulation of a
lic compound in which the areas corresponding to the occurermi-surface pocket is usually expected to lead to a reduc-
pied and unoccupied states in the first Brillouin zone shouldion in the scattering cross section of the quasiparticles and
be equal. As a result of the SDW, parts of the open pieces daherefore to an overall drop in the magnetoresistafé®:2°
the Fermi surface disappear and the total areas of remaininthe observed strong increase in the background magnetore-
hole and electron orbits should be equivalent, explaining theistance at high fields is thus contrary to the expectations of
approximate additive relationships between the various Sdfhis simple model.
frequencies(i.e., F,+F 3 ~F.,,). Taking into account the A number of recent theoretical pap%ﬁri;!ave speculated
above consideration for the high-field region #(BEDT-  that strong electron self-energy effects will occur as a Q2D
TTF),AuBr,, we should expect the/ frequency to be an Metal approaches the extreme quantum limit. This is ex-
electron pocket, roughly compensating in area fordrend ~ Pected to lead to an enhancement in the density of states
B hole pockets. Similar considerations apply in the low-field(POS at the Fermi energy and thus to promote phenomena
state below 10 T where the and y pockets will result from such as reentrant superconductivity. Given that supercon-
the imperfect nesting of the Q1D Fermi-surface sections angggagge?fgitg?xvo%gtrj}?cd cséitdejc?c:fs of\fveen r‘:;ﬂ? é?(pbeecf?r:g-
ES&Z€~F7, in this case,y is expected to be the electron existence of a SDW irﬂ’—(BEDT—TTF)ZAuBrZ to prevent

We have now provided an interpretation of the abundancSUp?rCO.ndUCUVIty from taklng place. A_n increase in the DOS

. . ) 1C%t high fields or, alternatively, a reduction of the energy sepa-

of SdH frequencies present in the Fourier transform coverin

h e field i q h Yation of the states could be expected to increase the quasi-
the entire field range2-60 T); some correspond 0 the ;o icle scattering cross section at high fields and perhaps
low-field” (<10 T) Fermi surface, whereas others are due,ccount for the strong increase in the magnetoresistance
to the “high-field” (>10-14 T Fermi surface. Only the 53 \\hich is observed experimentally.

and 133 T frequencies observed in Fig. 3 have not been pyrther evidence for the increase in the DOS at high mag-
accounted for. One possible explanation of these extra frenetic fields is found in the values of the quasiparticle effec-
quencies is that they correspond to the maxim(belly)  tive masses derived from the SdH oscillations over the range
cross section of the pocket and the minimurtneck cross  from 0.07 T* (~14 T) to 0.017 T (~60 T). [Doporto
section of theg pocket, respectively, resulting from the etal® evaluated the effective masses iB’-(BEDT-
warping of the Fermi surface in the reciprocal lattigedi-  TTF),AuBr, at magnetic fields<17 T, where hysteresis
rection; by inspection of Fig. 3, it appears that the frequencomplicates the required analysis of the magnetoresistance;
cies are paired as 38 T with 53 T and 133 T with 145 T.we avoid this problem by evaluating the effective masses at
However, if such an interpretation were true, the same splithigher magnetic fieldsThe standard proceddrdor extract-

ting should be observable over any magnetic field range prang the oscillatory component of the magnetoresistance by
vided that the interval in B space was sufficiently long to dividing by the background magnetoresistafid/B) was

give the Fourier transform an adequate resolutibfhe low-  followed, and the temperature dependence of the Fourier am-

est magnetic field studies have been performed bethil'®  plitudea of the SdH oscillations was fitted to the equafioh
whose experiments covered the field interval from 2.25 to

13.8 T; this corresponds to &0.37 T ! range in 1B, ap- a=apX/sinhX, 3)
proximately twice that in our pulsed field data. The absence
of any splitting of the frequencies in the data of @j al. Where

suggests two things: first, that the warping of the Fermi sur- —_5 2 ~ *

face is not a significant factor i@’-(BEDT-TTF),AuBr, and, X=2m"pkThwe~14.6an"T/B.

second, that the apparent splitting of the frequencies is simFable | shows the derived effective masses, which are notice-
ply an artifact of extending the measurements to very higtably higher than the low fieldi.e., <17 T) estimates in Ref.
magnetic fields, probably resulting from the changes in th®. Large effective masses have also been observed in other
Fermi surface occurring between 10 and 14 T. The Fourieorganic conductors in high magnetic field€”**and have
transform of the region between 10 and 1@F1g. 5(a), insef been attributed to a transition from quasi- to ideal two-
exhibits a poorly resolved mixture of frequencies, includingdimensional behavior of the quasiparticles with increasing
one close to 133 T. The “split” frequencies are thereforefield ®2"3! However, recent numerical simulations indicate
perhaps characteristic of this intermediate transition regiothat the latter effect is unlikely to be responsible for the
between the high-field>~14 T) and low-field (<~10 T) experimental observations; even in the most extreme case of
regimes. Such an extended field width between two differena zero scattering ratér 1=0), the simulations reveal that
states of a SDW is not without precedent in BEDT-TTF salts;only the mass estimates of the second and higher harmonics
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TABLE |. Effective masses in the high-field state. frequency was itself generated by frequency mixing effects.
In contrast, below 10 TFig. 5b)] there is no evidence for
m* (me) any frequency mixing.
F(T) Label 1/8=0.017-0.1 T* In a 2D or Q2D system at high magnetic fields and suffi-
38 o 1.93)* ciently low 'tempera'tu_res, the magnetorgsistance oscillations
175 Il 452) should begln to exhibit s_harp mflslerﬁ%\Thls effect _has been
292 Y 4.000) observe_d in other organic saft§>2"The sharp minima ob-
270 Biy—a 3(1) served mﬁ”-(BEDT—TTF)ZAuBr2 therefore contrast with the
404 By 4.75) S|mi)le behavior expected, and the reasons for this are as yet
' unclear.

440 2y 4.44) V. CONCLUSION

Single crystals of3’-(BEDT-TTF),AuBr, have been stud-
ied using pulsed magnetic fields of up to 60 T and angle-
dependent magnetoresistance oscillatiaBiMRO) measure-
ments carried out in quasistatic fields. The strong
amplitude, even for the most 2D material, does not seem ttemperature dependence of the magnetoresistance of

' N ! . %”-(BEDT—TTF)ZAuBr2 and the persistence of several
produce a large deviation in the effective mass estirffate. Shubnikov—de Haa&SdH) frequencies at fields of up to 60 T
Therefo_re it is likely tha_lt the large _eff_ective masses at higr\ndicate that the spin density way8DW) previously noted
magnetic fields shown in Table | signify the presence of any, this material persists to the highest available fields. Both
increase in the density of states at high magnetic fields, age SgH oscillations in the magnetoresistance and the AMRO
predicted by theoretical modefS. ~ measurements show that two distinct phases, each with a

The invariance of the 38-T frequency over the entire fieldcharacteristic Fermi surface, exist within this SDW state;
range enables the quasiparticle scattering rate-0.6x10'>  these correspond to magnetic fieldsof-10 T and magnetic
s ! to be estimated from the field dependence of the amplifields >~14 T, respectively, and are separated by an appar-
tude. This value is comparable to that found forently extended transition region betweerl0 and~14 T.
a-(BEDT-TTF),KHg(SCN), in its SDW staté. By compar-  The Fermi surface in the low-field regime consists of three
ing the Landau-level energy separatibm.=3.7 meV with  pocketsa, B, and y, with areas corresponding to the SdH
the scattering ratéw.=0.4 meV at 60 T, it is apparent that frequencies ,~38 T, F,~143 T, andF ,~191 T. Above 14
w.>7 ' This condition is the requirement for field- T the AMRO measurements show that agocket is unal-
dependent oscillations in the chemical potentiab become  tered, indicating that it probably corresponds to the closed
important, and we shall return to this point below. quasi-two-dimensionalQ2D) Fermi-surface section in the

In fields above~30 T an apparent splitting of the wave- calculations of Moriet al'? In contrast, above 14 T theand
form of the ' SdH oscillations is observed, probably due to v Fermi-surface sections are replaced@yand v pockets,
the resolution of Pauli Spin Spllttlng of the Landau |e\/1é|§4 with areas Corresponding to SdH frequen(fi%smj_?S T and
Analysis of the positions of the resistance minima iB 1/ F7,~222 T. TheB, v, B’, and fy’ pockets probab|y result
space reveals that the features are not perfectly periodic. Ifrom imperfect nesting of Q1D sections of the high-
regular periodicity is often encountered in 2D semiconductokemperature Fermi surface; support for this assignment is
systems with very sharply defined Landau levéi®., given by the AMRO measurements, which show that the
w7 ') when the quantum limit is approach&tf® as the pocket is very elongated with its long axis parallel to the
carriers redistribute themselves among the Fermi-surfacgrystallographica direction.
pOCketS(SUbbandBin order to conserve their total number. At rnagnetic fields approaching 60T, a strong increase in
As a result, the oscillations of the chemical potentiabe-  the magnetoresistance and larger effective masses than those
come progressively more irregular as the extreme quanturfheasured at low fields are observed, perhaps indicating that
limit is approached. The largest observed SdH frequénty the density of states is enhanced as a result of the approach
pocke} in B'-(BEDT-TTF),AuBr, has only three or four of the ultraquantum limit. The Landau levels in this field
Landau levels remaining at 60 T, and so it would be eXDECte%gion appear to be very Sharp|y defined so that mixing of

that these effects should be Significant. This behavior is Slmlthe Shubnikov—de Haas frequencies occurs due to Strong 0S-
lar to the magnetic interaction in that it can lead to a strongillations of the chemical potential.

harmonic content and to sum and difference frequencies in
the Fourier spectrurtt?>2°Several sum and difference fre-
guencies are indeed observed in the Fourier transform in Fig.
5(a); note that the corresponding “effective massé¥able This work is supported by EPSR@OK), the Royal Soci-

I) do not correspond to simple sums of the effective massesty (UK), and the European Union HCM, TML, and Large
of the various frequency components, indicating that the sunfracility Programs. The Leuven Laboratory is supported by
and difference frequencies observed cannot be due to maghe National Fonds voor Wetenschappelijk Onderzoek. A.H.
netic breakdowrt®>*° The values and amplitudes of the fre- wishes to thank the Erasmus program for financial support.
quencies present, in particular the presence of a stigpng  N.H. is supported by the Onderzoeksraad, K. U. Leuven. We
+F, sum frequency, give additional evidence that both theshould like to thank Professor G. Pitsi and Professor C. Ago-
Fg andF,, frequencies correspond to real carrier pocketssta for provision of components for thiéle cryostat, and Dr.
The latter sum frequency would not be present if g S. Uiji for fruitful discussions.

of the quantum oscillations are strongly affectéih agree-
ment with recent experimental dét&he process of forcing
a fit to the Lifshitz-Kosevich theoly to the first harmonic
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