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Angular magnetoresistance in the„DMET-TSeF…2X family: „XÄAuCl2, AuI 2…: Field-induced
spin-density waves and commensurability effects
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We present a detailed study of angular-dependent magnetoresistance~AMR! in a class of low-dimensional
organic conductor (DMET-TSeF)2X, whereX stands forX5AuCl2 and AuI2. The angular-dependent back-
ground magnetoresistance for both compounds reveals a local minimum at the angle where the field-induced
spin-density wave~FISDW! at lowest field is observed, contrary to the standard quasi-one-dimensional systems
like the Bechgaard salts. Both systems show commensurability effects of electron motion, reflected as a series
of magnetoresistance dips in tilted magnetic field at Lebed magic angles. While commensurability effects in
AuCl2 dominate the FISDW, AuI2 shows complicated AMR structure dominated by FISDW. These data
indicate continuous sliding of the FISDW nesting vector in theb-c plane.
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Quasi-one-dimensional~Q1D! organic conductors play a
important role in the research of electronic interactions
solid state physics. The family of Bechgaard salts has b
traditionally used to investigate magnetic Q1D instabilitie
which result in spin density wave~SDW!, and ~magnetic!
field induced spin density wave~FISDW! states. Quasi-one
dimensionality arises from the high anisotropy: tight bindi
calculations give transfer integral ratio ofta :tb :tc

51:0.1:0.003, giving a Fermi surface~FS! consisting of a
pair of open, slightly warped sheets. Despite extensive s
ies in this family, many challenging questions remain op
This includes the complete understanding of quantum p
nomena@FISDW states and rapid oscillations~RO!#, com-
mensurability effects~including Lebed angles!, and even ba-
sic concepts of electronic structure~Fermi or Luttinger
liquid!.

The high anisotropy leads to the instabilities which yie
either SDW or FISDW states.1 In both cases one Q1D Ferm
sheet is nested to its counterpart by a nesting ve
Q(Qa ,Qb ,Qc). The strict 2D theoretical model predicts th
best SDW nesting vectorQ5(2kF ,p/b), kF being Fermi
wave vector anda,b,c crystal axes. However, experiment
data reveal that the nesting is three dimensional, that isQ
5(2kF ,p/2b,p/8c) where Qb is reduced andQc is not
zero.2 We will show that a finiteQc can introduce additional
effects beyond the 2D approximation. The previous repo
of unusual angular behavior of FISDW and RO amplitude3,4

also indicate that third direction plays a more significant r
than predicted by the simple 2D model. In systems w
more pronounced FS warping, when the intrinsic 1D SD
instability is suppressed, FISDW states are obtained. In 1
Gor’kov and Lebed’5 showed that in such systems magne
field ~B! can restore the SDW which leads to series of qu
tized magnetic field induced SDW~FISDW! phase transi-
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tions. Montambaux’s finite-temperature calculations6 gave
logarithmic divergence of magnetic susceptibilityx(B) peri-
odic in 1/B. Calculations are made for a 2D electron gas w
quantized FISDW nesting vectorQ given by Q5(2kF
1ebBn,p/b) with third direction omitted. However, even i
this strictly 2D model, x(B) is quantized only in the
a-direction ~best conducting axis!, showing that the diver-
gence peak continuously develops in the perpendicular di
tion inside a single quantum staten ~see Fig. 3 in Ref. 6!.

Angular magnetoresistance~AMR! measurements appea
to be one of the very useful methods to study organic Q
systems since AMR is affected by both FISDW and co
mensurability effects. The latter are shown to arise at cer
angles of incident magnetic field in respect to the crys
axis. The first theoretical predictions in 1989 by Lebed a
Bak7 were soon followed by experimental reports of com
mensurability effects in Bechgaard salts.8,9 Several different
theoretical interpretations in following years succeeded
explain the appearance of dips~instead of peaks as originall
proposed in Ref. 7! in the framework of Fermi liquid theory
Osada et al.10 showed that the semiclassical Boltzma
equation in highly anisotropic systems gives dips in the
sistivity in all three crystal axis directions as observ
experimentally.11,10 On the other hand, the AMR data in Re
9 were interpreted as a consequence of the non-Fe
liquid.12

To gain new insight in this problem beyond the high
studied Bechgaard salts, we have examined a class of org
materials, the (DMET-TSeF!2X family ~whereX stands for
AuCl2 , AuI2 , AuBr2 , I3). These materials are organ
charge transfer salts with a hybrid donor molecu
~DMET-TSeF!.13 The anions are linear and therefore do n
induce anion ordering which can screen or influence the lo
temperature properties. Tight binding calculations at ro
temperature give a Q1D Fermi surface consisting of a pai
21 ©2000 The American Physical Society
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open, slightly warped sheets very similar to the Bechga
salts.13 Here we present and compare AMR data of tw
members of this new family: (DMET-TSeF!2AuCl2 and
(DMET-TSeF!2AuI2 ~hereafter referred to as AuCl2 and
AuI2). Both are metallic, but only AuI2 becomes supercon
ducting atT50.58 K. Despite the lack of superconductivi
in AuCl2 ~at least above 25 mK!, the Q1D instability appears
in both cases atambient pressure: at moderate magnetic fiel
(B), FISDW transitions are reported.14,3. Rapid oscillations
~RO! (FSDW>300 T! are also detected in both systems.3,15 In
this paper, we report a significant difference in AMR data
these two related compounds.

The procedure of synthesis is described in Ref. 13. Sin
crystals of approximately 130.13.01 mm3 for the AuCl2
and 0.530.0530.01 mm3 for the AuI2 compound are
mounted on a sample rotator and contacted with 12.5mm
golden leads. The ac current is applied along thea axis,
while magnetic field rotated in theb-c plane. Here we note
that b and c axis are switched compared to Bechgaard s
the longest unit cell direction is theb axis. For Bib, the
FISDW occurs at the lowest threshold field. The data
taken in both dilution refrigerator for temperatures up to 6
mK and in a regular helium cryostat for higher temperatur
Three different AuI2 samples, and five different AuCl2
samples were investigated.

Figures 1~a! and 1~b! show the resistanceRa(B) versus
angleu for (DMET-TSeF)2AuCl2 and (DMET-TSeF!2AuI2
samples, respectively, atT525 mK.u is the angle in theb-c

FIG. 1. Angular dependence of magnetoresistance for diffe
magnetic fields.u is the angle of the magnetic field from theb axis.
Vertical lines represent the Lebed angles calculated from the la
parameters and labeled asp/q according to Eqs. ~2!. ~a!
(DMET-TSeF!2AuCl2. ~b! (DMET-TSeF!2AuI2. Numbers in
quotes indicate the FISDW index corresponding to each maxi
Broken lines are guides for the eye for the shift of these maxim
rd
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plane measured between theb axis and the magnetic field. In
order to avoid nonlinear effects in the FISDW states, low
currents of 10 and 5mA for AuCl2 and AuI2 sample, respec-
tively, is applied. In both cases, FISDW transitions are d
tected forBib, i.e., at u50° and 180° where an absolut
minimum appears at all fields. No FISDW is obtained f
Bic. The vertical lines indicate Lebed’s magic angles w
indices given in the figure. For the triclinic symmetry in th
present case, the simple condition tan(u)5(p/q)(c/b) is
modified to

tan~u!5
p

q

c

b

sinb

sing sina
2cota ~1!

which gives

tanAuCl2
u50.442

p

q
and tanAuI2

u50.412
p

q
, ~2!

taking lattice parameters from Ref. 13, and neglecting
cota term. In the AuCl2 sample, thep/q51 dip is extremely
pronounced and observable down to the lowest fields. D
are observed for all values of magnetic field in both norm
and FISDW phases without visible difference. The wide d
aroundBic is a consequence of the FISDW: at angles
from the Bib direction, the FISDW is suppressed due
usual (1/cosu) 2D orbital dependence3 and the resistance
decreases.

In the case of the AuI2 sample, the situation is more com
plicated. Figure 1~b! shows one of the samples with the low
est resistance which can account for the considerable no
In addition to the pronouncedp/q50 dip, AuI2 shows only
a slight trace of thep/q561 dip ~compared with much
larger effects in AuCl2). Furthermore, additional peak struc
ture appears at angles between 0° and 90°, and resem
data in (TMTSF)2ClO4.16 These peaks start to appear
fields higher than 8 T, and shift with increasingB. ~The
angular asymmetry of these peaks is observed in certain
tent also in other samples measured and can be understo
a consequence of small misalignment of crystal axis in
magnetic field.! However, in all cases the angular position
peaks shows a linear dependence with magnetic field ab
the 8 T threshold field. This coincides with the appearance
FISDW, which is the origin of these anomalies. We note t
this complicated AMR structure does not scale withB cosu,
and therefore cannot be explained as the effective transv
magnetic field perpendicular to thea-c plane. This is re-
flected in a significant difference between sweeps of re
tance vs magnetic field atu50° and resistance vs angula
dependence at constantB. This AMR picture is found in all
three measured AuI2 samples. We will return to this problem
in the final discussion.

In Fig. 2 we replot theB52 T curves from Fig. 1 for both
materials. At this small field no FISDW is present. In th
case of AuCl2 sample, the signature of thep/q561 is ob-
servable, showing that commensurability structure in t
material is independent of the FISDW formation. In bo
cases, data are well fitted to a sin1/2u behavior in the region
around 90° (Bic). AuI2 at higher fields~4 to 8 T! indicates
change to pure sinusoidal dependence, while in AuCl2 the
Lebed dips distort the background AMR curve already aB
54 T. This resembles the behavior observed
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PRB 62 23BRIEF REPORTS
(TMTSF)2ClO4 and (TMTSF)2PF6,16,9 but shifted by 90°:
in Ref. 9 the background was approximated by cosu behav-
ior with indications of cos1/2u at low fields. The sinusoida
AMR dependence in~DMET-TSeF! family is different from
the behavior in the Bechgaard salts: in the latter only
component ofB along the least conducting axis is importan
This is attributed to~in!coherent hoping between conductin
chains. In our case, the least conducting direction does
match with the direction in which FISDW is observed, whi
implies the necessity to reconsider the current understan
of AMR in organic conductors.

Figure 3 shows the position of successive FISDW tran
tions found in AuI2 at 25 mK. The data are extracted fro
the change of MR slope. At 8 T the first detectable chang
occurs, which we estimate as the FISDW threshold fie
These transitions are not strictly periodic in 1/B, which is
also the case for some of the Bechgaard salts.1 We have
labeled successive phases by integer numbers in spite of
irregularity, assuming some similarity with AuCl2 sample.3

It seems that this irregularity is connected with the unus
AMR picture @Fig. 1~b!#. In contrast, for AuCl2, the FISDW
are periodic in 1/B and the AMR are dominated by the Lebe

FIG. 2. Low field (B52 T! AMR for AuI2 ~triangles, left! and
AuCl2 ~circles, right!. Fits in the region aroundu590° have a
sin1/2u dependence. Inset shows the geometrical arrangement o
experiment.

FIG. 3. Angular dependence of FISDW transitions
(DMET-TSeF!2AuI2. Lines are fits to 1/cosu dependence.
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oscillations. On the other hand, FISDW steps in Fig. 3 follo
the usual 2D orbital dependence. Lines are fits to 1/cou
dependence similar to observed in AuCl2.3 The conse-
quences of these transitions are discussed below.

Figure 4 shows the AMR data in AuI2 for different cur-
rents. This is a different sample studied atT540 mK and
B517.8 T. One can again observe a local MR maximum
certain angle in theb-c plane and also Lebed resonanc
with indexesp/q561,2,3. The higher the current, the mo
pronounced the Lebed dips become. The main point in
figure is the angular distribution of the nonlinear effects
this material. Nonlinear resistance arises due to sliding of
FISDW condensate. At zero electric field the condensat
pinned by impurities but after a finite electric threshold fie
ET is applied, it is depinned and contributes to the electri
conductivity.17 ET in our systems is found to be few mV/cm
comparable toET’s in Bechgaard salts. One can observe th
there is no non-linearity~within experimental error! for u5
690°, i.e., atBic ~note: this is an angle where no FISDW
detected!. The nonlinearity appears at angles close to 0° a
reaches its absolute maximum at the local MR maximu
This suggests that these MR maxima are a consequenc
the FISDW. If one recalls that the increase of resistance is
indication of FS nesting, one can conclude that the best
nesting occurs at a finite angle in theb-c plane.

If we look again to the shift of these local maxima in Fi
1~b!, we can conclude that the FISDW nesting vector sh
with increasing magnetic field. Broken lines in Fig. 1~b! are
guides to the eye of the shift of these maxima with fie
starting points (u50) correspond toB58, 12.3, and 16.6 T
FISDW transitions, as deduced from Fig. 3. This shift a
pears to be continuous. To our knowledge this is the fi
observation of a continuous shift of nesting vector in t
perpendicular (b-c) plane. One can assign two low-ang
peaks at 17 and 18 T in Fig. 1~b! as a FISDW vector shift in
then51 state. With increasing angle, the system drops b
to the n52 state leading to a reappearance of the previ
peaks. This implies thatQ vector shifts in theb-c plane
following the best nesting condition inside the quantiz
FISDW state. Once the field reaches a critical value, a qu

he

FIG. 4. AMR of (DMET-TSeF)2AuI2 sample for different cur-
rents. Vertical lines indicate Lebed angles, labeledp/q according to
Eq. ~2!.
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tized step ofQa occurs and sliding in theb-c plane recovers
again. This reveals the importance of the third axis in th
systems, previously treated as purely 2D. However, we n
that even in the 2D model,6 the FISDW nesting vector is
quantized only in the longitudinal direction and has bro
continuous maxima in the perpendicular direction. Furthe
is intriguing to consider the difference between AuCl2 and
AuI2. In the former, FISDW transitions are regular and
irregularity in AMR is observed. In the latter FISDW trans
tions are not uniform in 1/B and continuous shift of the
FISDW nesting vector in theb-c plane is observed. This
reveals that the deviation from the standard 2D descriptio
influenced by the third axis effect. We emphasize the si
larity between AuI2 and (TMTSF)2ClO4,16 which is another
system with irregular FISDW transitions.

In summary we report AMR effects in a class
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Q1D organic materials ~DMET-TSeF!2AuCl2 and
~DMET-TSeF!2AuI2. Contrary to the case of (TMTSF)2PF6 ,
the u50° orientation~along theb axis where FISDW is ob-
served! is not the least conducting direction in finite ma
netic field. This shifts the low-field MR dependence to a siu
behavior. Nonlinear conductance due to sliding of FISD
condensate above a smallET is observed in both compounds
AMR in (DMET-TSeF!2AuI2 closely resembles the case
(TMTSF)2ClO4, with the appearance of local MR maxim
in a b-c plane. These maxima shift linearly in a magne
field above the FISDW threshold field, implying a contin
ous shift of the FISDW nesting vector in theb-c plane.
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