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spin-density waves and commensurability effects

N. Biskup and J. S. Brooks
NHMFL, FSU, 1800 East Paul Dirac Drive, Tallahassee, Florida 32310

R. Kato
RIKEN, The Institute of Physical and Chemical Research, 2-1, Hirosawa, Wako-shi, Saitama 351-0198, Japan

K. Oshima
Department of Physics, Faculty of Science, Okayama University, Tsushima-naka, Okayama 700, Japan
(Received 19 January 2000

We present a detailed study of angular-dependent magnetoresigfvBy in a class of low-dimensional
organic conductor (DMET-TSekX, whereX stands forX=AuCl, and Aul. The angular-dependent back-
ground magnetoresistance for both compounds reveals a local minimum at the angle where the field-induced
spin-density wavéFISDW) 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
AuCl, dominate the FISDW, Auyl shows complicated AMR structure dominated by FISDW. These data
indicate continuous sliding of the FISDW nesting vector in the plane.

Quasi-one-dimension&Q1D) organic conductors play an tions. Montambaux’s finite-temperature calculatforgave
important role in the research of electronic interactions inlogarithmic divergence of magnetic susceptibiligB) peri-
solid state physics. The family of Bechgaard salts has beeadic in 1/B. Calculations are made for a 2D electron gas with
traditionally used to investigate magnetic Q1D instabilities,quantized FISDW nesting vectoR given by Q=(2kg
which result in spin density wavéSDW), and (magnetig +ebBnw/b) with third direction omitted. However, even in
field induced spin density wav&ISDW) states. Quasi-one- this strictly 2D model, x(B) is quantized only in the
dimensionality arises from the high anisotropy: tight bindinga-direction (best conducting axjs showing that the diver-
calculations give transfer integral ratio of,:t,:t,  9ence peak co_ntinuously develops in the. perp_endicular direc-
=1:0.1:0.003, giving a Fermi surfad&S) consisting of a  tion inside a single quantum state(see Fig. 3 in Ref.

pair of open, slightly warped sheets. Despite extensive stud- ~ngular magnetoresistanédMR) measurements appear

A . : : : : to be one of the very useful methods to study organic Q1D
ies in this family, many challenging questions remain open. . .
This includes the complete understanding of quantum phes-yStemS since AMR s affected by both FISDW and com-

nomena[ FISDW states and rapid oscillatiof0)], com- mensurability effects. The latter are shown to arise at certain

- : . angles of incident magnetic field in respect to the crystal
mensurab|l|ty effect$mc|udmg Lebed angle_sand even ba- axis. The first theoretical predictions in 1989 by Lebed and
sic concepts of electronic structurgermi or Luttinger

_ Bak’ were soon followed by experimental reports of com-
liquid). _ , . __mensurability effects in Bechgaard sditsSeveral different

_ The high anisotropy leads to the instabilities which yield iheqretical interpretations in following years succeeded to
either SDW or FISDW statelsin both cases one Q1D Fermi gyplain the appearance of difiastead of peaks as originally
sheet is nested to its counterpart by a nesting vectoproposed in Ref. )7in the framework of Fermi liquid theory.
Q(Qa,Qp,Qc). The strict 2D theoretical model predicts the Osada et al!® showed that the semiclassical Boltzmann
best SDW nesting vectoQ = (2kg,7/b), ke being Fermi  equation in highly anisotropic systems gives dips in the re-
wave vector andi,b,c crystal axes. However, experimental sistivity in all three crystal axis directions as observed
data reveal that the nesting is three dimensional, thaDis, experimentally***°On the other hand, the AMR data in Ref
=(2kg ,7/2b,7/8c) where Qy is reduced andQ. is not 9 were interpreted as a consequence of the non-Fermi
zero? We will show that a finiteQ,, can introduce additional, liquid.*?
effects beyond the 2D approximation. The previous reports To gain new insight in this problem beyond the highly
of unusual angular behavior of FISDW and RO amplitdde, studied Bechgaard salts, we have examined a class of organic
also indicate that third direction plays a more significant rolematerials, the (DMET-TSekX family (where X stands for
than predicted by the simple 2D model. In systems withAuCl,, Aul,, AuBr,, I3). These materials are organic
more pronounced FS warping, when the intrinsic 1D SDWcharge transfer salts with a hybrid donor molecule
instability is suppressed, FISDW states are obtained. In 198@DMET-TSeB.*® The anions are linear and therefore do not
Gorkov and Lebed showed that in such systems magneticinduce anion ordering which can screen or influence the low-
field (B) can restore the SDW which leads to series of quantemperature properties. Tight binding calculations at room
tized magnetic field induced SDWFISDW) phase transi- temperature give a Q1D Fermi surface consisting of a pair of
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plane measured between thexis and the magnetic field. In
order to avoid nonlinear effects in the FISDW states, low ac
currents of 10 and A for AuCl, and Aul, sample, respec-
tively, is applied. In both cases, FISDW transitions are de-
tected forB||b, i.e., at#=0° and 180° where an absolute
minimum appears at all fields. No FISDW is obtained for
B|/c. The vertical lines indicate Lebed’s magic angles with
indices given in the figure. For the triclinic symmetry in the
present case, the simple condition ta€ (p/q)(c/b) is
modified to

Rua, €

singB

c
b sinysina

tan(0) = g —cota D
which gives

tanci, 0= 0.44% and tan, 0= 0.41%, (2

Ry, @

taking lattice parameters from Ref. 13, and neglecting the
cota term. In the AuCj sample, thg/q=1 dip is extremely
pronounced and observable down to the lowest fields. Dips
are observed for all values of magnetic field in both normal
and FISDW phases without visible difference. The wide dip
aroundB||c is a consequence of the FISDW: at angles far
from the B||b direction, the FISDW is suppressed due to

FIG. 1. Angular dependence of magnetoresistance for different'Sual (1/co#) 2D orbital dependenceand the resistance
magnetic fields@ is the angle of the magnetic field from theaxis. ~ decreases.
Vertical lines represent the Lebed angles calculated from the lattice [N the case of the Aylsample, the situation is more com-
parameters and labeled as/q according to Egs.(2). (a) plicated. Figure Gb) shows one of the Samples with the low-
(DMET-TSeB,AuCl,. (b) (DMET-TSeB,Aul,. Numbers in est resistance which can account for the considerable noise.
quotes indicate the FISDW index corresponding to each maximan addition to the pronouncep/q=0 dip, Aul, shows only
Broken lines are guides for the eye for the shift of these maxima.a slight trace of thep/g=*1 dip (compared with much

larger effects in AuGJ). Furthermore, additional peak struc-

open, slightly warped sheets very similar to the Bechgaardure appears at angles between 0° and 90°, and resembles
salts™® Here we present and compare AMR data of twodata in (TMTSF)CIO,.X® These peaks start to appear at
members of this new family: (DMET-TS@AuCl, and fields higher than 8 T, and shift with increasi®y (The
(DMET-TSeB,Aul, (hereafter referred to as AuCland  angular asymmetry of these peaks is observed in certain ex-
Aul,). Both are metallic, but only Aylbecomes supercon- tent also in other samples measured and can be understood as
ducting atT=0.58 K. Despite the lack of superconductivity a consequence of small misalignment of crystal axis in a
in AuCl, (at least above 25 mKthe Q1D instability appears magnetic field. However, in all cases the angular position of
in both cases ambient pressureat moderate magnetic field peaks shows a linear dependence with magnetic field above
(B), FISDW transitions are reportét> Rapid oscillations the 8 T threshold field. This coincides with the appearance of
(RO) (Fspw=300 T) are also detected in both systefrisIn FISDW, which is the origin of these anomalies. We note that
this paper, we report a significant difference in AMR data inthis complicated AMR structure does not scale vwBtbos®,
these two related compounds. and therefore cannot be explained as the effective transverse

The procedure of synthesis is described in Ref. 13. Singlenagnetic field perpendicular to theec plane. This is re-
crystals of approximately %0.1x.01 mn? for the AuChL  flected in a significant difference between sweeps of resis-
and 0.5<0.05<0.01 mni for the Aul, compound are tance vs magnetic field &#=0° and resistance vs angular
mounted on a sample rotator and contacted with 121  dependence at constaBt This AMR picture is found in all
golden leads. The ac current is applied along #heaxis, three measured Agikamples. We will return to this problem
while magnetic field rotated in thie-c plane. Here we note in the final discussion.
thatb andc axis are switched compared to Bechgaard salt: In Fig. 2 we replot tha8=2 T curves from Fig. 1 for both
the longest unit cell direction is the axis. ForB||b, the  materials. At this small field no FISDW is present. In the
FISDW occurs at the lowest threshold field. The data arease of AuC} sample, the signature of th#q==*=1 is ob-
taken in both dilution refrigerator for temperatures up to 600servable, showing that commensurability structure in this
mK and in a regular helium cryostat for higher temperaturesmaterial is independent of the FISDW formation. In both
Three different Auj samples, and five different AuCl cases, data are well fitted to a ¥ behavior in the region
samples were investigated. around 90° B|[c). Aul, at higher fieldg4 to 8 T) indicates

Figures 1a) and Xb) show the resistancR,(B) versus change to pure sinusoidal dependence, while in Augé
angle @ for (DMET-TSeF)AuCl, and (DMET-TSel,Aul,  Lebed dips distort the background AMR curve alreadpBat
samples, respectively, @t=25 mK. 4 is the angle in thé-c =4 T. This resembles the behavior observed in
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FIG. 2. Low field B=2 T) AMR for Aul, (triangles, left and FIG. 4. AMR of (DMET-TSeF)Aul, sample for different cur-

A_u(/:;z (circles, righ}. Fits in the region aro‘?”‘”z 90° have a rents. Vertical lines indicate Lebed angles, labgdégl according to
sin”29 dependence. Inset shows the geometrical arrangement of tl]gq )

experiment.

oscillations. On the other hand, FISDW steps in Fig. 3 follow
the usual 2D orbital dependence. Lines are fits to 14cos
dependence similar to observed in Ay€lThe conse-

(TMTSF),CIO, and (TMTSF)PF;,'%° but shifted by 90°:
in Ref. 9 the background was approximated by ¢behav-
ior with indications of co¥2¢ at low fields. The sinusoidal quences of these transitions are discussed below.

AMR dependence itDMET-TSeH family is different from Figure 4 shows the AMR data in Aufor different cur-
the behavior in the Bechgaard salts: in the latter only theanis. This is a different sample studiedTat 40 mK and
component oB along the least conducting axis is important. g _ 17 8 T One can again observe a local MR maximum at
This is attributed tdin)coherent hoping between conducting certain angle in théb-c plane and also Lebed resonances

chains. In our case, the least conducting direction does not..,. - — :
match with the direction in which FISDW is observed, Which%lth indexesp/q==1,2,3. The higher the current, the more

T . ) . pronounced the Lebed dips become. The main point in this
implies the necessity to reconsider the current understandu‘%gure is the angular distribution of the nonlinear effects in
of AMR in organic conductors.

Fi 3 sh h i ¢ Ve FISDW t .this material. Nonlinear resistance arises due to sliding of the
Igure 5 Snows the position Of successive ranSit spw condensate. At zero electric field the condensate is

tions found in Aup at 25 mK. The data are extracted from . : I - : :
: pinned by impurities but after a finite electric threshold field
the change of MR slope. #8 T the first detectable change g i anpjied, it is depinned and contributes to the electrical

occurs, which we estimate as the FISDW threshold ﬁeldconductivity.” E; in our systems is found to be few mv/cm,

Tlhes<tahtran3|t|o?s are not ]csttr;]ctlpre;:odlcderélxlchh IS comparable t&'s in Bechgaard salts. One can observe that
aiso the case for some of the bechgaard sa ave  there is no non-linearitywithin experimental errorfor 6=

labeled successive phases by integer numbers in spite of theJ_Jgoo, i.e., aB|c (note: this is an angle where no FISDW is

irregularity, assuming some s.|m|Iar|ty with Agp&sampleet etecte@l The nonlinearity appears at angles close to 0° and
It seems that this irregularity is connected with the unusu eaches its absolute maximum at the local MR maximum

AMR p[ct(jqre_[Fjlg. 1(3)1hln:,\c/)lr;\)trast,(;‘or AuCt}LI,dtT)e thSEV\t/) d This suggests that these MR maxima are a consequence of
are periodic in 25 and the are dominated by the Lebed v, £iSpw. If one recalls that the increase of resistance is an

indication of FS nesting, one can conclude that the best FS

20\ LA VA nesting occurs at a finite angle in thec plane.
20 -_\\ \ /] If we look again to the shift of these local maxima in Fig.
E o\ i / 1 1(b), we can conclude that the FISDW nesting vector shifts
18 \ / with increasing magnetic field. Broken lines in Figb)Lare
. /] guides to the eye of the shift of these maxima with field:

B(T)

16 |
" : \\\\j// 2 starting points §=0) correspond t=8, 12.3, and 16.6 T
P ] FISDW transitions, as deduced from Fig. 3. This shift ap-
i ] pears to be continuous. To our knowledge this is the first
g ] observation of a continuous shift of nesting vector in the
perpendicular i§-c) plane. One can assign two low-angle
peaks at 17 and 18 T in Fig(l) as a FISDW vector shift in
60 30 0 30 60 then=1 state. With increasing angle, the system drops back
6 (dee) to then=2 state leading to a reappearance of the previous
peaks. This implies tha®Q vector shifts in theb-c plane
FIG. 3. Angular dependence of FISDW transitions in following the best nesting condition inside the quantized
(DMET-TSeB,Aul,. Lines are fits to 1/co8 dependence. FISDW state. Once the field reaches a critical value, a quan-
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tized step ofQ, occurs and sliding in thb-c plane recovers Q1D  organic materials (DMET-TSeh,AuCl, and
again. This reveals the importance of the third axis in theséDMET-TSeRzAul,. Contrary to the case of (TMTSERF,
systems, previously treated as purely 2D. However, we notd!€ #=0° orientation(along theb axis where FISDW is ob-
that even in the 2D mod&lthe FISDW nesting vector is seryec} IS not the _Ieast condu_ctmg direction in finite mag-
quantized only in the longitudinal direction and has broad"€!iC field. This shifts the low-field MR dependence to atin
continuous maxima in the perpendicular direction. Further, ipehawor. Nonlinear condu_ctance due o sliding of FISDW
is intriguing to consider the difference between Au@hd condensate above a sma is observed in both compounds.

Aul,. In the former, FISDW transitions are regular and noA'vIR in (DMET-TSeR,Aul, closely resembles the case of

irregularity in AMR is observed. In the latter FISDW transi- .(TMTSF)2CIO4' with the appearance of local MR maxima

. . . . : in a b-c plane. These maxima shift linearly in a magnetic

g?ggv?/rier;?;[n;n\;fgtrgrlpn ]tE:] ;_ncd p(I:;)ani:OgEsZ?\l/z d(.)f'l't::ii field at_)ove the FISDW threshold field,_ implying a continu-

reveals that the deviation from the standard 2D description i§us shift of the FISDW nesting vector in thec plane.

influenced by the third axis effect. We emphasize the simi- This work was supported by Grant No. NSF-DMR-99-

larity between Auj and (TMTSF)}CIO,,* which is another  71474. The NHMFL is supported through a contractual

system with irregular FISDW transitions. agreement between the NSF through Grant No. NSF-DMR-
In summary we report AMR effects in a class of 95-27035 and the State of Florida.
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