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Evidence for density-wave domain structure in a mixed-band low-dimensional organic conductor
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We have used angular-dependent magnetoresistance to probe the anomalous low-temperature state in the

two-band (quasi-one- and -two-dimensional) organic conductor family u-(BEDT-TTF)2MHg(SCN)4, where

BEDT-1 t'1' stands for bis(ethyleuedithio)tetrathiafulvalene. Our results provide strong evidence for a mixed

state of both normal-metallic and Peierls-like domains with correspondingly different electronic structure. The

different attributes of these coexisting domains are shown to be responsible for the complex magnetotransport

phenomena in these materials, including the strong hysteretic behavior and the quantum-oscillation wave

forms.

In this paper we propose that the low-temperature state of
a well-studied organic-conductor family consists of a con-
figuration of metallic and density-wave domains. The layered
organic conductors a-(BEDT-1 1'1')2MHg(SCN)4 (M=K,
Rb, Tl, or NH4), where BEDT-11'1' stands for bis(ethylene-
dithio)tetrathiafulvalene, have a combination of both quasi-
one-dimensional and quasi-two-dimensional (Q1D and Q2D)
Fermi surfaces (FS's) as shown in Fig. 1. The members of
this isostructural family can be classified by their low-
temperature ground states; M =NH4 becomes a superconduc-
tor at 1 K, while below TDw=8 —10 K (where DW denotes
density wave), M=K, Rb, and Tl enter a low-temperature
state (LTS) characterized by unusual magnetotransport ef-
fects (see below). This LTS is thought to be the result of a
Peierls instability in the Q1D band, which induces either a

spin or charge DW below the characteristic temperature

TDW
The coexistence of the Q2D FS (which remains metallic

below Tow) masks the onset of insulating behavior in the
Q1D FS, and hence only a small rise in the resistivity at

TDw is observed in an otherwise decreasing resistivity with
lower temperatures. The new periodicity introduced by the
density-wave nesting vector does, however, cause the Q2D
FS to reconstruct along the lines shown in Fig. 1.Associated
with the LTS are several distinct features in magnetotrans-
port (see Figs. 1-4).

(1) There is a giant magnetoresistance that peaks at about
10 T (H ), followed by a precipitous drop at the so-called
"kink field" Hk in the range 20—30 T.

(2) There is strong hysteretic behavior in the magnetore-
sistance for magnetic-field sweeps in and out of the kink-
field region.

(3) Dual-peak Shubnikov —de Haas (SdH) oscillations (re-
sulting in anomalously large second-harmonic content in the
Fourier transform) associated with the fundamental hole-
band closed-orbit frequency (u=670 T for M=Tl) are
observed. Also observed is a SdH frequency (P=4261 T for

M =Tl) associated with 100% of the first Brillouin zone of
the normal metallic Fermi surface.

(4) Angular-dependent magnetoresistance oscillations
(ADMRO's) (whose strong anisotropy and oscillatory behav-
ior led to the notion of a reconstructed Fermi surface) are
observed. '

In this paper we argue that the dual-peak SdH oscillations,
hysteretic behavior, and observation of the magnetic-
breakdown orbit (P) that is, in principle, inconsistent with a
reconstructed FS, must be manifestations of mixed-state be-
havior. In our model, metallic and density-wave domains co-
exist in the LTS, and each contributes to the magnetotrans-
port phenomena. We use the different angular-dependent
properties of these two states to identify their individual con-
tributions to the LTS magnetoresistance. This work was per-
formed at the Francis Bitter National Magnet Laboratory in

Cambridge, Massachusetts and at the National High Mag-
netic Field Laboratory in Tallahassee, Florida.

We begin our discussion with the ADMRO phenomenon,
as shown in Fig. 1.Here a sample is rotated along some axis
in the a c(conducting-) plane in a constant magnetic field.
Oscillatory sharp minima are observed that are periodic in

tang, where q& is the angle between the b* (least conducting)
axis of the sample and the applied magnetic field. The angu-
lar location of the minima are independent of field and tem-
perature, implying that these oscillations are due solely to the
geometrical properties of the Fermi surface, and not the re-
sult of a phase transition. The observation that the minimum
in the period of tang occurs for an axis of rotation some-
where between 20' and 30 away from the k, axis has led to
the assertion that the Q2D FS reconstructs at low tempera-
ture as shown in Fig. 1.

There is some variation with regards to the value of the
proposed nesting vector Q in various reports (Refs. 5 and
11—14), but in our work for M=Tl and Rb, the value

Q = (m/8a, 3m/8c, rr/2b) is most consistent. We note that the
resulting nesting configuration in the new, reconstructed Bril-
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FIG. 1.Temperature dependence of the ADMRO extrema above
and below the LTS phase transition (Tow=10 K) for M = Rb at
H=14 T. The inset shows ADMRO at T=0.5 K with arrows indi-

cating the extremal points relevant to this paper. Arrenhius analysis
of the maximum between 4&T&10 results in a 5=10 K gap. The
calculated metallic state FS, and the proposed coexistence of the
metallic and reconstructed density-wave FS are shown separated by
the LTS phase boundary. Magnetic-breakdown trajectories and the
DW nesting vector Q (arrow) are highlighted.

FIG. 2. Magnetoresistance of the first three ADMRO maxima
and minima in M =Tl at 1.2 K. The arrows indicate the location of
the MR turnover point H for the ADMRO maxima, which is
characteristic of a magnetic-breakdown network. There is no ob-
servable H along the minima that become saturating. The SdH
oscillations reduce in amplitude with increasing angle independent
of the ADMRO, and dual-peak oscillations are faintly observable at
the central maxima.

louin zone (BZ) closely resembles that seen in magnesium. '
This choice of Q provides a magnetic-breakdown network
with no open orbits. All but the smallest of the closed orbits
are the result of magnetic breakdown, with a probability
PMs= exp( —Ho/H) where Ho=mE /ehE& and E /E

16 g g f-b,k/kf. Here b k is the momentum needed for a carrier to
tunnel from one orbit to another. The probability increases
with magnetic field. The giant magnetoresistance is the result
of the many extended trajectories possible in this complex
breakdown network. ' For adjacent orbits with very small
dispersion in the b direction (i.e., a nearly ideal two-
dimensional FS), b,k is expected to increase with angle y
from purely geometrical considerations. Hence PM&, and
thereby the giant magnetoresistance, will decrease monotoni-
cally with q as is the case with the ADMRO background in
Fig. 1. What is unusual is that the giant magnetoresistance
appears to nearly vanish at singular points,
(n=0, ~1,~2, etc.), with the period tang. We suggest that at
these special angles the magnetic-breakdown probability
must approach zero. To punctuate this observation, we note
the temperature dependence of the maxima and minima of
the ADMRO signal. The maxima follow an activated-type
behavior below TD~ that is characteristic of the evolution of
a density-wave-type state, but the minima follow a strictly
metallic-type temperature dependence. We assert here that at
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FIG. 3. SdH oscillations at 100 mK in M= Tl for the first two
maxima and y„.The oscillatjons are plotted vs inverse magnetic
field (1/H), aud are compensated for the 1/cosrp frequency depen-
dence of the higher-angle sweeps. Disappearance of the second-
series SdH component is observed along the first minima and em-

phasized in the fast-Fourier-transform results. The single-series
oscillations at cp„are sawtooth in shape, indicative of highly two-
dimensional behavior. The reduced second-series oscillations at the
second maximum indicate that they are more sensitive to angle than
the first series, consistent with the proposed magnetic-breakdown
model.
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FIG. 4. Full field sweep of M= Tl at 100 mK along y& and

q&2. Slow SdH oscillations appear at both these angles correspond-

ing to a zero-angle area of —10 T (SdH oscillations corresponding
to u are suppressed at the large-angle q&2). The upper-left inset

identifies the origin of this oscillation at the small triangular-hole

orbit at the MB junctions. The solid lines represent Bragg-scattered
paths, while the dashed line is the high-field magnetic-breakdown
limit. The kink field hysteresis for M=K is shown in the lower-

right inset. Below Hk, domains of reconstructed density-wave

(shaded) and normal metallic (clear) regions coexist, while above
the kink, all regions are normal metallic.

q&„,because the magnetic-breakdown probability (and hence
the giant magnetoresistance) is removed, only the coexisting
metallic behavior is observable.

The field dependence of the giant magnetoresistance is
also strongly suppressed at y„asis shown in Fig. 2. Here we
see that at the minima the magnetoresistance is sublinear, as
opposed to superlinear at the maxima, and there is no turn-

over point in the magnetoresistance corresponding to H
The observation of H is a consequence of shifting prob-
abilities in a magnetic-breakdown network as a function of
field, and its disappearance along the minima in conjunction
with the giant magnetoresistance is consistent with the no-
tion of vanishing magnetic breakdown. ' The magnetoresis-
tance at the angles y„ is very similar to that of o.-
(BEDT-'1 1'F)2NH~Hg(SCN)4, which does not form a DW
state, and exhibits metallic, simple closed-orbit behavior
with only a single SdH frequency.

The anomalous splitting of the fundamental closed-hole-
orbit frequency that appears in the LTS has been the subject
of considerable attention. ' In Fig. 3 we show a detailed
investigation of the effect for y=O (central maximum),

cp&, and for the second maximum. Here again we see that
phenomena associated with the LTS, in this case the second
series oscillation, is virtually gone at the angle p&, but reap-
pears at the second maximum. The wave form shown in Fig.
3 indicates that there are two uncorrelated contributions to
the SdH wave form, one from the metallic FS (n), and one

from the reconstructed FS (a'). Since the magnetic-
breakdown probability PMB vanishes at y„,the orbit n'
(which is identical to a in frequency) must also disappear
since it is a magnetic-breakdown orbit. Figure 3 clearly
shows this. This is the strongest evidence for the physical
separation (separate domains) of metallic and density-wave
phases in the material: such a morphology is a necessary
condition for the uncorrelated addition of u and n'. The
relative position in field of the peaks in a and a' may cor-
respond to the relative position in energy of the Landau lev-
els and the Fermi levels, which may be slightly different in
the metallic and DW phases.

There are further implications and consequences of our
domain model, one of which is given in Fig. 4. Here we
show very low-temperature magnetoresistance measure-
ments on a M= Tl sample at y& and @2, where a very low-

frequency oscillation is apparent. This oscillation has a very
small SdH frequency of order 10 T, and is only observed at
low fields where the magnetic-breakdown probability is
small. It corresponds to an orbit with a very small extremal
cross section and is most likely the result of the overlap of
three closed Q2D orbits in the reconstructed FS (see Fig. 4
inset). For y=0 this orbit is never observed at such high
fields since PM& is large and e is the dominant contribution
from the reconstructed FS. However, for y„,where PMB
vanishes, this orbit is the only allowed contribution from the
reconstructed FS.

Our model reconciles otherwise contradictory observa-
tions that have arisen in the literature. The p orbit, which
involves 100% of the metallic BZ cannot be obtained from
the reconstructed FS topology. However, if both phases co-
exist, then orbits from the reconstructed FS and the p orbit
can both be observed. There have also been widely differing
reports in the literature on the details of magnetotransport
and observed SdH oscillation fre uencies and their corre-
sponding oscillation amplitudes. ' The relative concentra-
tion of metallic and density-wave domains in any one sample
in the LTS should depend on extrinsic parameters such as
quality, shape, cooling rate, strain (from leads or mounting),
etc. Generally, adverse conditions should reduce the concen-
tration of domains in the DW phase, since it is probably
more susceptible. In cases where one domain type domi-
nates, the behavior will be predominantly metallic or DW.

The hysteretic behavior at the kink field is indicative of a
first-order phase transition akin to the effect of a magnetic
field on a superconductor, and suggests a similar formation
of coexisting states. Passage above the kink field returns the
entire sample to the metallic state as indicated by the disap-
pearance of the LTS magnetotransport properties. As the field
is lowered, DW domains begin to re-form, with different
concentrations dependent on the sample history and sur-

rounding environment.
There appears to be approximately equal numbers of rne-

tallic and DW domains, indicating that the long-range order
of the DW domains is small. We speculate that Coulomb and
exchange interaction between the DW and the reconstructed
Q2D carriers inhibits long-range coherence. The observa-
tion of SdH oscillations defines a lower limit for the domain
size given by A„=27rhF/eH, where A„is .the real-space
area, F is the SdH frequency, and H is the applied magnetic
field. ' The DW domains must be at least the size of n',
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while the metallic regions must accommodate orbits as large
as P. At 10 T this results in areas of 2.77X10 and
1.86X10 A. , respectively. The structure of these domains
remains to be resolved, and additional experiments are
needed.

In summary, we propose that the a-(BEDT-'I I'F)2M
Hg(SCN)4 materials (excluding M=NH4) form a mixed
state at low temperatures consisting of physically separate
metallic and density-wave domains. The model presented
here is distinctly different from previous models for the dual-

peak SdH oscillations, and for the ADMRO effect. ' The
relative concentration of domains will depend on the sample
quality, extrinsic parameters, and history. Hysteresis (first-
order behavior) associated with crossing the kink field is a

result of the destruction (upsweep) and reestablishment

(downsweep) of the DW domains. Our angular-dependent

experimental results strongly suggest that at the special

angles y„,the magnetic-breakdown probability in the DW
Fermi surface vanishes. The precise mechanism for this be-
havior deserves further attention.
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