VOLUME 66, NUMBER 11

PHYSICAL REVIEW LETTERS

18 MARCH 1991

Commensurability Effect of Magnetoresistance Anisotropy in the Quasi-One-Dimensional
Conductor Tetramethyltetraselenafulvalenium Perchlorate, (TMTSF) ,ClO4
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We have observed a clear series of fine structures superposed on the angular dependence of magne-
toresistance in the metallic and magnetic-field-induced spin-density-wave phases in the low-dimensional
organic superconductor (TMTSF),ClOs. They appear at the field angles whose tangent satisfies a frac-
tional condition reflecting the crystal geometry. This new oscillatory phenomenon is considered to result
from a resonance effect, i.e., commensurate versus incommensurate, between two periodicities in the
electron motion along an open orbit under tilted magnetic fields.

PACS numbers: 72.15.Gd, 71.25.Hc, 74.70.Kn, 75.30.Fv

The (TMTSF),X family of organic conductors, where
TMTSF denotes tetramethyltetraselenafulvalene and
X =Cl04,PFs,ReOy4, have attracted a great deal of at-
tention because of the gapless superconductivity and
the magnetic-field-induced spin-density-wave (FISDW)
transitions.! These compounds have very anisotropic
electronic structures. The electronic spectrum is well de-
scribed by a simple tight-binding model with the near-
est-neighbor transfer integrals along the a, b, and ¢ axes
of t,:tp:1, =300:30:1. They have a pair of sheetlike open
Fermi surfaces (FS’s) parallel to the b*-c* plane (nor-
mal to the a axis) with a weak periodic warping due to ¢,
and z.. Since 1, is too large to be ignored, the electronic
system is usually regarded as an anisotropic two-
dimensional (2D) one. The standard model for the
FISDW s built on this picture which ignores the effect
of finite z.. In fact, the angular dependence of the
threshold field for the FISDW phase obeys a cosine law
expected from the 2D model.? On the other hand, the
unusual anisotropy of the metallic-phase magnetoresis-
tance (MR) suggests the three-dimensional (3D) nature
of the system. >*

When the effect of ¢., i.e., the 3D nature, is taken into
account, a kind of resonance effect is expected for the
variation of the field direction. It is a commensurability
effect (commensurate versus incommensurate) between
two periodicities in the electron motion along an open or-
bit on the FS warped by ¢, and ¢.. The angular depen-
dence of the MR or the FISDW instability could be
affected by this effect.>”’ Boebinger et al. reported the
enhancement of the FISDW structures in the MR of
(TMTSF),ClO, at the special field angles.® Naughton
et al. observed several structures having no dependence
on the field strength in the MR anisotropy in the metallic
and FISDW phases.’

In order to find clear evidence for this commensurabil-
ity effect, we investigated the details of the MR anisotro-
py of (TMTSF),ClO,. In this paper, we report the first
observation of a fractional series, expected from the
commensurability effect, of fine structures in the MR an-
isotropy in the metallic and FISDW phases.

The MR measurements were carried out with a cur-
rent of, typically, 100 uA along the a axis (1D conduct-
ing axis) in static magnetic fields up to 12 T. The typi-
cal size of the sample crystals was 4x0.5%0.3 mm?>.
The samples were sustained by four leads of gold (25 um
in diameter) bonded by gold paint, and mounted on a ro-
tating stage. To achieve the ‘“‘relaxed state” with suf-
ficient ordering of the orientation of ClO4 ™~ anions, the
samples were cooled with speeds less than 50 mK/min
near the anion ordering transition temperature (24 K).

For the magnetic fields rotated in the a-c* plane, the
MR anisotropy in the metallic phase almost obeyed a
cosine law, that is, the c* component of the magnetic
field is dominant for the MR. It takes a local minimum
for the field along the a axis and a local maximum
around the c¢* direction.

On the other hand, when the magnetic fields were ro-
tated in the b*-c* plane, which is perpendicular to the
conducting a axis, the MR showed a large deviation
from the cosine law, as reported before.’* Figure 1
shows the plots of the angular dependence of the a-axis
resistance at 1.5 K for several fixed magnetic fields. The
field direction in the b*-c* plane is measured by the an-
gle 0 between the c* axis and the field direction. At this
temperature, the system undergoes a transition from the
metallic phase to the FISDW phase with the steep in-
crease of MR at the threshold field By, =6.1 T under
fields along the c* axis (6=0°). In Fig. 1, the data in
the metallic phase are plotted by the solid circles and
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FIG. 1. Magnetoresistance anisotropy of (TMTSF),ClO4 at
several field values. The solid and open circles stand for the
data in the metallic and FISDW phases, respectively. The
downward and upward arrows indicate the FISDW threshold
and the fine structures, respectively.

those in the FISDW phase by the open circles. The
threshold angles which separate the metallic phase and
the FISDW phase are indicated by large downward ar-
rows in Fig. 1. Their positions satisfy the cosine law B
xcos@=B(0=0°)=6.1 T as expected from the 2D
model.? As seen in the 4- and 6-T curves in Fig. 1, the
resistance in the metallic phase shows an unusual angu-
lar dependence deviating from the cosine law: It takes
local minima for the fields along the b’ (= *90°) and
¢’ (6=5°) axes, where b’ and ¢’ are the projections of
the b and ¢ axes onto the b*-c* plane. In addition, we
find weak dip structures indicated by the small upward
arrows around *+48° and *65° in Fig. 1. The posi-
tions of these fine structures are independent of the
strength of the magnetic field, in contrast to the thresh-
old structure of the FISDW transition. The dips at
1 48° are considered to be the same ones observed by
Boebinger e? al. and Naughton et al.®°

We concentrate our attention on these fine structures
of the MR anisotropy. In addition to the structures
marked by arrows, much weaker undulating structures
are superposed on the curves in Fig. 1. By taking the
second derivative of these curves, we can see these fine
structures more clearly as a series of peaks. Figure 2
shows the second-derivative patterns for different fields.
We checked that the smoothing procedure in the numeri-
cal differentiation did not affect the positions of these
peaks. The hatched peaks correspond to the FISDW
threshold and the transition between FISDW subphases.
It is evident that the positions of the fine structures are
independent of the field strength and that even in the
FISDW phase the fine structures also appear at the same
positions as in the metallic phase. These facts suggest
that the fine structures originate neither from the
FISDW transitions nor from the “fast oscillations” pecu-
liar to (TMTSF)..X, '° but from some kind of topological

1526

6 0 30 60

Angle 6 (deg)

FIG. 2. Second-derivative traces of the anisotropy patterns
at different field values. The data in the FISDW phase are
plotted by the open circles. The hatched peaks correspond to
the FISDW transitions. The angles which satisfy tan6=1.1
xp/q are shown. Right inset: Plot of the tangent of peak po-
sition vs the fraction p/q. Left inset: Semiclassical electron
motion on the FS.

effect related to the electronic structure. Experimental-
ly, the fine structures appear when the fractional condi-
tion tan6=1.1p/q is satisfied, where p and g are in-
tegers. Here, we set p=g =1 for the largest peak at 48°.
In Fig. 2, each peak is labeled by the fraction p/q. The
right inset of Fig. 2 shows the tangent of the peak angles
plotted against the assigned fraction p/gq.

In order to examine the possible topological effect, we
employ the following quasi-1D energy dispersion as a
simplified band model for (TMTSF),X in the metallic
phase:

E (k) =h%k2/2m™* — 2ty cos(bk,) — 2t.cos(ck,) , (¢))

where we assume the system to be orthorhombic and
choose the Cartesian coordinates x, y, and z along the a,
b, and ¢ axes. The Fermi level Er is larger than 2(z,
+1.), so that the system has a pair of open sheetlike
FS’s. They extend parallel to the b*-c* plane with weak
periodic warping due to ¢, and ¢, as shown in the left in-
set of Fig. 2. Under the magnetic field B=(0,Bsin6,
BcosO) applied with an angle 6 tilted from the z axis,
the effective Hamiltonian is written as follows, using the
Landau gauge A =(0,Bx cosf, — Bx sin8):

H=hk32m* —2t,cos(Gpx +bk,)
—2t.cos(G.x —ck,) . @)
Here, [x,k.]1=i, G, =beBcosb/h, and G, =ceBsin6/h.
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This Hamiltonian essentially describes a 1D problem un-
der two periodic potentials whose periods are 2x/G, and
27/G.. Around Er the energy spectrum has an almost
continuous 1D dispersion with respect to k,. Semiclassi-
cally, the electron on the FS moves in k space along the
edge of the FS cross section perpendicular to the field
direction as shown in the inset of Fig. 2. In real space,
the electron carries out a double-periodic motion along
an open orbit, which is a winding linear trajectory along
the 1D axis with modulations of two periods 27/G, and
27/G.. Although the two periods are generally incom-
mensurate, they become commensurate; that is, the elec-
tron motion becomes periodic at the special field direc-
tions where G, and G, take a rational ratio G,/G.=q/p
(p and q are integers). These special angles (“magic an-
gles”) satisfy the following fractional condition:

tan6=(p/q)b/c. 3)

This commensurability condition is fulfilled when the
field is parallel to one of the lattice planes containing the
1D axis. It is dominated only by the geometry of the
crystal structure. Some kind of resonance effect might
be expected at these magic angles.>”’

We shall apply the above idea to (TMTSF),ClO,.
The real crystal is not orthorhombic but triclinic. In ad-
dition, the unit cell is doubled along the b axis and the
FS’s are folded at low temperatures below 24 K because
of the anion ordering transition. Considering these two
effects, the commensurability condition for (TMTSF),-
ClOy is rewritten as

tan@=(p/q)2b'/c* —cota™ . 4

Here, b'=bsiny is the interchain distance in the a-b
plane, c¢* =csinBsina* is the interlayer distance between
the a-b planes, and

a* =cos ~'[(cosBcosy — cosa)/sinBsiny]

is the angle between the b* and c¢* axes. The factor 2
reflects the anion ordering period. Using the lattice pa-
rameters at 7 K (@ =7.068 A, b=7.638 A, c=13.123 A,
a=84.50°, $=88.00°, y=68.92°),!! the commensura-
bility condition turns into tan=1.09p/q +0.09. Within
the experimental accuracy, this is in very good agree-
ment with the fractional condition tan@=1.1p/q for the
observed fine structures. Therefore, we can conclude
that the fine structures appear at the magic angles which
satisfy the commensurability condition. The appearance
itself of the fine structures gives evidence for the 3D na-
ture of (TMTSF),ClO4. The factor 2 in Eq. (4), which
is introduced to label the largest dip at 48° as p/q=1, is
not essential, since this factor should still be 1 when the
anion ordering weakly affects the electronic structure. It
would be interesting to study the relative amplitude of
the fine structures for different cooling rates, that is,
different strength of the anion ordering effect.

The next problem is the mechanism of why the MR

shows dip structures at the magic angles. The well-
known oscillatory phenomenon in MR anisotropy is ob-
served in metals having a multiply connected FS. A
similar phenomenon has been found in the quasi-2D
organic metals (BEDT-TTF),X, where (BEDT-TTF),
denotes  bis(ethylenedithio)-tetrathiafulvalene, having
warped cylindrical FS.'>!> These two phenomena can
be understood in the framework of Boltzmann transport
theory with a constant relaxation time.'# The fine struc-
tures found in (TMTSF),ClO, are different from them
because (TMTSF),ClO4 has only sheetlike FS’s. The
MR calculation employing the Boltzmann equation in
the relaxation-time approximation cannot reproduce the
oscillatory MR anisotropy, at least in the weak warping
limit (EF>1,,t.). Essentially, most MR features of
(TMTSF),ClOy in the metallic phase, in addition to the
present one, cannot be explained by the standard picture:
too large MR, '3 violation of Kohler’s rule,'® and anoma-
lous anisotropy. 3

Recently, Lebed and Bak have presented a theory to
explain the anomalous MR anisotropy.” Beyond the
relaxation-time approximation, they estimated the elec-
tron relaxation time assuming a 3D band model with
finite f. and electron-electron scattering. They could
reproduce the overall anisotropy in the observed MR.
They also predicted the appearance of fine structures as
a series of peaks at magic angles satisfying the commen-
surability condition. In spite of the crucial discrepancy
that the fine structures are not observed as peaks but as
dips in the MR anisotropy, their theory demonstrates the
importance of the 3D effect and proposes the change of
the relaxation time due to the commensurability effect as
a possible mechanism for the fine structures.

It seems apparently strange that the fine structures ap-
pear even in the FISDW phase where the sheetlike FS’s
no longer exist because of FS nesting. The angular
dependence of the FISDW instability due to the com-
mensurability effect® is unlikely as an origin of the fine
structures in the FISDW phase because of the cosine
dependence of the threshold field.? One of the most plau-
sible explanations is magnetic breakdown. Since the
FISDW state is usually in the limit of strong magnetic
breakdown (the cyclotron energy Ao, is larger than the
SDW potential), an excited quasiparticle can move along
an open orbit by tunneling across the SDW gap.' There-
fore, the commensurability effect would work for the
quasiparticle motion in the same way as in the metallic
phase. Moreover, in the FISDW phase, the finite 7. may
open fine gaps within each Landau subband, which has
an energy dispersion along the 1D axis due to the mag-
netic breakdown. The angular dependence of these fine
gaps might cause the change of the 1D axis conduction.

In conclusion, we have observed fine structures in MR
anisotropy of (TMTSF),ClO,4 as a fractional series of
dips in both the metallic and FISDW phases. The field
angles of the fine structures obtained experimentally sat-
isfy a fractional condition. They coincide with the magic
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angles expected from the commensurability condition
that the two periods in an open orbit become commensu-
rate. This phenomenon is a new type of magnetic oscil-
lation reflecting only the crystal geometry. The appear-
ance of this effect in (TMTSF),ClO4 suggests the impor-
tance of the 3D nature of this compound. The mecha-
nism of the resistance change at the magic angles is still
unclear, since the existing theory predicts peaks at the
magic angles instead of dips.
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