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This paper reports on the effect of pressure on the angular-dependent magnetoresistance and
Shubnikov-de Haas (SdH) oscillation for 8 -(ET)(TCNQ), where ET and TCNQ stand for
bis(ethylenedithio)tetrathiafulvalene and tetracyanoquinodimethane, respectively. At O kbar,
the temperature dependence of the interlayer resistance shows three hump anomalies at
around 77 = 174 K, T, = 72 K, and T3 = 22 K. At low temperatures below T3, both the
Yamaji oscillation and the periodic dip structure due to a commensurability effect are clearly
observed in the angular dependence of the interlayer resistance at high magnetic fields. At 2.0
kbar, the T';-anomaly is suppressed and the 7- and T5-anomalies shifts to lower temperatures.
Below T3, similar Yamayji oscillation and the dip structure are evident. At 5.1 kbar, the T;-
anomaly is removed, and only the dip structure is clearly observed at low temperatures. From
this finding, the dip structure is attributable to a commensurability effect between the possible
4kg charge-density-wave in the TCNQ layers and the interlayer lattice potential. Although no
Yamaji oscillation is observed at 5.1 kbar, a higher SdH frequency is detected compared to
that at O kbar, suggesting the emergence of a magnetic breakdown orbit in the significantly
undulated Fermi surface originated from the ET layers. The temperature-pressure phase dia-

gram of 8 -(ET)(TCNQ) is determined from the resistance measurements.
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1. Introduction

Layered organic conductors, which are often regarded as strongly correlated electron
systems, have provided various interesting electronic states. Examples include charge- and
spin-density-waves (CDW and SDW), charge ordering (CO) state driven by electron cor-
relations, and unconventional superconductivity.'"® Reflecting softness arising from van der
Waals nature of the molecular packing, these electronic states can be controlled by apply-
ing moderate pressure.””!® To deeply understand such physical properties, their Fermi sur-
faces (FSs) have been intensively studied by various techniques, e.g., quantum oscillations
[de Haas-van Alphen (dHvA) or Shubnikov-de Haas (SdH) effect], periodic orbit resonance,
angle-resolved photoelectron spectroscopy, and angular-dependent magnetoresistance oscil-
lation (AMRO).% 192

In this paper, we report on the effect of pressure on the angular-dependent magnetore-
sistance and Shubnikov-de Haas (SdH) oscillation of a quarter-filled layered organic con-
ductor 5 -(ET)(TCNQ), where ET and TCNQ stand for bis(ethylenedithio)tetrathiafulvalene

and tetracyanoquinodimethane, respectively.?%-3!

The crystal structure has triclinic symmetry
consisting of ET and TCNQ layers and there exist one ET and one TCNQ in the unit cell as
schematically depicted in Fig. 1(a).*>*! According to the band structure calculation, a highly
one-dimensional (1D) band of TCNQ stacked along the c-axis and a warped 1D band of ET
extended along the a-axis are formed. Thus, the FS with rectangular cross-sections, originally
formed of two pairs of orthogonal 1D FSs, are predicted as shown in Fig. 1(b).3"3!

The temperature dependence of the resistivity for 8 -(ET)(TCNQ) is found to have metal-
lic behavior with three hump anomalies around T ~ 175 K, T» ~ 80 K, and T3 ~ 20 K.3*3!
Optical spectroscopy and X-ray scattering studies revealed a checkerboard pattern of the CO
state in the ET layers at room temperature.>3 Interestingly, this CO state disappears below
T,,>>3 where the magnetic susceptibility also shows a kink.>' According to the optical con-
ductivity measurement,*3* the coherence of the quasiparticle in the ET layer grows mono-
tonically below 7', and the electronic state in the ET layer finally behaves as a metal with
Fermi liquid nature below T3, where several 2D SdH frequencies were observed. Below T3,
the magnetic susceptibility shows a sharp drop and is independent of the magnetic field direc-
tion.*3! Thus, the resistivity anomaly at T3 may be related to a density wave (DW) transition

driven by an imperfect nesting of the FSs originated from the ET bands. In fact, an X-ray

scattering study>> has found new satellite reflections with a modulation vector.
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Fig. 1. (Color online) (a) A schematic crystal structure of 8" -(ET)(TCNQ). (b) Calculated Fermi surface (FS)

of ,8”-(ET)(TCNQ), where the FSs originated from the ET and TCNQ layers are indicated by the dashed and

30,31

solid curves, respectively. FS pocket labeled a-orbit in the same scale as the first Brillouin zone is shown

on the bottom right side.

On the other hand, the vibronic bands are observed in the optical conductivity polarized
parallel to the TCNQ stacking direction (i.e., c-axis) at 280 K and no additional vibronic
bands are found down to 6 K.>*3 This observation suggests a 4kg lattice modulation in the
TCNQ layers below room temperature. Although the formation of a 4kg-CDW and the anni-
hilation of the FSs originated from the TCNQ band are expected, the electronic state in the
TCNQ layers is not well characterized in the infrared and Raman studies.>*

Below T3, measurements of the AMRO were performed extensively by the authors.?’

The AMRO consists of a long- and a short-period oscillations. The long period oscillation is
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ascribed to the Yamaji oscillation corresponding to the small FS pocket labeled a-orbit [see
Fig. 1(b)].?7-3¢ The Yamaji oscillation arises from the orbital motion of the electrons on the
corrugated cylindrical FS.?* The peaks in the Yamaji oscillation appear when the averaged
electronic group velocity along the interlayer direction vanishes as the field is tilted. For a
simply corrugated cylindrical FS, the peaks appear periodically as a function of tané, where
0 is a angle between the magnetic field and the least conducting axis. The shape of the a-
orbit is found to be strongly elongated approximately along the c-axis, in agreement with
previous magneto-optical measurements.’’ Judging from the shape of the FS, the a-orbit
may be generated by the imperfect nesting of the FSs originated from the ET layers.

The short period oscillation, the periodic behavior of the resistance dips rather than the

peaks, has been discussed in terms of the Yoshioka model.*

When a periodic potential with
a wave vector @ is turned on by a DW formation, the additional scattering of the carriers
by the double periodicity (lattice and DW) increases the interlayer resistance. However, this
scattering effect is suppressed when the magnetic field direction satisfies a commensurability
condition depending on Q. This commensurability effect leads to periodic dips as a function
of the field angle. Based on the Yoshioka model,*® the superlattice vector Q is found to be
nearly parallel to the c-axis. One of the DW from the ET band or the possible 4kp-CDW
from the TCNQ band will be the origin of the dip structures.?’” However, it remains an open
question as to which band plays a decisive role.

To further investigate the electronic state, we have performed the measurements of the
angular-dependent magnetoresistance under pressure for 5 -(ET)(TCNQ) since the pressure
could selectively suppress the superlattice potentials associated with the DW and possible
4kp-CDW.*-40 In this paper, we will show that the angular-dependent magnetoresistance is
drastically changed by the pressure. In addition, a high frequency SdH oscillation above 30
T is observed at 7.0 kbar, indicating a significant difference between the FSs at 0 kbar and
7.0 kbar. The temperature-pressure phase diagram of 5 -(ET)(TCNQ) is determined from the
resistance measurements. These results provide important interplay between the electronic

state and pressre in 8 -(ET)(TCNQ).

2. Experimental
To obtain single crystals of 8 -(ET)(TCNQ), a CH,Cl, (or CH,Br,) solution of ET,
TCNQ, and TIE(= tetraiodoethylene) was placed at room temperature, and the solvent was

30,31

allowed to evaporate slowly to dryness within 24 hours. The interlayer resistance was

measured by a conventional four-probe AC technique with electric current along the b*-axis
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Fig. 2. (Color online) Resistance of 8 -(ET)(TCNQ) as a function of temperature under three pressures.*’ The
inset shows the temperature dependence of dR/dT at P = 0 kbar. Three resistance anomalies at T, T, and T3

are indicated by the arrows.

(the least conducting axis). Pressure was generated by use of a WC piston and a beryllium-
copper clamp type cylinder. Daphne 7373 oil was used as a pressure transmitting liquid.*!
The pressures were calibrated from the NH4F I-1I transition at room temperature. Since the
pressure decreases by about 1.5 kbar between room temperature and 200 K,*! the pressre
shown here is reduced by 1.5 kbar from the value at room temperature. The clamped pressure
cell with samples inside was rotated in the b*-c plane using a single-axis rotator. The angle 6
is the angle between the magnetic field and the least conducting b*-axis within the b*-c plane.
The experiments were made with a *He cryostat with a 15-T superconducting magnet at the
National Institute for Materials Science, Tsukuba, Ibaraki, Japan. Higher magnetic field ex-
periments were performed in a 33-T resistive magnet at the National High Magnetic Field

Laboratory, Tallahassee, Florida.
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Fig. 3. (Color online) Angular-dependent magnetoresistance of 8 -(ET)(TCNQ) for various magnetic fiellds
under pressures (a) P = 0 kbar, (b) P = 2.0 kbar, and (c) P = 5.1 kbar. In Figs. 3(a) and 3(b), the crosses and
dashed lines show peaks of Yamaji oscillation and dips due to the commensurability effect, respectively. The

positions of peaks and dips are independent of applied magnetic fields.

3. Results and discussion
3.1 Pressure effect on resistance anomalies

The temperature dependence of the interlayer resistance under pressure reported in ref.
40 is reproduced in Fig. 2. At O kbar, three hump anomalies are clearly observed. The inset
shows the temperature dependence of dR/dT at O kbar. Three resistance anomalies at 7 =
174 K, T, = 72 K, and T3 = 22 K are indicated by the arrows. At 2.0 kbar, the anomalies
at T, and T3 are slightly sifted to lower temperatures, while the anomaly at 7, is completely
absent. The significant increase of the resistance with decreasing temperature below room
temperature at 2.0 kbar shows that 7 is higher than room temperature. Since it is reported
that the CO state in the ET layers disappears below T,** we could conclude that there is no
CO state below room temperature at 2.0 kbar. At 5.1 kbar, the T5-anomaly is not observed and
only the T,-anomaly is still observed. The absence of the 73-anomaly shows that there is no
nesting of the pair of the warped 1D FSs originating from the ET bands. Thus, we found that
the electronic state of 5 -(ET)(TCNQ) is drastically changed by the application of pressure.

Although the origin of the T,-anomaly is still unclear, the semiconductor-like behavior
below T, at O kbar or below room temperature under pressures may be associated with a
possible 4kz-CDW gap. According to the optical conductivity measurement,*® the CO state
in the ET layers collapses and bad metal (or charge disproportionation) with the incoher-
ent electron transport appears below 7. Interestingly, the electron transport in the ET layers

shows a crossover behavior into a coherent Fermi liquid state below 75, leading to the en-
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hanced conductive behavior below T, (Note that 7, is defined as an inflection point in the
each R(T) curve in Fig. 2.). Thus, the T»-anomaly doesn’t represent a thermodynamic phase
transition but the crossover behavior. The absence of the anomalies in the magnetic suscep-
tibility around 7,3! is consistent with the above discussion. The temperature-pressure phase

diagram for 8 -(ET)(TCNQ) is discussed later.

3.2 Angular-dependent magnetoresistance

Figure 3(a) shows the 6-dependence of the interlayer resistance in magnetic fields rotated
on the b*-¢ plane. As pointed out previously,?’ the oscillatory behavior consists of the resis-
tance peaks due to the Yamayji oscillation and the dips due to the commensurability effect at
ambient pressure. As shown in Fig. 3(a), the Yamayji oscillation marked by crosses is domi-
nantly observed at 4.0 T. This oscillation arises from the small pocket created by the imperfect

nesting of the FSs originated from the ET layers.?”-3’

Above 10 T, the dip structure is super-
imposed, as indicated by the dashed lines. With increasing magnetic field, the dip structures
become sharper, whose positions are independent of the magnetic field strength. The results
clearly show that the dips are not caused by quantum oscillation but by the commensurabil-
ity effect.’®

a-(ET),MHg(SCN), (M = K, Rb, TI).424

Similar dips due to the commensurability effect are observed in a DW phase of

Figure 3(b) shows the 6-dependence of the interlayer resistance at 2.0 kbar, where T is
probably higher than room temperature. The oscillatory behavior at 2.0 kbar is very similar
to that at 0 kbar, suggesting no significant change in the electronic structure at 2.0 kbar. At
around 6 = 0°, a new hump is induced above 6.0 T and is enhanced with increasing magnetic
field. A similar hump has been reported in an organic superconductor with incommensurate
superlattice potential* and a high-T, cuprate superconductor.*® The humps have been dis-
cussed in terms of p-type or d,,-type staggered warping in the 2D FSs.*’ Such staggered
warping in 2D FS will be likely induced by applying pressure in 5 -(ET)(TCNQ).

Figure 3(c) shows the results at 5.1 kbar, where only the 7,-anomaly is observed. Many
sharp dips, whose positions are independent of the magnetic field strength, are observed. The
dips will be attributable to the commensurability effect, as observed in Figs. 3(a) and 3(b). No
Yamaji oscillations are observed. In addition, the peak at § = +90° is evident at high fields,
showing the coherent interlayer transport.*®4° The pressure effect on the resistance peak at 6
= +90° is discussed later.

To see the oscillations more clearly, we plot the second derivative curves of the magne-

toresistance as a function of tané at three pressures in Fig. 4. At 0 kbar and 2.0 kbar, the dips
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with a short period are evident in a low angle region whereas the peaks with a long period
are observed more clearly in a high angle region. Both dips and peaks are periodic in tané.
The observation of the dips and peaks clearly shows that the DW from the ET band or the
possible 4kp-CDW from the TCNQ band coexist with a 2D pocket at 2.0 kbar below T3; the
electronic structure at 2.0 kbar is essentially the same as that at ambient pressure.

At 5.1 kbar, the peaks disappear and only the dips are visible. Since the peaks (Yamaji
oscillation) are ascribed to the a-orbit generated by the imperfect nesting of the FSs on the
ET layers, the absence of the peaks shows no FS nesting at 5.1 kbar: the DW state on the ET
layers is totally suppressed. On the other hand, the T,-anomaly is still observed, as seen in
Fig. 2. Therefore, we conclude that the dip structure is not attributable to the DW state on the
ET layers but to the possible 4kg-CDW phase in the TCNQ band.

Note that the sharp dip structure in the angular-dependent magnetoresistance was reported

in Ref. 40, where the mechanism of the dip structure was discussed in terms of a 1D FS with
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Fig. 4. (Color online) Second derivative curves of magnetoresistance as a function of tané at 13.8 T for 0 kbar

and at 13.5 T for 2.0 kbar and 5.1 kbar. Both peaks (crosses) and dips (lines) are visible for O kbar and 2.0 kbar,
although only dips are observed at 5.1 kbar. All peaks and dips are periodic in tané.
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where 6, and 6pcqx are the dip and peak angles, respectively.

(Color online) Plot of tanfg;, and tanf,e,, versus N (dip or peak number) obtained from Figs. 3 and 4,

higher order corrugation, whose model is theoretically discussed by Blundell and Singleton.”®
An explanation based on the 1D FS scenario was not entirely convincing because it required
an unphysical long-range transfer integral between the ET chains parallel to the a-axis.*’
Figure 5 shows the plot of tanf, and tanf,.,c versus N (dip or peak number), where 6,
and Bpcax, obtained from Figs. 3 and 4, represent the angles of dips and peaks, respectively.
The slopes in these plots correspond to the periods of the dip and peak with respect to tané.
As can be seen in Fig. 5, there is no significant change in the dip period under pressure,
indicating that the superlattice in the possible 4kg-CDW phase is almost unchanged under
pressure. The periodicity A of the peaks associated with the Yamaji oscillation as a function
of tanf is given by A = n/(dkg),2* where d (= 20.36 A) is the interlayer spacing and kg is
Fermi wave number. From the slope of the tanf associated with the peak positions versus N,
the periodicity A is obtained and then kg is estimated to be 0.182 + 0.010 A~! at 0 kbar and
0.199 + 0.004 A~" at 2.0 kbar, respectively. Although the shape of the a-orbit at 2.0 kbar is
unknown, we expect that a similar nesting of the FSs from the ET bands occurs down to 2.0

kbar.
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Fig. 6. (Color online) Enlarged view at 13.5 T around 6 = 90° of Figs. 3(b) and 3(c) for P = 2.0 kbar (a) and
P = 5.1 kbar (b), respectively.

Let us discuss the peak effect appearing at 6 = +90° for P = 2.0 kbar. Figure 6(a) shows
the enlarged view at 13.5 T around 6 = 90° in Fig. 3(b), where a small peak can be seen. Such
a peak, as observed in various low dimensional conductors, is known to result from the closed
orbits on the side of the warped 1D or cylindrical 2D FS.*** The peak provides evidence for
coherent interlayer transport in the layered systems.*®*’ The width of the peak is proportional
to the interlayer transfer integral.*>*’ From Fig. 6(a), the peak width 2Af, is estimated to be
0.8°, which is nearly equal to that at ambient pressure.?’ Since the magnetic field is rotated
on the b*-c plane, the peak will be ascribed to the small closed orbit on the long-axis side of
the cross section of the corrugated cylindrical FS related to the a-orbit.?’

Next, we discuss the peak effect for P = 5.1 kbar. Figure 6(b) shows the enlarged view at
13.5 T around 6 = 90° in Fig. 3(c). Compared with the resistance peak at 2.0 kbar, the width of
the resistance peak is remarkably enhanced at 5.1 kbar. Since the resistance peak at 2.0 kbar
is associated with the small pocket created by the nesting of the FSs originated from the ET
layers, it is likely that the enhanced peak structure at 5.1 kbar is caused by the corrugation of
the warped 1D FSs formed by the ET band. From Fig. 6(b), the peak width 2A6, is estimated
to be 2.8°, which is three times larger than that at ambient pressure and 2.0 kbar. This result

suggests a significant enhancement of the interlayer transfer integral and corrugation of the

FS formed by the ET band at 5.1 kbar.

3.3 Shubnikov-de Haas effect

Figure 7 shows the magnetic field dependence of the interlayer resistance over a temper-

ature range from 0.5 to 4.2 K at 7.0 kbar. The interlayer resistance increases with increasing
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Fig. 7. (Color online) Interlayer resistance of ﬁ"-(ET)(TCNQ) as a function of magnetic field at various tem-
peratures ranging from 0.5 to 4.2 K. The inset is the interlayer resistance for high-field range between 30 and

33 T below 1.3 K, where high frequency SdH oscillations are found.

magnetic field strength. The SdH oscillation resulting from the a-orbit with the frequency of
137 T is observed at 0 kbar.?’ In contrast, as shown in the inset of Fig. 7, high frequency SdH
oscillations above 30 T are evident at 7.0 kbar.

Figure 8(a) shows the Fourier transform spectrum of the SdH oscillations in the magnetic
field range of 30 to 33 T. The high frequency of 4183 T indicates that the cross-sectional area
of the FS is approximately 30% of the first Brillouin zone. The Fourier transform amplitude
divided by temperature versus temperature, called the mass plot, is shown in Fig. 8(b). A
solid curve is the calculated result by the Lifshitz-Kosevich formula.!® The numerical fit of
the data provides the effective mass of m. = 4.5m,, where my is the free electron mass. This
effective mass obtained here is about four times larger than that in the a-pocket at O kbar.

The observation of a larger FS with a heavier effective mass indicates a significant difference
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between the FSs at O kbar and 7.0 kbar. The observations of the dip structure [Fig. 3(c)]
and the T,-anomaly in R(T) show the existence of the possible 4kg-CDW and the absence
of the FS originated from the TCNQ layers at 7.0 kbar. Therefore, the ET derived FSs are
responsible for the high frequency SdH oscillations. It is likely that the transfer integral

along the c-axis increases with increasing pressure, leading to a significant undulation of the
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FSs originated from the ET layers. No Yamaji oscillation at 5.1 kbar in Figs 3(c) and 4 shows
that the undulated FSs are not yet closed. Thus, a magnetic breakdown effect may play a
crucial role for the observation of the SdH oscillations, which were not recognized in the
previous SAH study.*® The observation of the large effective mass of m, = 4.5my suggests the
mass enhancement by the strong electron correlation in the ET band, which is a source of the

CO state in the ET layers.

3.4 T-P phase diagram

Figure 9 shows the T-P phase diagram of 8 -(ET)(TCNQ), derived from the resistance
measurements (Fig. 2). There are four temperature regions I (T > T,), Il (T, > T > T,), IlI
(T, > T > Ts3), and IV (T < T3) as previously defined and discussed at 0 kbar by Uruichi
et al.>} In region I, the CO state in the ET layers coexists with the possible 4kg-CDW in the
TCNQ layers. In region II, the CO state in the ET layers collapses and the bad metal (or
the charge disproportionation) with the incoherent electron transport appears. According to
the optical conductivity measurements,** the incoherent transport in the ET layers show a
crossover behavior into a coherent Fermi liquid state across 7, with decreasing temperature.
In region III, the coherence of the quasiparticles in the ET layers grows monotonically with
decreasing temperature. In region I'V, the DW phase is formed in the ET layers, which coexists
with the possible 4kg-CDW in the TCNQ layers. In this region, small FS pockets are formed
by the imperfect nesting of the FSs originated from the ET layers. A critical pressure for the
DW phase, where 7’3 goes to zero, is estimated to be ~ 5 kbar. Thus, we consider that the
ground state above 5 kbar is the possible 4kg-CDW, where the 1D FSs originated from the
ET layers are strongly undulated.

Finally, let us discuss the similarities and differences between the pressure-induced
changes of 8 -(ET)(TCNQ) and other organic conductors. As shown in Fig. 9, T, increases
with increasing pressure. This behavior is completely different from the pressure effect on the

typical charge ordered insulators,’!=>3

where a metal-insulator transition temperature accom-
panied with a CO state decreases with increasing pressure because of the enhanced electronic
band overlap. The pressure dependence of the Raman spectra at room temperature showed
that the pressure plays the same role as lowering the temperature, i.e., thermal contraction
of the lattice.®® Therefore, lowering the temperature or increasing the pressure around room
temperature corresponds to decrease of V/t, where V is the inter-site Coulomb interaction
and ¢ is the inter-site hopping energy, leading to destabilization of the CO state and a resul-

tant increase in 7'} with increasing pressure. As the temperature decreases across 75, there
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Fig. 9. (Color online) T-P phase diagram of 8" -(ET)(TCNQ) derived from Fig. 2. At 2.0 kbar, the 7;-anomaly
may occur at a temperature above room temperature. A critical pressure for the DW phase, where T3 goes to
zero, is estimated to be ~ 5 kbar. The dashed line dividing the regions II and III means the pressure dependence
of T, where the bad metal with the incoherent electron transport show a crossover behavior into a coherent
Fermi liquid state with decreasing temperature. See section 3.4 for the electronic states in the regions I, II, III,
and IV.

is a crossover behavior from incoherent to coherent transport in the ET layers.*® This phe-
nomenon is very similar to the crossover behavior from a high-temperature bad metal to a
low-temperature Fermi liquid metal in the half-filled band systems such as x-(ET),X, where
X stands for monovalent anions.’*>> On the lower temperature side, T3 decreases with in-
creasing pressure and the DW state is completely suppressed around 5 kbar. Similar pressure
effects are reported for the SDW phase in the Bechgaard salts®®>” and the CDW phase in the
a-(ET),KHg(SCN),.4*38

4. Summary

We have studied the effect of pressure on the resistance anomalies, the angular-dependent
magnetoresistance, and SdH effect for 5 -(ET)(TCNQ). When the Ts-anomaly is observed,
the Yamaji oscillations and the dips explained by the Yoshioka model are clearly observed.

However, when the T5-anomaly is completely suppressed at 5.1 kbar, the Yamaji oscillations
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simultaneously disappear but the dips are more evident. Since the semiconductor-like be-
havior below T at O kbar or below room temperature under pressure survives at 5.1 kbar,
it is likely that the sharp dips are attributable to the possible 4kp-CDW in the TCNQ lay-
ers. The observation of the high frequency SdH oscillation with the heavier effective mass
shows a significant difference between the FSs at 0 kbar and 7.0 kbar. The high frequency
SdH oscillation likely results from the magnetic breakdown effect on the strongly undulated
FS originated from the ET layers under high pressure. The experimental results reported here
demonstrate that the measurement of angular-dependent magnetoresistance provides a pow-
erful tool to investigate charge ordered states such as a DW and a 4kg-CDW states as well as

the conventional 2D FS studies.
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