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Magnetoresistance and magnetic breakdown in the quasi-two-dimensional conductors
(BEDT-TTF ),MHQ(SCN)4[M =K,Rb,TI ]

Ross H. McKenzig
School of Physics, University of New South Wales, Sydney 2052, Australia

G. J. Athas
Physics Department, Boston University, Boston, MA 02215

J. S. Brooks
National High Magnetic Field Laboratory, Florida State University, Tallahassee, FL 32306

R. G. Clark, A. S. Dzurak, R. Newbury, R. P. Starrett, and A. Skougarevsky
School of Physics and National Pulsed Magnet Laboratory, University of New South Wales, Sydney 2052, Australia

M. Tokumoto, N. Kinoshita, T. Kinoshita, and Y. Tanaka
Electrotechnical Laboratory, Tsukuba, Ibaraki 305, Japan
(Received 21 June 1996

The magnetic-field dependence of the resistandBBDT-TTF) ,MHg(SCN),[M =K,Rb,TI] in the density-
wave phase is explained in terms of a simple model involving magnetic breakdown and a reconstructed Fermi
surface. The theory is compared to measurements in pulsed magnetic fields up to 51 T. The value implied for
the scattering time is consistent with independent determinations. The energy gap associated with the density-
wave phase is deduced from the magnetic breakdown field. Our results have important implications for the
phase diagran].S0163-182606)52036-9

Conducting organic molecular crystals based on the bissistance increases at},,, decreases as the temperature is
(ethylenedithio tetrathiafulvalene(BEDT-TTF) and tetra- |owered. Measurements on poorer-quality samples give
methyltetraselenafulvalef@MTSF) molecules are interest- smaller maximum resistané.(vi) As the angle between the
ing low-dimensional electronic systerhd. The family field and the conducting planes is increasédl .,
(BEDT-TTF) ,MHQ(SCN4[M =K,Rb,TI,NH,] is of particu-  jncreasedl®12pyt H, does not var;?:ll
lar interest because such compounds have a rich phase dia- The measurements shown in Fig. 1 were made at the Aus-

gram and coexisting quasi-one-dimensional and quasi-tWzajian National Pulsed Magnet LaboratdfySamples were

gg?,gEsﬁvﬁ:eﬁ;néessugraecef,gs'\ftﬁteallé%’ Setr‘]%?rzcogr?lt‘:rtr']nge’r:&rtudied in a top IoadinéHe refrigerator and aligned so the
Y b b » dep 9 P rﬁagnetic field was in the least-conducting directi¢ime b

ressure, magnetic field, and anion mbient pres- ! .
pressure, magnetic field, and anion typat ambient pres axig). The voltage and current were also along thaxis.

sure, the family withM = K,Rb,Tl undergoes a transition Th t svst Ised up to 51 T with a durati f
from a metal to a density-wau®W) phase at a temperature € magnet system was pulsed up 1o . with a duration o
20 ms. Measurements were made with dc constant current

Tow= 8,9, and 12 K, respectively. There is currently con- ) ) ’ o
troversy as to whether this is a spin-density wave or 6(80—2F)O,LLA) sources and low noise, differential preamplifi-
charge-density wav&® This phase is destroyed above a €rs: Plck-up from thelB/dtterm was never more tha_n 50%
magnetic fieldH, known as the kink fieldfor M =K, TI, and of the signal above 25 T. The pick-up term was eliminated
Rb, H,= 23, 27, and 32 T, respectivel§’ from the data by averaging forward and reverse current
The purpose of this paper is to present new measurementices. A RuQ thermometer mounted within 5 mm of the
of the field dependence of the magnetoresistance up to 51 ample was used to monitor the temperature before and after
and explain this dependence in termswignetic breakdown each pulse. No systematic changes in temperature were ob-
and a reconstructed Fermi surface in the DW phase. The fielserved as a result of the pulse. Preliminary data for a single
dependence has the following featutesmpare with Fig. 1~ temperature was briefly reported elsewh¥r€. Similar re-
(i) At low fields the resistance increases rapidly up tosults have been obtained by other groups on the K and TI
Hmax~ 15 T. The maximum resistance is roughly an order ofsalts in fields up to 30 #*%%7and on K up to 50 3
magnitude larger than the zero-field resistar(ge.The re- The room-temperature Fermi surface of
sistance then decreases with increasing fi¢lid) Above (BEDT-TTF),MHQ(SCN),[M=K,Rb,TI] in the conducting
about 30 T the backgrounghonoscillating resistance satu- plane, calculated within a tight binding modfels shown in
rates to a value much larger than the zero-field resistancéhe inset of Fig. 2. There is a cylindrical or quasi-two-
(iv) At low temperatures hysteresis is seen near the kinklimensional hole Fermi surface and a quasi-one-dimensional
field. This is because destruction of the DW phase is a firstelectron Fermi surface consisting of two warped sheets. It is
order transition at low temperatures) The maximum re- believed that the nesting of the quasi-one-dimensional Fermi
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FIG. 2. One possible reconstruction of the Fermi surface by the
periodic potential due to the density wave. The inset shows the
calculated Fermi surfacgRef. 26 for the Tl salt at room tempera-
ture. It consists of quasi-two-dimensional cylinders for holes and
guasi-one-dimensional open sheets for electrons. The main figure
shows the reconstructed hole Fermi surface used in our calculations.
It now comprises open orbits and closed orbits. The former produce
a large magnetoresistance at low fields. At high fields magnetic
breakdown results in only closed orbifdashed lines The open
electron Fermi surface shown in the inset disappears due to the
opening of an energy gap.
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MAGNETIC FIELD (TESLA) direction is perpendicular to the sheets. At low fields the
magnetoresistance will increase quadratically with field. This
FIG. 1. Magnetic-field dependence of the resistance ofmnodel has been used to give a quantitative description of the
(BEDT-TTF),MHg(SCN), at different temperatures fége) M=TI  AMRO for fields up to about 15 T3 However, these calcu-
and(b) M=Rb. The pulsed magnetic field and the current directionlations do not include magnetic breakdown and cannot ex-
were parallel to the least-conducting direction. Note that the FESiSp|ain the decrease in resistance with increasing fields above
tance increases rapidly up to about 15 T, then decreases until aboyt T
30 T. The inset ofi@) shows two curves corresponding to up and  There gre several problems with the Fermi surface recon-
down sweeps of the magnetic field. They do not coincide near 27 Etruction shown in Fig. 2. The existence of open sheets de-

(the _Iflnk field”) due to _hystere5|s associated with the ﬂrSt'.orde;pends on a delicate balance between the size and shape of the
transition there. For clarity only down sweeps are shown in th

main figure. The measurements on Tl were four terminal and thosE €M ;urface .and the24c21érect|on of the DWlwave vector.
on Rb were two terminal with a large contact resistance. There is experiment&****and theoreticaf evidence that

the desired conditions are not met. éfi al?* proposed an

urface is responsible for the formation of the DW phase. Thedlternative reconstructed Fermi surface with no open sheets.
DW introduces a new periodic potential with wave vectorCompensated electron and hole pockets produce a large
Q into the system resulting in reconstruction of the quasi-nagnetoresistance which will be reduced by magnetic
two-dimensional Fermi surface. Two different reconstruc-breakdowrt. Due to the above problems, Yoshidkapro-
tions of the Fermi surface have been propé%étand are posed an explanation for the AMRO that does not require
described below. We shall focus on the one shown in Fig. 2reconstruction of the Fermi surfag®.
purely for reasons of calculational simplicitWe show here The effect of magnetic breakdown on magnetoresistance
that if magnetic breakdown, which causes the holes to returhas been considered in detail by Pipgarand Falicov and
to their original unreconstructed closed orbits, is taken intcSievert?® They quantitatively described the shape of the
account the complete field dependence of the resistance camagnetoresistance curves for zinc and magne$iuth,
be explained. Similar results are expected for the second pravhich are similar to those in Fig. 1. We have calculated the
posed Fermi surfacé. magnetoresistance for the model Fermi surface shown in Fig.
In the DW phase the large magnetoresistance oscillates &using the formalism of Falicov and Sievé?t The ratio
the orientation of the magnetic field relative to the most con-of the resistance in a fieltl, p(H), to the zero-field resis-
ducting planes is variefhngle-dependent magnetoresistancetancep, depends on the dimensionless quantitidél, and
oscillations(AMRO)].2 To explain this effect a reconstructed eHy7/m*, wherer is the scattering timéassumed to be the
Fermi surface consisting of two open sheets and many smagiame at all points on the Fermi surface is the electronic
“lens” orbits (Fig. 2) has been proposél.The sheets give charge,m* is the effective mass, and, is the magnetic
rise to a large magnetoresistance, except when the currehteakdown fiel@®
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It should be noted that the current orientation in our cal-
culation isnot the same as in the experiment. In the experi-
ment the current and field were set parallel to the least con-
ducting direction, as others have done, because this produces
a large signal-to-noise ratio. In such a configuration no Lor-
entz force acts on the electrons and so no classical magne-
toresistance and no oscillations are expected. Yet, for reasons
that are not understoodhe data is similar to that seen when
the current is in the most conducting plehé®3®

Comparing our data for Tl to the theory gives values for
randH, of (3=2)x 10 2 sec and 60+ 20 T, respectively.

The value ofr corresponds to a Dingle temperature of 0.4

+ 0.3 K. This value is comparable to values of about 0.2 K
deduced from the field dependence of SdH and dHVA oscil-
lationsabove H, for the K salt®® This value is much smaller
than the values of about 3—4 K deduced from the field de-
pendence of the oscillatiorselow H,.3¢ This may be rea-
sonable because the field dependence of the closed hole orbit
(also known as thex orbit) below H, will be dominated by
magnetic breakdown and not scatteriig.

FIG. 3. Magnetic-field dependence of the resistance for the The temperature dependence of the magnetoresistance
Falicov-Sievert model with the Fermi surface shown in Fig. 2. Themight appear to be due to the temperature dependence of the
calculation is for a field perpendicular to the plane and the currenscattering rate. If so the scattering rate in the Tl salt should
parallel to the open sheet of the reconstructed Fermi surface. Tl%ange by a factor of about 2 as the temperature changes

upper curves correspond to larger scattering timese., lower om0 36 to 4.4 K. However, no such change is observed in
temperatures or higher-quality samples. The magnetic field is nor

malized to the magnetic breakdown fi¢lg defined in Eq(1). The ﬂWGT?]erc()j-flgld rESIStlanéih d(i) ai lue fok... of
resistance is normalized to its value at high fields given by(Eq. e deduced value dfi; and(i) gives a value fo g0

39 1+ i
A similar field dependence is expected for the alternative FermPPOUt 1G=2 meV™ It is important to note that theame
surface proposed by Ut al. (Ref. 2. periodic potential(due to the DW wave reconstructs the

hole Fermi surface and produces an energy Bamn the

1 O T T T | T T T T T T T ¥ T I T T T

+E2 quasi-one-dimensional electron Fermi surface. Elementary
Ho= o, (1)  band theor§® implies E; = Ey. As far as we are awarg,
2efivgsin26 has not been determined previously. A rough estimate of this

_ ) ) ) gap can be made by noting that for a quasi-one-dimensional
whereE, is thg(g energy gap angt is the Fermi velocity, and - system(with no coexisting two-dimensional Fermi surface
cos#=Q/2ke .™ The probability of magnetic breakdown oc- mean-field theory implieE; = 3.5XgTpy . A transition tem-
curring (i.e., a hole tunneling b_etwelen the two pieces Ofperature off pw=9 K givesE, =3 meV. However, in typical
Fermi surfacgis exp(—Ho/H). At high fields H>H,) com-  quasj-one-dimensional materials the gap is actually two to
plete breakdown occurs, the holes simply perform closed offiye times that predicted by this relati¢see Table Il in Ref.
bits and the resistance is independent of field and for thg1) nrobably due to fluctuations reducing the transition tem-
model Fermi surfac® (with 6= /4) perature. Hence the value we deduce for the breakdown field
is quite reasonable. For the Rb salt we deduce a slightly
larger value oH,, and thusE;, consistent with the trend in
transition temperature® K versus 12 K

That we can describe the field dependence of the resis-
The holes experience an effective scattering 3fate tance using the magnetic breakdown model applied to the
7 1+4eHy,/7mm* where the second term represents addi+econstructed Fermi surface has important implications for
tional scattering due to magnetic breakdatfn. the phase diagram and what one deduces from magnetoresis-

Figure 3 shows the field dependence of the resistance faance measurements. Within our framework the transition at
values ofeHy7/m* ranging from 10 to 100. The current is the kink field represents only a small change in the magne-
parallel to the open Fermi surface and the field is perpentoresistance. In contrast, for the Tl salt it has been suggested
dicular to the plane. No magneto-oscillations are present behat because the resistance decreases betttggpand H,
cause the model is semiclassical. Note the follow-this field region represents a different ph&SeAlso, it has
ing features, all similar to that observed in been suggested thatthe absence of AMRO albtydenotes
(BEDT-TTF) ,MHg(SCN) ,[M =K,Rb,TI]. (i) For low fields  destruction of the reconstructed Fermi surf&té&lowever,
the resistance increases quadratically with fi€ig. There is  within our model this may not be the case: the Fermi surface
a maximum at a fieldH .. (iii) Above about 0.B, the  may still be reconstructed but due to magnetic breakdown
resistance depends weakly on the field and on the scatterirtge open Fermi surface has little effect on the resistance. The
rate.(iv) As the scattering rate decreases the maximum valuguestion of the nature of the high-field phase will be consid-
of the resistance increases afg,,, decreases. ered in more detail elsewhefe.
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In conclusion, we have presented measurements of theot be the same as the zero-field metallic phase.
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