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Anisotropic magnetoresistance in the organic superconductoB”-(BEDT-TTF ),SFCH,CF,SO;

X. Su and F. Zuo
Department of Physics, University of Miami, Coral Gables, Florida 33124

J. A. Schlueter and Jack M. Williams
Chemistry and Materials Science Divisions, Argonne National Laboratory, Argonne, lllinois 60439

P. G. Nixon, R. W. Winter, and G. L. Gard
Department of Chemistry, Portland State University, Portland, Oregon 97207
(Received 26 June 1998; revised manuscript received 3 September 1998

In this paper, we report transport measurements of interlayer magnetoresistance with field parallel and
perpendicular to the current direction in an all organic supercond@tdBEDT-TTF),SFKCH,CF,SO;. For
HIll, the isothermal magnetoresistariRgH) at low temperaturesl(<T,) displays a peak effect as a function
of field. ForHL I, R(H) increases monotonically with increasing field. The results are very analogous to the
interlayer magnetoresistancear(BEDT-TTF),X compounds. The observation of the peak effect or negative
magnetoresistance in different systems kol L plane suggests that it is intrinsic to the layered organic
superconductors. Fdd L1, the large positive magnetoresistance is in a general agreement with a two band
model for charge transpoiftS0163-182609)07405-4

[. INTRODUCTION tive study with thex-phase superconductors is thus highly
desirable.

Interlayer transport in layered systems has been of recent In this paper, we report measurements of interlayer
interestt™"  In anisotropic  cuprates  such as magnetoresistance with field parallel and perpendicular
Bi,Sr,CaCyOg. ., interlayer resistivity exhibits a semicon- t0 the current direction in the organic supercon-
ducting temperature dependence, while the in-plane resistiuctor 8”-(BEDT-TTF),;SFCH,CF,S0;. For Hlll, the iso-
ity is metallic. With applied field perpendicular to the super-thermal magnetoresistanc@(H) displays a peak effect
conducting layers, the semiconducting behavior is pushed tas a function of field. FoHLI, R(H) increases monotoni-

a lower temperaturé® In layered organic superconductors, cally with increasing field. The results are very analogous to
especially  the «-(BEDT-TTF,CUN(CN),]Br and the interlayer magnetoresistance ir-(BEDT-TTF),X
«-(BEDT-TTF),Cu(NCS), salts, interlayer resistance is typi- compounds?®~**The similarity for the two different systems
cally three orders of magnitude larger than the in-planesuggests that the peak magnetoresistanceifibris intrinsic
resistivity®® However, the temperature dependence is qualito the layered structure of the organic superconductors. For
tatively similar, i.e., semiconducting for temperature aboveHL 1, the magnetoresistance is in a general agreement with a
about 100 K and metallic for temperature below it. Further-two band model for charge transport.

more, interlayer transport in these materials has shown inter-

esting field and temperature-dep_enden_t magnetoresi_stance Il. EXPERIMENT

peak effect®!* various models including vortex-lattice

interaction'® presence of magnetic impuritiél, stacked Single crystals of3”-(BEDT-TTF),SFCH,CF,SO; were
Josephson-junction model with a field dependent quasipartsynthesized by the electrocrystallization technique described
cle tunnelind®* have been proposed to explain the peakelsewheré® Several crystals were used in these measure-
effect, however, the origin remains controverstal. ments with average dimensions okD.78x0.33 mm. Ex-

To understand the mechanism in the interlayer chargéensive measurements were made on one crystal With
transport, we have performed transport measurement on a5 K. The T, is defined as the midpoint in the resis-
highly two-dimensional all organic superconductor tive transition. Depending on the cooling ratg, can be
B"-(BEDT-TTF),SR.CH,CF,S0;.1¢1°2° The B” structure varied from~5 to 5.5 K. The room-temperature interlayer
contains layers of nearly parallel BEDT-TTF molecules,resistivity is about 700Q0cm and the in-plane resistivity
which are canted with respect to the stacking axis. Imabout 0.2Qdcm. The resistivity ratio between room tem-
contrast thec-type structures contain orthogonal BEDT-TTF perature and superconducting transition temperature is
molecules. Unlike thec-(BEDT-TTF),X, where resistivity [p,(300K)/p, (6 K)]~230. The interlayer resistance was
at ambient pressure shows a broad peak at near 100 Kpeasured with use of the four-probe technique. Contact of
both the in-plane and interlayer resistivity are metallicthe gold wires to the sample was made with a Dupont con-
from room temperature down. The superconducting transiducting paste. Typical contact resistances between the gold
tion temperature is about 5 K, considerably smaller than 1lvire and the sample were about @O A current of 1uA was
and 10 K for the x-(BEDT-TTF,CUN(CN),|Br and used to ensure linedrV characteristics. The voltage was
x-(BEDT-TTF),Cu(NCS), salts, respectively. A compara- detected with a lock-in amplifier at low frequencies of about
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FIG. 1. Interlayer resistivity as a function of field fétL plane

atT=1.82K. The inset is an expanded viewgH) at high fields. FIG. 2. Interlayer resistivity peak as a function of field for
H_1 plane at various temperatures. The inset is a plot of peak field

312 Hz. The samples were cooled slowly to below the suversus temperature and the line is a fit.
perconducting transition temperature with the field parallel
and perpendicular to the crystallograplticaxis. To avoid Plotted in Fig. 3 is an overlay of interlayer resistivity at
pressure effect due to solidification of grease, the sample wag=0 and 2 T, in comparison Withpe,(T). AtH=2T, the
mechanically held by thin gold wires. Because of the smalkesistivity decreases monotonically with decreasing tempera-
sample size, a misalignment of up to 5 degrees was possiblgyre. The offset fop(H=2 T) aboveT, from the zero-field
data is due to the positive magnetoresistance. At lower tem-
lll. RESULTS AND DISCUSSIONS peratures, thep,e,(T) is clearly displaced from the(H
=2T) curve, and reaches a maximum at around 2.6 K.
Figure 4 is an overlay of magnetoresistance as a function
of field at various temperatures for field parallel to the con-
ducting plane. Unlike for field perpendicular to the plane, the
magnetoresistance displays several different featgi¢she

Shown in Fig. 1 is a typical plot of the interlayer resistiv-
ity as a function of field afT=1.82 K. The midpoint of
resistive transition is about 5.5 K for the sample studied
Clearly, the resistivity starts to rise rapidly at an onset field
of about 0.2 T.p reaches a peak value at a peak field
Hpea— 0.7 T. For field greater thahl,q,, the resistivity
decreases sharply with increasing field. At about 3 T, the
slopedR/dH changes sign and becomes small and positive, A
as shown in the inset. If we compare the values of resistivity y,,,a'

at 3 T and at the peak, it is easy to §@gea/p(3 T)]>2. f/'*\ Y
Figure 2 shows the overlay of the resistivity peak as a & ra¥
function of field at various temperaturds=1.82, 2, 2.2, 2.6,
3,3.5,4, 4.5, and 5 K. With increasing temperature, the peak e

shifts toward zero field and the magnitude of the peak in- e
creases initially and reaches a maximum at around 2.6 K. It § ol /
decreases with further increase in temperature. Plotted in theg o
inset is the peak field versus the temperathfg, . increases &
monotonically with decreasing. The solid line is a fit to /w"’
Hpeai= Ho(1—T/T)", with H,=1.5-0.2 T, n=2.1+0.1,
T.=5.4+0.2 K. The temperature dependence of the peak

field demonstrates clearly that the peak effect is associatec g ‘
with the superconductivity, since it disappears abdye Rpeak Vs Tpeak
The temperature dependencettfe,(T) in the temperature

range investigated is reminiscent of the temperature depen-
dence of the critical fields in the cuprate superconductors. 0, > 3 4 5 5 7 s
The characteristic field where the magnetoresistance is agair T (K)

positive decreases with increasing temperature. For tempera-

ture aboveT., magnetoresistance is always small and posi- FIG. 3. Overlay of the peak resistivity, resistivity at 2 T, and
tive. zero-field resistivity versus temperature.
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FIG. 5. Interlayer resistivity as a function of field fekplane at
high temperatures.

FIG. 4. Interlayer resistivity as a function of field fbkliplane at

low temperatures. The temperature increment is 0.5 K. K, Ap(4) term has a negligible contribution to the magnetore-
sistance.
resistive onset field is much larger fblilplane, for example, An alternative way to look at the field dependence of the

Honser-® T at 2 K, compared toH,,s.r~0.15 T for magnetoresistance is to measure the temperature dependence
H.L plane; (2) the rise of resistivity forH>H,,setiS much  of resistivity at a fixed field. Shown in Fig. 7 is an overlay of
slower in theH|Iplane case(3) there is no peak in resistivity the p(T) at various applied fieldsl=0, 1, 2, 4,6, and 8 T

as a function of field. Insteag(H) increases monotonically for Hllplane. ForT>6 K, p(T,H) increases monotonically

with increasing field;(4) the magnetoresistance at large with T. For T<T,, p(T,H) has a maximum at a field de-
fields for Hllplane is considerably larger than the peak resispendent peak temperature. The results are equivalent to the
tivity value for HL plane, similar to thec-phase salts’8 1t isothermal field dependence in Fig. 4, except here the peak is
should be noted that since the measurements for field parallbktter defined due to small temperature increments. As men-
and perpendicular to the conducting plane were done in twéioned earlier, the zero-field resistivity fétllplane is smaller
separate runs, a larger cooling rate for the plane has re- than that forH L plane and thd . is about 0.2 K higher. The
sulted in a larger normal-state resistivity and slightly reducedtooling rate dependence of the resistivity and the rediiged

T.. This is analogous to the cooling rate dependence obwith increasing p are analogous to that of
served in thex-(BEDT-TTF),CUN(CN),]Br.?! If we nor-
malize the zero-field resistivity abovie, to that ofHlplane
by a scaling factof p,(10 K)/p, (10 K)]=0.68, the normal- o't
ized peak resistivity a3 K is p°"™~6.5x0.68=4.4Q cm
compared withp (8 T)~9Q cm.

At T>T., magnetoresistance increases with increasing
field. Shown in Fig. 5 is an overlay gf(H) at various tem-
peratures=7.75, 9.5, 12, 14, 16, and 18 K. With increasing
temperature, the field dependence of magnetoresistance i: 1ox0°f
increasingly smaller, as is clear from the figure. The data can
be well fitted top(H) = po+ Ap@H2+ A p™®H?, with Ap(®
and Ap® being the coefficients foH? and H* terms, re-
spectively.

The temperature and field dependence of the magnetore-
sistance can be summarized by plotting the temperature de:
pendence of the fitted p(* and A p* values scaled tp,,
as shown in Fig. 6 in a semilog scale. Clearlpp(®/p,) p(Hpg ap Dt sap @t
increases exponentially with decreasing temperature. The
solid line is a fit to A p®/p,)=0.16x10""8. Ap® is 1.0x10° ' ' - ' - -
always negative for the temperature range investigated,
—(Ap®Ip,) is plotted against temperature in the inset.
Again, an exponential temperature dependence is seen with FIG. 6. The extrapolated field and temperature coefficients ver-
(Ap®/py)=—0.06x10""T54 For temperature above 20 sus temperature in a semilog scale.
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FIG. 8. Interlayer resistivity as a function of field at 2.2 K. The
FIG. 7. Overlay of interlayer resistivity as a function of tem- line is a fit to the data.

perature for various applied field fétliplane. o ) o o
ing rise to an extra scattering. With increasing field, the vor-

k-(BEDT-TTF),CUN(CN),]Br salt?! tex cores start to overlap. Eventually, the large field will
The field and temperature dependence of the interlaydieduce the lattice distortions and resume the normal-state
resistivity in the 8”-(BEDT-TTF),SR.CH,CF,SO; is very  electric conductivity. Although the model is plausible, there
similar to that of «-(BEDT-TTF),X with X has been no report of structural evidence for the lattice dis-
=CUN(CN),]Br and CYNCS),, even though the supercon- tortions.
ducting transition temperature in thephase is much larger ~ Negative magnetoresistance has been discussed recently
at 11 and 10 K, respectively. The peak effect or large negaln terms of stacked Josephson-junction model including a
tive magnetoresistance in the/l L plane is still controver- field dependent quasiparticle tunnelitig™ In this model,
sial. One possibility is that the negative magnetoresistanc#e resistive transition at small fields can be described by a
arises from the presence of magnetic impurities in thgesistively shunted Josephson junction witfR(H)
samples! With increasing field, the magnetic scattering is = Rn[lo(%1/26kT)]7?, whereR, is the normal-state resis-
suppressed, thus leading to a decrease in magneto-resistivitgnce/i is the Planck’s constant, is the critical currente is
However, the presence of magnetic impurities in the allthe charge of an electron, ahglis the modified Bessel func-
organic B8"-(BEDT-TTF),SKCH,CF,SO; is very unlikely, tion. ForH.L plane, the junction is effectively determined by
because it has no metal atoms, such as thel@u the the distance between the neighboring vortices. In general, the
k-phase structure. The absence of negative magnetoresiguasiparticle conductanc¥ is thermally activatedY
tance of the in-plane resistivity for high quality-phase ~exd—A(T,H)/kT], and the pair conductance i¥,
samples, where peak effect in the interlayer resistance per=[lo(fl/2ekT)]>~1 The total conductance i¥=Yq
sists, suggests strongly that the magnetoresistance peak mayY,= 1/p. With increasing field, the pair contribution de-
be intrinsic to the layered systerh&This is also supported creases while the quasiparticle contribution increases. The
by a recent study of magnetoresistance peak as a function 6dmpetition among the two terms naturally leads to a peak in
inhomogeneities in  the x-(BEDT-TTF),CUN(CN),]Br  the conductance or magnetoresistance.
salts’* For samples with large superconducting transition To analyze it quantitatively, charge transport is consid-
widths, the peak effect disappears. With increasingly smalleered to be along an effective Josephson junction of afea
transition width the peak becomes more pronounced. Nega (®,H+H,) between the densely packed vortiées, be-
tive magnetoresistance can also arise from weak localizatioimg a fitting parameter. The total junction conductance is
and electron-electron interactions as observed in many megiven by Y=Y,({l[e;®,/(H+H)2kT]}2—1)
tallic system<? Disorders can lead to negative magnetore-+ Y,(H)exd —A(T,H)/kT], heree,= (%1 2ea’) defines an
sistance because the magnetic field disrupts the cohereimtrinsic Josephson coupling energy,=1/R, . If the field
backscattering and suppresses the localization. Similarly, thdependence of the; and A(T,H) is considered to be pro-
magnetic field will decrease the attractive electron-electromportional to (1-[H/H,(T)]?) and assume a consta¥i,
interaction and lead to a smaller resistance for charge transve are unable to get a reasonable fit to the data. If we assume
port. However, the magnitude of the peak drp{p)~1 is  1/Y,(H)=p[1+(Ho/H)"], a nearly perfect fit near the
too large to be considered for this model. A magnetoresispeak can be obtained, as shown in Fig. 8. The fit gives
tance peak is also possible if one assumes a large vorte2/Y;=6.9+0.1Q cm, (e,;®P,/2kT)=0.46+0.02T, H,
lattice interactiort In this model, vortex-lattice interaction = —0.03+0.005T, 1Y ,(H)=2.34+(1.53H?) Q cm,
leads to local disorders in the electronic potentials, thus givfA,/kT)=0+0.01, H,,=0.9T for p(H) at T=2.2K.
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Clearly, the exponential term in the quasiparticle contribu-(Ap/p,)~(n,uiu,/n)H?. The exponential temperature
tion is negligible. Fits without the exponential term give the dependence in theAp®/p,)=0.16x10" " for H=1T

same parameters. Similar results are obtained for other tensuggests that, u,~ 10" 8. A similar exponential tempera-
peratures. This is consistent with the fact that the negativeure dependence might be expected im\p(*/p,)
magnetoresistance extends well abd¥g . Unless a very ~10 754 since it involves higher orders @f, u,. While a
different field dependence of the gap energy is consideredonventional Fermi-liquid system gives a power-law tem-
such asA(T,H)~1/H® a simple model considered above perature dependence it ‘?/p,), the experimental results
fails to support the picture where the negative magnetoresisnay suggest the exponential temperature dependence is due
tance comes from the enhanced quasiparticle tunneling. Ongither to complications of in-plane anisotropy or non-Fermi-

possibility is to include the fluctuation effect fot>H, in liquid behavior.

the treatment of quasiparticle contribution. It should be noted

that in a similar approach to fit the peak effect in IV. CONCLUSIONS
x-(BEDT-TTF),Cu(NCS),, the model failed to fit the high- o

field datal? In summary, we have reported a detailed interlayer trans-

For field applied parallel to the plane, the field will be p?rt measurement in the a"'orga”'c superconductor
mostly confined in between the superconducting layers. Th '(BEDT'TTF)ZS&CHZCFZSQ‘" For f'eld. perpendicular to
critical field in this direction is much larger than that when (€ layers, a peak in magnetoresistance is observed as a func-
the field is perpendicular to the plane. The larger resistivdon Of field. The peak field increases with decreasing tem-
onset field is a direct consequence of the large anisotropy iRE"atUre WithHpea(T)=Ho(1—T/Tc)". For H>Hpeq, @
this material. The large positive magnetoresistance at higif"9€ negative magnetoresistance is observed. Further in-
field and high temperatures may be associated with the opgf{€2S€ in field results in a_small positive magnetoresistance.
sheets and closed pockets in the Fermi surface. For modie interlayer magnetoresistance peak effect is very similar

metals, the magnetoresistance is negligible with a typical® that of thex-phase organic superconductors. This demon-
(Aplp) in the order of (7)2=[(eH/m)7]2. For example strates that the peak effect is intrinsic to the layered organic

in copperwr~5x 10~ for a field of 1 T. A similar estimate superconductors. Quantitative analysis in terms of stacked

for the title compound would yields~= (A p@/pg)~0.2 Josephson-junction model plus a thermally activated quasi-

at 1 T. This is almost two orders of magnitude larger than inparticle tunne_ling is _unable_ to fit the negative magnetoresis-
conventional metals. However, the interlayer resistivity nea}ance, assuming a simple field dependence of the gap energy

_ _ 2 .. _
the transition is about @ cm, about six orders of magnitude fA(-[er?th_ Airﬁlrl [H:?rcerT)]rE.r Tr:eir?ng': f’f trelzpre:ilklc?f "
larger than in copper. The large\p/p) demonstrates the ec € Interayer transport remains unciear. -or fielid pa

gross inadequacy of a single band picture. In the presence Irelaho tf%er:;a:grr%es ?/t/)i?rlf I\I/:r rr;agr]gseigir\?jsc;tﬁggte f:zlgbfsbeirved
two bands, as in the case of most organic conductors, a lar 8 P 9

posive magneloesisiance i foreseedbié Considern, 11, ATLel he S o generaly consten i e
andn, as the charge densities for the two bands apdind P 9 ' P

(2) i
M, as the carrier mobilities, respectively. The zero-field rePerature dependt_ance QI.(’ 'po) caII.s for more systematic
sistivity is py=(Nyui+Nomy) L At low fields, the trans studies of the anisotropic transport in the conducting plane.
o— 1M1 22 . ’ -

verse magnetoresistance is Ad/p,)=[NniNomqmo(py
— mwp)?H?/(ny g+ Nyu5)?]; at higher fields a negativiel®
term should be included in the two band model. It should be The work is supported in part by NSF Grant No. DMR-

noted that the above expression for the transverse magnetoi@23306. Work performed at Argonne National Laboratory
sistance applies only to the isotropic two band system. Thevas supported by the U.S. Department of Energy, Office of
anisotropic nature of the present compound, added with urBasic Energy Sciences, Division of Materials Sciences, un-
certainties in the charge carrier densities and mobilitiesder Contract No. W-31-109-ENG-38. Work at Portland State
makes it very complicated task to identify the contribution University is supported by NSF Grant No. CHE-9632815
from each terms. Nevertheless, if we assyme>u,, then  and the Petroleum Research Fund ACS-PRF 31099-AC1.
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