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Interlayer magnetoresistance in the organic superconductow-(BEDT-TTF),Cu[N(CN),]Br
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In this paper, we report transport measurements of interlayer magnetoresistance with field parallel and
perpendicular to the current direction in the organic supercondue(@EDT-TTF),Cu N(CN),]|Br. ForH||J,
the isothermal magnetoresistarReéH) displays a peak effect as a function of field. While the magnetoresis-
tance at small field can be fitted to stacked Josephson junction model, the negative magnetoresistance is not
consistent with quasiparticle tunneling model with a simple mean field gap. The origin for the peak effect
remains unresolved. Fét L J, R(H) increases monotonically with increasing field. Large magnetoresistance
for HL J is consistent with the layered structure of the organic compoUS@d63-18209)03025-9

I. INTRODUCTION performed careful measurement on newly discovered rod
samples of«-(ET),Cu N(CN),|Br with field up to 18 T.
Charge transport in the direction perpendicular to the suUnlike the conventional platelet geometry of the organic su-
perconducting layers of the cuprates has been of recemterconductor, where the shortest dimensibrakis) is per-
interest'~3 The temperature dependencecedixis resistivity — pendicular to the conducting planésc plang. The sample
depends strongly on the oxygen concentration, changinfength inb-axis direction in the rod sample is the largest. The
from a metallic temperature dependence in the optimallyavailability of the rod sample makes it possible for an ideal
doped samples to a semiconducting behavior in thdour probe measurement of the interlayer resistance.
underdoped:®> Magnetoresistance in this direction shows a In this paper, we report interlayer magnetoresistance mea-
pronounced peak as a function of temperature and field besurement with field parallel and perpendicular to thaxis.
fore it drops to zer8:8 This has been discussed extensivelyFor field parallel tdb axis, similar results as reported on plate
in the very anisotropic oxide B®r,CaCyOg samples are observed. Magnetoresistar(de), with field H
superconductofs®® and in the oxygen deficient parallel to the current, displays a peak as a function of field
YBa,Cu,O,_ s materialst? The results can be qualitatively and temperature. The low field magnetoresistance can be
interpreted in the framework of stacked Josephson junctiongell fitted to a Josephson junction model. However, the
between the superconducting layers. The peak in the magneegative magnetoresistance cannot be fitted to a simple ther-
toresistance at fixed field is attributed to the competition bemally activated quasiparticle tunneling. This raises a serious
tween the pair and the quasiparticle tunneling. The organiquestion about the dominant role of quasiparticle in the phe-
superconductors  «-(BEDT-TTF),X [bis(ethylene-  nomena of negative magnetoresistance. For field perpendicu-
dithio)tetrathiafulvalene, abbreviated as EWith X being lar to the current, i.e.H being in theac plane, several dif-
CUN(CN),]Br~ and Cu(SCN), with the conducting cat- ferent features ifR(H) are observed. First, the characteristic
ion layer (ET) separated by the insulating anion lay€xs  field in this orientation is much larger that the parallel direc-
have shown similar anisotropic transport propertfes.Fur-  tion. Second, no obvious peak R(H) is observed and the
thermore, interlayer transport studies show an interestingharacteristic resistance increases monotonically with de-
magnetoresistance peak effect as a function of field and tenereasingT. Third, R(H) increases quadratically without satu-
perature in the mixed stat&-?> However, there are several ration at largeH. The findings are consistent with the layered

important differences among the two systems. One is th@ature of the organic superconductor being studied.
temperature dependence of the normal state resistance. While

the cuprates typically have semiconducting temperature de-

pendence in the axis for the underdoped, the interlayer Il. EXPERIMENT

resistance in the organics has metallic temperature depen-

dence near the superconducting transition. Another major Single crystals of thec-(ET),Cu N(CN),]Br supercon-

difference is the large negative magnetoresistance observeliictor were synthesized by the electrocrystallization tech-

in the organic compounds, which gives rise to a pronouncedique described elsewhefe Several crystals were used in

peak resistance as a function of field. While there are severéhese measurements with average dimensions ofxl3-2

models proposed for the peak effect, such as the magnetic 0.5 mm with the superconducting transition temperature

impurity scatterind® and vortex-lattice interactiof?. A simi- near 12 K. Interlayer resistivity nedr, is around 1) cm.

lar mechanism as in the cuprates, involving pair and quasiThe largest length is along the least conducting direction.

particle tunneling has been proposed by several grligé.  High field (up to 18 T measurements were performed at the
To understand the interlayer charge transport, we havdlational High Magnetic Field Laboratory. Similar measure-
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T FIG. 2. Magnetoresistance as a function of field fdfJ at
FIG. 1. Interlayer resistance as a function of temperatureigar different temperaturesT=2.5-9 K with 0.5 K increment The
for H||J and the solid line is a fit. The inset is tH(T) for the inset is theR e, as a function off.
whole temperature range.
creases with decreasifig A broad peak irR is usually ob-
ments with a smaller magnétip to 9 T) yielded the same served near 100 K. Depending on the cooling rate, a resis-
results. The interlayer resistance was measured with use ¢dince anomaly at 80 K has been reporteBor temperature
the four probe technique. Contact of the gold wires to thebelow 80 K, R decreases rapidly witi with a change of
sample was made with a Dupont conducting paste. Typicaturvature near 40 K.
contact resistances between the gold wire and the sample Figure 2 is an overlay of magnetoresistance as a function
were about 10Q. A current of 1 A was used to ensure of field for the H||J geometry for 2.5 KKT<9 K. The
linear |-V characteristics. The voltage was detected with acurves from right to left correspond to temperatures from 2.5
lock-in amplifier at low frequencies of about 31 Hz. The to 9 K with an increment of 0.5 K. At each fixed tempera-
samples were cooled slowly to below the superconductingure, the interlayer resistance becomes finite at some onset
transition temperature with the field parallel and perpendicufield and increases rapidly with increasiriguntil it reaches
lar to the crystallographib axis. For measurements at dif- a peakRyeaat Hpear. FOr H>H e, the magnetoresistance
ferent orientations, the sample was warmed up to room tembecomes negative and saturates at further higher fields. With
perature and remounted. A misalignment of up to 5° degreemcreasing temperature, the dissipative onset field decreases

was possible due to the small sample size. with a corresponding decrease lit),.,. Magnetoresistance
at different temperatures crosses each other at two fields near
ll. RESULTS the peak field. However, the magnetoresistance at very high

fields (above 10 7 has a monotonic temperature dependence
with R(H) increasing with increasing.

Shown in Fig. 1 is a typical temperature dependence of The inset in Fig. 2 is a plot of the peak resistance as a
interlayer resistance near the transition temperature. The réunction of temperature. A shoulderlike featureRp.,(T) is
sistance decreases rapidly at high temperatures and tendsdiearly observed near 6 K. Below 5 IR, decreases rap-
saturate near the transition. The solid curve through the dataly with decreasingr.
points is a fit toR(T) = Roex (T/Ty)?] with To=22.5 K. It An alternative way to look at the field and temperature
should be pointed out that the exponenfldl dependence dependence of the interlayer magnetoresistance is to plot the
can only be fitted to the data in the temperature range belownagnetoresistance as a function of temperature at fixed field,
30 K. At higher temperatures, especially near the inflectioras shown in Fig. 3. At small field®(T) displays a similar
point near 40 K, the curve starts to deviate from the datapeak effect. For example, &=4 T, a peak inR(T) is
The data can also be fitted to an power-law temperature delearly seen at around 5.5 K. With increasiHg the peak
pendenceR(T)=a+bT", with n being dependent on the temperature is suppressed. At 10 T, no observable peak is in
temperature range. For example, for the same temperatusgght within the temperature range.
range,n=3.88 gives the best fit. Nevertheless, the overall The temperature dependence of the peak field can be sum-
quality with power-law fitting is not as good as the exponen-marized in Fig. 4. Here peak fields measured on two differ-
tial T2 fit. ent samples are overlaid with the square symbol correspond-

The inset shows the overall temperature dependence dfig to the data reported here. The two sets of data show a
the resistance from room temperature down. Similar to worlclear overlap. The solid line is a fit to the expresskdg..
reported earlief? the resistance decreases initially with tem- =Hq(1-T/T,)™ with Hy=10.4+0.3 T,T,=11.5+0.5 K,
perature to about 250 K. Below 250 K, a semiconductingand m=1.5+0.1. The fittedT, agrees with the zero field
temperature dependence is observed with the resistance idata in Fig. 3.

A. H||JL plane
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FIG. 3. Magnetoresistance as a function of temperaturélfdr FIG. 5. Magnetoresistance as a function of field at high tempera-
at different fieldsH=0,2,4,6,8,10 T. turesT=10,11,12,13,15 K.

In the normal state =11 K), the field dependence of results presented in Fig. 1, no peakR(H) is observed for
magnetoresistance is drastically reduced, as shown in Fig. 8!l temperatures. At a fixed temperature, the magnetoresis-
For comparisonR(H) atT=10 K, where peak is observed, tance rises sharply for field above an onset figh{H)
is included as well. With increasing temperatures, a crosstéaches a plateau for a range of intermediate fields and it
over from negative magnetoresistance to positive magnetoréiSes again at higher fields. The characteristic fields increases
sistance is observed. =11 K, dR/dH is negative for with decreasing temperatures. The resistive onset field is
field less than 16 T. AT=12 K, dR/dH changes from Mmuch greater than that fadl plane. For example, af

negative to positive at around 9 T. At=13 K, dR/dH is  =2-5 K, Honsetis about 13 T forHL J, compared with 4 T
almost=0 for all fields, as is the case f@i=15 K with a  for H[|J. _
dR/dH=0.05 Q/T at highH. The temperature dependence of the interlayer magnetore-

sistance at fixed field can be obtained from @) data.
Shown in Fig. 7 is an overlay dR(T) at different fieldH
B. H| plane LJ =0,1,2,3,6,8,10,12,15 T, from right to left. The peak in
Similar measurements have been performed with the fieldR(T) is a nature consequence of the reduced magnetoresis-
applied parallel to the planes, as shown in Fig. 6. The sixteetance at lower temperature. It should be noted that the zero
curves correspond to temperature at 2.5 K to 10 K at afield transition temperature is noticeably reduced from the
increment of 0.5 K, from right to left. In contrast to the previous measurement geometry. The differencé.irs due
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FIG. 4. Peak field as a function of temperature for two samples. FIG. 6. Magnetoresistance as a function of field at different
The solid line is a fit to the data. temperatures foH1 J(T=2.5-9 K with 0.5 K increment
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FIG. 7. Magnetoresistance as a function of fieldHar J at high
temperaturesT=10,10.5,11.5,12.5, and3.5 K. Theinset is a
comparison foH1 J andH||J at 12.5 K and 13 K, respectively.

sion R(H)=a+bH?+cH* The coefficientsb and c are
nearly constants withb=(2.5+0.1)x10"? and c=(1.0
+0.2)x 10°°, as the curves are nearly parallel. The insetis a
comparative plot of the magnetoresistance for both orienta-
tions at 12.5 K and 13 K. The increase in resistance in the
same field range is about 10 times or more largerHarJ]
than that forH||J.

IV. ANALYSIS

The field dependence of magnetoresistance in the geom-
etry of H||J||c in the mixed state has been studied extensively
in the highly anisotropic cuprates, namely,8i,CaCyOg
and the oxygen deficient YBE&u;O;_ 5. Experimentally,
the majority of the published work shows magnetoresistance
as a function of temperature at fixed fields. In the case of
Bi,Sr,CaCyOg, the peak effect in th&(T) has been uni-
versally reported. However, differences among published re-
sults inR(H) exist upon careful examination. For example,
work reported on some single crystal samples shows no peak
in R(H),2°"13 while a peak inR(H) can be easily con-
structed for some other sampfed:1*In the case of organic
superconductors studied here, x-ray diffraction at ambient
temperature shows no evidence of second phases. A recent
study of the peak effect as a function of resistive transition

to a different cooling rate for the two measurements. A dewidth shows that the peak effect disappears gradually as the
tailed study of the cooling rate dependence of the supercortransition width increases, demonstrating clearly that the
ducting transition temperature has been reported earlier. Theeak inR(H,T) is intrinsic only to the high quality samples
reducedT, is consistent with the faster cooling after the in the organic superconductdisAlthough the layered struc-

sample is realigned farl| plane.

tures are very similar, the interlayer transport may be sub-

At temperatures above the transition, a large positivestantially different. For example, in the cuprate, the peak
dR/dH is found, as shown in Fig. 8. With increasing tem- resistance as well as the normal state resistance, increases
peratureR(H) curves shift upward. For each fixed tempera-monotonically with decreasing temperature n€ar On the
ture, the field dependence can be well fitted with an expreseontrary, the interlayer resistance of the organic supercon-
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FIG. 8. Magnetoresistance as a function of temperaturel fod
at different fieldsH=0,1,2,3,6,8,10,12,15 T.

ductors studied here decreases with decreasing temperature.

The dissipation mechanism in the interlayer direction in
the mixed state remains controversial. Two approaches are
known to give rise to a peak in the interlayer resistivity as a
function of temperatures. One of them models the resistivity
peak as a result of fluctuations above the mean field transi-
tion temperaturé>2® Of the four possible fluctuation contri-
butions to the interlayer resistivity, fluctuations in the density
of state(DOS) and the regular Maki-Thompson term contrib-
ute to an increasing resistivity with decreasing temperatures.
By choosing suitable parameters, the model can fit reason-
ably the temperature dependence of the resistivity before the
peak for the cuprates. However, the model does not include
critical fluctuations nor contributions from the vortex state
(for T<T,ea) and thus the field dependence of the peak
temperaturd e, H). A more widely adopted approach, dis-
cussed in the following, emphasizes the nature of Josephson
coupling between the superconducting layers, especially at
low magnetic fields. The peak in the resistivity comes when
the Josephson coupling dominates the interlayer transport.
The model can describe semiquantitatively the field and tem-
perature dependence of the interlayer transport Hat
<Hpeak-

In the case ofH|/J||c, dissipation mechanism was first
proposed by Bricém et al® In this model, current moving
parallel to thec axis is taken to pass through a narrow su-
perconducting channel of areA~®,/H between the
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densely packed vortices. Hete, is the flux quantum. Dis- 35
sipation occurs through thermodynamic fluctuations which . T=5K
cause the phase of the superconducting order parameter ir 30
thec direction to jump by 2r. Assuming fluctuations in each

channel are independent, the dissipation in ¢héirection 25

can be modeled by a long, narrow Josephson junction at

finite T.2” The resistance of the weak link is given approxi- 20t

mately byR=R,[lo(%!./2ekT)]"2, whereR, is the normal 5

state resistance; is the Planck constant, is the critical z 5T .

current,e is the charge of an electron, ahglis the modified —— FitleRSJ

Bessel function. Since the normal state resistance is activatec 10T
in this direction, a peak is expected in the junction resistance
at T<T.. A similar approach which models theaxis con- 5r
duction as a stack of Josephson tunnel junctions has beer
proposed by Gragt al.*° For an intermediate Josephson cou- or ° 1 2 3 4 5
pling, the junction conductance is the sum of the quasiparti-
cle conductancefss and pair conductanc¥,, i.e., Y=Y o 2 4 6 8 10 12 14 16 18

+Y,. Since the quasiparticle conductantg; is thermally H(T)
activatedY s~ exd —A(T,H)/kT], and the pair conductance

Yp~[|0(ﬁ| J2e k-[)]2_ 1, a distinct peak inR(T) arises FIG. 9. Magnetoresistance as a function of fieldgjJ at 5 K.
naturally. While the field dependence of the crtical curignt The sollid line is afit to the model. The inset is an expanded view at
is somewhat controveritaf,a recent study on thin mesa of a Small fields. The line is a fit to the RSJ model.

Bi,Sr,CaCyOg found I .= 1H.* , the Josephson coupling energy obtained from small field fit
A similar model has been proposed to explain the magnezng over the whole field range gives confidence in the
toresistance peak in the organic superconduéforé. To uniqueness of the fitting parameters obtained.
analyze the data quantitatively, consider the charge transport gjmijar fit can be obtained for magnetoresistance at other
through a Josephson junctlon_ of ara%(l)O/_H_Jr Hy be- temperatures. Using Y4(H)=Ro[ 1+ (H/H)%], the expo-
tween the densely packed vorticét, being a fitting param- ey is found to increase with decreasing temperature. For
eter to take into account of effects of pinning and |att'ceexample, af=3 K, a~2 and it decreases t00.5 at 7 K.
rigidity.*” The junction resistance due to thermalzfluctuations|ncmsion of the exponential term in the quasiparticle contri-
of the phases is given ?’R(H): Ri/[10E,/2KT] ™%, where  pion will yield a near zero gap energy. This is contrary to
Ey=nl./e=[mhA(T)/2e°R, JtanHA(T)/2kT] is the JO-  ihe picture where the dominant role in the magnetoresistance
sephson coupling energi,, is the junction resistance in the peak is played by the thermally activated quasiparticles.
mixed state. Becaus is proportional to the junction area, Rather, it suggests that the negative magnetoresistance is not
Eq is also. It is natural to define an intrinsic Josephson couyominated by the suppression of gap by field. Indeed, it
pling energye,=E,/a* such thaR(H) =Ry {lo[€;Po/(H  would be difficult to see why the negative magnetoresis-
+H0)2kT]}‘2. If E;>KT, the junction resistance can be (gnce extends over to a field-17 T, much higher
reduced 10 R(H) =Ry exf{ —e,®o/(H+HoKT]. However, than H,~6 T at 5 K. This is also consistent with the
the E;>kT is limited only to very small field. To fit the (eport that the high field magnetoresistance in the
R(H) over the whole field range, a tabulated Bessel,.(BEDT-TTF),Cu(SCN), salt cannot be fit* A modifica-
function 1, has to be wused. The total junc- tion to the simple field dependence of the gap energy, such
tion conductance Y=Y;({lo[e;@o/(H+Ho)2kTI}*~1)  asA(T,H)x1/H®, is necessary to fit the data. It is not clear
+Yo(H)exd —A(T,H)/KT]. _ _ how the various fluctuation terms can affect the quasiparticle
To fit the data, we have assumed a simple field depencontribution abovel, or H,, further analysis including the
dence for coupling energy, = e,J[1—(H/H,)?] and the  flyctuation effect is thus highly desiratie?®
gap energyA(T,H)=Aq[1-(H/H,)?].%% If we assume a The negative magnetoresistance can also arise from other
constantY, for the quasiparticle contribution, the data interactions. For example, it has been proposed that the
cannot be fit at all. Assuming¥4(H)=a+b/H, afitcanbe yortex-lattice interaction could introduce lattice distortions.
obtained as shown in Fig. 9 f&t(H) atT=5 K. Thefitting  The lattice distortions provide additional scatterings for the
parameters are  Yj=82*10Q), epJPo/2kT=5.8=0.2  charge carriers. With increasing field, vortices will start to
T, Hp=0.3£0.1 T, 1¥»(H) =20+ (63H)Q, Aq/kT=0.06  overlap, leading to the restoration of the normal scattering.
+0.02,H,,=6.4 T. The overall fit is rather satisfactory, Thermal fluctuations of the vortices can give similar negative
however, the gap energy thus fitted is physically negligible magnetoresistance. With increasing field, the thermal fluc-
If we neglect the thermal activation term withYI{(H) tuation is suppressed and vortices are more rigid or lattice-
=Ry[1+(H,/H)*], an equally well fit can be achieved with like, resulting in the negative magnetoresistance. Neverthe-
Rp=20*+10Q, H;=3.2+0.2T, «=1.3+0.1. The inset [ess, one would not expect the negative magnetoresistance to
shows the direct fit to the resistively shunted Josephson Jungersist well above the upper critical field.
tion model at small fields R(H)=R,{l[e;Pq/(H Presence of magnetic impurities can also give rise to the
+Hg)2kT]} "2, The fit gives R, =94 Q, e;®y/2kT  peak effect. It has been suggested that the
=5.2 T, andHy=0.2 T. The comparable parameters for x-(ET),Cu N(CN),]Br may contain traces of Cu" ions®
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With increasing field, the effect of magnetic moment scatterterlayer direction is diffusivé}*2 Considem, andn, as the
ing is reduced. However, the absence of negative magnetoreharge densities for the two bands ang and u, as the
sistance in the normal state suggests against the magnetarrier mobilities, respectively. The zero field resistivity is
impurity model. Furthermore, a recent study in the all-py=(n;u;+n,u,) L. At low fields, the transverse magne-
organic superconductoB”-(BEDT-TTF),SFsCH,CF,SO;  toresistance is Ap/po=nNiNomq oy — o) H2 (Nypq
shows a very similar peak effect in the superconducting+n,u,)?; at higher fields a negativel* terms should be
state?® Since there are no metal ions present in the materiaincluded in the two band model. While both models can
it is very unlikely that the negative magnetoresistance is regualitatively describe the large interlayer magnetoresistance,
lated to the magnetic ions. a careful angular dependence of field in the plane will be
Interlayer transport for the magnetic fields applied in thenecessary to resolve the issue, as the former should be iso-
orthogonal directions are clearly different. For field appliedtropic with field in the plane and the later be very aniso-
parallel to the plane, the field will be mostly confined in tropic. It should be mentioned that a similar large, positive
between the superconducting layers. Unlike the plane, magnetoresistance has been observed in another organic su-
the Josephson vortices do not have normal cores similar tperconductors 8”-(BEDT-TTF),SKCH,CF,SO; in this
the pancake vortices. The dissipations due to phase slip @onfiguratior?® suggesting it to be a generic feature of the
thermal fluctuation of vortices have negligible contributionslayered systems.
for the H|| plane case. This results in much larger critical
fields such as the resistive onset field and the upper critical
field. For highly anisotropic systems such as the organic su-
perconductors, the upper critical field is extremely sensitive \We have carried out careful interlayer magnetoresistance
to even a small misalignment. The present setup fotHie measurements on the organic superconductor. For field par-
plane measurement is limited by the small sample size angllel to the current direction, the magnetoresistance exhibits a
the mechanical alignment without a fine tuning. This couldpeak as a function of field and temperature. The peak field
lead to a substantial underestimate of the upper critical fieldncreases with decreasing temperature. The field dependence
Nevertheless, the very different field dependence of the magf the magnetoresistance is analyzed in terms of the stacked
netoresistance in the two directions suggests strongly thalosephson junction model with both pair and quasiparticle
they reflect the characteristics of the two orientations. tunneling. However, a simple mean field model gives an un-
The large positive magnetoresistance at high field andealistic gap energy, thus raising a serious question about the
high temperatures may be associated with the open sheeigle of thermally activated quasiparticle tunneling for the
and closed pockets in the Fermi surface. For most metals, thgegative magnetoresistance. Further analysis including fluc-
magnetoresistance is negligible with a typicgb/p in the  tuations aboveH, and T, is necessary to understand the
order of (w7 2=[(eH/m) 7]%. For example, in coppe® T peak effect. For a field parallel to the plane geometry, the
~5x10" 2 for a field of 1 T. A similar estimate for the title isothermal magnetoresistance is monotonic with the field
compound would yieldy 7= \Ap®/p,~0.02 at 1 T. Thisis  with a much larger resistive onset field. The large positive
one order of magnitude larger than in conventional metalsmagnetoresistance at high temperatures forHthel|l plane
However, the interlayer resistivity near the transition is abouis consistent with a warped cylindrical Fermi surface model
1Q cm, about six orders of magnitude larger than in copperas well as a two band model. Further measurements to lower
The largeA p/p demonstrates the gross inadequacy of a isotemperatures and with both in-plane and out-of-plane angular
tropic, single band approach. There are two possible mech&ontrol of the sample to the field are necessary to fully ex-
nisms for the large magnetoresistance. One is due to theglore charge transport in the interlayer direction.
intrinsic layered structure. If the transport perpendicular to
the planes is coherent, the Fermi surface takes the form of a
warped cylinder. With field applied in the plane, it is found
that aH? dependence is expected for both low and high The work was supported in part by NSF Grant No. DMR-
fields with no saturation in magnetoresistadit&or the in-  9623306. A portion of this work was performed at the Na-
termediate regime as defined bys) r<\eg/t, , whereQ) tional High Magnetic Field Laboratory, which is supported
=eHuyc/h,t, is the interlayer transfer integral, arg the by NSF Cooperative Agreement No. DMR-9016241 and the
Fermi energy, a linear field dependence\gf/ p is predicted. state of Florida. Work performed at Argonne National labo-
The present observation of quadratic field dependence wouldtory was supported by the U.S. Department of Energy, Of-
suggest) 7<1. An alternative approach is to consider thefice of Basic Energy Sciences, Division of Materials Sci-
effects of two bands in the plane and conduction in the inences, under Contract No. W-31-109-ENG-38.

V. CONCLUSIONS
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