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Structural disorder and its effect on the superconducting transition temperature
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In this paper, we report direct evidence of a structural transition in the organic superconductor
k-(BEDT-TTF),CUN(CN),|Br near 80 K and the effect of disorder on the superconducting transition tem-
perature. By cooling the sample from above 80 K, the interlayer magnetoresistance displays a bumplike
feature, which increases sharply with increasing cooling rate. The rapidly cooled sample has a much larger
resistivity and a lower transition temperature, which decreases linearly with increasing resistivity near the
transition temperature. We propose that rapid cooling quenches the sample into a disordered state. Localized
moments in the disordered state reduce the superconducting transition tempE&atLES-18208)51522-6

Charge transfer saltsc-(BEDT-TTF),X [BEDT-TTF  about 1-10Q. A current of 1-10uA was used to ensure
=bis(ethylenedithigtetrathiafulvalene, abbreviated as JET linear |-V characteristics. The room temperature conductiv-
with X being CUNCS,, CUN(CN),JBr-, and ity was (1.5-0.1)x107? Scm . The sample was initially
CUN(CN),]CI~, exhibit interesting magnetic and Supercon-C00|ed slowly from room temperature to liquid helium tem-
ducting phase transitiorls® They have a layered structure Perature over 3 h. Subsequent coolings were done by warm-
with alternating sheets of metallidimerized ET moleculgs g Up the sample slowly from below 10 K to about 140 K,
and insulating (anion, X) planes. x-(ET),CuNCS), and and then cool_ed at different rates to below 10 K by pumping
x-(ET),CUN(CN),]Br are ambient pressure superconductorgle“um vapor in the sample space. The data were taken while
with the superconducting transition temperatirearound the gample was slowly warmed up. L
10 K and 11 K, respectively. The transition temperature i;l: Figure 1 is an overlay of interlayer resistivity as a func-

strongly dependent on the applied pressure with a typic ion of temperature for a sample cooled at different rates.
learly the resistivity curves separate out below about 80 K.
dT./dP~ —3 K/kbar® Recent'3C NMR and transport stud- y Y P

) ) ) -~ The lowest curve, No. 1, corresponds to the slowest cooled
ies of «-(ET),CUN(CN),]Br unveiled antiferromagnetic sample(over 5 h from 140 K to belowT,). The curves,

fluctuations in the normal staté. x-(ET),CUN(CN),ICl is  No. 2 to No. 5, shift upward in the sequence of increasing
an antiferromagnetic insulator at ambient pressure and b%ooling rate at 1 K/min, 5 K/min, 20 K/min, and 60 K/min,
comes a superconductor with the high€stof 13 K under a

slight pressure of 0.3 kb&rThe large pressure dependence 80
demonstrates the critical role of lattice structure in the deter-
mination of magnetic and superconducting transitions, and

calls for a careful investigation on the effects of structural
defects. 60 -

In this paper we report studies of the effect of the cooling
rate on the interlayer transport properties as well as its effect
on T.. By freezing the sample into different disordered
states, we find that there is strong evidence for a structural
transformation at around 80 K. Resistivity for the quenched
sample increases with increasing cooling rate dnpdde-
creases linearly with increasing resistivity. The quenched
state is also unstable against thermal fluctuations and decays 20
gradually toward an equilibrium state.

Single crystals of thex-(ET),CUN(CN),]|Br supercon-
ductor were synthesized at the Argonne National Laboratory 300 600 900 1200
as described elsewhefeSeveral crystals were used in this 0 20 4'0 slo slo 1(')0 12'0 140
study. Data on one sample cooled at different rates are pre- K
sented here. The interlayer resistance was measured with use
of the four-probe technique. Contacts of the gold wires to the  FIG. 1. An overlay of resistivity as a function of temperature for
sample were made with a Dupont conducting paste. Typicad sample cooled at different rates. The inset is a semilog plpt of
contact resistance between the gold wire and the sample wasrsusT? at low temperatures.

p (Qcm)
o~
o
T

0163-1829/98/5@22)/140564)/$15.00 57 R14 056 © 1998 The American Physical Society



RAPID COMMUNICATIONS

57 STRUCTURAL DISORDER AND ITS EFFECT ON TH. .. R14 057
65 - s e
5 ol
Tl s
s s
- £ 10
E & o
S S
] = 2
~ (=%
< 64 1
T =70.88+0.02K
05 f
]
63 - ’ ’ : : 10.0 11.0 115 12.0
0 2000 4000 6000 8000 TK

Time (second)

. o . _ FIG. 3. Resistivity as a function of temperature near the super-
FIG. 2. Relaxation of resistivity at 70.88 K as a function of time. conducting transition for the sample cooled at different rates.
The inset is an expansion of temperature dependence regar

80 K. with different criteria are parallel to each other.

The cooling rate dependence of the resistivity below 80 K
and the independence above it suggest strongly a structural
transition at this temperature. Above 80 K, the resistivity

verlaps regardless the thermal history, with a peak at 100 K.
hile the 100 K resistivity maximum has been widely dis-
cussed as a Mott metal-insulator transition due to lattice con-
h[?action, the independence on cooling rate suggests that the

respectively. The No. 5 curve clearly shows a local maxi-
mum R near around 70 K. Above 80 K, all curves collapse
into a single one, independent of the cooling rate, with

broad peak at 100 K. The inset shows an expanded view
the low temperaturél0—34 K) resistivity as a function of2

in a semilog scale. The nearly parallel curves suggest that t

resistivity can be fitted withp(T)=peexp(T/To)* With To  pand is not affected by the process at 88 IK.other words,

:21. K. . . . ... _the ET dimers are ordered at much higher temperature. Be-
Figure 2 shows a typical time dependence of resistivity a%ow 80 K

ing the sample from at_)ove 100 K to 70 K rapidly. The da,tawere taken during the warming up of the sample slowly from
were taken over a period @ h after the sample was stabi- pooy 10 K, the system has undergone considerable relax-
lized at 70.88-0.02 K in approximately 10 min. Because 0Of 44iqn especially near 80 K. The relaxation is dependent on

the tempt_arature fluctuations, the initial state was not well, o temperature and quenched state, as shown in the inset of
characterized. However, the data demonstrate clearly a relax-

ation of the system from a frozen state toward a thermal
equilibrium state with resistivity decreasing monotonically.
Shown in the inset is an expanded plot of Fig. 1 near 70 K.
The relaxation from about 68 cm to about 63) cm corre-
sponds approximately to a change from the fourth curve to 1.0 |
the second curve, as shown by the arrows.

The cooling rate has a considerable effect on the super-
conducting properties as well. Shown in Fig. 3 is an overlay
of the five resistive transitions curves with the same number <
assignment as in Fig. 1. The top curve corresponds to the ~
most rapidly cooled sample, and the bottom curve the slow-
est cooled sample, with the top curve having about 60% 10.6
higher resistivity than the bottom one. Clearly, the increasing
cooling rate and consequently higher resistivity lead to a
decreasing superconducting transition temperature.

If we choose the superconducting transition temperature
as the temperature where resistivity has decreased to 50%,
75%, and 90% of resistivity at 12 K, we can plot thus defined 09 10 11 12 13 14 15 186
T. as a function of resistivity at 12 K, as shown in Fig. 4.
Clearly, theT . increases with decreasimg12 K) monotoni-
cally. Except for the lowest resistivity point, four other  FIG. 4. The resistive transition temperature as a function of
points lie nicely in a straight line. Th&.(p) lines defined resistivity at 12 K.
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Fig. 1 by the nearly parallel line of resistivity at low tem- works for most metallic superconductors. For dirty supercon-
peratures. Although the exponentiEd dependence of resis- ductors in strong coupling limit, th&, is found to increase
tivity is not understood at this point, it is possible that it is or decrease with an increasing residual resistigitglepen-
related to the antiferromagnetic fluctuations observed for thiglent on theT,,, the transition temperature in clean limit.
and similar compounds? The sign change idT./dp has been successfully explained
Several closely related phenomena have been reported rgs due to a competition between the attractive and repulsive
cently. Kund and co-workers have reported an anomalougtfective electron-electron interactidhFor various materi-
jump in thermal expansion coefficient of lattice parametersms, Stlp, wheret=(T.—Te)/Tey, Was found to have a
a=(11)(dI/dT), at 80 K**In the direction along the poly- -0 hitide of (1—100)(f cm) L. For the organic super-

mer _CShai'j’la axis, the_jump i.n“’ Aa, is founq to be—8 . conductor studied here, a similar calculation would yield
X 10 > K™+ They attributed it to an order-disorder transi- St/p~—5x10-4(mQ cm) L. The extremely smalldt/p

tion of the ethylene molecule due to its interaction with theSu ests the unlikelihood of decreasifiadue to nonmad-
polymeric anions. A dip in resistivity at this temperature has 9ges . ) Sing 9
netic disorders in the organic materials.

also been observed by several grotips.Very recently, ef- D -

fects of cooling rate have been studied in the deuterated In the presence of magnetic impurities, the supercondugt-

x-(ET),CUN(CN),]Br compound: From magnetic suscepti- "9 transition temperature has been shown to decreise lin-

bility and NMR measurements, Kawamotd al. reported ~ early with the scattering rat® by Tgo—T.=(8h/

that rapid cooling through 80 K drives the superconductingmkg)(1/7), where 1t is the scattering rate due to magnetic

phase into a magnetic phase. The disorder introduced bpoments. If the disorders introduce localized moments, as

qguenching disrupts the spin canting or the antiferromagnetisuggested from the magnetic susceptibility measurements of

ordering. Kawamotoet al,* a reduction ofT. is expected due to spin
Careful structural studies have been performed on the isascattering or pair breaking. Since the spin scattering rate is

structural saltsc-(BEDT-TTF),X with X being Cl, Br, and typically a small fraction of the potential scatterings Han

.12 Measurements show that there are two steric configurase assumed to be proportional to the total resistivity, pe.,

tions for the ethylene groups. One configuration is the=(m/ne?)(1/at), with « being the fraction of spin to po-

eclipsed arrangement of the end groups and the other is wittential scattering. We can rewrite Tgo— T

a staggered arrangement. At room temperature, the ethylen_e(gﬁnez/mka)ap_ Using nominal numbers for the charge
groups are disordered. At 125 K, the x-ray diffractions ShOWdensity and effective maZ8we find « in the order of 10°.
that ethylene groups for botk=Br and Cl compounds are ¢ js glso possible that a fraction of the disorders contains
ordered, while it remained disordered at 20 K for e | |cqlized moments. In that case, the fractional contribution
sample’® The data suggest that the 80 K anomaly is unlikelyof spin to lattice scattering will increase accordingly. Further
due to the order-disorder transition of the end groups. Recepfeasyrements, such Bis, as a function off . and compara-
relaxation measurements of resistivity at 77 K by quenchingje studies of other ET superconductors, are necessary to
the sample from higher temperatures suggest that the ordegziaplish the picture.
disorder transition of the ethylene groups occurs at around |, summary, we have reported a systematic study of the
140 K, consistent with the x-ray results.Other possible effect of cooling rate on the interlayer transport. The depen-
models of structural transition including a short range moduyence of resistivity on cooling rate is consistent with a struc-
Iat|0r115 ?Qd a superlattice structure have been proposed @gra) transition at 80 K. The structural disorders are likely to
well.™ . _ introduce localized moments, which suppress the supercon-
While the origin of the 80 K anomaly is unclear, the pres-qycting transition temperature. Our resultsTof decreasing

ence of the jump in tha-axis thermal expansion coefficient |inearly with increasing resistivity are in agreement with the
at 80 K suggests strongly that quenching through 80 K W'”proposed picture.

introduce some kind of lattice disorders. This can be pictured

as an incomplete transition to the expanded lattice state when We acknowledge many useful discussions with Dr. Stew-
cooled rapidly through the transition. The disorders in turnart Barnes, who suggested the possibility of local moments.
lead to localizations of charge carriers and possibly localized’he work is supported in part by NSF Grant No. DMR-
magnetic moments. The effects of disorders on the superco®623306. Work performed at Argonne National Laboratory
ducting transition temperature have been studiedvas supported by the U.S. Department of Energy, Office of
extensively’ For nonmagnetic disorders, Anderson’s theo-Basic Energy Sciences, Division of Materials Sciences, un-
rem thatT, is little affected by the amount of disorders der Contract No. W-31-109-ENG-38.
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