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Pressure-temperature phase diagram of the organic superconductor
k-„BEDT-TTF …2Cu†N„CN…2‡I
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The pressure-temperature phase diagram of the organic superconductork-(BEDT-TTF)2Cu@N(CN)2#I de-
termined by resistive measurements is presented. Under a hydrostatic pressure of about 1 kbar an insulating
state is transformed into a metallic state, showing superconductivity with a transition temperatureTc up to 8 K.
A resistivity maximum develops in the boundary region of insulator-metal transformation and its position
gradually shifts to high temperatures with pressure. These properties of the salt are in line with the generic
phase diagram fork-phase materials, although the salt is located deep in the insulating domain of the phase
diagram, contrary to the expectation based on the ionic radius of the halogen atom. We show the relation of the
shape of the phase diagram to the degree of structural order in the material.
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I. INTRODUCTION

Variation of the lattice parameters with chemical substi
tion or physical pressure~P! brings about modification of the
band structure and allows us to figure out important para
eters for the description of the electronic properties. T
approach is especially useful for organic materials, wh
have soft lattice and thus are very sensitive to pressure1–3

Recently, several attempts were made to determ
the generic pressure-temperature (P-T) phase diagram
for the family of the highest transition temperatu
(Tc) quasi-two-dimensional organic superconduct
k-(BEDT-TTF)2Cu@N(CN)2#X, with X standing for halogen
atoms Cl, Br, and I or their mixtures~in the following we
designate the salts by theirX as Cl, Br, and I!.4–9 The
k-(BEDT-TTF)2Cu@N(CN)2#X salts share the same cryst
lattice structure at room temperature,10 and the metallic state
is predicted for all of them according to the band-struct
calculation.11 In view of the fact that at ambient pressu
several members of the family~Cl and I salts, and Br sal
with deuterium isotope substitution in BEDT-TTF molecu
d-Br) are insulators, and magnetic order is found in some
them @Cl ~Refs. 12, 6, and 7! and d-Br salts ~Ref. 7!#, the
crucial role of the electronic correlation was discussed.13

Until recently the experimental studies of this family we
restricted mainly to Cl and Br salts. The third member of t
family, I salt, was initially reported to be nonsuperconducti
up to pressure of 5 kbar.10 Since information about this sa
was scarce, the reason for the lack of superconductivity
not clear. It was thought as due to crystal imperfection, l
disorder11 and superstructurelike effects,14 or as being intrin-
sic and caused by modification of the band structure, as
posed based on the consideration of a Mott-Hubbard sch
on the triangular lattice.15

Very recently, we succeeded in the preparation of h
quality single crystals of I salt,16 which showed clear super
0163-1829/2002/65~6!/064516~5!/$20.00 65 0645
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conductivity under hydrostatic pressure withTc up to about 8
K, and confirmed the intrinsic nature of superconducting
clusions observed previously in several studies.17,18 This
finding naturally led us to determine the phase diagram fo
salt, for which the mechanism of insulating state fo
mation is reasonably understood in terms of structu
transformation.14

In this paper we report theP-T phase diagram for I sal
determined from resistance measurements and the u
critical fields (Hc2) for the superconducting state. We foun
that the insulator-to-metal transformation of I salt under pr
sure is very similar to that of Cl salt, although it proceeds
slightly higherP values. This finding shows that~i! the prop-
erties of the salt are in line with a genericP-T phase diagram
for the k phases;~ii ! the salt is occupying a place at th
low-pressure side of the phase diagram, contrary to the
pectation based on ionic radii of halogen atoms;~iii ! the Tc
of thek-(BEDT-TTF)2Cu@N(CN)2#X salts is systematically
decreasing with the ionic radius of halogen atoms. The s
sitivity of the pressure coefficient ofTc and of the shape o
the phase diagram to the degree of disorder in the crystal
the wave vector of the low-temperature superstructure,
gether with the irregular change of the ground state w
ionic radius contrary to the superconductingTc , imply a no-
table involvement of the structural transformations in the
sulating state formation, as was shown at ambient pres
from systematic study of transport properties.14

II. EXPERIMENT

We performed the study on samples obtained by two
ferent synthetic routs. The first one was used in our rec
study,16 the second one was corresponding to the proced
described in Ref. 10. We refer to the crystals obtained
these two routs as ‘‘new’’ and ‘‘old’’ in the following. The
old crystals were synthesized several years ago and cha
©2002 The American Physical Society16-1
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M. A. TANATAR et al. PHYSICAL REVIEW B 65 064516
terized comprehensively at ambient pressure by transport
x-ray measurements14 and by ESR measurements.19 To our
surprise, we found a complete resistive transition to the
perconducting state in all the samples from both batch
which is contrary to previous reports for this compound.

The new crystals ofk-(BEDT-TTF)2Cu@N(CN)2#I were
prepared by the electrochemical oxidation of BEDT-TTF in
1,1,2-trichloroethane medium.16 Since the composition of the
k-(BEDT-TTF)2Cu@N(CN)2#X crystals can be strongly
changed even by small contamination of the starting reag
by Cl and Br impurities,20 special care was taken to preve
it. We used starting reagents of the highest possible gr
and the lack of contamination was confirmed by elect
probe microanalysis measurements on the grown crys
We found no traces of Cl and Br within the accuracy of t
method, i.e., below approximately 0.1%. The resultant n
samples were of much higher quality than the old ones. T
can be seen directly in the width of x-ray spots at roo
temperature and becomes prominent at 4.2 K~see below!. An
x-ray analysis was performed at room temperature and c
firmed the crystals to be isostructural to usu
k-(BEDT-TTF)2Cu@N(CN)2#I. X-ray diffuse scattering
measurements were made using the fixed-sample, fixed
monochromatic Laue method.21 An imaging plate was used
instead of a photographic film used in our previous study;
other experimental details, see Ref. 14.

The electrical resistivity was measured by a conventio
four-probe technique with an electrical current flowing alo
the highly conductingac plane. A quasihydrostatic pressu
was created by a beryllium copper clamp pressure cell wi
silicon oil as the pressure medium. A pressure up to 7 k
was applied at room temperature. The pressure depend
of resistance taken at room temperature on loading did
indicate any phase transition with pressure. The pressu
low temperatures, discussed throughout this paper, was
culated using the results of Ref. 22. This value is believed
be accurate with an uncertainty of60.2 kbar for P
.1 kbar, while a large uncertainty is inevitable at low
pressure values.

We studied resistivity of five new crystals and two o
crystals. The resistivity value at room temperaturer(295 K)
was the same within the experimental scatter for old and n
samples and equal (863)31022 V cm. All of the samples
showed complete resistive superconducting transition un
pressure above 1.2 kbar, although the midpointTc and the
resistive transition width showed notable~up to 3 and 5 K,
respectively! variation from crystal to crystal. On the con
trary, the onset of resistive transition was always in a ra
6.5–8.2 K. For the most perfect sample, having the shar
transition, an onset junction point was at 8.2 K, midpoint
7.7 K, and an end-junction point at 6.8 K. Since this width
the resistive transition is notably less than in another crys
and is usual fork-phase salts, we consider this value
intrinsic for this material.

Measurements of theHc2 were performed in a 15-T su
perconducting solenoid. The pressure cell was rotated b
double axis rotator system and aligned with an accuracy
better than 0.1° with respect to the field. The measurem
were made by making temperature sweeps under fixed m
06451
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netic fields. The resistive transition did not broaden much
field application, therefore for determination ofTc we used
an onset junction point, which is least sample dependen

III. RESULTS AND DISCUSSION

In Fig. 1 we show resistivityr temperature dependence
ambient and under several hydrostatic pressures for
samples. The behavior of the old samples was essentially
same, with some difference in pressure scale~see below!. At
ambient pressurer decreases slightly down to 200 K~not
shown! and then gradually increases to 1.2 K, the low
temperature in our study. The rate ofr increase gets highe
below about 80–100 K, while ther(T) curve flattens below
10–20 K ~depending on a sample!.

Upon application of pressure, the resistivity decrea
gradually, with the change being larger towards the low
temperatures. At the boundary of the metallic and insulat
behavior, R(T) curve shows a maximum, followed by
minimum at low temperatures~Fig. 1!. In the sameP range a
slight R(T) decrease starts to develop atTc , although the
resistance does not reach zero. Both of these features
formation of the resistance maximum23,24and the incomplete
superconducting transition inR(T) ~Ref. 5! in the transfor-
mation range, are typical for Cl salt and can be understoo
coexistence of insulating and metallic~superconducting!
phases in the transformation range.25,9With pressure increase
the maximum is transformed into a notable slope chan
and its position on the temperature scale shifts rapidly
high T. In Fig. 2 we show theP-T phase diagram determine
from these resistance measurements. The vertical lines s
the boundary pressure range in which incomplete superc
ducting transition inR(T) is observed. We show only th
lines relevant to the phase transformation from the insula
to the superconducting state, omitting detailed features
lated to the formation of the insulating state, characterized
our previous study on old samples.14 Except for an approxi-
mately 0.5-kbar shift on the pressure scale, this phase
gram is identical to the phase diagram of Cl salt,23 deter-
mined in the same way~from resistance measurements und
liquid pressure!.

The shape of the diagram was essentially the same fo

FIG. 1. Temperature dependence of the resistance for
samples for a series of increasing hydrostatic pressures~the de-
picted values indicate the pressure in kbar at low temperatures!.
6-2
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PRESSURE-TEMPERATURE PHASE DIAGRAM OF THE . . . PHYSICAL REVIEW B65 064516
new samples, despite the difference in the sharpness o
superconducting transition. In the old samples, howe
there is a notable, although not precisely characterized,
ference in the pressure scale for the same features. Thi
gards first of all the width of the pressure range in which
superconductivity is observed. Because of difficulty of pr
sure control in the low-pressure region it is impossible
compare precisely the values of the threshold pressure
insulator-to-metal transformation, although a trend for low
values in the old samples seems to be present.

The difference in the width of the pressure range wh
superconductivity is observed is directly related to a nota
difference in the pressure coefficient ofTc . The new samples
show superconductivity in a broaderP range and are charac
terized by a relatively small pressure coefficient ofTc ,
dTc /dP, about 21.7 K/kbar ~Fig. 3!. This value is more
than two times lower than that for the old samples, abo
24 K/kbar. The relevant values for Cl and Br salts lie b
tween these two extremes. The pressure coefficient ofTc for
Cl salt was reported as23.6 K/kbar and23.2 K/kbar from

FIG. 2. Pressure-temperature phase diagram
k-(BEDT-TTF)2Cu@N(CN)2#I determined from the resistanc
measurements. The vertical dashed lines show boundaries o
range in which incomplete transition is observed inR(T). Two sets
of data correspond to old~crosses with dashed lines! and new~solid
lines, different symbols correspond to several samples! samples.

FIG. 3. Pressure dependence of the superconducting trans
temperature for new samples~open symbols, different symbols co
respond to different samples! and one old sample~solid square!.
The solid line is a guide for eyes, the dashed lines show the
proximated pressure dependence ofTc .
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gas24 and liquid23 pressure measurements, respectively.
Br salt the respective values were reported as22.8 K/kbar
under gas pressure26 and 22.4 K/kbar from liquid
pressure27 experiments. From consideration of the shape
Tc(P) curve, it seems that for some pressure ran
the Tc is not changing in new samples. This featu
is reminiscent of the behavior observed in mix
k-(BEDT-TTF)2Cu@N(CN)2#Br0.9I0.1 crystals, in whichTc
shows a shallow maximum with pressure increase.28

To understand the origin of the difference in the propert
of the samples we show in Fig. 4 a part of a Lauegram
containing the most characteristic features, taken at 4.6
The two outer spots and the central spot~marked with B in
Fig. 4! are due to the main lattice. In addition, in both o
and new samples we can see a double superstructural t
formation. In old samples the first transformation takes pla
at ;200 K resulting in thec* /2 superstructure, while the
second starts at around 100 K, where a short-range o
with diffuse reflex centered at aroundc* /3 is formed~left
panel in Fig. 4!. In the new samples thec* /2 superstructure
is formed as well, and it is characterized by a much be
defined reflex. However, the main difference between
samples comes from the second~low-temperature! super-
structural transformation. The diffusec* /3 spot typical for
old crystals is transformed into a relatively sharp spot, c
responding to the wave vector 0.38c* , so the second super
structure is incommensurate. In addition, as can be seen
the figure, the new crystals have much higher crystal per
tion, revealed in the width of both the superstructural spot
the Lauegram measured along thec* axis, along which the
system has the highest resolution.

In view of this finding, it is natural that the crystals ma
have different compressibility of the lattice, caused by t
presence of the superstructure. This in turn can lead to
difference of the pressure coefficient ofTc . Since formation
of the insulating state is correlated with low-temperature
perstructural transformation,14 it can be expected that a
metal-insulator boundary thec* /3 superstructure is sup

f

the

on

p-

FIG. 4. A part of x-ray Lauegram showing superstructure sp
in old ~left! and new~right! crystals.T54.6 K. Note much larger
amplitude ofc* /2 superstructure reflex in new crystals and diffe
ence in the wave vector of second superstructure. B’s correspon
ordinary Bragg peaks due to main lattice.
6-3
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M. A. TANATAR et al. PHYSICAL REVIEW B 65 064516
pressed. In this case thec* /2 superstructure should b
present in the superconducting state~as is indeed observed i
Br salt via the reconstruction of the Fermi surface29!, and
determine the stiffness of the lattice. It is an open question
the suppression of superconductivity is related to some tra
formation of thisc* /2 superstructure.

The Hc2 for the superconducting state of the I salt w
measured under a pressure of 1.2 kbar, in the region of
highestTc just on the boundary of the superconducting d
main. The measurements were made under the magn
fields H oriented perpendicular (Hc2' ) and parallel (Hc2 i )
with respect to the highly conducting plane of the crystal
one of the new samples. TheH-T phase diagram is shown i
Fig. 5. TheHc2' is comparable with that for Cl salt@about 3
T at 0.7 kbar~Ref. 30!#, but is notably lower than for Br sal
at ambient pressure@above 10 T~Ref. 31!#. The value of
Hc2 i is also notably lower than in the Br salt@about 35 T
~Ref. 31!#. The slope of theHc2(T) curves nearTc , in the

FIG. 5. The temperature dependence ofHc2 for new samples
under pressure 1.2 kbar in magnetic fields oriented parallel~open
symbols! and perpendicular~solid symbols! to the conducting
plane. The lines are guides for eyes.
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region of validity of Ginzburg-Landau theory, allows us
determine the coherence lengths for I salt, using the form

m0Tc

dHc2 i ~T!

dT
5

F0

2pj'~0!j i~0!
,

m0Tc

dHc2' ~T!

dT
5

F0

2pj i~0!2
,

where j i(0) and j'(0) are the coherence lengths paral
and perpendicular to the layer, respectively,m0 is the mag-
netic constant, andF052.07310215 Wb is the magnetic
flux quantum. The values of the coherence length were
termined for new samples asj i(0)511.3 nm andj'(0)
50.8 nm.

IV. CONCLUSION

As can be seen from the above description, the prope
of I salt are in reasonable correspondence with those
related Cl and Br compounds. It is not clear at the mome
whether magnetic ordering is typical for I salt at ambie
pressure, similar to Cl salt, although, except for the la
difference in the magnitude,32,14 the resistance relaxation in
duced by cycling the magnetic field seems to be very sim
More detailed studies on this subject are under way.
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