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Pressure-temperature phase diagram of the organic superconductor
k-(BEDT-TTF),Cu[N(CN),]I
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The pressure-temperature phase diagram of the organic superconedb{&BDT-TTF),Cu N(CN),]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 temp&gaipre 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 fok-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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. INTRODUCTION conductivity under hydrostatic pressure withup to about 8
K, and confirmed the intrinsic nature of superconducting in-
Variation of the lattice parameters with chemical substitu-clusions observed previously in several studfe$. This

tion or physical pressur@) brings about modification of the finding naturally led us to determine the phase diagram for |
band structure and allows us to figure out important paramsalt, for which the mechanism of insulating state for-
eters for the description of the electronic properties. Thignation is reasonably understood in terms of structural
approach is especially useful for organic materials, whicHransformatior*
have soft lattice and thus are very sensitive to pressiire.  In this paper we report thB-T phase diagram for | salt
Recently, several attempts were made to determinéetermined from resistance measurements and the upper
the generic pressure-temperatur®-T) phase diagram critical fi_elds Hco) for the supercondu_cting state. We found
for the family of the highest transition temperature that the insulator-to-metal transformation of | salt under pres-

(T) quasi-two-dimensional  organic  superconductorsSUre is very similar to that_of _CI _salt, although. it proceeds at
xk-(BEDT-TTF),CU{N(CN),]X, with X standing for halogen slightly higherP values. This finding shows thép the prop-
atoms Cl, Br, and | or their mixturegn the following we erties of the salt are in line with a geneReT phase diagram
designate; th,e salts by thek as Cl, Br, and ™ The for the k phasesyii) the salt is occupying a place at the

k-(BEDT-TTF),CL{N(CN),]X salts share the same crystal low-pressure side of the phase diagram, contrary to the ex-

. ) pectation based on ionic radii of halogen atortiis) the T,
lattice structure at room temperatdfeand the metallic state of the k-(BEDT-TTE),CUN(CN),]X salts is systematically

is predicted for all of them according to the band—structuredecreasing with the ionic radius of halogen atoms. The sen-
calculation*! In view of the fact that at ambient pressure gisivir of the pressure coefficient . and of the shape of
several members of the famikCl and | salts, and Br salt o phase diagram to the degree of disorder in the crystal and
with deuterium isotope substitution in BEDT-TTF molecule, ihe \wave vector of the low-temperature superstructure, to-
d-Br) are insulators, and magnetic order is found in some Obether with the irregular change of the ground state with
them[CI (Refs. 12, 6, and j7and d-Br salts(Ref. 7], the  jonic radius contrary to the superconductifig imply a no-
crucial role of the electronic correlation was discusSed.  tapje involvement of the structural transformations in the in-

Until recently the experimental studies of this family were gjating state formation, as was shown at ambient pressure
restricted mainly to Cl and Br salts. The third member of theqgy, systematic study of transport propertfs.

family, | salt, was initially reported to be nonsuperconducting
up to pressure of 5 kbaf.Since information about this salt

was scarce, the reason for the lack of supgrconduct_ivity was Il EXPERIMENT
not clear. It was thought as due to crystal imperfection, like
disordet! and superstructurelike effectépr as being intrin- We performed the study on samples obtained by two dif-

sic and caused by modification of the band structure, as prderent synthetic routs. The first one was used in our recent
posed based on the consideration of a Mott-Hubbard schenmsudy?® the second one was corresponding to the procedure
on the triangular lattic&® described in Ref. 10. We refer to the crystals obtained by
Very recently, we succeeded in the preparation of higlthese two routs as “new” and “old” in the following. The
quality single crystals of | salf which showed clear super- old crystals were synthesized several years ago and charac-
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terized comprehensively at ambient pressure by transport and
x-ray measurementsand by ESR measuremeritsTo our
surprise, we found a complete resistive transition to the su-
perconducting state in all the samples from both batches,
which is contrary to previous reports for this compound.
The new crystals ok-(BEDT-TTF),Cu N(CN), ]I were
prepared by the electrochemical oxidation of BEDT-TTF in a 10t
1,1,2-trichloroethane mediuffiSince the composition of the 1.4
xk-(BEDT-TTF),CU N(CN),]X crystals can be strongly 10
changed even by small contamination of the starting reagents % : : - :
by Cl and Br impurities? special care was taken to prevent 0 20 40 60 8 100 120
it. We used starting reagents of the highest possible grade Temperature (K)
and the lack of contamination was confirmed by electron
probe microanalysis measurements on the grown crystals. FIG. 1. Temperature dependence of the resistance for new
We found no traces of Cl and Br within the accuracy of thesamples for a series of increasing hydrostatic presstihes de-
method, i.e., below approximately 0.1%. The resultant newpicted values indicate the pressure in kbar at low temperatures
samples were of much higher quality than the old ones. This
can be seen directly in the width of x-ray spots at roomnetic fields. The resistive transition did not broaden much on
temperature and becomes prominent at 4(3é€ beloy. An field application, therefore for determination ©f we used
x-ray analysis was performed at room temperature and corn onset junction point, which is least sample dependent.
firmed the crystals to be isostructural to usual
Kk-(BEDT-TTF),CU N(CN),]l. .X-ray Qiﬁuse scattgring _ Ill. RESULTS AND DISCUSSION
measurements were made using the fixed-sample, fixed-film
monochromatic Laue methdd An imaging plate was used In Fig. 1 we show resistivity temperature dependence at
instead of a photographic film used in our previous study; fommbient and under several hydrostatic pressures for new
other experimental details, see Ref. 14. samples. The behavior of the old samples was essentially the
The electrical resistivity was measured by a conventionasame, with some difference in pressure s¢aée below. At
four-probe technique with an electrical current flowing alongambient pressur@g decreases slightly down to 200 ot
the highly conductingac plane. A quasihydrostatic pressure shown and then gradually increases to 1.2 K, the lowest
was created by a beryllium copper clamp pressure cell with &emperature in our study. The rate @fincrease gets higher
silicon oil as the pressure medium. A pressure up to 7 kbabelow about 80—100 K, while the(T) curve flattens below
was applied at room temperature. The pressure dependent@—20 K(depending on a sample
of resistance taken at room temperature on loading did not Upon application of pressure, the resistivity decreases
indicate any phase transition with pressure. The pressure gtadually, with the change being larger towards the lowest
low temperatures, discussed throughout this paper, was cakemperatures. At the boundary of the metallic and insulating
culated using the results of Ref. 22. This value is believed tdehavior, R(T) curve shows a maximum, followed by a
be accurate with an uncertainty of0.2 kbar for P minimum at low temperaturggig. 1). In the samé® range a
>1 kbar, while a large uncertainty is inevitable at low- slight R(T) decrease starts to develop B, although the
pressure values. resistance does not reach zero. Both of these features, the
We studied resistivity of five new crystals and two old formation of the resistance maximéi*and the incomplete
crystals. The resistivity value at room temperatpi(895 K)  superconducting transition iR(T) (Ref. 5 in the transfor-
was the same within the experimental scatter for old and newnation range, are typical for Cl salt and can be understood as
samples and equal (83)x 10 2 Q cm. All of the samples  coexistence of insulating and metallisuperconducting
showed complete resistive superconducting transition undgshases in the transformation rarfg€ With pressure increase
pressure above 1.2 kbar, although the midpdiptand the the maximum is transformed into a notable slope change,
resistive transition width showed notakiiep to 3 and 5 K, and its position on the temperature scale shifts rapidly to
respectively variation from crystal to crystal. On the con- highT. In Fig. 2 we show th€-T phase diagram determined
trary, the onset of resistive transition was always in a rangérom these resistance measurements. The vertical lines show
6.5—8.2 K. For the most perfect sample, having the sharpeshe boundary pressure range in which incomplete supercon-
transition, an onset junction point was at 8.2 K, midpoint atducting transition inR(T) is observed. We show only the
7.7 K, and an end-junction point at 6.8 K. Since this width oflines relevant to the phase transformation from the insulating
the resistive transition is notably less than in another crystal® the superconducting state, omitting detailed features re-
and is usual fork-phase salts, we consider this value aslated to the formation of the insulating state, characterized in
intrinsic for this material. our previous study on old sampl¥sExcept for an approxi-
Measurements of thel., were performed in a 15-T su- mately 0.5-kbar shift on the pressure scale, this phase dia-
perconducting solenoid. The pressure cell was rotated by gram isidentical to the phase diagram of CI saft,deter-
double axis rotator system and aligned with an accuracy ofmined in the same waffrom resistance measurements under
better than 0.1° with respect to the field. The measurementguid pressurg
were made by making temperature sweeps under fixed mag- The shape of the diagram was essentially the same for all
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FIG. 2. Pressure-temperature  phase  diagram  of B ’ - - B

x-(BEDT-TTF),CU N(CN),]I determined from the resistance

measurements. The vertical dashed lines show boundaries of the FIG. 4. A part of x-ray Lauegram showing superstructure spots

range in which incomplete transitiqn is observ_ed?ihT). Two sgts in old (Ieft) and new(right) crystals.T=4.6 K. Note much larger

‘?f data _correspond to oltrosses with dashed lineand new(solid amplitude ofc*/2 superstructure reflex in new crystals and differ-

lines, different symbols correspond to several samplamples. ence in the wave vector of second superstructure. B’s correspond to
) . ) ordinary Bragg peaks due to main lattice.

new samples, despite the difference in the sharpness of the

superconducting transition. In the old samples, howevery,24 5 |iqui® pressure measurements, respectively. For

there is a notable, although not precisely characterized, dlfgr salt the respective values were reported-#s8 K/kbar

ference in the pressure scale for the same features. This "Bhder gas pressife and —2.4 K/kbar from liquid

gards first of "?1”. thg width of the pressure range in which they oqqy @ experiments. From consideration of the shape of

superconductivity is observed. Because of difficulty of pres—TC(P) curve, it seems that for some pressure range

sure control in the low-pressure region it is impossible 0e T. is not changing in new samples. This feature

compare precisely the values of the threshold pressure fqg reminiscent of the behavior observed in mixed
insulator-to-metal transformation, although a trend for IowerK-(BEDT-TTF)ZCL[N(CN)Z]BI’O oo crystals, in whichT,
values n the old s_amples seems to be present. shows a shallow maximum with pressure increése.

The dlffere_n_ce in the width .Of t_he pressure range where To understand the origin of the difference in the properties
superconductivity is observed is directly related to a notabl%f the samples we show in Figh a part of a Lauegram,
difference in the pressure coefficienty. The new samples containing the most characteristic features, taken at 4.6 K.
sh(_)w superconduc_tmty in a broad@range and_a_re charac- The two outer spots and the central spoiarked with B in
terized by a relatively small pressure coefﬁme_nt of, Fig. 4) are due to the main lattice. In addition, in both old
dTc/dP, apout— 1.7 Kikbar (Fig. 3. This value is more and new samples we can see a double superstructural trans-
than two times lower than that for the old samples, abOUtformation. In old samples the first transformation takes place
—4 Klkbar. The relevant values for Cl and Br_ s_alts lie be-at ~200 K resulting in thec*/2 superstructure, while the
tween these two extremes. The pressure coefficielit @r  so.0n4 starts at around 100 K, where a short-range order
Cl salt was reported s 3.6 K/kbar and-3.2 K/kbarfrom i difuse reflex centered at arourd /3 is formed (left

panel in Fig. 4. In the new samples the*/2 superstructure
8 ' " " is formed as well, and it is characterized by a much better
®V s defined reflex. However, the main difference between the
6 v ‘<>'\ *&d\ﬁ samples comes from the secofldw-temperaturg super-
1 structural transformation. The diffuse* /3 spot typical for
iy o—-1.7 K/kbar old crystals is transformed into a relatively sharp spot, cor-
\ h responding to the wave vector 038 so the second super-
© Ve, structure is incommensurate. In addition, as can be seen from
4 K/kbar *\\ t_he figure, the_new crystals have much higher crystal perfe_c-
5 hg tion, revealed in the width of both the superstructural spots in
R the Lauegram measured along fitie axis, along which the
T z ! ' T system has the highest resolution.
In view of this finding, it is natural that the crystals may
Pressure (kbar) have different compressibility of the lattice, caused by the

FIG. 3. Pressure dependence of the superconducting transitidd€sence of the superstructure. This in turn can lead to the
temperature for new sampléspen symbols, different symbols cor- difference of the pressure coefficientdf. Since formation
respond to different samplesnd one old samplésolid squarg of the insulating state is correlated with low-temperature su-
The solid line is a guide for eyes, the dashed lines show the apperstructural transformatiof, it can be expected that at
proximated pressure dependenceTpf metal-insulator boundary the*/3 superstructure is sup-
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15 ' ' ' ' ' ] region of validity of Ginzburg-Landau theory, allows us to
determine the coherence lengths for | salt, using the formulas

dHep (T) _ Dy
Hole™ 4T " 27£,(0)§(0)°

5.45 T/K] dHe, (T) ®q

T = ,
Molc dT 2/”_5”(0)2

0.38 T/K

] where §(0) and &, (0) are the coherence lengths parallel
and perpendicular to the layer, respectively, is the mag-

Temperature (K) netic constant, andb,=2.07x10 ¥ Wb is the magnetic

flux quantum. The values of the coherence length were de-

FIG. 5. The temperature dependenceHy, for new samples  termined for new samples a(0)=11.3 nm and, (0)
under pressure 1.2 kbar in magnetic fields oriented par@fstn =0.8 nm.

symbolg and perpendicular(solid symbol$ to the conducting
plane. The lines are guides for eyes.

IV. CONCLUSION

pressed. In this case the*/2 superstructure should be  As can be seen from the above description, the properties
present in the superconducting steds is indeed observed in of | salt are in reasonable correspondence with those for
Br salt via the reconstruction of the Fermi surf%t%eand related Cl and Br compounds. It is not clear at the moment,
determine the stiffness of the lattice. It is an open question, ifyhether magnetic ordering is typical for | salt at ambient
the suppressiqn of superconductivity is related to some trani)‘ressure, similar to ClI salt, although, except for the large
formation of thisc* /2 superstructure. difference in the magnitud®;*the resistance relaxation in-
The H, for the superconducting state of the | salt wasquced by cycling the magnetic field seems to be very similar.

measured under a pressure of 1.2 kbar, in the region of thgiore detailed studies on this subject are under way.
highestT. just on the boundary of the superconducting do-

main. The measurements were made under the magnetic
fields H oriented perpendiculat,, ) and parallel )

with respect to the highly conducting plane of the crystal on This work has been done under support from CREST,
one of the new samples. Th&T phase diagram is shown in Japan Science and Technology Corporation, from a fund for
Fig. 5. TheH,,, is comparable with that for Cl sdlabout 3  “Research for the Future” from Japan Society for the pro-
T at 0.7 kbar(Ref. 3Q], but is notably lower than for Br salt motion of Science, and by NWO and RFBR 00-02-
at ambient pressurgabove 10 T(Ref. 31)]. The value of 04019DFG_a grants. The authors thank A. G. Lebed for
Hcz| is also notably lower than in the Br sdkbout 35 T  valuable discussions and S. Kamiya for the help in experi-
(Ref. 3D]. The slope of theH(T) curves neaf., in the ment.
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