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Deuterated «-(BEDT-TTF ),Cu[ N(CN),]Br: A system on the border
of the superconductormagnetic-insulator transition
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The electronic state of the deuterated salt of the organic syst¢éBEDT-TTF),Cu N(CN),]Br, has been
investigated by dc/ac susceptibility afti/**C NMR measurements. We found that the system is situated in
the critical region of the transition between a superconducting phase Withad ~11.5 K and an antiferro-
magnetic phase with &y of 14-15 K. It was also found that the rapid cooling through 80 K drives the
superconducting phase into the magnetic phase, that is discussed in the light of the role of disorder near the
Mott transition.[S0163-18207)08221-0

Among many BEDT-TTF compounds, a family of the other hand, the system is suggested to be on the boundary
k-(BEDT-TTF),X provide quasi-two-dimensionat elec- between superconductor and insuldtbr.
tron systems exhibiting metallic, superconducting, and insu- To clarify the above problem experimentally, we have
lating phases. At ambient pressure, the salts with prepared crystals of the deuterated
=Cu(NC9), (Ref. 1) and CUIN(CN),|Br (Ref. 2 have su- «-(BEDT-TTF),CUN(CN),]Br (abbreviated to
perconducting ground states, while the[R(CN),]Cl sal  dg-CUN(CN),]Br hereaftey in several separate batches and
is an insulator with antiferromagnetic orderifi@he latter ~measured dc and ac susceptibility to characterize the normal
compound, when pressurized, converts suddenly into a s&nd superconducting properties, respectively. In addition, we
perconducting phase with a transition temperatiige, of 13 performed*H and 1*C NMR measurements for microscopic
K, which is the highest among the organic characterization of the electronic state. It is found that every
superconductors® Under further pressureT. decreases crystal contains superconducting and nonsuperconducting
gradually’ Thus, this family covers the critical region of a components with a comparable volume fraction and that the
superconductor—magnetic-insulator transition. Thelatter phase has a magnetic character similar to
BC-NMR study of these salts revealed enhancement of ark-(BEDT-TTF),CUN(CN),]Cl; antiferromagnetic ordering
tiferromagnetic spin fluctuations even in the superconductingvith spin canting. These findings demonstrate that this
salts®° This fact and a more detailed characterization of thesystem is situated just in the critical region
magnetic phadesupported that the electron correlation is aof the superconductor—magnetic-insulator transition in
driving force of the metal-insulator transition and led us tox-(BEDT-TTF),X. A drastic effect of the rapid cooling on
view it as the Mott transition; the difference of an anion the superconducting and magnetic phases is also found.
gives a slight change of the BEDT-TTF arrangement withinThese results give a solution to something mysterious so far
the layer and results in a variation of the bandwidth througHPn this salt.
modification of the transfer integr&l. Theoretical investiga- The crystals of thelg- CUN(CN),]Br salt were grown by
tions indicate the important role of electron correlation in thethe conventional electrochemical oxidation with use of the
metal-insulator transition in this family of compountis? deuterated BEDT-TTF molecules. For the purpose of

In the meantime, the deuterated °C-NMR, we also synthesized BEDT-TTF molecules where
k-(BEDT-TTF),CUN(CN),]Br has been investigated by 99% of the central double-bonded carbon sites and 98% of
several researchéfs ™ with particular attention to the super- the hydrogen sites are simultaneously substituted3ayand
conducting properties such as the isotope effectTen deuterium, respectively. The dc and ac susceptibility was
However, the reproducibility and bulky nature of the resultsmeasured for five single crystals and two powdered samples
remain unclear. As for resistivity, a serious sample depenwith a SQUID magnetometer. TH¢C and'H NMR spectra
dence, which ranges from a nonmetal to a supercondittor,and nuclear spin-lattice relaxation ra@, *,were measured
including the apparently semiconductor-metal- for one powdered sampléH-NMR were observable at the
semiconductor-superconductor transition with decreasingemaining hydrogen sites of 2%. The spectra were obtained
temperature$**®was reported. A small diamagnetic magne-by FFT of the quadrature-detected echo signals.
tization observed in the superconducting staté implies Figure 1 shows the dc susceptibility of the powdered
imperfect superconducting phas@ther works gave only sample of a slowly coole¢~0.2 K/min) dg-CUN(CN),]Br
the onset ofT (Ref. 17 or magnetization data in an arbi- salt along with the data of the nondeuterated
trary unit®). A naive interpretation of these observations CUN(CN),]Br  salt  (hg-CUN(CN),]Br and the
may be in terms of deterioration of the sample quality. OnCUN(CN),]Cl salt at a field of 1 T. Above-35 K, the three
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FIG. 1. Temperature dependence of the dc susceptibility i i . . .
of -(BEDT-TTF),X. The diamagnetic core-contribution is rapid cooling, the weak ferromagnetism is diminished. At

—4.7x10™* emu/mol f.u for the three salts. The upper and lower insetsfirst sight this may be interpreted as a sign of decreased
show the results of deuterated(BEDT-TTF),CUN(CN),]Br in a field  fraction of the magnetic phase. However, this is not the case,
parallel and perpendicular to the layer, respectively. as is discussed below.

The ac susceptibility of thdg-CUN(CN),]Br salt is pre-
systems trace nearly the same susceptibility curve, which isented in Fig. 2, where an ac field of 0.1 Oe and 1 Hz is
characterized by the steep decrease at lower temperaturegplied perpendicular to the conducting layer. Taking into
The metallichg- CUN(CN),] Br salt has a kink at 35 K, while account the demagnetization effect coming from the disc
the nonmetallic CIN(CN),]Cl salt exhibits a huge increase shape of the sample, the perfect diamagnetism corresponds
above 30 K*!® which is attributed to spin canting in the to a value around 2.5 in the vertical axis in the figure. In the
antiferromagnetically ordered state. Thg-CuN(CN),]Br case of the slow cooling, the onset of superconductivity oc-
salt shows a similar behavior to the [Bl{CN),]Cl salt ex-  curs at 11.5 K, which is not so different from tfig. of the
cept that the increase occurs around 16 K. Therefore it ifig-CUN(CN),]Br salt, while the gradual transition toward
reasonable to consider that tdg-CuN(CN),]Br salt con- low temperatures implies the inhomogeneous nature of the
tains a considerable fraction of the electronic phase with theuperconductivity. The low-temperature saturation value
same magnetic character as in thg ICN),]|Cl salt. means a superconducting volume fraction of 20% at most.

The dc susceptibility of thelg-CUN(CN),]Br salt after By the rapid cooling, the fraction diminishes to 1-2 % and
slow (0.2 K/min) and rapid(100 K/min) cooling is shown in  the onset decreases down to 10 K, as seen in the inset. Con-
the insets of Fig. 1, where the field was applied pardlipt  sidering that the electronic specific heat of the rapidly cooled
per inset or perpendiculatlower inse} to the layer. In both  dg-CUN(CN),]Br salt does not have any finitevalue?* the
field orientations, the cooling condition influences seriouslymissing part of the superconducting phase is considered to
the susceptibility. After the slow cooling, susceptibility convert to the insulating magnetic phase, not to normal me-
shows a minimum at 15—16 K, below which a sharp increaséallic phase. This is consistent with th€C-NMR results
occurs in both field orientations. The decrease of susceptibidescribed below. From these results, the observed depression
ity below 11 K in the perpendicular field is due to the dia- of the weak ferromagnetism by rapid cooling should be taken
magnetism of the superconducting component. In the parallgls a negative effect of cooling on the spin canting and/or the
field geometry, diamagnetic shielding is not effective be-antiferromagnetically ordered moment instead of decrease of
cause of the long out-of-plan@osephson-likepenetration  the magnetic phase fraction.
depth[0.2 mm forhg-CUN(CN),]Br salt (Ref. 19 and pos- The above results of the dc/ac susceptibility including the
sible realization of the vortex lock-in sta®®This explains cooling rate dependence were essentially reproducible in all
why the superconducting diamagnetism does not manifeshe crystals measured although the volume fraction of the
itself clearly in this field configuration. The absence of de-two phases was sample dependent.
crease of the weak ferromagnetism down to StKe data The implication that a magnetic phase is present with the
below 10 K are out of range of the ingdh the parallel superconducting phase in tdg-CUN(CN),]Br salt was fur-
configuration suggests that the apparently subsequent trangier explored by théH and *3C NMR measurements. Figure
tions in the perpendicular configuration result from a super3 shows the'H NMR spectra of the powdered sample,
position of the magnetic transition and the superconductingvhich is slowly cooled at a rate of the order of 0.1 K/min, at
one in separate portions of the sample volume. After thex field of 2.8 T. At high temperatures above 14 K, the spectra
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form a sharp single line with a width of 10 kHz. At room _ FIG. 4. **C nuclear spin-lattice relaxation rate ef(BEDT-TTF),X.
temperature, the line becomes further narrower due to th&"® 'oW-temperature region is expanded in the inset.
ethylene vibrations. Below 14 K, a part of the spectra be-
comes broadened, being superposed on the line remainiraf the dg- CUN(CN),]Br salt are on the universal curve fol-
narrow. The broadening indicates generation of inhomogelowed by other salts and, below 60 K, are in between the
neous local field. The broadening due to the vortex structur€u N(CN),]Cl data reflecting the progressive growth of an-
is expected to be negligible in the temperature range reportetiferromagnetic fluctuations followed by the freezing at 27 K
here(>6 K in Fig. 3 because of the motional narrowing due and thehg-CUN(CN),]Br data showing depression of the
to thermal fluctuations of vortices such as melting. Indeedfluctuations below 50 K. This behavior indicates that the
our single-crystal measurements on hydrogenatedg-CUN(CN),]Br salt is situated in a critical region between
x-(BEDT-TTF),CUN(CN),]Br at 1.5 T showed no practical the magnetic insulator, ¢N(CN),]CI salt, and the super-
broadening(less than 5 kHg at least down to 6 K. Our conductor, hg-CUN(CN),]Br salt. The peak formation
observation of broadening in the deuterated salt is of tharound 14-15 K is attributed to the antiferromagnetic tran-
order of 100 kHz, which is nearly equal to the line splitting sition in the magnetic phasélt should be noted that the
in the single crystal of the antiferromagnetic materialspectra in the ordered state are spread out of a frequency
k-(BEDT-TTF),CUN(CN),]CI.* Thus, it is concluded that range of150 kHz covered in the present pulse condition.
the line remaining narrow is from the superconducting phasénother feature in T, T) " ! of the dg- CUN(CN),]Br salt is
and the broader line is from the antiferromagnetic phase. Tha hump around 30 K in slow cooling, which becomes less
decomposition of the spectral intensity into the two lines atprominent after rapid coolinglIn this experiment, cooling
the lowest temperature suggests that about 75% of theould not be controlled to be as rapid as in the susceptibility
sample volume is occupied by the magnetic phase. Themeasurements; by rapid cooling, we mean the nominal rate
broadening of spectra was also observedi@ NMR. of the order of 1 K/min hergé.As was seen in the dc/ac
Next, the 13C nuclear spin-lattice relaxation rafél’l, is  susceptibility and'H-NMR spectra, the sample contains
presented. The hyperfine coupling tensor of the central camagnetic and nonmagnetisuperconductingphases. There-
bon sites in the BEDT-TTF molecule has anisotropic termdore, the determined relaxation rate is the volume average of
comparable or larger than the isotropic teffi$Since the the values of each phase. With this in mind, the hump can be
former gives the angular dependence of the nuclear relaxiewed as a reflection of thel¢T) ~*profile of the metallic
ation rate against the applied field and the two sites%f phase, where the depression @, T) %, which occurs at 50
= 13C in the BEDT-TTF molecule have different hyperfine K for the hg-CUN(CN),]|Br salt, is postulated to occur
coupling tensors, the nuclear relaxation curve in the powaround 30 K. This temperature roughly corresponds to the
dered sample does not follow a single exponential functioninflection point of the nonmetal-to-metal crossover in the
as was observed in the previous and present experiments. @sistivity behavior observed in Refs. 13-15; the similar cor-
in a previous stud§;’ we define the nuclear relaxation rate respondence between the crossover in the charge transport
by the initial slope of the relaxation curve, which corre-and the NMR relaxation anomaly is found in the
sponds to the solid angle average of the relaxation rate. lhg-CUN(CN),]Br and CUNCS), salts. The appreciable en-
Fig. 4, we show*C NMR (T,T) ! of the powdered sample hancement of T;T) ~* with a less prominent hump below 30
of the dg-CUN(CN),]Br salt as well as the data of the K after rapid cooling is reasonably explained by the de-
hg-CUN(CN),]Br and CUN(CN),JCl salts obtained creased volume fraction of the metallisuperconducting
previously! From room temperature down to 60 K, the dataphase.
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0.05 , , , , ‘ , compared with the rapid cooling case in Figl Prom these
«-(BDT-TTF [13C.dg),CulN(CN) JBr j results, it is concluded that the temperature window through
- which the slow and rapid cooling makes a difference to the
0.00 - 1 ground state of the sample is around 80 K. A similar kind of
rapid cooling effect is often encountered in several organic
005 L ] materials and is attributed to the introduction of various
kinds of disorder in most cases. Related phenomena at the
= relevant temperature are reported; a kink in resistivity and a
Fo10F 1 sharp anomaly in the thermal expansion coefficient at 80 K
in Ref. 22, in which the thermally induced order-disorder
015 L ] transition in the ethylene conformation is argued to occur at
this temperature. There may be a case that the rapid cooling
,,,,,, b through this temperature window leads the disorder to be
02fF T 60 K 1 frozen even at the lower temperatures. In any case, the issue
50 K of the phase transformation from the superconductor to the
025 ‘ , , , , , magnetic insulator by the rapid cooling can be addressed as
0.00 2.00 4.00 600 800 10.00 12.00 14.00 the effect of some disorder on the superconducting phase.
TEMPERATURE (K) The effect of disorder can be either by itself or through the
volume change of the unit cell. It is noteworthy that there is
FIG. 5. ac susceptibility of a deuterated a theoretical suggestion that the disorder in the metallic state
x-(BEDT-TTF),CUN(CN),]Br crystal after rapid cooling from various near the antiferromagnetic Mott insulator induces staggered
Ty For details of the process, see text. moment?® The suppression of the spin canting and/or mo-

ment by the rapid cooling is not explained by the volume

Finally, in order to examine what is going on in the pro- effect alone but may be a manifestation of the effect of dis-
cess of rapid cooling, we made a series of dc susceptibilitprder itself on the antiferromagnetic phase.
measurements for the powdered sample in the following se- In conclusion, the present susceptibility and NMR mea-
quence:(i) the sample was cooled slowly at a rate of 0.2surements ~ demonstrated  that  the  deuterated
K/min from room temperature down to 13 K so that the x-(BEDT-TTF),CUN(CN),]Br is a material situated just in
slowly cooled state was established as the initial stiddehe  a critical region of the Mott-like superconductor—magnetic-
sample was warmed up @, followed by rapid cooling insulator transition in quasi-two-dimensionalelectron sys-
from T, down to 13 K, andiii) ac susceptibility was mea- tems with thex-type dimeric arrangement of the molecules.
sured to characterize the superconducting volume fractiorRapid cooling, which possibly introduces disorder to the
The processes dfi) and(iii) were repeated for elevatéd,  electronic system, drives the superconducting phase into the
from 20 to 110 K. As seen in Fig. 5, the initial state is keptantiferromagnetic phase. More detailed characterization of
up toT, of 70 K, while it converts into the rapid cooled state this antiferromagnetic phase, such as the moment and com-
if it is quenched fromT, of higher than 90 K. After this mensurability of the magnetic order, will give further infor-
series of quenching experiments, the sample was warmed upation on the nature of this superconductor—magnetic-
to 120 K and then cooled slowly down to 70 K, from which insulator transition.
it was rapidly cooled to 6 K. The subsequent ac susceptibility The authors thank Y. Nakazawa for helpful discussion on
measurementt&® K reproduced the result of the initial state thermodynamic aspect. K.K. is grateful to H. Kino, H. Fuku-
set by the slow coolingin this experiment, the cooling rate yama, and K. Miyake for enlightening discussion. K. Kato
from T, is limited to ~20 K/min at most by the cooling and T. Takayam@dMS) are acknowledged for their technical
power of the SQUID system and not so fast as the case isupport in low-temperature experiments. This work was sup-
Figs. 1 and 2, where the crystal was transferred rapidly fronported by Grant-in-Aid for Scientific Research Nos.
the room-temperature area down to the low-temperature aré6243102(Priority Area “Novel Electronic States in Mo-
at a rate of~100 K/min. This is the reason why the super- lecular Conductors) and 06452064 from the Ministry of
conducting volume fraction in Fig. 5 remains appreciableEducation, Science, Sports and Culture, Japan.
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