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Deuteratedk-„BEDT-TTF …2Cu†N„CN…2‡Br: A system on the border
of the superconductor–magnetic-insulator transition

A. Kawamoto
Department of Physics, Ochanomizu University, Bunkyo-ku, Tokyo 112, Japan

K. Miyagawa and K. Kanoda
Institute for Molecular Science, Myodaiji, Okazaki 444, Japan

~Received 25 November 1996!

The electronic state of the deuterated salt of the organic systemk-(BEDT-TTF!2Cu@N~CN!2#Br, has been
investigated by dc/ac susceptibility and1H/13C NMR measurements. We found that the system is situated in
the critical region of the transition between a superconducting phase with aTC of ;11.5 K and an antiferro-
magnetic phase with aTN 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.@S0163-1829~97!08221-0#
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Among many BEDT-TTF compounds, a family o
k-(BEDT-TTF)2X provide quasi-two-dimensionalp elec-
tron systems exhibiting metallic, superconducting, and in
lating phases. At ambient pressure, the salts withX
5Cu~NCS!2 ~Ref. 1! and Cu@N~CN!2]Br ~Ref. 2! have su-
perconducting ground states, while the Cu@N~CN!2]Cl salt

3

is an insulator with antiferromagnetic ordering.4 The latter
compound, when pressurized, converts suddenly into a
perconducting phase with a transition temperature,TC , of 13
K, which is the highest among the organ
superconductors.3,5 Under further pressure,TC decreases
gradually.5 Thus, this family covers the critical region of
superconductor–magnetic-insulator transition. T
13C-NMR study of these salts revealed enhancement of
tiferromagnetic spin fluctuations even in the superconduc
salts.6–9 This fact and a more detailed characterization of
magnetic phase4 supported that the electron correlation is
driving force of the metal-insulator transition and led us
view it as the Mott transition; the difference of an anio
gives a slight change of the BEDT-TTF arrangement wit
the layer and results in a variation of the bandwidth throu
modification of the transfer integral.10 Theoretical investiga-
tions indicate the important role of electron correlation in t
metal-insulator transition in this family of compounds.11,12

In the meantime, the deuterate
k-(BEDT-TTF)2Cu@N~CN!2]Br has been investigated b
several researchers13–17with particular attention to the supe
conducting properties such as the isotope effect onTC .
However, the reproducibility and bulky nature of the resu
remain unclear. As for resistivity, a serious sample dep
dence, which ranges from a nonmetal to a superconduct13

including the apparently semiconductor-met
semiconductor-superconductor transition with decreas
temperatures,14,15was reported. A small diamagnetic magn
tization observed in the superconducting state13,16 implies
imperfect superconducting phase.~Other works gave only
the onset ofTC ~Ref. 17! or magnetization data in an arb
trary unit15!. A naive interpretation of these observatio
may be in terms of deterioration of the sample quality.
550163-1829/97/55~21!/14140~4!/$10.00
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the other hand, the system is suggested to be on the boun
between superconductor and insulator.13

To clarify the above problem experimentally, we ha
prepared crystals of the deuterate
k-~BEDT-TTF)2Cu@N~CN!2]Br ~abbreviated to
d8-Cu@N~CN!2]Br hereafter! in several separate batches a
measured dc and ac susceptibility to characterize the no
and superconducting properties, respectively. In addition,
performed1H and 13C NMR measurements for microscop
characterization of the electronic state. It is found that ev
crystal contains superconducting and nonsuperconduc
components with a comparable volume fraction and that
latter phase has a magnetic character similar
k-~BEDT-TTF)2Cu@N~CN!2]Cl; antiferromagnetic ordering
with spin canting. These findings demonstrate that t
system is situated just in the critical regio
of the superconductor–magnetic-insulator transition
k-~BEDT-TTF)2X. A drastic effect of the rapid cooling on
the superconducting and magnetic phases is also fo
These results give a solution to something mysterious so
on this salt.

The crystals of thed8-Cu@N~CN!2]Br salt were grown by
the conventional electrochemical oxidation with use of t
deuterated BEDT-TTF molecules. For the purpose
13C-NMR, we also synthesized BEDT-TTF molecules whe
99% of the central double-bonded carbon sites and 98%
the hydrogen sites are simultaneously substituted by13C and
deuterium, respectively. The dc and ac susceptibility w
measured for five single crystals and two powdered sam
with a SQUID magnetometer. The13C and1H NMR spectra
and nuclear spin-lattice relaxation rate,T1

21,were measured
for one powdered sample;1H-NMR were observable at the
remaining hydrogen sites of 2%. The spectra were obtai
by FFT of the quadrature-detected echo signals.

Figure 1 shows the dc susceptibility of the powder
sample of a slowly cooled~;0.2 K/min! d8-Cu@N~CN!2]Br
salt along with the data of the nondeuterat
Cu@N~CN!2]Br salt (h8-Cu@N~CN!2#Br and the
Cu@N~CN!2]Cl salt at a field of 1 T. Above;35 K, the three
14 140 © 1997 The American Physical Society
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55 14 141BRIEF REPORTS
systems trace nearly the same susceptibility curve, whic
characterized by the steep decrease at lower temperat
The metallich8-Cu@N~CN!2]Br salt has a kink at 35 K, while
the nonmetallic Cu@N~CN!2]Cl salt exhibits a huge increas
above 30 K,4,18 which is attributed to spin canting in th
antiferromagnetically ordered state. Thed8-Cu@N~CN!2]Br
salt shows a similar behavior to the Cu@N~CN!2]Cl salt ex-
cept that the increase occurs around 16 K. Therefore
reasonable to consider that thed8-Cu@N~CN!2]Br salt con-
tains a considerable fraction of the electronic phase with
same magnetic character as in the Cu@N~CN!2]Cl salt.

The dc susceptibility of thed8-Cu@N~CN!2]Br salt after
slow ~0.2 K/min! and rapid~100 K/min! cooling is shown in
the insets of Fig. 1, where the field was applied parallel~up-
per inset! or perpendicular~lower inset! to the layer. In both
field orientations, the cooling condition influences seriou
the susceptibility. After the slow cooling, susceptibili
shows a minimum at 15–16 K, below which a sharp incre
occurs in both field orientations. The decrease of suscept
ity below 11 K in the perpendicular field is due to the di
magnetism of the superconducting component. In the par
field geometry, diamagnetic shielding is not effective b
cause of the long out-of-plane~Josephson-like! penetration
depth@0.2 mm forh8-Cu@N~CN!2]Br salt ~Ref. 19! and pos-
sible realization of the vortex lock-in state.20 This explains
why the superconducting diamagnetism does not man
itself clearly in this field configuration. The absence of d
crease of the weak ferromagnetism down to 5 K~the data
below 10 K are out of range of the inset! in the parallel
configuration suggests that the apparently subsequent tr
tions in the perpendicular configuration result from a sup
position of the magnetic transition and the superconduc
one in separate portions of the sample volume. After

FIG. 1. Temperature dependence of the dc susceptib
of k-~BEDT-TTF)2X. The diamagnetic core-contribution i
24.731024 emu/mol f.u for the three salts. The upper and lower ins
show the results of deuteratedk-(BEDT-TTF!2Cu@N~CN!2#Br in a field
parallel and perpendicular to the layer, respectively.
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rapid cooling, the weak ferromagnetism is diminished.
first sight this may be interpreted as a sign of decrea
fraction of the magnetic phase. However, this is not the ca
as is discussed below.

The ac susceptibility of thed8-Cu@N~CN!2]Br salt is pre-
sented in Fig. 2, where an ac field of 0.1 Oe and 1 Hz
applied perpendicular to the conducting layer. Taking in
account the demagnetization effect coming from the d
shape of the sample, the perfect diamagnetism corresp
to a value around 2.5 in the vertical axis in the figure. In t
case of the slow cooling, the onset of superconductivity
curs at 11.5 K, which is not so different from theTC of the
h8-Cu@N~CN!2]Br salt, while the gradual transition towar
low temperatures implies the inhomogeneous nature of
superconductivity. The low-temperature saturation va
means a superconducting volume fraction of 20% at m
By the rapid cooling, the fraction diminishes to 1–2 % a
the onset decreases down to 10 K, as seen in the inset.
sidering that the electronic specific heat of the rapidly coo
d8-Cu@N~CN!2]Br salt does not have any finiteg value,21 the
missing part of the superconducting phase is considere
convert to the insulating magnetic phase, not to normal m
tallic phase. This is consistent with the13C-NMR results
described below. From these results, the observed depre
of the weak ferromagnetism by rapid cooling should be tak
as a negative effect of cooling on the spin canting and/or
antiferromagnetically ordered moment instead of decreas
the magnetic phase fraction.

The above results of the dc/ac susceptibility including
cooling rate dependence were essentially reproducible in
the crystals measured although the volume fraction of
two phases was sample dependent.

The implication that a magnetic phase is present with
superconducting phase in thed8-Cu@N~CN!2]Br salt was fur-
ther explored by the1H and 13C NMR measurements. Figur
3 shows the1H NMR spectra of the powdered sampl
which is slowly cooled at a rate of the order of 0.1 K/min,
a field of 2.8 T. At high temperatures above 14 K, the spec

y

s

FIG. 2. ac susceptibility of a deuterate
k-~BEDT-TTF!2Cu@N~CN!2]Br crystal after slow or rapid cooling. The a
field is applied perpendicular to the layer. The results after rapid cooling
expanded in the inset.
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14 142 55BRIEF REPORTS
form a sharp single line with a width of 10 kHz. At room
temperature, the line becomes further narrower due to
ethylene vibrations. Below 14 K, a part of the spectra
comes broadened, being superposed on the line rema
narrow. The broadening indicates generation of inhomo
neous local field. The broadening due to the vortex struc
is expected to be negligible in the temperature range repo
here~.6 K in Fig. 3! because of the motional narrowing du
to thermal fluctuations of vortices such as melting. Inde
our single-crystal measurements on hydrogena
k-~BEDT-TTF)2Cu@N~CN!2]Br at 1.5 T showed no practica
broadening~less than 5 kHz! at least down to 6 K. Our
observation of broadening in the deuterated salt is of
order of 100 kHz, which is nearly equal to the line splittin
in the single crystal of the antiferromagnetic mater
k-~BEDT-TTF)2Cu@N~CN!2]Cl.

4 Thus, it is concluded tha
the line remaining narrow is from the superconducting ph
and the broader line is from the antiferromagnetic phase.
decomposition of the spectral intensity into the two lines
the lowest temperature suggests that about 75% of
sample volume is occupied by the magnetic phase.
broadening of spectra was also observed in13C NMR.

Next, the 13C nuclear spin-lattice relaxation rate,T1
21, is

presented. The hyperfine coupling tensor of the central
bon sites in the BEDT-TTF molecule has anisotropic ter
comparable or larger than the isotropic terms.6–9 Since the
former gives the angular dependence of the nuclear re
ation rate against the applied field and the two sites of13C
5 13C in the BEDT-TTF molecule have different hyperfin
coupling tensors, the nuclear relaxation curve in the po
dered sample does not follow a single exponential functi
as was observed in the previous and present experimen
in a previous study,6,7 we define the nuclear relaxation ra
by the initial slope of the relaxation curve, which corr
sponds to the solid angle average of the relaxation rate
Fig. 4, we show13C NMR (T1T)

21 of the powdered sample
of the d8-Cu@N~CN!2]Br salt as well as the data of th
h8-Cu@N~CN!2]Br and Cu@N~CN!2]Cl salts obtained
previously.7 From room temperature down to 60 K, the da

FIG. 3. 1H-NMR spectra of deuterated
k-(BEDT-TTF)2Cu@N~CN!2]Br powder after slow cooling.
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of thed8-Cu@N~CN!2]Br salt are on the universal curve fo
lowed by other salts and, below 60 K, are in between
Cu@N~CN!2]Cl data reflecting the progressive growth of a
tiferromagnetic fluctuations followed by the freezing at 27
and theh8-Cu@N~CN!2]Br data showing depression of th
fluctuations below 50 K. This behavior indicates that t
d8-Cu@N~CN!2]Br salt is situated in a critical region betwee
the magnetic insulator, Cu@N~CN!2]Cl salt, and the super-
conductor, h8-Cu@N~CN!2]Br salt. The peak formation
around 14–15 K is attributed to the antiferromagnetic tra
sition in the magnetic phase.~It should be noted that the
spectra in the ordered state are spread out of a freque
range of6150 kHz covered in the present pulse conditio!
Another feature in (T1T)

21 of thed8-Cu@N~CN!2]Br salt is
a hump around 30 K in slow cooling, which becomes le
prominent after rapid cooling.~In this experiment, cooling
could not be controlled to be as rapid as in the susceptib
measurements; by rapid cooling, we mean the nominal
of the order of 1 K/min here.! As was seen in the dc/a
susceptibility and 1H-NMR spectra, the sample contain
magnetic and nonmagnetic~superconducting! phases. There-
fore, the determined relaxation rate is the volume averag
the values of each phase. With this in mind, the hump can
viewed as a reflection of the (T1T)

21profile of the metallic
phase, where the depression of (T1T)

21, which occurs at 50
K for the h8-Cu@N~CN!2]Br salt, is postulated to occu
around 30 K. This temperature roughly corresponds to
inflection point of the nonmetal-to-metal crossover in t
resistivity behavior observed in Refs. 13–15; the similar c
respondence between the crossover in the charge tran
and the NMR relaxation anomaly is found in th
h8-Cu@N~CN!2]Br and Cu~NCS!2 salts. The appreciable en
hancement of (T1T)

21 with a less prominent hump below 3
K after rapid cooling is reasonably explained by the d
creased volume fraction of the metallic~superconducting!
phase.

FIG. 4. 13C nuclear spin-lattice relaxation rate ofk-(BEDT-TTF!2X.
The low-temperature region is expanded in the inset.
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Finally, in order to examine what is going on in the pr
cess of rapid cooling, we made a series of dc susceptib
measurements for the powdered sample in the following
quence:~i! the sample was cooled slowly at a rate of 0
K/min from room temperature down to 13 K so that t
slowly cooled state was established as the initial state,~ii ! the
sample was warmed up toTq , followed by rapid cooling
from Tq down to 13 K, and~iii ! ac susceptibility was mea
sured to characterize the superconducting volume fract
The processes of~ii ! and ~iii ! were repeated for elevatedTq
from 20 to 110 K. As seen in Fig. 5, the initial state is ke
up toTq of 70 K, while it converts into the rapid cooled sta
if it is quenched fromTq of higher than 90 K. After this
series of quenching experiments, the sample was warme
to 120 K and then cooled slowly down to 70 K, from whic
it was rapidly cooled to 6 K. The subsequent ac susceptib
measurement at 6 K reproduced the result of the initial sta
set by the slow cooling.~In this experiment, the cooling rat
from Tq is limited to ;20 K/min at most by the cooling
power of the SQUID system and not so fast as the cas
Figs. 1 and 2, where the crystal was transferred rapidly fr
the room-temperature area down to the low-temperature
at a rate of;100 K/min. This is the reason why the supe
conducting volume fraction in Fig. 5 remains apprecia

FIG. 5. ac susceptibility of a deuterate
k-~BEDT-TTF!2Cu@N~CN!2]Br crystal after rapid cooling from various
Tq . For details of the process, see text.
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compared with the rapid cooling case in Fig. 2.! From these
results, it is concluded that the temperature window throu
which the slow and rapid cooling makes a difference to
ground state of the sample is around 80 K. A similar kind
rapid cooling effect is often encountered in several orga
materials and is attributed to the introduction of vario
kinds of disorder in most cases. Related phenomena at
relevant temperature are reported; a kink in resistivity an
sharp anomaly in the thermal expansion coefficient at 80
in Ref. 22, in which the thermally induced order-disord
transition in the ethylene conformation is argued to occu
this temperature. There may be a case that the rapid coo
through this temperature window leads the disorder to
frozen even at the lower temperatures. In any case, the i
of the phase transformation from the superconductor to
magnetic insulator by the rapid cooling can be addresse
the effect of some disorder on the superconducting ph
The effect of disorder can be either by itself or through t
volume change of the unit cell. It is noteworthy that there
a theoretical suggestion that the disorder in the metallic s
near the antiferromagnetic Mott insulator induces stagge
moment.23 The suppression of the spin canting and/or m
ment by the rapid cooling is not explained by the volum
effect alone but may be a manifestation of the effect of d
order itself on the antiferromagnetic phase.

In conclusion, the present susceptibility and NMR me
surements demonstrated that the deutera
k-(BEDT-TTF!2Cu@N~CN!2#Br is a material situated just in
a critical region of the Mott-like superconductor–magnet
insulator transition in quasi-two-dimensionalp electron sys-
tems with thek-type dimeric arrangement of the molecule
Rapid cooling, which possibly introduces disorder to t
electronic system, drives the superconducting phase into
antiferromagnetic phase. More detailed characterization
this antiferromagnetic phase, such as the moment and c
mensurability of the magnetic order, will give further info
mation on the nature of this superconductor–magne
insulator transition.
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