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Metal-insulator transition of donor-acceptor-type organic charge-transfer complex
„BETS…2„Br2TCNQ…: Site-selective NMR measurements
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The roles of donor layers and acceptor stacks in the electronic properties of the charge transfer complex,
(BETS)2(Br2TCNQ) were investigated by means of site-selective NMR measurements. Line broadening of
77Se NMR indicating a magnetic ordering on the BETS site was observed at the metal-insulator transition
temperature 12 K. This transition is caused by the spin-density-wave formation on the BETS layers.13C NMR
on the cyano carbon in the Br2TCNQ molecule confirms that a spin singlet formation starts to develop on the
one dimensional Br2TCNQ columns below 170 K and its three dimensional ordering appears below 80 K.
From the analysis of the NMR line shape and shift, magnetic susceptibility was decomposed into the contri-
butions of the BETS and Br2TCNQ sites.
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I. INTRODUCTION

(BETS)2(X2TCNQ) (X5Cl and Br@BETS andX2TCNQ
are abbreviations for bis~ethylendithio!tetraselenafuluvalene
and 2,5-disubstituted-tetracyanoquinodimethane, res
tively#!, are all organic donor-acceptor-type charge trans
complexes, which consist of two-dimensional BETS lay
and one-dimensionalX2TCNQ columns.1 BETS and
X2TCNQ behave as donor and acceptor molecules, res
tively. The valence ofX2TCNQ is considered to be21 from
an analysis of the C[N stretching mode.2 This suggests tha
there is one hole per two BETS molecules, i.e., that the c
duction band is quarter-filled. One of the interesting prop
ties of this system is that both the donor and acceptor c
tribute to the electromagnetic properties.1 This is in contrast
to the other conventional organic charge transfer comple
with closed shell anions, like (TMTCF)2X and
(BEDT-TTF)2X families.3

Isostructural (BETS)2(Br2TCNQ) and
(BETS)2(Cl2TCNQ) are metallic at high temperatures1

(BETS)2(Br2TCNQ) shows a resistivity minimum at abou
15 K, followed by an insulating behavior at ambie
pressure.1 The metal-insulator~MI ! transition temperature is
slightly reduced by applying pressure. On the other ha
(BETS)2(Cl2TCNQ) remains metallic down to low
temperatures.1,4 Under a pressure of 3.5 kbar, a superco
ducting ~SC! transition has been observed at 1.3 K.1 At a
higher pressure of about 6 kbar, the resistivity shows a m
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mum at about 13 K and increases at lower temperature
SC transition was still observed at about 1 K.1 In
(BETS)2(Cl2TCNQ), it is thus confirmed that an insulatin
phase is located in the neighborhood of the SC phase.1,4

From an analysis of the crystal structure, the cell volu
of the (BETS)2(Br2TCNQ) is slightly larger than that o
(BETS)2(Cl2TCNQ).4 The substitution of the halogen atom
on the TCNQ molecules with larger size should be cons
ered as ‘‘negative’’ chemical pressure, as far as the volu
effect is concerned. This simple picture does not apply to
(BETS)2(X2TCNQ) system, since the insulating state
(BETS)2(Cl2TCNQ) is stabilized under pressure. The re
tionship between the application of hydrostatic pressure
the chemical substitution was discussed in a separate pa4

The first important question concerns the nature
these insulating states. To address this question,
have started the investigation of the MI transition
(BETS)2(Br2TCNQ).

1H NMR measurements in this system were performed
our previous work.4,5 However, 1H nuclei are located on
both molecules, and the hyperfine coupling between the1H
nuclei and the conduction electrons is small, so that we
tained only a little information about the ground state. It w
necessary to select nuclear sites which have larger hype
couplings. We thus decided to perform77Se NMR on Se sites
in the BETS molecule and the13C NMR on the cyano car-
bon in theX2TCNQ molecule. The hyperfine couplings o
the 77Se and the13C nuclear sites are much larger than th
©2002 The American Physical Society04-1
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on the 1H sites. 77Se NMR detects the role of holes on th
BETS layers, and the13C NMR detects the electrons on th
Br2TCNQ stacks.

II. EXPERIMENTS

The cyano carbons of the Br2TCNQ and Cl2TCNQ
molecules were enriched by a13C isotope.6 77Se NMR mea-
surements were performed with77Se of natural abundanc
~7.5 %!. NMR measurements were carried out on a polycr
talline samples of about 20 mg in weight. The NMR spe
trum and relaxation rate were measured with a conventio
pulsed NMR spectrometer in a temperature range betwe
and 70 K for 77Se NMR and between 5 K and room tem-
perature for13C NMR. The intensity of the77Se NMR signal
was so small that we could not obtain a sufficient signal-
noise ratio above 70 K with our present setup. The ra
frequency ~rf! used for the 13C/77Se NMR measurement
was 88 MHz/73 MHz, which corresponds to resonance fie
(H0) of 8.2 T/9 T, respectively. The13C NMR spectra were
obtained by a fast Fourier transformation of the spin ec
signal following ap/2-p pulse sequence. The linewidth o
the 77Se NMR at low temperatures was much broader th
the rf field strength~typically gH1;140 kHz as estimated
from the width of thep/2 pulse;7 msec). Therefore the
spectra were constructed by scanning frequency at a fi
magnetic field. The linewidth is defined as the square roo
the second moment of the spectrum. The shift13K/77K, for
13C/77Se NMR, was determined by the center of gravity
the spectrum with respect to the zero shift position.7 The spin
lattice relaxation rates, 1/13T1 for 13C NMR and 1/77T1 for
77Se NMR, were determined by the measurement of the
covery of the nuclear magnetization after saturation co
pulses. The spin-spin relaxation rate or spin-echo decay
1/13T2 for 13C NMR was measured by recording the sp
echo intensity as a function of the time interval (t8) of the
p/2-t8-p pulse sequence.

III. RESULTS AND DISCUSSIONS

A. 77Se NMR of BETS site: evidence of magnetic order
in the BETS layer

77Se NMR spectra for (BETS)2(Br2TCNQ) are shown in
Fig. 1. In the higher-temperature region above 20 K,
asymmetric spectrum was observed. This is a typical pow
pattern for the case of uniaxial Knight shift. This is reaso
able because the highest occupied molecular orbital of
BETS molecule consists of apz (p) orbital at each atomic
site; the uniaxial symmetry comes from thep orbitals. The
isotropic and anisotropic shifts are determined asK iso5(K i
12K')/35Ax and Kaniso5(K i2K')/35Bx, respectively,
whereK i(K') is the shift for the field parallel~perpendicu-
lar! to the symmetry axis of thep orbital, x is the electronic
spin susceptibility, andA andB are the isotropic and aniso
tropic hyperfine coupling constants.K iso gives the central
shift and Kaniso contributes to the width of the spectrum
Since the NMR-active77Se sites are very dilute~the natural
abundance is 7.5%!, the nuclear dipolar interaction betwee
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77Se nuclei should be negligible (;0.8 kHz). In addition,
77Se sites are rather far from the outer1H sites~the shortest
1H-77Se distance is;0.49 nm). The nuclear dipolar width
due to the nearest neighbor1H nuclei is calculated to be a
small as;0.2 kHz. Thus one can consider that the observ
linewidth at high temperatures above 20 K comes only fr
77Kaniso. We measured the linewidth as the square of
second moment of the observed spectrum and determ
77Kaniso from the relation9.

A^D f 2&
77gH0

5
1

2p
A4

5
77Kaniso,

where^D f 2& and 77g are the second moment of the spectru
and gyromagnetic ratio of the77Se nuclei.77K iso was deter-
mined from the central shift of the spectrum.

77K iso and 77Kanisoshould be proportional to the local su
ceptibility at the 77Se sites,xBETS. However, 77K iso is very
small; 77K iso;70 ppm at temperatures above 20 K, which
too small to discuss the temperature dependence ofxBETS in
detail.

There are no contributions to the on-site Fermi cont
interaction because thep orbital has a node on the nuclea
site. The Knight shift comes from the dipolar coupling b
tween 77Se nuclei andp orbitals. The smallA value is natu-
ral for the case ofp orbitals.8 On the other hand, the ob
served linewidth above 20 K is about;60 kHz,
corresponding to 77Kaniso;800 ppm, much larger than
77K iso in this system. Therefore, we can analyze the lo
susceptibility on the BETS sites through the linewidth, th

FIG. 1. 77Se NMR spectra at various temperatures. The tra
verse axis is frequency as a unit of MHz. The77K50 was deter-
mined by the measurement of the standard sample.
4-2
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METAL-INSULATOR TRANSITION OF DONOR- . . . PHYSICAL REVIEW B 66, 035104 ~2002!
is, the anisotropic term of the hyperfine coupling,B. The
linewidth is shown in Fig. 2~a! @closed circles for
(BETS)2(Br2TCNQ)#. One can see that the observed lin
width is almost independent of temperature above 40
Therefore we conclude thatxBETS is independent of tempera
ture in this temperature region. The linewidth
(BETS)2(Cl2TCNQ), which remains metallic at ambien
pressure, is also constant in temperature. These indicate
holes on BETS molecules exhibit a Pauli paramagnetism
the metallic states. We note that the linewidth
(BETS)2(Cl2TCNQ) is slightly larger (;25%) than that of
(BETS)2(Br2TCNQ), suggesting a larger spin susceptibil
in (BETS)2(Cl2TCNQ) than in (BETS)2(Br2TCNQ). This
is consistent with the magnetic susceptibili
measurements.10

Below about 12 K, which is the MI transition temperatu
of (BETS)2(Br2TCNQ), the spectrum becomes muc
broader than that in the metallic state. This drastic broad
ing is a clear indication of the appearance of an inhomo
neous local field, that is, evidence of a magnetic transiti
The observed spectrum at 20 K seems to be slightly bro
ened as compared with the spectra at higher temperat
We consider that this can be attributed to short range or
ing of the spins, as a precursor of the transition.
(BETS)2(Cl2TCNQ), there is no such broadening observ

Figure 2~b! shows the temperature dependence of 1/77T1
of (BETS)2(Br2TCNQ), together with the results of 1/77T1
of (BETS)2(Cl2TCNQ) for comparison. For
(BETS)2(Cl2TCNQ), 1/77T1 decreases monotonically wit
decreasing temperature, indicating a Korringa-like relaxat

FIG. 2. ~a! Temperature dependence of the linewidth of77Se
NMR spectra of (BETS!2~Br2TCNQ! @closed circles# and
~BETS!2~Cl2TCNQ! @open circles#. ~b! Temperature dependence
the relaxation rate, 1/77T1 , of ~BETS!2~Br2TCNQ! @closed circles#
and ~BETS!2~Cl2TCNQ! @open circles#.
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behavior as expected in a metallic state. This is consisten
the conducting behavior reported by Kondoet al.2 Actually,
1/77T1 is well proportional to temperature below about 30
but a slight deviation at higher temperatures is also nota

1/77T1 of (BETS)2(Br2TCNQ) also follows a behavior
above 20 K, similar to that of (BETS)2(Cl2TCNQ). There-
fore we can regard that the electronic states of
(BETS)2(Br2TCNQ) at higher temperatures above 20 K
quite similar to that of (BETS)2(Cl2TCNQ).

In the case where the anisotropic term of the hyperfi
coupling is dominant, as in the present case, the rela
between the relaxation rate and the anisotropic Knight s
for the simplest case can be expressed as11

T1TKaniso
2 5

1

2 S ge

g I
D 2 \

4pB
,

where\, kB , ge andg I are the Planck constant, the Boltz
mann constant, the gyromagnetic ratio of the electron,
that of the nuclei, respectively. Here theqW dependence of the
hyperfine coupling and dynamic susceptibility have been
glected. The right-hand side contains only the universal v
ues. Using the observed77Kaniso, the values of (T1T)21 ex-
pected in the uncorrelated case is evaluated
;0.22 s21 K21. The observed (T1T)21 value in the higher-
temperature region is about 1.5 s21K21, seven times as
large as in the uncorrelated case. A large enhancement o
(T1T)21 value may suggest the existence of antiferrom
netic correlations between the electronic spins.12

In (BETS)2(Cl2TCNQ), the observed77Kaniso is 25% as
large as that of (BETS)2(Br2TCNQ). On the other hand, th
observed (T1T)21 is about 1 s21 K21 ~evaluated below 40
K!. The enhancement from the simplest Korringa relation
(BETS)2(Cl2TCNQ) is thus estimated as 3.3. The smal
enhancement seems reasonable in (BETS)2(Cl2TCNQ)
without antiferromagnetic ordering. However, we do n
claim this at the moment, since (T1T)21 is not always con-
stant but seems to increase at higher temperatures. We
lieve more careful measurements are required to address
cise comparison.

1/77T1 of (BETS)2(Br2TCNQ) shows a clear peak at 1
K, the MI transition temperature. This is another evidence
the magnetic nature of the transition. The gradual enhan
ment of 1/77T1 below 20 K down to 12 K is a manifestatio
of critical slowing down of spin fluctuations and the rap
decrease below 12 K reflects the temperature dependen
the thermal fluctuations of ordered magnetization.13 These
results clarify that the holes on the BETS layers are relev
to this magnetic ordering.

B. 13C NMR of Br 2TCNQ site: observation
of spin-Peierls-type fluctuation

Figure 3 shows the13C NMR spectrum at various tem
peratures. Not only does the resonance position have a l
temperature dependence, but the line shape is mark
changed with temperature. The temperature dependenc
4-3
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the spectrum seems to be divided into three tempera
ranges:T>170 K, T<80 K, and the intermediate regio
80 K<T<170 K.

At high temperatures above 170 K the line shape is as
metric, and the central shift is negative. The shift decrea
monotonically with decreasing temperature. The nega
shift and the asymmetric line shape are characteristics of
13C NMR for cyano carbons. Since the carbon site of
cyano group is a node of the electronic density,14,15 the main
contribution to the13C Knight shift (13K) comes from the
core polarization due to the electron spin on the neighbo
nitrogen site through the C[N bond. The relation betwee
13K and the spin susceptibility,x total, is discussed in Sec
III C.

At low temperatures below 80 K, the spectral shape
comes more asymmetric, indicating a typical powder patt
of anisotropic shift with an uniaxial asymmetry. The lin
shape and the shift are almost independent of temperatu
this temperature region. These behaviors of the13C NMR is
quite similar to the cyano-carbon NMR spectrum often o
served in a nonmagnetic state, such as the spin-Peierls
of (DMe-DCNQI)2Li,14 which exhibits a spin-Peierls trans
tion at 60 K.

In a nonmagnetic insulating state, there is no contribut
of the electron spins to the shift, so that the line-shape as
metry comes from the anisotropy of the chemical shift. Fr
the observed anisotropic spectrum, the principal values of
shift tensor for the cyano carbon of the Br2TCNQ molecules
are determined as 75, 75, and2150 ppm. These value
agree quite well with 70, 70, and2140 ppm for the cyano
carbon of (DMe-DCNQI)2Li.14 These results clearly indicat

FIG. 3. Temperature dependence of18C NMR spectra at various
temperatures. The intensities of the spectra were very small
temperature range between 100 K and 160 K. The18K50 was
determined by the measurement of the standard sample~tetra-
methylsilane!.
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that the contribution of the electron spins (13K}xTCNQ) van-
ishes on the Br2TCNQ site below 80 K, just as in the spin
Peierls state of (DMe-DCNQI)2Li. Thus we conclude that
Br2TCNQ molecules are in a nonmagnetic spin singlet sta
at least below 80 K. This temperature, 80 K, is much high
than the MI transition temperature of this compound
(;12 K). There is no intrinsic anomaly in13C NMR mea-
surements below 80 K. Moreover, the13C NMR in
(BETS)2(Cl2TCNQ) shows a behavior identical to that
(BETS)2(Br2TCNQ). All these facts indicate that electron
on the Br2TCNQ sites are not related to the MI transition.

In the intermediate temperature range between 170 an
K, the 13C NMR spectrum becomes unusually broaden
The central shift keeps decreasing with temperature, as in
higher-temperature region. Note that13K is still finite in this
region.

This anomalous behavior should be related to the n
magnetic transition at 80 K, below whichxTCNQ vanishes.
This feature, however, is in sharp contrast to the simple s
Peierls transition in (DMe-DCNQI)2Li, in which the detailed
NMR study was performed.14 To understand the reason fo
the line broadening, we carried out measurements of lon
tudinal ~spin-lattice! and transverse~spin-spin! relaxation
rates 1/13T1 and 1/13T2.

Figure 4 shows the temperature dependence of the s
lattice relaxation (1/13T1). 1/13T1 starts to decrease rapidl
below 170 K; the temperature dependence is exponen

a

FIG. 4. Temperature dependence of 1/13T1 and 1/13T2 of
~BETS!2~Br2TCNQ! @closed circles# and~BETS!2~Cl2TCNQ! @open
circles#. An arrhenius plot of the 1/13T1 is shown in the inset.
4-4
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over three decades, as shown in the inset. The effective
tivation energy is estimated as;490 K. This behavior indi-
cates that the spin gap is already opened at tempera
much higher than 80 K at whichxTCNQ vanishes.

The temperature dependence of 1/13T2 is also shown in
the Fig. 4. 1/13T2 exhibits an anomalous enhancement in t
intermediate-temperature region, forming a huge peak
;140 K. Now the observed line broadening is clearly
lated to the enhancement of the ‘‘homogeneous’’ wid
1/13T2.

What happened in the Br2TCNQ stacks at 170 and 80 K
The sudden decrease of 1/13T1 indicates a clear gap openin
in the vN ~nuclear Larmor frequency! component of the
spectrum density of spin fluctuations below 170 K. In theT2

process, in addition to thevN component, much lower
frequency components are also effective~typically v
;gdH, wheredH is the amplitude of the local field at th
nuclear site, that is,v/2p;10 kHz or so in the presen
case!. The large enhancement of 1/13T2 thus indicates the
appearance of very slow dynamics of the local fields seen
the 13C nuclei and a rapid slowing down of the correlatio
rate of the dynamics, 1/tc(T), with decreasing temperature;
relaxation peak is expected at a temperature wh
gdHtc(T);1 is satisfied.

A possible mechanism is as follows: A spin singlet form
tion with a magnetic gap of about 490 K starts to develop
the one-dimensional TCNQ columns below 170 K w
strong spin fluctuations. Since the intercolumn interactio
are very weak in the present system, each TCNQ chain
haves independently, and fluctuations of the spin-singlet c
pling in the one-dimensional~1D! columns remain in the
intermediate-temperature region. The characteristic
quency of the fluctuations of;10 kHz is determined by the
dynamics of a short-range spin-Peierls ordering contain
lattice degrees of freedom, and is much lower than any k
of dynamics of electronic origins andvN .16 These slow fluc-
tuations in the columns can be detected by the 1/13T2 and
linewidth measurements. This kind of line broadening is
sentially homogeneous. A 3D ordering of the spin-Peie
state takes place at a much lower temperature, 80 K in
present system, demonstrating the existence of the fluctu
spin-Peierls state over a wide temperature range.

As seen in the crystal structure, the Br2TCNQ columns
are well separated from the BETS molecules, suggestin
strong one dimensionality. According to the x-ray measu
ments by Kondoet al., 1D 2kF diffuse streaks were observe
below 200 K, and 3D diffuse spots appeared only bel
liquid nitrogen temperature. The existence of the 1D regi
prior to the 3D ordering is often observed in the Peierls s
tem but not usual in the case of the spin-Peierls transit
since the 3D couplings have been well developed at the t
sition temperature in typical spin-Peierls systems.14,17 The
1D nature of the spin-Peierls formation is very consist
with the above-mentioned picture to explain the13C NMR
anomalies. The diffuse x-ray streaks have evidenced the
terchain incoherence, but tell little about the dynamics. T
13C NMR anomalies should be considered as the first di
observations of 1D dynamics of the spin-Peierls fluctuatio
03510
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In (BETS)2(Cl2TCNQ) similar behaviors of13C NMR
relaxation have been observed, as shown in Fig. 4. It is n
worthy that there is no appreciable anomaly in the sta
susceptibility nor in resistivity around 200 and 80 K. Th
present study gives clear evidence that the conducting BE
holes and the localized TCNQ spins behave independentl
each other.

C. Decomposition of the local susceptibility,xBETS and xTCNQ

The total static susceptibilityx total was measured by usin
a superconducting quantum interference device magneto
ter for the same sample used in the present NMR meas
ments. As shown in Fig. 5~a!, x total gradually decreases with
decreasing temperature from room temperature, and beco
constant below about 80 K. The anomaly around 80 K
attributed to the stabilization of 3D spin Peierls state on
Br2TCNQ columns. The temperature dependence of13K
scales tox total, as shown in Fig. 5~b!. The hyperfine coupling
constant of13C NMR, 13A, is estimated from the slope of th
13K-x plot as 27.4 kOe/mB . This is a reasonable value
This strongly suggests that the temperature dependenc
the susceptibility is dominated by that of the Br2TCNQ site
and the local susceptibility on the BETS site (xBETS) is al-
most temperature independent in the whole tempera
range. The latter has actually been confirmed by the77Se
NMR at least below 80 K. Since the13C NMR shift below
80 K (;120 ppm) is well explained as the chemical shift14

we can take the local susceptibility on the Br2TCNQ site,
xTCNQ, to be zero in this temperature range. Consequen
xBETS is estimated as 2.231024 emu/mole~the value of the

FIG. 5. ~a! Temperature dependence of the static susceptibi
The diamagnetic core contributions were subtracted~BETS: 22.4
31024 emu/mole, Br2TCNQ: 21.331024 emu/mole!.
4-5
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K. HIRAKI et al. PHYSICAL REVIEW B 66, 035104 ~2002!
total susceptibility below 80 K!. From the above discussion
we propose that the total susceptibility should be divided in
xBETS andxTCNQ, as shown in Fig. 5~a!.

The same situation is realized in (BETS)2(Cl2TCNQ).
The estimatedxBETS value in (BETS)2(Cl2TCNQ) is 2.8
31024 emu/mole.

From the value of77Kaniso;800 ppm andxBETS, the
anisotropic term of the hyperfine coupling constant at77Se
site,77B, was estimated to be 21 kOe/mB . This value is
much larger than the isotropic hyperfine coupling77A
;0.9kOe/mB from the relation77K iso5

77AxBETS. If one
Bohr magneton is localized in a unit cell at low temperature
the width of the 77Se NMR spectrum should be about
MHz, considering the estimate of the hyperfine fie
;21 kOe and the fact that a unit cell contains two BET
molecules. The observed linewidth at 5 K in Fig. 2~a! is at
most 600 kHz. This means that the amplitude of the orde
moment is as small as about 8%mB per unit cell.

What is the nature of the magnetic ordered state below
K? Comparing with similar organic systems, there are tw
possibilities. One is a Mott insulating state expected in
half-filled system. The present compound is quarter-filled
mentioned before, but it might be considered as half-fill
when the spin-singlet formation on the Br2TCNQ stack re-
sults in a doubling of the unit cell and a reconstruction of t
Brillouin zone. However, this does not seem to be the ca
since the MI transition temperature is much lower than t
temperature at which the spin singlet formation takes pla
In addition, the localized moment seems to be small~less
than 10%mB /unit cell). Such a small value is expected on
when the Hubbard gap is very small. The other possibility
a spin-density-wave~SDW! transition due to the nesting of
the Fermi surface. The metallic behavior just above the tra
sition is confirmed by the measurement of 1/77T1 as shown
in Fig. 2~b!, which favors this possibility. Moreover, the ban
ive

-
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calculation has suggested the nesting character of the F
surface.2 From these reasons, we conclude that the MI tra
sition in the BETS layers should be an SDW transition.

IV. SUMMARY

In summary, site-selective77Se/13C NMR measure-
ments on the organic charge-transfer complex, (BETS2
(Br2TCNQ), were carried out.~1! It was confirmed that the
formation of a magnetic ordering on the BETS site tak
place at the same temperature as the MI transition. This m
netic state is concluded to be a SDW.~2! Spin singlet forma-
tion occurred only in the one-dimensional columns on t
Br2TCNQ site at 170 K, and three-dimensional ordering a
pears below 80 K.~3! The susceptibility was decompose
into the contributions of a donor (xBETS) and an acceptor
(xTCNQ) from the analysis of the NMR shift and the line
width. The amplitude of the magnetic modulation on t
BETS sites is estimated to be as small as about 8%mB per
unit cell.

Electronic properties on the donor and the acceptor sta
seem to be well-separated and their coupling or interfere
seems to be small. The present results suggest a situa
similar to the (TMTSF)2X and (DMET)2X salts.18 The SC
transition and the interplay between the SC and insulat
state of the isostructural (BETS)2(Cl2TCNQ) are interesting.
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