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Evidence for exchange interaction between donor and acceptor layers in 8'-(BEDT-TTF)(TCNQ)
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Kaoru Yamamoto and Kyuya Yakushi
Institute for Molecular Science, Myodaiji, Okazaki, Aichi 444-8585, Japan
(Received 4 September 2009; published 6 November 2009)

We assessed the infrared-absorption spectra and BC.NMR measurements in a layered organic salt,
B’-(BEDT-TTF)(TCNQ), which exhibits antiferromagnetic transitions at 20 and 3 K. The former originates
from the spin in the bis-(ethylenedithio)-tetrathiafulvalene (BEDT-TTF) layers, while the latter originates from
the localized spin in the tetracyanoquinodimethane (TCNQ) layers. Using infrared-absorption spectroscopy, we
estimated the degree of charge transfer, p, between BEDT-TTF and TCNQ as 0.5. Using BC-NMR spectros-
copy, we observed an exchange field at the BEDT-TTF site, which is produced by the localized spins of TCNQ
dimers. Using the obtained value of p and the molecular arrangement of B'-(BEDT-TTF)(TCNQ), which is
similar to that of the highest 7', organic superconductor, B8’'-(BEDT-TTF),ICl,, we concluded that the absence
of the pressure-induced superconductivity in B’-(BEDT-TTF)(TCNQ) results from the presence of this ex-
change field. The exchange interaction, J, and the exchange field, H,,, were estimated as —12 K and
—19 T/ up on the TCNQ dimer unit, respectively. These findings suggest that superconductivity may arise in
B'-(BEDT-TTF)(TCNQ) by the application of an external field of 19 T under high pressure.

DOI: 10.1103/PhysRevB.80.174506

I. INTRODUCTION

Organic radical salts, (BEDT-TTF),X, have been investi-
gated for use as organic superconductors. For example, bis-
(ethylenedithio)-tetrathiafulvalene (BEDT-TTF), together
with inorganic ions, form many conducting salts of various
crystal structures. In terms of electrical conductivity, these
salts range from superconductors to high-resistance semicon-
ductors. They are classified by the arrangement of BEDT-
TTF molecules in the crystal and the type of structure and
electronic properties are closely related. For example, B-type
salts become superconductors, whereas '-type salts, which
have strong dimeric structures, show semiconducting behav-
ior, and B"-type salts show metallic conductivity down to
low temperatures. In «-type salts, the superconducting and
antiferromagnetic (AF) insulating phases coexist at low tem-
peratures. The B’-type salt, 8’'-(BEDT-TTF),ICl,, shows an-
tiferromagnetic transition at 22 K at ambient pressure.' Al-
though it shows semiconducting behavior at ambient
pressure, a superconducting transition occurs at 14.2 K under
8.2 GPa.? This is the highest known transition temperature
among organic superconductors. Fluctuation of antiferro-
magnetism has also been proposed as the mechanism of su-
perconductivity in this salt.>*

A second B’-type salt, 8/-(BEDT-TTF)(TCNQ) is thought
to be similar to 8'-(BEDT-TTF),ICl,, because their molecu-
lar arrangements are the same (Fig. 1). In addition, each of
BEDT-TTF and tetracyanoquinodimethane (TCNQ) mol-
ecules forms a dimeric structure, with the TCNQ molecules
forming a one-dimensional stack.’ The difference between
B'-(BEDT-TTF)(TCNQ) and A’'-(BEDT-TTF),ICl, is in the
counter anion, which is organic in B’-(BEDT-TTF)(TCNQ)
but inorganic in B’'-(BEDT-TTF),ICl,. Spin-susceptibility
and NMR measurements have revealed that, under ambient
pressure, B'-(BEDT-TTF)(TCNQ) experiences an antiferro-
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magnetic transition at 20 K at the BEDT-TTF site and a
second transition at 3 K at the TCNQ site.* However, these
BC-NMR measurements were performed with powdered
samples, so the properties of the antiferromagnetic phase of
this salt are unclear.” B'-(BEDT-TTF)(TCNQ) and
B’-(BEDT-TTF),ICl, have the same B’-type molecular ar-
rangement and show antiferromagnetic ordering at their
BEDT-TTEF sites at nearly the same temperature. At ambient
pressure, the electrical conductivity of
B’ -(BEDT-TTF)(TCNQ) shows a metal-insulator (MI) tran-
sition at 330 K, and the transition temperature decreases by
applying pressure up to about 1.1 GPa.? Although supercon-
ducting transition in the ICl, salt occurs at 14.2 K at 8.2 GPa,
the superconductivity in the TCNQ salt under high pressure
has not been determined. We, therefore, assessed the

i @
1 BEDT-TTF §,

FIG. 1. (Color online) Left: structure  of

crystal
B’-(BEDT-TTF)(TCNQ) with projection along a. Right: dimeric
structure with site definition of central C=C carbons.
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infrared-absorption spectra and *C-NMR measurements of
B'-(BEDT-TTF)(TCNQ) to determine its electronic structure
and the appearance of superconductivity.

II. EXPERIMENT

We utilized a single crystal of B'-(BEDT-TTF)(TCNQ),
in which one side of the central carbon atoms in the BEDT-
TTF molecules were replaced by '*C nuclei.® By using this
molecule, we could prevent the splitting caused by Pake dou-
blets, while easily performing quantitative experiments. The
crystal was prepared by the diffusion method with BEDT-
TTF and TCNQ molecules in 1,1,2-trichrolo-ethane. We con-
firmed its B’ structure and determined its crystal orientation
by x-ray diffraction. Room-temperature (RT) optical conduc-
tivity was achieved by the Kramers-Kronig transformation of
the Ella reflectivity using the nonenriched BEDT-TTF mol-
ecule. The a axis is perpendicular to the conducting layer.
NMR measurements were performed with decreasing tem-
perature under a field of 9.4 T and under pressures ranging
from ambient pressure to 0.8 GPa using a clamp cell made of
BeCu alloy. Daphne oil 7373 was used as a pressure me-
dium. NMR spectra were obtained by fast Fourier transfor-
mation of the echo signal with a 7/2-7 pulse sequence. The
pulse width of 7r/2 is typically 4 wus. Spin-lattice-relaxation
time was determined by the saturation recovery method. The
crystal was characterized by in-plane electrical conductivity
measurements under pressures up to 1.0 GPa using the con-
ventional four-terminal method.

III. RESULTS AND DISCUSSION

A. Degree of charge transfer between BEDT-TTF and TCNQ
molecules

In B'-(BEDT-TTF),ICl,, ICI; is a monovalent anion,
making the formal charge on each BEDT-TTF molecule
+0.5. In contrast, B'-(BEDT-TTF)(TCNQ) is a charge-
transfer complex of BEDT-TTF and TCNQ, so it has a free-
dom of charge transfer, p. We, therefore, hypothesized that
B’-(BEDT-TTF)(TCNQ) will show no superconductivity be-
cause the formal charge on BEDT-TTF molecules is different
from that on ICl, molecules. As a result, the two salts will
vary with respect to band filling and shifting in Fermi sur-
faces. To determine the degree of charge transfer of
B'-(BEDT-TTF)(TCNQ), we measured its infrared-
absorption spectrum. We estimated the degree of charge
transfer using the v,y mode, which contributes to the stretch-
ing of the C=N bond in the TCNQ molecule. The frequency
of the v,y mode depends on the electrons in the lowest un-
occupied molecular orbital (LUMO). Previous studies have
shown that the frequency of »;9 on neutral molecules is
2228 cm™! and that on the ionic molecules is 2181 c¢cm™'.10
With a formal charge of —0.5, v|4 is expected to be midway
between these values, or 2205 c¢cm~!. Thus, the peak position
of v,9 will correspond to the degree of charge transfer on the
TCNQ molecule.

Figure 2(a) shows the infrared-absorption spectrum of
B'-(BEDT-TTF)(TCNQ) at room temperature. v;q is ob-
served at 2202 cm™!. Since this is almost the same as the
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FIG. 2. (Color online) (a) RT optical conductivity obtained from
the Kramers-Kronig transformation of the Ella reflectivity. The a
axis is perpendicular to the conducting layer. (b) Magnetic-
susceptibility decomposition into BEDT-TTF and TCNQ sites (Ref.
8).

result from a formal charge of —0.5, the degree of formal
charge on the TCNQ site is —0.5. In a similar way, we esti-
mated the degree of formal charge on the BEDT-TTF site as
+0.5 from its vibration mode, v,;, of 1464 cm™'."' In addi-
tion, the frequency of the corresponding mode did not show
a strong dependence on temperature within 5 cm™'. These
results indicate that the degree of charge transfer p is 0.5 and
is temperature independent. In a typical charge-transfer com-
plex, for example, TTF-TCNQ, due to the segregated column
structure, two types of band from the highest occupied mo-
lecular orbital (HOMO) of TTF and LUMO of TCNQ exist.
To balance the chemical potential, partial charge transfer be-
tween HOMO of TTF and LUMO of TCNQ takes place [Fig.
3(a)]. In contrast, from the Curie-Weiss behavior of the spin
susceptibility of the TCNQ site shown in Fig. 2(b),? the tem-
perature independence of (T,)~" (Refs. 6 and 7) and its for-
mal charge of —0.5, the TCNQ site is expected to be a dimer-
Mott insulator, in which one electron is localized to a dimer.
Rather the LUMO band of TCNQ splits into lower and upper
Hubbard bands and a Fermi level is present only on the
BEDT-TTF band [Fig. 3(b)]. Therefore, the formal charge on
the BEDT-TTF site is +0.5 and the BEDT-TTF layer seems
to have the same electronic structure as the ICI, salt. An
alternative explanation is, therefore, needed for the differ-
ences between the ICl, and TCNQ salts.

B. NMR under pressure and phase diagram

o) nvestigate the electronic structure o)
T i ig h 1 i f
B'-(BEDT-TTF)(TCNQ), we performed '*C-NMR measure-
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FIG. 3. Energy structure of (a) TTF-TCNQ and (b)

B'-(BEDT-TTF)(TCNQ).
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FIG. 4. (Color online) NMR
B'-(BEDT-TTF)(TCNQ) at ambient pressure.

spectrum of

ments on the BEDT-TTF layer at ambient pressure and 0.3,
0.5, and 0.8 GPa. Figure 4 shows the temperature depen-
dence of the spectrum at ambient pressure. As BEDT-TTF
forms a dimer in the sheet, there are two crystallographic
nonequivalent inner and outer sites, as shown in Fig. 1.
Therefore, we expected to observe two peaks, one each at the
inner and outer sites. Indeed, as shown in Fig. 4, two peaks
were observed in the high-temperature range. With decreas-
ing temperature, the linewidths of the peaks increased, and
one peak was observed at the antiferromagnetic transition
temperature, Ty, of 20 K. As the temperature was further
decreased, the linewidths of the peaks increased. If the anti-
ferromagnetic structure is commensurate, splitting of the
spectrum below T, was expected, due to the difference in the
internal magnetic field. We searched the spectrum in the
range of *1 MHz from the central frequency (100.703
MHz) at 10 K. However, only one peak was observed. The
intensity ratio of spectrum (7)X temperature (7) before and
after transition, or (I X T)y—;9 x/(IX T)7=p3 k. corresponding
to the number of spins, was =0.9. It is, therefore, unlikely
that there are other peaks outside this spectrum range. We
performed the same measurements applying an external field
parallel to the conduction layer and observed the same re-
sults in the perpendicular direction. Moreover, the linewidth
of the peak increased after the transition. These results
strongly suggest that the antiferromagnetic structure of
B'-(BEDT-TTF)(TCNQ) is incommensurate with spin-
density wave (SDW). A SDW was premised on the theory
that considers the dimensionality of the band.>* As in many
organic conductors, the flopping field is less than 10 kOe.
Thus, the moment is thought to be perpendicular to the ex-
ternal magnetic field of 9.4 T. Therefore, the internal mag-
netic field is made via the off-diagonal term of the hyperfine
coupling tensor. Using the value of the ICl, salt, 0.1
~0.6 kOe/up on the BEDT-TTF dimer, the amplitude of
the moment of SDW was estimated as 0.04 ~0.2up per mol-
ecule.

Results similar to those at ambient pressure were ob-
served at both 0.5 and 0.8 GPa. That is, two peaks were
observed in the high-temperature range; with decreasing
temperature, the linewidths of the peaks increased and the

500 T T 500 T T
. (a) (b)
400 , 1 400 - 0.8GPa 1
— ,  ambient pressure = b
£ PN | g £ mInner
§300 -2 ; (r)mter 2500l O Outer ]
= uter £ A A Inner+Outer
= ~ ~ Inner+Outer & A
D200+ =2 1 o &
x S 200F “F
2 z §
100 " DDDDDDD o .'-DDD
'y 100 | s "0 D0 Q@
u
u n u
0 "mam, m . .
Il Il 0 Il Il
0 50 100 150 0 50 100 150

Temperture (K) Temperature (K)

FIG. 5. (Color online) Temperature dependence of the NMR
shift at (a) ambient pressure and (b) 0.8GPa.

two peaks overlapped; and, as the temperature further de-
creased, the linewidths of the peaks increased. Figure 5
shows the NMR shift in two peaks from tetra methyl silane.
The temperature dependence of the NMR shift below 50 K
was almost independent of pressure. As the overall features
were the same as under ambient pressure, the antiferromag-
netic structure was also expected to be incommensurate un-
der pressure.

Since Ty could not be determined from the spectrum
where the two peaks merged at low temperature, the pressure
dependence of T, was determined as the temperature at
which (T,T)~! diverged. Figure 6(a) shows the temperature
dependence of (7,7)! at ambient pressure and under pres-
sure. Divergence of (7,7)~! was observed to be 23 K at 0.3
GPa and at 26 K at 0.5 GPa, which decreased to 3 K at 0.8
GPa. Ty increased at pressures up to 0.5 GPa but decreased
rapidly at pressures above 0.5 GPa, indicating that Ty is
suppressed at high pressure. Such behavior of Ty, is predicted
by the theoretical calculation that takes into account the
change in dimensionality of the band structure.>* In Fig.
6(b), our results are plotted onto a P-T phase diagram of
electrical conductivity measurements from two groups.®!2
Although Iwasa et al.® suggested that T), was thought to con-
nect the metal-insulator transition line at high pressure, our
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FIG. 6. (Color online) (a) Temperature dependence of (7,7)~"! of
B’-(BEDT-TTF)(TCNQ) at ambient pressure and under pressure (b)
P-T phase diagram of B’'-(BEDT-TTF)(TCNQ).
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FIG. 7. (Color online) Temperature dependence of the resistance
of B’-(BEDT-TTF)(TCNQ) at ambient pressure and high pressure.

results suggest that there is no connection between the metal-
insulator transition line and Ty above 1 GPa. On the other
hand, Miyashita et al.'> claimed that metallic behavior has
been observed at low temperatures and at 1.0 GPa. Consid-
ering that the MI transition line from electrical conductivity
is not connected with the line of the AF transition, MI tran-
sition at 50~ 100 K above 1.0 GPa is unlikely. We con-
firmed that the electrical conductivity under pressures
showed the same behavior as in Miyashita et al. (Fig. 7).
Metallic behavior was clearly observed at low temperatures
and at 1 GPa.

C. Exchange field on BEDT-TTF from the magnetism of
TCNQ

Although the theoretical calculation suggested that super-
conductivity occurs in the region at which the antiferromag-
netic transition is suppressed, superconductivity has not been
observed in this salt. To explain why this salt does not show
superconductivity under pressure, we focused on the NMR
shift: NMR shift 6 is generally expressed by the equation

6=K+o=Axgr+o,

where K is the Knight shift, o is the chemical shift, A is the
hyperfine coupling constant of the BEDT-TTF site, and xgr
is the local spin susceptibility of the BEDT-TTF site. As
shown in Fig. 2(b), electron spin-resonance studies have in-
dicated that the spin susceptibility of the BEDT-TTF site is
almost constant.® In contrast, we found that the NMR shift
increased rapidly below 50 K under all pressures. The NMR
shift in the normal and antiferromagnetic phases seem to
show Curie-type behavior, as does the spin susceptibility of
the TCNQ site. This difference can be explained by assum-
ing an exchange field from the TCNQ site, which is not
present in the ICl, salt. Including the contribution from the
magnetism of the TCNQ site, the local field of the B site
can be described by the equation
Hiyouy= 0Ho+ K(Hy + Hy ™) + Hy N,

where H,, HZXCNQ, and HEiCNQ indicate the external, ex-
change, and dipolar fields, respectively, from the TCNQ site.

Since the '*C site is on the central position on the BEDT-
TTF molecule and since TCNQ is a bulky anion, any ob-
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served dipolar field is expected to be small. We estimated
H;i(;NQ/ M1ceng=—20~4 Oe/ g, which includes the demag-
netization field from the planiform crystal shape,'® here
Mrcng is the magnetization on a TCNQ dimer. The uncer-
tainty is due to the ambiguity of the demagnetization factor
and this term can be ignored. Therefore, the above equation
is simplified to

Hlocal =~ 0-I_IO + K(HO + Hex)
=AxgrHy + oHy+ Axerd xtenoHos

where J is the spin coupling constant and Yrcng is the spin
susceptibility of the TCNQ site. By dividing both sides of the
equation by H,, NMR shift can be represented as

0=AXgr+ 0 +AXer) XTeng-

The first term is the Knight shift, the second term is the
chemical shift, and the third term is the additional shift from
the exchange interaction. We can estimate o from the above
equation. Using the NMR shifts in the inner and outer sides,
Oipmer and 8,,,.,, We obtain the equation

5 _ Aouter 51-”"” + U(l _ Aouter) .

outer —
A

inner inner

As shown in Fig. 8(a), from the slope and intercept of the

Sinner-Oouter PlOt, we found that 2”“i was 0.73(1) and o was
360(12) ppm. As mentioned above, xgr is almost tempera-
ture independent, such that the change in shift below 40 K is
primarily due to ytcno- As shown in Fig. 8(b), from the
slope of the & xrcng plot, we can estimate A, xgr/ and
A erXer) as 64(2) Oe/ g and 45(2) Oe/ ug, respectively,
on the TCNQ dimer unit. Since the magnetization of TCNQ
is small in the high-temperature range,® the third term of the
above equation can be ignored at room temperature.

By subtracting the value of the chemical shift, 360 ppm,
from the NMR shifts, we calculated A,,,..xgr and A, ;o XET
as =340 ppm and —250 ppm, respectively. To estimate J, we
must consider the contribution from H}CNQ, which depends
on the crystal shape. We can evaluate H di(;:;NQ/ Mcng experi-
mentally. From the equations that included H;;NQ,
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AuerXeT) +H;§,NQ/ Mrceng=45 Oe/pg and A xer)
+H§;NQ/ Mreng=64 Oe/ g and the values of A;,,,, xgr and
A uierXers J and H[T,;NQ/ Mycng were estimated to be
-122 K and 2.6 Oe/up, respectively. The value of
H;;NQ/ Mreng is consistent with our rough estimations and
is very small. A negative value of J indicates that the ex-
change field is in the direction opposite to the external field.
This exchange field acts to suppress the emergence of super-
conductivity and the metallic state under pressure. The nega-
tive J suggests that the field induces superconductivity under
pressure by the same mechanism as \-(BETS),FeCl, and
k-(BETS),FeBr,, the so-called Jaccarino-Peter effect.!#-10
The exchange field at low temperature was estimated to be
about —19 T. Organic superconductors show large H,, in the
field parallel to the conducting plane. If the H,, exceeds 19
T, the superconductivity may be observed by applying an
external field of about 19 T under pressure. Compared to a J
value of —=2.3 T/ up observed for k-(BETS),FeBr, (Ref. 17)
and —6.4 T/ ug observed for N-(BETS),FeCl,,'? the J value
of =19 T/ug observed for B’'-(BEDT-TTF)(TCNQ) is
larger. The difference may be due to the prevention of ex-
change coupling by Cl or Br atoms around Fe spins in
N\-(BETS),FeCl, or k-(BETS),FeBr,, making an exchange
field on the BETS molecule. In B'-(BEDT-TTF)(TCNQ),
however, the interaction is enhanced because BEDT-TTF
molecules are next to TCNQ molecules. Large J values in
charge-transfer complexes may lead to the development of
organic conductors with a new category of electronic prop-
erties.

PHYSICAL REVIEW B 80, 174506 (2009)

IV. SUMMARY

In summary, using infrared spectrum measurements, we
estimated the degree of charge transfer between BEDT-TTF
and TCNQ sites as 0.5, suggesting that the BEDT-TTF layer
has the same electronic structure as the ICl, salt. From
BC.NMR measurements, we found that T, increases at pres-
sures up to 0.5 GPa but decreases rapidly at higher pressures,
up to 0.8 GPa, suggesting that antiferromagnetic transition is
suppressed at high pressure. The existence of the exchange
field on the BEDT-TTF site, produced by the spin of TCNQ
sites can be expected from the temperature dependence of
the NMR shift, and this exchange field is likely to suppress
the emergence of superconductivity under pressure. Thus,
unlike the ICl, salt, the (BEDT-TTF)(TCNQ) salt does not
become a superconductor simply by applying pressure. We
estimated J to be about —12 K and the exchange field as
19 T/pp. The negative J suggested that superconductivity
may emerge by applying an external field of about 19 T
under pressure. Future studies are required to validate the
field-induced superconductivity under pressure.
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