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A new st—d interaction system (EDT-TTFBr,),FeBr, (EDT-TTFBr, = 4,5-dibromo-4' 5'-ethylenedithiotetrathiafulvalene)
and its nonmagnetic anion analogue (EDT-TTFBr,),GaBr, based on a brominated TTF-type organic donor are
investigated. The salts featured by quasi-1D s-electronic systems are metallic with metal—insulator transitions
taking place at about 20 and 70 K for the FeBr,~ and GaBr,~ salts, respectively, where the low-temperature
insulating state is associated with charge ordering or a Mott insulator followed by an antiferromagnetic transition
at lower temperatures. The FeBr,~ salt is featured with an antiferromagnetic transition of the anion d spins at a
Néel temperature (Ty) = 11 K, which is significantly high despite its long anion—anion Br—Br contact, suggesting
the importance of the zz—d interaction in the magnetism. The surprisingly strong zz—d interaction, ca. —22.3 K
estimated from the magnetization curve, evidences the usefulness of the chemical modification of the donor molecule
with bromine substitution to achieve strong intermolecular interaction. The antiferromagnetic state of the anion d
spins affects the transport of the conducting sz electrons through the strong sz—d interaction, as evidenced by the
presence of a resistivity anomaly of the FeBr,~ salt at Ty. Below Ty, the FeBr,~ salt shows negative magnetoresistance
that reaches —23% at the highest magnetic field investigated (B = 15 T), whereas only a small positive
magnetoresistance is observed in the sz-electron-only GaBr,~ salt. The mechanism of the negative magnetoresistance
is explained by the stabilization of the insulating state of the sz electrons by the periodic magnetic potential of the
anion d spins in the FeBr,~ salt, which is modified by applying the external magnetic field.

1. Introduction tions for molecule-based electronic devices where the

In recent years, hybrid#—d interaction systems*;1! in conductivity can be controlled by the magnetic field, for
which conductingr electrons interact with localized mag- €xample, large negative magnetoresistance (MRjeld-
netic d electrons, have been intensively investigated as a newinduced metatinsulator (M) transitior?, and field-induced
realm of research in organic-donor-based molecular conduc-superconductivity.In these systems, the-d interaction can

tors. They are also attractive for the wide scope of applica- affect conductingr electrons as an internal field, where we
can apply not only a spatially uniform but also a spatially

*To whom correspondence should be addressed. E-mail: tenoki@ oscillating internal field to ther system by using an
chem.titech.ac.jp. Tel+81-3-5734-2610. Fax:+81-3-5734-2242.
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antiferromagnetic (AF) d system. Such cooperative features (@)

of the electron-transport magnetism of-d interaction Se_s  S_Br

systems are promising to the future achievement of smaller, [SISHSI
Br

highly integrated multifunctional molecule-based devices.
However, theirz—d interactions are regrettably not so
strond ¢ in the present stage, in comparison to theds
interaction in traditional metal-based magnets. This weakness

results because the localized magnetic electrons and the X )
conducting electrons are separately placed on different b
molecules; that is, the former are placed ardonor ?
molecules and the latter on anion molecules having d k %
electrons. Therefore, to apply the-d systems to molecule- <
based devices, it is indispensable to strengthen the intermo-

lecular interaction. In the meantime, the enhancement of the

sm—d interaction is an important issue in molecular conductor

physics. Indeed, in the range in which thed interaction

is competing with the kinetic energy of the conductimg Kb
electrons, a new, basic physics scope will be opened in whichFigure 1. Molecular and crystal structure of (EDT-TTFEBMBr4 (M =

T ; Fe, Ga). (a) The structure of the EDT-TTRBIonor molecule. (b) A thermal
it is unknown what may happen given the knOWIedge on ellipsoid plot (50% probability) of the FeBr salt drawn by ORTEP-III

the existingz—d interaction systems. (ref 33). (c) The arrangement of the anions placed orglane, projected
In the early stages of research on molecular magnetic con-on theab plane. The dotted lines, [= 5.085(8) and 5.130(9) A for M=

; ; : . _Fe and Ga, respectively] and solid lingd= 3.996(8) and 4.007(8) A for
ductors, many researchers tried to build appropriate electronic, ;" =" """ | Ga, respectively] represent the amianion interchain and

systems with ther—d interaction enhanced by using molecu- intrachain Bri-Br2 contacts, respectively. (d) The crystal structure of (EDT-
lar design, which can control the properties of the organic TTFBrz):MBr, projected on théxc plane. The dotted lines, [= 3.657(8)

; CR ; ; . and 3.685(10) A for M= Fe and Ga, respectively], solid lines [= 3.673-
donor molecule itself, resulting in various kinds of electronic (9) and 3.677(9) A for M= Fe and Ga, respectively], and solid limeg=

systems. However, the physical properties are governed not; 683(8) and 3.686(8) A for M= Fe and Ga, respectively] represent the
only by the character of the molecule itself but also by the short donor-anion Br3-Brl, Br4—Br2, and S5-Brl contacts, respectively.

arrangement of the molecules. Unfortunately, it is difficult stronger than an ordinary van der Waals interaction. Though
to control the molecular arrangement at will in molecular con- it is still difficult to intentionally control the crystal structure,
ductors because the intermolecular interaction is very weak, using donor molecules containing such orientation-controlling
and it is well-known that even small changes in the inter- sites allows us to control the donreanion distance.
molecular interaction and in the conditions of crystal growth ~ The bromine-bonded TTF-type donor EDT-TTELB4,5-
cause a change in the molecular arrangement. To solve thigdibromo-4,5-ethylenedithiotetrathiafulvalene; see Figure 1a)
problem, there are several suggested works that reveal that awas selected from the donor molecules having orientation-
intermolecular attractive interaction can be produced by intro- controlling sites and employed in the present work to achieve
ducing the orientation-controlling sites in moleculés?* The the strongr—d interaction. On the same side of the TTF
attractive interaction is weaker than a chemical bond but moiety, this donor molecule has two bromine atoms that
cause attractive interaction with a halogen atom of a magnetic

EDT-TTFBr,

(b) Bri* Br2* @ c

Q

(12) lsggfrjl%, ;é:l;alzzr;%uchi. H.; Shiomi, D.; Kinoshita, $nth. Met. anion, when halogen-coordinated anions are employed,
(13) Kepert. C. J.. Kurmoo, M.; Day, P. Truter, M. Bynth. Met1995 res'ultmg in the formation of short. doneanion qontacts,
70, 781-782. which are an advantage to achieving a strangd interac-
(14) Day, P.; Kurmoo, MSynth. Met1997, 85, 1445-1450. ; i i i ; i
(15) Kurmoo, M.; Day, P.; Guionneau, P.; Bravic, G.; Chasseau, D.; tion. The _Other _Slde of TTF moiety s S.UbStltUted W.Ith an
Ducasse, L.; Allan, M. L.; Marsden, I. D.; Friend, R. korg. Chem. ethylenedithio bridge that expands therbital and stabilizes
(16) 1M99”6 35%47&%_47206- Bott S.- K M. Dav. B. Chem. S the metallic state. Meanwhile, transition-metal complex
allan, I.; Rollis, C.; bott, S5.; Kurmoo, M.; bay, B. em. S0¢. _ . . .
Dalton Trans.199Q 859-865. FeBu~ was used as a magnetic anion. The anion has a large
(17) Schlemper, E. O.; Britton, DActa Crystallogr.1965 18, 419-424. magnetic momer= %, and a small size, where the former
(18) ek, & e, H. Xato, B Chem. Soc., Chem. Commil@93 is suitable for producing a strong—d interaction and the
(19) Gompper, R.: Hock, J.; Ploborn, K.; Dormann, E.: Winter Adv. latter is preferable for donor molecules to be stacked
Mater. 1995 7, 41—43. . compactly in forming a high-conductive donor column.
(20) lyoda, M.; Kuwatani, Y.; Hara, K.; Ogura, E.; Suzuki, H.; Ito, H.; e . . .
Mori, T. Chem. Lett1997 599-600. Indeed, it is known that several salts of this anion are metallic

(21) lyoda, M.; Kuwatani, Y.; Ogura, E.; Hara, K.; Suzuki, H.; Takano, ~with strengthened—d interaction€.3825|n addition, there

T.; Takeda, K.; Takano, J.-I.; Ugawa, K.; Yoshida, M.; Matsuyama, ; :
H.; Nishikawa, H.; Ikemoto, |.; Kato, T.; Yoneyama, N.; Nishijo, J.; IS a nonmagnetlc_an_alogu_e of the amon' G‘f‘aBWhere
Miyazaki, A.; Enoki, T.Heterocycles2001, 54, 833-848. gallium(lll) has an ionic radius (0.47 A) quite similar to that
(22) Imakubo, T.; Tajima, N.; Tamura, M. Kato, R.; Nishio, Y. Kajita,  of jron(1ll) (0.49 A), which results in the isostructural crystal.
K.; J. Mater. Chem2002 12, 159-161. . . . .
(23) Suzuki, T.; Fujii, H.; Yamashita, Y.; Kabuto, C.; Tanaka, S.: Tanaka, The existence of the nonmagnetic analogue is useful in

fﬁfgggﬁg&é\ﬂ.; Mukai, T.; Miyashi, T. Am. Chem. Sod.992 comprehensively investigating the effectofd interaction.
(24) Dorhercq, B.; Dévic, T.; Fourmigu®l.; Auban-Senzier, P.; Canadell, In tth' present paper, we report the structure an.d phySICaI
E. J. Mater. Chem2001, 11, 1570-1575. properties of (EDT-TTFB#),MBr, (M = Fe, Ga), which are
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investigated on the basis of crystal structure analyses,Table 1. Crystallographic Data
magnetic susceptibility, electron paramagnetic resonance

(EPR), resistivity, and MR, where the negative MR observed

(EDT-TTFBr)FeBr

(EDT-TTFBR)GaBy

\ R . - . temperature/K 293(2) 293(2)
in M = Fe is discussed on the basis of thed interaction. formula GieHsBrsFeiSi CieHgBrsGaSi2
_ _ fw 1280.11 1293.99
2. Experimental Section cryst syst monoclinic monoclinic
. . space group 12/b112 12/b112
EDT-TTFBr, was prepared according to the procedures available  g/A 7.066(10) 7.080(12)
in the literature?*26 Black needlelike crystals of (EDT-TTFBg- b/A 13.10(2) 13.132(3)
MBr4 (M = Fe, Ga) were obtained by the galvanostatic oxidation ~ ¢/A 35.65(9) 35.627(9)
_ a/deg 90.26(16) 90.60(2)
(I = 0.25uA) of EDT-TTFBK, (8 mg) under an argon atmosphere Bideg % %
at 5°C for 2 weeks, usingr(—C4H9)4N[MBr_4] (35 mg) and distilled yldeg 90 90
chlorobenzene (15 mL) as the supporting electrolyte and solvent, /A3 3300(11) 3312(6)
respectively. Typical crystal sizes werex10.1 x 0.05 mn? for z 4 4
M = Fe and 0.5x 0.05 x 0.03 mn? for M = Ga. The crystal reflr;cgllsigted 3205 3824
structure_s for M: Fe and Ga were detgrmined by the single-grystal reﬂ(ns uniqué 2287 2025
X-ray diffraction method with a Rigaku AFC-7R four-circle R for all dat& 0.090 0.095
diffractometer at 293 K, using Mo & radiation ¢ = 0.71 069 A). WR; for all data 0.132 0.258

The structures were solved using direct methods (SHELX%-86) a|n the usual manner, this space group is classified @@ ® Ry =

and then refined with the full-matrix least-squares method (SHELXL- 5 (||Fo| — |Fo|)/3 IFol. WR; = [SW(IFol? — [Fcl22/sw(Fo)3Y2

93)28 An absorption correction based on tifescan was introduced.

All non-hydrogen atoms were refined anisotropically, whereas |ags of the counteranions, is shown in Figure 1, and the

hydrogen atoms were placed in their calculated positions and reﬁnedcrystallographic data are summarized in Table 1. Though

by the riding model. The transfer integrals bet_ween donor molecules,the crystal is classified a82/c in the standard setting, the

the energy band structure, and the magnetic structure of -ttt s 120011 | itabl di he phvsical
pace group o Is suitable to discuss the physica

interaction system were calculated on the basis of the tight-binding : . .
approximation, using the extended ¢kel parameterd Magnetic properties, where the crystallographic axes agree with the

susceptibilities were measured by using Quantum-Design MPMs-5 Characteristic axes of the magnetic susc?ept_ibi.lity and mo-
and MPMS-XL Superconducting quantum interference device |eCU|ar axes Of EDT'TTFBI’ The structure is Slml|al’ to that

(SQUID) magnetometers for an assembly of aligned single crystals of the ,r—d interaction system (EDO-TTFBsFeBu consist-
whose typical weight was 0-81.2 mg in the temperature range of ing of an oxygen-substituted analogue of the démmcept
2—300 K under a field of up to 7 T. The spin susceptibilities were for a difference in the conformation of the ethylenedichal-
obtained after the subtraction of the Pascal diamagnetic contribution,cogen group as follows. In the present crystals, the donors
Xdia = —5.59x 10*and—5.57x 107*emu mof™forthe FeBi are stacked in a head-to-tail manner to form quasi-one-
and GaBj~ salts, respectively, from the observed susceptibilities. dimensional (1D) columns elongated parallel to haxis.

The electrical resistivities for both salts were measured using a direct-l-he adjacent donor molecules in a donor column of the EDT-

current four-probe technique in the temperature range of30D - -
K, where electrodes were cemented by carbon paste onto sample;rTFBrz salts are related by & 2xis parallel to the axis,

with gold wires (15um) and typical crystal sizes werex 0.1 x Whereas those of'the EDQ-TTF£$aIt gre related b,y the
0.05 mn? and 0.8x 0.05 x 0.05 mn? for M = Fe and Ga, dlide symmetry, with a c-glide plane being perpendicular to
respectively. We used a B€u clamp cell for measuring high-  the long axis of the donor molecular plane. An asymmetric
pressure resistivities up to 15 kbar with a pressure medium of unit contains one crystallographically independent donor
Daphne-7243 oil (Idemitsu Kosan Co.). MR was measured using molecule and an anion, as shown in Figure 1b. In the
a 15-T superconducting magnet (Oxford Instruments) and a clamp arrangement of the anion layer, the interanion -BBt2
cell at ambient and high pressures. EPR measurements for bothcontacts, along theb-axis direction £ 3.996 (8) and 4.007
sa!ts were carried out with an assembly of aligned single crystals, (8) A for M = Fe and Ga, respectively] are ca. 3% longer
#Eggoa)” Xt':a”d e'?‘:tro” 5?"” reljonancetsgicotr?mgt:ar (tJEOL JtESthan the sum of the van der Waals radii of the bromine atoms
with a continuous-fiow Re cryosta Xrora Instruments : .
ESR910) in the temperature range of3D0 K. Aligned single Sé?((i)s’&c}i,r\év:t?orﬁa{i Igtgggnég;] aB:(:ngleSoont(aggtza%?rg chee
crystals were mounted on a polytetrafluoroethylene rod and sealed - )
in a sample tube with a thermal exchange gas (He; 20 Torr). and Ga, respectlve_!y] are much Io_nger than the sum of _the
van der Waals radii. Thus, the anions also form 1D chains
elongated parallel to thke axis, which is perpendicular to
the donor columns. However, in contrast to an intrachain
Br—Br distance of 3.871 (8) A in (EDO-TTFBgFeB, the
intrachain BrBr distance in (EDT-TTFB#).MBr4 is sig-
nificantly longer. Therefore, it is suggested that the direct
anion—anion exchange interaction is almost absent between
the FE" spins in the 1D anion chain.

In contrast to the long anieranion distances, the attractive
interaction between the bromine atoms of the donor and the
anion shortens the doneanion distance; that is, the short
atomic contacts; of Br3a—Brl [= 3.657 (8) and 3.685 (10)

3. Results

3-1. Crystal Structures. The crystal structure of (EDT-
TTFBr,),MBrs (M = Fe, Ga), which is isostructural regard-

(25) Okabe, K.; Enomoto, K.; Miyazaki, A.; Enoki, Mol. Cryst. Liqg.
Cryst. 2002 376, 513-518.

(26) Kux, U.; Suzuki, H.; Sasaki, S.; lyoda, Mbhem. Lett1995 183~
184.

(27) Sheldrick, G. M.SHELXS86 University of Gdtingen: Gidtingen,
Federal Republic of Germany, 1986.

(28) Sheldrick, G. M.SHELXL93 University of Gdtingen: Gitingen,
Federal Republic of Germany, 1993.

(29) Mori, T.; Kobayashi, A.; Sasaki, Y.; Kobayashi, H.; Saito, G.; Inokuchi,
H. Bull. Chem. Soc. Jprl984 57, 627-633.
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Figure 2. (a) Arrangement of the donor molecules projected onabe b) 1.4
plane. Solid, dashed, and dotted lines represent the overlap integrals between ( :
the HOMOs of adjacent donor molecules (see text). (b) Band structure (left) 1.2
and Fermi surface (right) where a solid ligg and an arrow indicate the
Fermi energy and the nesting vec@r= a*/2, respectively. 17
) 208}
A for M = Fe and Ga, respectively] amgh of Br4—Br2 [= :
3.673 (9) and 3.677 (9) A for M= Fe and Ga, respectively] 06
are ca. 7% shorter than the sum of the van der Waals radii 041
of the bromine atoms. In addition, the attractive intermo- 02f
lecular interaction also causes short-851 atomic contacts P A
rq, whose values [3.683 (8) and 3.686 (8) A for¥Fe and H(T)

Ga, reSpeCtlve_ly] are ca. 3%, shorter than the sum of the VanFigure 3. (a) Temperature dependence of the magnetic susceptibilities of
der Waals radii of the bromine and sulfur atoms (3.80 A). (EDT-TTFBR),FeBr in external fieldH = 1 T applied parallel to the three
The long anior-anion distances and the short doranion crystallographic directionsTy = 11 K is the AF transition temperature.
distances enhance the importance ofhed interaction in f(ibe)l dTQS pﬁ?:c?gféﬁgtt'ﬁg tchlig’:zrgggg;;grﬁ?z ffsr‘_‘ f;m;pztgr:rs‘ittigﬁ

the magnetism of the FeBr salt. It should be noted that takes place atisr = 5.8 T for H || b.

each anion molecule has four short-H8r donor—anion
contacts (twa¢; and tworg) and two short SBr contacts
(two rg) making a bridge between the two donor layers.

The overlap integrals, band structure, and Fermi surface
of the donorm-electron system, calculated on the basis of
the extended Hzkel and tight-binding method8 are shown
in Figure 2, where the calculated values of the overlap
integrals argpp = —29.8x 103, oy = —1.39x 103, @ =
—1.43x 1073, r;=6.71x 1078 andr, = 6.42x 1073, and
we assume the transfer integta= ESin calculating the
band structure, wher& is the overlap integral and the
coefficientE = 10 eV2° As a result of the calculations, the
electronic structure of the electrons is quasi-1D, featuring
two lens-shaped Fermi surfaces. From the structure of the
Fermi surfaces, it is clear that a nesting vedfor a'/2 is
present, as shown in Figure 2b.

In addition to the donoerdonor overlaps, it is expected
that the overlap integral between a donor and an anion take
a finite value because of the presence of short deaaion
contacts. For characterizing the electronic features of the
donor-anion contacts, information on the wave function
distribution of the highest occupied molecular orbit (HOMO) ™. N ST

minor contribution from the donotr-electron spins is

of a donor molecule is particularly important because the . N

interaction is generated by the wave function overlaps plausible. The susceptibilities have a broad hump .Of shor.t—
between the donor and the anion. For this purpose, the Waverange.order at around 20 K, and.below ca. ll.K’ a}n|sotrop|c
function distribution is calculated for an EDT-TTEBr behawor emerges between the different field directions. Here,
molecule on the basis of PM3 meth#dhe HOMO electron X INCreases as _the temperature decre_:aserpra and(_:

is distributed mainly in the TTF moiety and the sulfur atoms axes, whereas it decreases Hbr|! b axis H = m_ag_”et_'c

of the ethylenedithio group. However, no electron is present field). The appearance of the anisotropic behavior indicates
in the bromine atoms attached to the TTF skeleton. This fact (31) The calculation method is noted in the following article, and we

calculated the doneranion overlap integral by using their program.
(30) Stewart, J. J. Rl. Comput. Cheml989 10, 209-220. Mori, T.; Katsuhara, MJ. Phys. Soc. Jpr2002 71, 826-844.

indicates that the BrBr contacts between a donor and an
anion do not contribute as importantly to the d interaction
or the donof-anion electron transfer, whereas the BB
contact between a donor and an anion can contribute to it.
Indeed, the sum of the five overlapping integrals between
the HOMOs of a donor molecule and the five between the
singly occupied molecular orbitals (SOMOSs) of an anibn,
the latter of which are calculated on the basis of the extended
Huckel method consisting of five d orbitals of iron(lIl) and
small contributions of the orbitals of the bromine ions,
has a finite value of 9.3« 10 only at the short doner
anion S5-Brl contactry, whereas the short doneanion
Br—Br contacts,rc; andre,, give negligible contributions.
3-2. Magnetic Susceptibility of the FeBg~ Salt. The
magnetic susceptibility, of the FeBj~ salt is shown in
Figure 3a, wherg obeys the CurieWeiss law in the high-
Jemperature region above ca. 150 K, with a Curie constant
C = 4.40 emu K/mol and an AF Weiss temperat@e=
—3.6 K, the former of which corresponds to oBe= %,
spin of FeBg~ per formula unit. Therefore, the magnetism
is governed mostly by the Felocalized spins, although a

2496 Inorganic Chemistry, Vol. 44, No. 7, 2005
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the onset of an AF transition d = 11 K, where the spin (€]
easy axis is oriented parallel to tleaxis in the ordered
state, as evidenced by a decreasing trend oflthexis’
susceptibility belowTy. The large difference betwed®|

and Ty (® < Ty) indicates that the strength of the AF
interaction increases at low temperatures, as will be discussed
later. The increase of tteeandc axes’ susceptibilities below

Ty, accompanied by plateaus®{, contradicts the trend in
ordinary antiferromagnets. The increase belBwis also
found in A-(BETS)FeCl, ' and (EDO-TTFB}j),FeB,?
though the origin of the increase remains unclear. The

Pe (107 Qem)

(b)

T, (Ga)

X(P) | X(0)

value observed in the present salt is quite higher than that 0'9:

expected from the crystal structure, and it should be 3': . T
recollected that the anieranion distances are considerably "o 5 015
longer than the sum of the van der Waals radii. Therefore, P (kbar)

such a highTy suggests that the magnetic moments of the Figure 4. (a) Pressure dependence of the resistivities of the Gadrd

. . . L FeBr,~ salts at room temperature. (b) Pressure dependeribg (sfjuare),
anions are connected by the-d interaction, which is strong ;" ¢1os5). andiw (triangle) of the FeBr salt andTy (reverse triangle)

enough to produce such a high transition temperature. of the GaBj~ salt. The values are normalized by those of ambient pressure.
The magnetization curves of the FgBsalt & 2 K are The solid lines are visual guides.
shown in Figure 3b. The salt has small magnetizations in ()

the whole observed field range up to 7 T, which are only
ca.s—1/, of the saturated value {&) at the maximum field
investigated. Here, the saturation field is roughly estimated
as 27 T, which is obtained by extrapolating the linear-fitting
line of thec-axis magnetization in the low field range 0
H < 3 T) to the saturation magnetization value. The
magnetizations along tleeandc axes monotonically increase
with convex curvatures as the field is raised, whereas the 2
magnetization inH || b axis shows quite smaller values
consistent with the spin easy axis being thexis. The (b
magnetization along thie axis shows a sudden increase of
a spin-flop transition atHsg ~ 5.8 T, and the magnetization
along theb axis is smaller than that of the other two
directions, even abovdse. The observed spifflop field is
considerably larger, compared with those of typical ReBr
salts of TTF-type organic donofs$®2° as a result of the |
strong exchange field. 0 10 20 30 40
3-3. Electrical Resistivity. The electrical resistivities of T (K)
the GaBj~ salt are measured along tleaxis, which is Figure 5. (a) Temperature dependence of thaxis resistivity of (EDT-
parallel to the conducting donor chain, at ambient and high TTFBrz).GaBy at ambient and high pressures. (b) The enlargement in the
pressures. The pressure dependence of the resistiviy at oorfiLiSTEeTAtIe 1o Tre Pressrs values are o by e mumoers
temperature and the temperature dependence of the resistivityifted up by 2.5, 2, 1.5, 1, and 0.5, respectively, for clarity in both figures.
at various pressures are shown in Figures 4a and 5,
respectively. The resistivity at room temperature is lowered the activation energy in the resistivity, where the position
from 4.2x 102to0 2.4x 1072 Q cm as the pressure is raised of its peak indicates an onset of a Ml transition temperature
from 0 to 11.0 kbar, and no significant difference is observed Ty, in the case that an insulating state is stabilized on the
in the pressure range 119 P < 13.4 kbar. At ambient  low-temperature side of the peak. There are two anomalies
pressure, the salt has metallic conduction with a resistivity in the AE versusT plot; that is, a peak at higher temperatures,
minimum at ca. 120 K. The resistivity slightly increases where the temperature of the peak is lowered as the pressure
below this temperature, with no singularity observed, in increases, except fdky at ambient pressure, and a shoulder
contrast to that in the FeBr salt, as will be discussed later. at lower temperature®s ~ 10 K, the pressure dependence
When we apply high pressures, the resistivity and the of which is not so large. The anomaly at higher temperatures
temperature of a resistivity minimum are reduced. Neverthe- is naturally assigned to a MI transition temperatufg,)
less, the increase of the resistivity at low temperatures doesfrom the temperature dependence of the resistivity at low
not disappear, even at 14.8 kbar. The behavior becomesemperatures. It should be noted that the temperature of the
understandable when we plot the derivative of the resistivity, peak at ambient pressure48 K) is probably underestimated
AE = Aln(p/Qcm)/A(L/T), as a function of temperature, as in the plot because of a technical problem. At low pressures,
shown in Figure 6. Here, the valugE roughly represents  microcracks may be generated in the sample in a cooling
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Figure 6. Derivative of the resistivity vs temperature for the GaBsalt at ambient and high pressures. The pressure values are given by the numbers
under different pressures. The pressure values are given by the numbersndicated. The data for 0, 3.8, 5.8, 7.4, and 10.1 kbar are vertically shifted
indicated. The data for 0, 4.3, 6.7, 8.1, and 11.0 kbar are vertically shifted yp by 50, 40, 30, 20, and 10 K, respectively, for clarfiy; andTy represent

up by 75, 60, 45, 30, and 15, respectively, for clarity. The solid arrows the MI transition temperature and the éléemperature, respectively.
indicate the positions of the MI transition temperaturg { estimated from
the peak of the graph and the shoulders at low temperaflye3 kie dashed 13.8 kbar. In contrast to the GaBrsalt, the FeBy salt

arrow Tw (EPR) indicates the MI transition temperature estimated from 51 ag g resistivity minimum at ca. 40 K at ambient pressure.
the EPR spectra. . L. . L
To clarify the resistivity anomalies, the derivative of the
(a resistivity is plotted as shown in Figure 8. At ambient
pressure AE has a broad hump at ca. 20 K, below which
the resistivity clearly increases, indicating an onset of a Ml
transition at this temperature. Figure 4b presents the pressure
dependence offy. It is lowered upon the elevation of
pressure in a manner similar to that of the GaBalt. Below
the MI transition temperature, an additional humpAd is
observed aly = 11 K, where the localized d spins of FeBr
exhibit an AF transition. The fact that the magnetic ordering
of the d electrons affects the transport properties ofsthe
electrons clearly indicates the important role of thed
interaction, which is caused by the short donanion
contacts. As shown in Figure 8, the temperature of the
T anomaly afly increases as the pressure is raised; in contrast
mo;‘;oo to that, Ty decreases as the pressure increases. Then, these
5 1 two anomalies ofTy, and Ty merge above 13.8 kbar. The
2077020 30 40 50 pressure dependenceﬁf is shpwn i_n Figure 4b.
T(K) 3-4. MagnetoresistancesTo investigate the effect of the
Figure 7. (a) Temperature dependence of thaxis resistivity of (EDT- ”_fj interaction at different pressures, MR was me_aslured at
TTFBr,),FeBr, at ambient and high pressures. (b) The enlargement in the various pressures, where the curreand the magnetic field
!O\CIIV_-tetrggeTratéJéi Jt?si?ﬂé T\getgrfssgi r\ééll#ﬁse g;etagljgfg bsysthg ;U;nfefSH were applied parallel to the axis (donor stacking axis)
I:nclicfo.l i(bNar are vertically shiftedpup by 25 2,15,1,and 05 r’es.pécti.vély, and theb axis (eas_y axis of FeBr anlon_s)' respectlvely.
for clarity in both figures. Parts a and b of Figure 9 present the field dependence of
the MRs of the GaBr and FeBj salts atT = 1.5 K,
process as a result of thermal contraction, which is in contrastrespectively.
to the high-quality crack-free measurements at high pressures; The GaBj~ salt shows only small, positive MRs in the
thus, good quality measurements are impeded at low pres-whole field range investigated, where the MR increases
sures. Indeed, the EPR results suggest the onset temperaturguadratically, regardless of the pressure in the low field
of the MI transition at 70 K, as will be shown later. When region up to ca. 3 T. In the high field region, the slope of
we take the MI transition temperature obtained by EPR asthe MR versusH plot is gradually reduced, giving an
the peak position, a pressure-induced linear decrea$g of Sshaped field dependence, and finally, the MR tends to
is observed in the whole pressure range up to ca. 11 kbarbecome saturated. The reduction of the slope and the
whereas the resistivity becomes pressure-independent aboveaturated behavior are weakened by applying pressure, where
the pressure, as shown in Figure 4. the MR becomes more linear-field-dependent in the high field
The pressure dependence of the resistivities of the FeBr region. In any case, the MR value of the nonmagnetic GaBr
salt at room temperature and the temperature dependence dfalt is in the range of ca. 28.5% below that at 15 T.
the resistivity are shown in Figures 4a and 7, respectively. In contrast, the FeBr salt shows large, pressure-depend-
The resistivity at room temperature is lowered from 43  ent, negative MRs. The MR of the FeBrsalt is steeply
102t0 2.1x 102 Q cm as the pressure is raised from 0 to lowered with a convex curvature followed by the appearance

~
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Figure 9. MRs of the (a) GaBy and (b) FeBr salts at different pressures
at 1.5 K. The data of 4.3, 6.7, 8.1, and 13.4 kbar of the GaBalt are
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shifted up by 0.01, 0.02, 0.03, and 0.04, respectively, for clarity. The current

| and external magnetic field are applied parallel to tha andb axes,
respectively. The pressure values are given by the numbers indicated.
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Figure 10. Temperature dependence of (a) the EPR line width, (bpythe
values, and (c) the EPR spin susceptibility along the three crystallographic
axes for (EDT-TTFBj),GaBu. Ty denotes the MI transition temperature.
The absolute values of the susceptibility are obtained by comparing the
EPR intensity with the static susceptibility from the SQUID measurement
at room temperature.

the low pressure range up to 7.4 kbar. The large, negativedrop. Different samples of the different batches show the

MR and the anomaly at the sptflop transition are convinc-
ing evidences of the existence of the d interaction. Above
the spin-flop transition, the slope of the MR versus field
curve becomes moderate and the MR reach23% atH =

anomaly at the same temperature, suggesting that the
anomaly is not a result of the low quality of the crystal but,
rather, indicates the genuine phase transition of the
electrons. Judging from the fact that the temperature depen-

15 T at ambient pressure. Judging from the pressure-induceodence of the resistivity shows no anomaly at that temperature

increase of the field of the kink, the spifiop transition

field is elevated from 5.8 to 6.2 T as the pressure goes from

3.8 < P < 5.8 kbar, as shown in Figure 4b. Above 7.4 kbar,

the kink disappears, although a trace of the kink is evidenced

as a slope change in the field at which it occurs. The

disappearance of the kink suggests the ineffectiveness of th

d-electron spins in ther-electron transport in the high-

This is supported by the reduction of the negative MR as
the pressure increases. The value of MRHat 15 T and
the highest pressuré = 13.8 kbar is only 19% of that at
ambient pressure.

3-5. EPR. The GaBj~ salt shows a Lorentzian-shaped
EPR signal with peak-to-peak line widthdd = 7.50, 7.86,
and 7.35 mT andj valuesg = 2.003, 2.009, and 2.011 for
H || a, b, andc axes, respectively, at room temperature. The
anisotropy in theg value is in good agreement with the
orientation of the donor molecule; that is, the lowgstlue
corresponds to the field direction applied perpendicular to
the molecular plane, whereas thegalue becomes the highest
in the field applied along the long side of the molecular
plane3?

As shown in Figure 10a, the valuesaifl hold the relation
AHp > AH; > AH; down to ca. 30 K. The line widths

gradually decrease with a convex curvature as the temper-

ature is lowered down to 70 K, at which they show an abrupt

e

except for an increase of the resistivity below it, the transition
at 70 K is concluded to be the MI transition. Indeed, such a
grop of AH is frequently observed in EPR measurements
attributed to the MI transitiof In the insulating phase of
the zr electrons belowly, = 70 K, the EPR signal can be
observed down to ca. 10 K. The existence of paramagnetic
7 spins observable by EPR beloWy, indicates that the
insulating ground state is neither the charge density wave

. er the spin density wave state. In the temperature range 20
pressure range, where the metallic features are enhanced, + _ Tul

AH shows a complicated behavior; that A8
along the three axes has a plateau around 40 K, followed by
a decrease below ca. 30K, wheXxel, becomes smaller than
AH,. Judging from the decrease of the spin susceptibility
below 30 K, as will be mentioned below, the decrease of
AH below 30 K can be related to an AF short-range order,
although the details remain unclear. FinallkH starts
increasing divergently below 20 K, with the EPR signal
disappearing at ca. 10 K. The divergent behavioAéf is
suggestive of a precursor of a long-range AF ordering of
the r electrong’*3>followed by an AF long-range ordering
taking place at 10 K. The agreement between this temperature
andTs, the temperature of the anomaly in the resistivity of
the GaBy~ salt, indicates that the anomaly®&tis assigned

to an AF transition of ther electrons.

(32) Sugano, T.; Saito, G.; Kinoshita, ®hys. Re. B: Solid Statel986
34, 117-125.

(33) Nakamura, TJ. Phys. Soc. Jpr2003 72, 213-216.

(34) Mori, H. Prog. Theor. Phys1963 30, 578-580.

(35) Tazuke, Y.; Nagata, K1. Phys. Soc. Jpri975 38, 1003-1010.

Inorganic Chemistry, Vol. 44, No. 7, 2005 2499



Nishijo et al.

The angular dependencesH also changes aty. Above 300

S .
Tw, the angular dependenceAH is well-explained on the 250 @ : ;ﬂnl‘;:iiz ]
basis of the conventional angular-dependent behavior for the g 200 'ng) + Hlc-axis ]
system that the spinlattice relaxation governs = 4720004
= 1501 °006 41
S s
AH(6) = AH_coS 6 + AH_sir’ 6 (1) LU S N
50+ ey ]
where AH, and AH, are the EPR line widths along ttee 0 , ,
andc axes, respectively, arlis the direction between the ¥ (b) NP ¥
applied field anda axis. Contrary to the behavior observed 2050 4* T
above Twi, AH shows more complicated behavior; for 2 2.00 -ggbge aasaaata]
example AH along theac plane at 45 K increases from 3.11 E L %%0606000
to 3.28 mT as the angle measured fromataxis is changed S 195F o s Hija-axis |
from O° to 3¢, and them\H decreases and takes a minimum 190+ o o H||b-axis -
value of 2.39 mT aH || c axis. a +  H]|c-axis
The effects of the MI transition, the short-range ordering 185, 100 200 300
below 20 K, and the AF transition are also clearly seen in T (K)
the change in thg values, as shown in Figure 10b. The Figure 11. Temperature dependence of (a) the EPR line width and (b)
values are roughly temperature-independent ab®dye the g value of the FeBy~ salt measured along the three crystallographic

Below Ty, the g values along thd andc axes gradually — 2*¢%

increase, whereas that of thexis gradually decreases. The planes, where the angle is measured fromatamdb axis,

g value increases suddenly below 20 K, along ¢hexis, respectively. These facts suggest that the -sfgttice
which is, again, suggestive of the development of magnetic rejaxation of the FeBr anion, not the spirspin relaxation,
short-range ordering, followed by the long-range ordering is dominant in the line widths at temperatures above ca. 30
at 10 K, where they value diverges. K. The small contribution of the dipolar line width is

The spin susceptibilityspin, which is estimated from the  propably due to the exchange narrowing caused by exchange
intensity of the EPR spectra and calibrated by using the jnteractions between theand d electronsAH has a rather
susceptibility measured by SQUID at room temperatafe ( simple temperature dependence, as shown in Figure 11a,
5.0 x 10™* emumol™), is shown in Figure 10c. The  compared to that of the GaBrsalt. AH, andAH, gradually
observed value ofs,in at room temperature is in the typical  jncrease as the temperature decreases, whereas thataof the
range of the Pauli paramagnetism of organic conduéfors. axis is roughly constant down to ca. 40 K. Below ca. 30 K,
xspingradually decreases as the temperature decreases doWAH increases in all of the field directions as the temperature
to ca. 70 K. Below that temperaturgsyn takes a constant s Jowered, which is related to the development of the short-
value of ca. 2.7x 10~* emu mot™, followed by a steep  range ordering of the FeBranions, followed by the
decrease below 30 K, and the EPR signal disappears at Cagdivergence ofAH at Ty = 11 K.
10 K. The static susceptibility behaves in a manner similar |y contrast, theg values show curious behavior at low
to that of the EPR susceptibility in the temperature range temperatures. Thg values take values af = 2.02, 1.97,
above ca. 20 K. The steep dropafin is considered to be  and 2.05 forH || a, b, and ¢ axes, respectively, at room
associated with a precursor of the AF transition. temperature. The values along thandb axes are roughly

In the case of (EDT-TTFB).FeBm, despite the coexist-  independent of the temperature down to ca. 150 K, as shown
ence of thexr and d electrons, only one broad signal is in Figure 11b, whereas that along titeaxis gradually
observed in the EPR spectra in the temperature rangejncreases as the temperature decreases. Below 150 K, the
investigated because of the coalescence of the signals of thg/glyes along the and c axes slightly decrease, which is
two kinds of electrons, suggesting the presence of thefg|lowed by a steep decrease below 30 K that is due to the
interaction between these two spins. The values of the line o short-range ordering. In contrast to these two axes, the
width AH at room temperature are 86, 129, and 56 mT for gyalue along thé axis gradually increases, with a maximum
H |l a b, andc axes, respectively. The values are in the yalue at ca. 35 K, and then it decreases. The increase of the
same range as that of the well-separated FFeBnion in g value along thé axis is accompanied by a change in the
CH:CN solution (55 mT}’ In addition, the angular depen-  trend of the angular dependence of thealue. Indeed, the
dence ofAH obeys eq 1 in the whole temperature range angular dependence of thg value shows anomalous
where the angular dependence is obser\fed 0 K). This  pehavior, especially i || bc plane, as shown in Figure

angular dependence is different from the dipolar line width 12. In usual cases, the angu|ar dependence Ogthalue
of the anions calculated from the crystal structure, which can be described as

has a minimum at the magic angle (59.ih bothac andbc

9(0) = g,co€ 0 + gsirt 0 )
(36) For example, Kagoshima, S.; Nagasawa, H.; SambongDrie-
7Dllr.nensmnal ConductorsSpringer-Verlag: New York, 1989; pp 64 whereg, and g. are theg values along thés and ¢ axes,
(37) Rodriguez, F.; Moreno, MTransition Met. Chem1985 10, 351. respectively. At room temperature, the angular dependence
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2.06 ; value along thea axis and the roughly constant values of
204} o o those along thé andc axes around 10 K are understood to
2.02F o o be the effect of the AF short-range order. According to
2,000 DT= 200 KD investiggtior)s of_typical 1D AF .magnei%theg value along

o 198 " - ] the chain direction gradually increases, whereas that per-

2 Tt Tt pendicular to the chain decreases under the effect of spin

3, 196 TR fluctuation. This is just the case with the GaBsalt, where
2.021 oo%og the donor chain is aligned parallel to th@xis and the rapid
2.01¢ ° ° ;] increase of thg value is observed in this direction, whereas
200, ° the decrease of thg values along the other directions are
199 5 ° ;_g0k o obscure as a r_esult of the small misalignment o_f the crystals
198 o o and the rapid increase of tigevalue along the axis. There

0 30 60 90 120 150 180
H|b He H|b
angle (deg)

are two typical candidates for the magnetic insulating state:
a Mott insulator and a charge ordering state. Though it is
difficult to decide which state is stabilized, it should be noted
that there is &, = %/, spin per two donors due to thé-
filled state in any case, where the adjacent two donors form
a pair along the 1D chain direction parallel to taexis;
hat is, there is either a donor dimer in the Mott insulator
cenario or a neutralcationic §= 0 and%/,, respectively)

Figure 12. Angular dependence of thevalue, withH || bc plane, of the
FeBr~ salt at 300 and 40 K.

of theg value inH || bc plane is approximately represented
by eq 2, except for the presence of a small anomaly observe
ne_ar@ 0° and 180, where a minimum of thg value pair in the charge ordering state scenario.
exists at around 0and 170. The anomaly becomes larger .
Next, we move on to the FeBrsalt. Though the electronic

and more clear at 40 K, where the angular dependence of :

! . . states belowTy, are roughly the same in both salts, as
the g value is far from the behavior described by eq 2. The ~ - .

: videnced by the similar temperature dependencies of the

observed anomalous angular dependence is also observed . . °° ) ) .
. . .. resistivities, a large difference between them is present in
in H || ac plane, although the anomaly is not as large in this

. i - the MI transition temperatures; that iy = 20 and 70 K
plane. It may be possible to explain the origin of the anomaly _ )
L . for the FeB;~ and GaBy~ salts, respectively. Because these
as a small misalignment of crystals in taeplane. However,

the large discrepancy between eq 2 and the observed valuéwo salts have the same crystal structure, as a result of the

. 7 . quite similar ionic radii of F& and G&", the difference in
in the bc plane atT = 40 K cannot be explained only by ; : - . .

Twi is considered to originate from the difference in the
that. In other words, the angular dependence ofgthalue

; . . electronic structures of the anions. It is natural to assume
cannot be explained by a conventiogaiensor scheme; the :
- that the electronic structures of theelectrons are the same
origin of the anomalous angular dependence ofghalue

remains unclear between thg two salts when we f:onsi_der th_e same strengths
' of the on-site Coulomb interactiod, inter-site Coulomb
interactionV, and transfer integrals However, the transfer
integralt,y = 9.3 x 1072 eV between a donor and an anion

in the FeBj~ salt can affect the electronic structure differ-
discussion is first devoted to the ground state of the ently than thatin the GaBr salt. The most important feature
electrons in (EDT-TTFB#),GaBu,. For clarifying the ground  of the FeBg~ anion is the open shell structure of the iron-
state, the features of the EPR signal are indispensable. Thelll) atom, (€)%(t)%, whereas the GaBr anion has the closed
experimental finding that an EPR signal survives even below shell structure,d)*(t,); that is, an electron can be transferred
Twmi, with the line width being divergent at ca. 10 K, indicates from a donor layer to the adjacent donor layer through the
that the GaBr~ salt is paramagnetic (18 T < Ty ~ 70 open shell of the FeBr anion byt,q, for which the two

K) and AF (T < 10 K) in the two low-temperature insulating  short donor-anion S5-Brl contactsq are responsible for
states, where the electrons behave as localized magnetic t,q, @s shown in Figure 1d. The interlayer transfer integral
electrons. These multiple transitions can be tracked by thet,q between the donor and the anion is significantly larger
temperature-dependent behavior of thealues belowTy, than that between the donor molecule€y, resulting in an
shown in Figure 10b. In general, the temperature-dependentnhancement of the 3D character of thelectrons such as
changes in they values in the three crystallographic axes that in Cu-DCNQI-type salt® Eventually, because of the
below Ty, are explained in terms of the changes in the MI transition inherited by the low dimensional instability,
orientations of the donor molecules. In this case, the rotation Ty is lowered down to 20 K as a result of the contribution
of the molecules with any rotational axis brings thealues of a fraction of 3D character.

close to each other because three crystallographic axes agree The weakly enhanced 3D character of the ReBsalt

with the principal axes of the donor molecule. However, this mentioned above does not change the fundamental basis of
is not the case in the present experimental findings. There-
fore, the change in thg values just belowly, is probably
caused by the change in the electronic state ofrttakectrons,
though the details remain unclear. The divergence ofjthe

4. Discussion

4-1. The Ground State of (EDT-TTFBr,),MBr 4. This

(38) Nagata, K.; Tazuke, YJ. Phys. Soc. Jprl972 32, 337-345.

(39) Uji, S.; Terashima, T.; Aoki, H.; Brooks, J. S.; Kato, R.; Sawa, H.;
Aonuma, S.; Tamura, M.; Kinoshita, M?hys. Re. B: Solid State
1994 50, 1559715601.

Inorganic Chemistry, Vol. 44, No. 7, 2005 2501



the insulating AF ground state from that of the GaBsalt
because of the smallnesstgd, which is only*/3o and/s of
the intra- and interchain transfer integrals between donors,
respectively. The same ground state for both salts is also
suggested from the similarity of the AF transition temper-
atures of ther electron of the GaBr salt and that of the d
spins of the FeBr salt. As will be discussed later, the AF
interaction between the and d spins is much larger than
the thermal energy ay of the FeBy~ anions. Thus, it is
suggested thaly depends crucially on the AF ordering of
the s spins because the d spins are strongly coupled to the
7t spins by a strong—d interaction, whereas the directd
interaction is negligibly weak as a result of the long arion
anion distance. Consequently, of thes spins in the FeBr
salt is regarded as the same as that of the d spins; 11
K, which is in good agreement witF; of the z spins in the
GaBr,~ salt (~10 K).

Finally, we discuss the pressure dependence of the M
transition.Ty, of both salts monotonically decreases by ca.

20% upon an increase in pressure, up to ca. 10 kbar, and

then it becomes pressure-independent. The pressure-induce
change inTy, behaves similarly to the pressure dependence
of the resistivity at room temperature shown in Figure 4a,

which is governed by the change in the interdonor transfer
integrals induced by lattice contraction. In the crystals of

(EDT-TTFBK),MBr,, it is expected that the application of

Nishijo et al.

Figure 13. Schematic four-sublattice magnetic structure of (EDT-
TTFBr,),FeBr, consisting of twar-spin sublatticesSt and S) and two

d spin sublattices3y and Sy). Gray circles, white ellipses, and the thick
and thin arrows indicate the anion, donor pair, and the d zargpins,
respectively. Each d spin is connected to two donor paird.pysolid line
along thec direction), whereas ther spins of the donor pairs are
antiferromagnetically connected through strong intraclain (thick solid
line along thea direction) and weak interchaidp,, (dotted line along
direction) interactions.
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pressure makes _the in_term_()lecu'ar diStan_(:eS largely Shortenegigure 14. Normalized anisotropies of the magnetic susceptibilities of
along the stacking direction= the a axis), whereas the  (EDT-TTFBr).,FeBy with H =1 T.

pressure-induced contraction along the other directions isinteraction because the overlap integrals of the-Br
small, as generally observed in TTF-type donor-based contacts are negligibly small. Consequently, each FeBr
organic conductor®. Therefore, the pressure dependence of anion has twar—d interaction paths to two donor pairs

Tw Is ascribed to the increase of the intrachain transfer
integral, which decreases the energy gap and lowers the Ml
transition temperature.

4-2. The Magnetic Structure of the FeBy~ Salt and
the Strengths of thez—x and 7—d Interactions. To clarify
the magnetic structure of the FeBrsalt, it is important to
discuss the effect of the—d interaction on electron transport.
In (EDT-TTFBR).FeBmn, the magnetic structure of the d spins
is associated with that of the spins because only the—d
interaction couples the d spins, taking into account that the
d—d interaction is negligibly small. As discussed in the
previous section, the ground state of thelectrons at low
temperatures is featured with an AF ordered state, where
two donors possess a localized spinSof Y,. In general,
the AFz—zx interactionJ; between donors i and j is roughly
in proportion to—t;%/U, wheret; is the transfer integral
between the donors. Therefore, the large intrachai298
meV) and small interchain transfer integralslé4 to +67
meV) suggest that the electrons form a 1D Heisenberg
AF structure. Then, the d spins havig = 5, participate
in the magnetism through the—d interaction. An FeBr
anion has six short donemnion contacts: four BtBr
contacts and two-SBr contacts, as shown in Figure 1, where
only the S-Br contactsrq work as the paths of the—d

(40) For example, Enoki, T.; Tsujikawa, K.; Suzuki, K.; Uchida, A.; Ohashi,
Y.; Yamakado, H.; Yakushi K.; Saito, G®hys. Re. B: Solid State
1994 50, 16287-16294.
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belonging to adjacent donor planes above and beneath the
anion, whereas each donor pair on a donor plane has two
m—d interaction paths to adjacent FgBranions. The
magnetic structure expected from the 1D ABpin structure

and ther—d interaction paths is shown in Figure 13, where
the d spins are considered to be coupled in an antiparallel
arrangement with the nearest neighlwospins through the
strongzr—d interactionJ,q, and the 1D AF chains of the
spins on a donor layer are weakly coupled with each other
by the interchain interaction,..

Here, we summarize the experimental findings on the
correlation between the donar electrons and the anion
d-electron spins. In the high-temperature region abbwe
the metallicr electrons have small spin densities at the donor
sites. Therefore, the AF interaction between thend d
electrons is weak, as evidenced by the small absolute value
of ® = —3.6 K estimated in the high-temperature region
well-aboveTy,. When the temperature is lowered to near
Twi = 20 K, thes electrons start behaving as localized spins,
which strongly interact antiferromagnetically with the anion
d spins. The effect of the localized spins of thelectrons
is clearly seen from the anisotropy in the susceptibility, as
shown in Figure 14. The anisotropies have small values in
the high-temperature regioh > 25 K. Below 25 K, the
anisotropies % — xu)/(xc + xv) Steeply increase as the
temperature is lowered, whereas the anisotropies-(ya)/

(1 + xa) rapidly decrease and become negative. Considering
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the fact that the temperature 25 K is in the vicinity af;,

the generation of the localized spins upon the MI transition
is considered to trigger the change in the anisotropies,
strengthening ther—d interaction. BelowTy,, the d spins
are affected by the fluctuations of the spins, which are
coupled with each other through the stronga interaction
and interacting with the d spins through the strongd
interaction. According to the EPR results of the GaBalt,

the AF transition of ther spins takes place at ca. 10 K,
whereas the d spins undergo an AF transition at 11 K for
the FeBj~ salt. The coincidence of the AF transition
temperatures between theand d spins clearly demonstrates
the important role of ther—d interaction that bridges
between both spin systems.

Next, we estimate the strengths of the-7z and 7—d

interactions on the basis of the experimental results and the

magnetic structure model employed in Figure 13. First, the
strength of thexr—zx interaction is estimated from the
susceptibility of the GaBr salt exhibited in Figure 10c. The
observed susceptibility of the GaBrsalt shows weak
temperature dependence in the temperature range P

70 K, which is the natural consequence of the 1D Heisenberg
AF system with a strong intrachain AF interactidp,.

(a) () [ —
: Hard axis (H || @)
S 61234, d) 1.2} o exp.,— mean field P
Easy axis (H || b)
2/, 11 expo-+ mean field g# ]
—1— S (1/2;3,5) g 08 i
2x’1ﬂ7( : r .
— S (112;1,7) 0.6 1
2xx, 0.4 J
S Gi2d,d) 0.2
% 7
H(T)

(¢ Sa ) d s, © s, g ,
1 Snl 1 Sal Sl
—_— St R Y Sa

b N A
S 8 S, [ S| Sy P
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Figure 15. (a) Schematic model of the magnetic structure of the FeBr

salt, where the weak interchain interactidg,, of the donor pairs is

Indeed, the absolute value and general temperature indepenneglecteds, andSy represent th& = Y/,  spin at a donor pair and tf#

dence of the susceptibility are well-fitted to the Bonner
Fisher modét-42with magnetic momen®, = %/, per donor
pair andJy., = —290 K. It is not surprising that the value
Ji: = —290 K is smaller than that expected from the relation
—t?/U = —1030 K, where we sugge&t = 1 eV. Strictly
speakingt in the relation) = —t?/U is not a transfer integral
between adjacent donors but that between sites h&ing

1/, spins; that ist is the transfer integral between donor
dimers in the Mott insulator or donor pairs in the charge
ordering state. In the Mott insulating state, the wave function
of a localizedr electron spreads over a dimer, resulting in
a smaller coefficient of the wave function at an atom
compared with that that spreads over a donor molecule. In

= 5/, d spin at an anion, respectivel$ (Su) interacts with twoSy, (Sy)
and twoSy, (Si) throughJi,, andJ.q, respectively. (b) Mean-field fittings
of the magnetizations along tleeandb axes, with values o, = —22.3

K and anisotropy energ, = 0.9 K for bothzr and d spins, accompanied
by the experimental results. The experimental results and the mean-field
fittings are carried out af = 2 K. (c) The calculated spin structure of the
FeBr~ saltinHex= 7 T is applied parallel to the hard axis, and that in (d)
Hex=5T (< Hsp and (e)Hex= 7 T (> Hsp) are applied parallel to the
easy axis. Spin angle is estimated to be 134or both Sy and Sy, in part

¢, ~0° and 0.02 for Sy andSy, respectively in part d, and 166.for both

St and Sy in part e. Sz and Sy indicate the components &y and Sy
parallel toS,.

the strength of the—d interaction is estimated on the basis
of the value ofJi,, and the mean-field calculation. The
magnetic structures of donors and anions are approximately

addition, dimerization increases and decreases the intra- andepresented by four sublattices consisting of twaspin

interdimer transfer integrals, respectively. On the other hand,
localizeds electrons in the charge ordering state are located
on every other donor molecule in a donor chain, resulting
in the longer spir-spin distance and smalldrvalue. It is

sublattices$,, S») and two d spin sublattice§{, Su), which
have up &, Sy) and down &, Sy) components, as shown

in Figure 13. Interchaimr—sx interactionJ,,, is neglected

in the donor layer because of the quasi-1D character of the

noted that, despite the quantitative discrepancy of transferz-€lectron system. Therefore, eaelspin interacts with two

integral t mentioned above, we can roughly estimate the
dimensionality ofr spins in a qualitative level by using the
value oft between adjacent donors because of the following

m and two d spins through,., and J.q4, respectively; for
example Sy interacts with twdS,'s along the chain parallel
to the a axis and with twoSy's placed beneath and above

two reasons. First, dimerization or charge ordering reducesthe donor layer. This feature of the interactions is schemati-
not only the intrachain but also the interchain transfer cally displayed in Figure 15a. On the basis of this four-
integrals. Therefore, the change in the ratio of intra- to Sublattices model and the mean-field approximation (see the
interchain transfer integrals is not so large. Second, the Appendix), the observed magnetizations along @haxis
intrachain transfer integral is exceedingly larger than that of (hard axis) and axis (easy axis)ta2 K are theoretically

the interchain. Therefore, the small change in the transfer reproduced withl,4 and magnetic anisotropy, as adjustable

integrals is not critical in discussing the dimensionality. Then, parameters. In the calculation, the same anisotropy energy
is assumed for both the and d spins for simplicity. As

shown in Figure 15b, the calculated magnetizations with
values ofJ,g = —22.3 K andK, = 0.9 K are in good
agreement with the observed magnetizations, reproducing the
presence of the spitflop transition and the convex curvature

(41) Bonner, J. C.; Fisher, M. Phys. Re. A: At., Mol., Opt. Phys1964
135 A640—A658.

(42) Brown, D. B.; Donner, J. A.; Hall, J. W.; Wilson, S. R.; Wilson, R.
B.; Hodgson, D. J.; Hatfield, W. Bnorg. Chem.1979 18, 2635~
2639.
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of the magnetization along the easy and hard axes, respecambient pressure, which brings about the less pressure-
tively. The value ofl,4 is much stronger than that of ordinary  sensitive nature of tha—d interaction. In contrast to the
m—d systemk 16 as a result of the short doneanion S-Br pressure insensitivity 08,4, Ty IS more sensitive to the
contacts, which are achieved by the strong attractive interac-applied pressurély, which is governed by the AF transition
tion between the bromine atoms of brominated TTF and of thes electrons, depends on the two-dimensionality of the
FeBr . 7t spins; that is, Ty largely depends on the interchain AF
The details of the magnetic structure of the FeBsalt interactions of ther spins. Because the pressure-induced
calculated on the basis of the mean-field approximation are change in the interchain interaction along thexis is small,
shown in parts c, d, and e of Figure 15 for three actual casesas discussed above, the increaselefis attributed to the
with a field applied along different axes. When we apply increase of the interchain interactidp,, along theb axis.
the field Hex along the hard axis, both d spifg andSy are The competition between the Ml and AF transitions in
canted by the field, whereas thespins almost maintain the  the FeBj~ salt should also be addressed as an consequence
antiparallel arrangement as a result of their strong AF of the pressure effect. In the insulating state, because of the
interactionJy.,, as shown in Figure 15c. In contrast, only |ocalized electronic state of the electrons, the superex-
Sy is canted when the fieltllex < Hsris applied parallel to change interaction is featured with a short-range interaction.
the easy axis, where& is stabilized by the Zeeman energy Therefore, the pressure-induced change in the structure
(Figure 15d) and ther spins tend to be in an antiparallel sensitively affects the AF transition, which is obviously
arrangement. When the field becomes larger than the-spin understood from the steep increaseTin Under pressures
flop field Hsr, bothzr and d spins are rotated as shown in higher than 13.8 kbaiy and Ty, tend to merge, as shown
Figure 15e, where both d spirg and Sy are canted and  in Figure 8, suggesting that the AF transition is subjected to
the r spins take an antiparallel arrangement similar to the the metallic electronic feature of theelectrons under higher
case wheréle, is applied along the hard axis. Here, it should pressures. In the metallic phase, the long-ramgmnduc-
be noted that the obtained magnetic structure could well tion—electron-mediated interaction between the d electron
explain the convex curvature of the magnetization curves spins, which is an analogue of the Ruderméittel—
observed along the hard axis (see Figures 3b and 15b). Thekasuya-Yoshida interaction in traditional metal magnets,
linear field dependence of the magnetization along the hardplays a major role. Moreover, the insensitive feature of the
axis of the ordinary antiferromagnet is ascribed to the field- MR in the vicinity of the MI transition around 14 kbar is
induced rotations of the spins in all of the magnetic considered to be associated with the magnetism in the
sublattices. In contrast to the ordinary antiferromagnets, the conducting medium.
d spins interact only with ther spins in the FeBr salt, 4-3. The Effect of the z-d Interaction on Electron
where thex spins are in an approximately antiparallel Transport and the Origin of the Negative MR in the
arrangement because of the strong intrachain AF interaction.FeBr,~ Salt. On the basis of the magnetic structure obtained
In this condition withHe along the hard axis, the internal  apove, we discuss the effect of the-d interaction on the
field H.q of the zz spin to the d spin is approximately electron transport of the-electron system, in which the
perpendicular to the external field, as shown in Figure 15c, negative MR is observed. BeloWy, the AF ordered state
as a result of the small canting angles of thepins. From  of the FeBj~ d spins generates a periodic magnetic potential
the geometries of the spins and the internal field, magnetiza-gpn the z-electron system in the low-temperature magnetic
tion M is approximately described only by the magnetization jnsylating state. Namely, the periodic potential of the d spins
of the d spins, which reproduce the observed convex induced by the spin polarization of the electrons coun-
curvature, whereas the spins do not contribute to the teraffects ther-electron system in a manner similar to the
magnetization because of their antiparallel configuration. case of the spin density wave state, where the periodic
Finally, we briefly comment on the pressure effect on the potential of spin-polarized electrons affects the electron
magnetism. The spifflop transition fieldHsrincreases only  jtself43 In the present salt, the periodicity of the potential of
from 5.8 to 6.2 T as the pressure is raised from 0 to 3.8 the d spins is, certainly, the same as that of #helectron
kbar, and it seems to be independent of pressure above 3.8&ystem, as shown in Figure 13, resulting in the stabilization
kbar. When the relatiohlsr = (HeHa)Y2, whereHe andHa of the spin-polarized state of theelectrons. Consequently,
are the exchange field and the anisotropy field, respectively, the localized d spins of the FeBranions can enhance the
and the pressure-insensitive nature of the anisotropy, ir-gap of the insulatingr-electron system. In the meantime,
respective of its origin between the single-ion and dipolar when a high magnetic field is applied to the system, the
anisotropies, are taken into account, the pressure dependencgeriodic potential is weakened as a result of the destabiliza-
of Hsrrepresents the pressure-induced change in the strengthion of the AF structure of the d spins, where the enhance-

of thesz—d interactionJ.q. Therefore, the observed pressure ment of the gap is reduced, resulting in the observed negative
dependence dflsg suggests the less pressure-sensitive nature R 2. 8. 25

of the 7—d interaction. Here, we have a structural feature 1 confirm this idea. we calculated the MR of the FeBr
specific to the present salts, which is related to the strong, ¢ait on the basis of the strength of the periodic magnetic
attractive donoranion interaction along theaxis, in which

the z—d interaction paths are fqrme_d. bea?(ls is already (43) For example, Gmer, G.Density Waes in Solids Addison-Wesley
reduced by the strong, attractive interaction, even at the Longmans Inc.: Reading, MA, 1990.
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potential of d spins, which is estimated from the magnetiza- (a) 3.0 T '

tion and magnetic structures shown in parts d and e of Figure. 25 Sl 2 1S, 40 18,0 ]
Here, we consider the caseldf|| easy axis for a comparison _ I5,.] :

with the experimental results. When the fact that the S 2.0F "

component of d spirsy parallel tosr spin S, can produce 151 :

the periodic potential to the electrons is taken into account, AHo <Hsey Ho> Hep !
the energy of ther—d interaction is described as2J,¢S,Sq b O " ‘ T
= —2J3.d|S:| Sz WhereSy; is the component dby parallel to 0.1t |
S (see Figure 15d,e). Therefore, it is necessary to determine oS

the value ofS;; for calculating the enhanced gap of the = '0-2\!\
insulatings electrons. In the following discussion, to estimate Y oal o exp. )
Si, the collinear AF structure of tha-electron spins is — cale.
assumed, which is justified by the result of the mean-field 04, : 10 is
calculation where the electrons almost hold the antiparallel H(T)

arrangement as a result of the strong intrachain AF interactiongigure 16. (a) z component of the d spins calculated from the fitting of

Jizr, @s shown in parts d and e of Figure 15. According to the observed magnetization curve and egs 5, 6, 8, and 9 (see text). (b) Field
i i i i dependence of the observed and calculated MRs with the proportional

<

the reSL.IIt S.hown in Flgurg 15d, in the r.egloanX Hsr constanie = 0.11 meV. The calculated value is vertically shifted down by

magnetizationM, consisting of the spins from the four g 15 for clarity.

sublattices, is given by the following equations w&h and

S, Where therr spins have no contribution as a result of uniform component\(u), as expressed in egs 10 and 11:

their antiparallel arrangement:

Siz — S
1 Voee= 20 j|——— 10
M = 20(Syl — 1Syl cose) ose = 12Nl (10)
= —g(§ _>3 0039) () where only the oscillating component enhances the energy
2
5
S =75 (5) |2J,td|§;i———%El (11)
__5 P
S = — 5 C0S gap of the AF insulating state of theelectrons and the gap
5 2M enhancemenAE; is in proportion to|Vesd. To compare the

= _§+E (O eq4) (6) actual case with the model mentioned above, the MR is
calculated on the basis of the estimated value§pfThe
where factof/, on the right side of eq 4 means that a formula resistivity p in the insulating state having an enhancement

unit contains half of the two anion sublatticEs and S;. of the band gap\E, is described as

Using egs 5 and 6, and assumigg= 2 for theg value of

FeBr,~ anions, we can estimat®, from the magnetization AE,

M. Similar toHex < Hsy Sy in the field regionHex > Hsr P = po €X kBT)

can be estimated from the following equations based on the

magnetic structure shown in Figure 15e; = 1 M (12)
kBT 2

1
M=z + cos6
29(ISjTI 1Sl wherepy is the resistance when the gap enhancement caused

by the d spins is absent andis the proportional constant

=39 cosd @) consisting ofl,4 and the response function of theelectron
5 5 _OM system. Using egs 5, 6, 8, 9, and 12, MR is calculated with
S =5sin0=73 SII’I[COS (5—9)] (8) o = 0.11 meV:
5 5 —1(2M
=— =-2 He) — p(0
Sp =~ 5sinf = — Zsinlcos (59)] 9) Ap _ PHe) — p(0) (13)
Po p(0)

Because the magnetization measurement was carried out only

in the field regionHex < 7 T because of experimental and it is shown in Figure 16b. The resistivity gradually
limitations, we assume a linear field dependencevioin decreases with a convex curvature as the field is raised and
the field range fromHse to 15 T, the maximum field is followed by a discontinuous jump Biise that is the result
investigated in the MR measurements, to estimate the valueof the jump ofS;; at Hs, as shown in Figure 16a. Above

of S, on the basis of eqs 8 and 9. The magnetic potential Hsg, the resistivity gradually decreases again. The field
caused bySy and Sy can be decomposed into the spatial dependence of MR is in semiquantitatively good agreement
oscillating component in the direction {/os) and the with that of the observations, proving that the origin of the
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produced as a result of the strong attractive coordination- Appendix
bond-like interaction between the bromine atoms of the anion ] ) o
and the donor molecules. The short contacts contribute to  Mean-Field Calculation of the Magnetization of the
the strong donoranion electronic interaction, whereas the F€Bra~ Salt. When the value of the intrachaim—sm
longer interanion BrBr contact is responsible for a weak interactionJ,,., and the magnetic str_ucture §hown in Figure
interanion interaction on the anion layer. 152_1 are used, the strength of thed interactionJ,4 can pe

In the electronic structure, the short dor@nion contacts estimated. In ”‘9 calculathn, we assume that the SpIns can
work as the path of the interlayer electron transfer in the be rotated .only in a plane |nc[ud|ng the easy axis, and both
FeBr,~ salt, which has the open shell¥estate, resulting in w and d spins have the same in-plane anisotropy energy and

the stabilization of the metallic state down to 20 K, whereas 9 vall_Jes,g - 2,_for simplicity. The mean f'eldflm arEj
the closed shell anion analogue, the GaBsalt, causes a effective magnetic momeiMy, of magnetic sublatticen (=
MI transition at 70 K. In addition, the short doneanion at, mh, i, and d) are represented as follows:

contacts, which enhance the strength ofAkal interaction, s 2J_,
play an essential role in the magnetism of the ReBalt. Hy=—7F "Myt —5 My +Hyis
The FeBj~ salt takes an AF transition d@f = 11 K, which Nag'ug Nag'ug
is much larger than one would expect from the long arion o A
anion distance, accompanied by the anomaly of the resistivity Hy=—75 Myt —5 Mg+ Hys
at this temperature. These findings demonstrate the impor- Nag'1g Nag'tt5
tance of thexr—d interaction. The strength of the—d 23 4
interaction is estimated as22.3 K from the magnetization Ha = —— M + Hanis
curve, which is the largest ever found among the TTF-based NGt
magnetic conductors. 21 4
Below Ty, the periodic potential of the d spins, which is Hg = ——>—Mau  Hanis (A1)

N
caused by the AF arrangement of thelectron spins, affects A9 Hp

the insulatingz electrons, where the periodic potential of whereBg(X), S, andHanisare the Brillouin function, the spin
the d spins stabilizes the magnetic insulating state ofithe
electrons through the strong-d interaction. The stabiliza- H,  [Sn9uglHpl
tion of the insulating state of theelectrons is clearly shown My, = NAWB%WBS(T) (A2)
in both the temperature dependence of the resistivity and "
the MR of the FeBr~ salt. As expected from the stabilization  of sublatticem (S, = ¥, and Sy = /), and the anisotropy
effect of the periodic potential of d spins, the resistivity shows field, respectively. The calculation is carried out umdk,
an additional increase iy, and a large negative MR is  the initial value of which is randomly selected, becomes self-
observed below that temperature. The negative MR is the consistently determined. If the calculated values M
natural consequence of the gap enhancement by the d spinsdepend on the set of initial values because of the existence
When the high field is applied, the periodic potential is of the local minima, we select the state, which has the lowest
weakened by the Zeeman energy of the d spins, resulting inenergyE defined as follows after several trials:
a reduction of the enhanced gap. Molecular field treatment
with the experimental results can explain the negative MR E= —4J,4((M My, + M My) — 4, MM, +
semiquantitatively, in which the role of the—d interaction zgﬂBHeme + ZK” sin? om (A3)
is crucial. ™ m

In conclusion, we emphasize the importance and effective-
ness of the orientation-controlling sites to achieve the strong
m—d interaction. Introducing functional groups such as
halogen atoms makes it easy to shorten dewmion ) o :
distances, resulting in the generation of a strong interaction respectively. Then, the magnetizatibhis defined a =
between conducting and magnetic d electrons, and (EDT- 2m M.
TTFBr,),FeBr provides us an important example. 1C048548K

whereK, and6, are the coefficient of the anisotropy, which
is assumed as uniaxial for simplicity, and the angle between
the easy axis and the magnetization of sublattiog
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