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The first purely organic BEDT-TTF spinPeierls system;'-(ET).SKECFRSG;, has been confirmed using a
high-frequency electron paramagnetic resonance (EPR) cavity perturbation technique. The material exhibits
the characteristics of a quasi-one-dimensional (1D) Heisenberg antiferromagnetic spin system above 30 K,
but undergoes a second-order transition[gat= 33 K, to a singlet ground state, due to a progressive-spin
lattice dimerization. The spinPeierls state is evidenced by a sharp drop in the spin susceptibility below 24

K for the magnetic field (of order 2.5 T) parallel to each of the three principal axesHilk,, Hllb, andHlIc).

The spin-Peierls distortion based og value shift analysis appears to be predominately along the
crystallographich axis. The singlettriplet gap,A,(0) = 114 *21) K, was determined using a modified

BCS theory. Also, we describe in some detail the millimeter-wave vector network analyzer (MVNA) for
researchers who have interest in precision EPR measurements at magnetic fields and corresponding resonance
frequencies higher than conventional X-band measurements.

1. Introduction the organic donor molecule ET have a variety of crystal packing
morphologies, which dictate the physical properties of the salts.
In f'-(ET),SKCFRSO; the packing morphology is designated
p' because the cation-radical salt forms strongly dimerized, face-
to-face ET molecules with the ET dimers along the stacking
axis displaced from one another. Tfiephase materials are
poorly conducting insulators, at all temperatures, with highly
one-dimensional (1D) energy band structlf@&se ground state

of these 1D systems is a half-filled band and they are insulating
due to large Coulomb repulsion. There are several other
examples off’-(ET)X salts, namelys'-(ET).ICl,, f'-(ET).-
BrICl, and 8'-(ET),AuCl,.”8 All of the '-phase materials are
low-dimensional, localized spin systems, as exhibited by their
BonnerFisher (BFY or quadratic layer Heisenberg antiferro-
magnet (QLAF)® type magnetic susceptibility. Typical tem-
perature-dependent susceptibility data contains a broad maxi-
mum at high temperatures followed by a transition to an
antiferromagnetic ground state at low temperatufes<(30

There has been much interest in the bis(ethylenedithio)-
tetrathiafulvalene (BEDT-TTF or ET) radical cation salts since
the discovery of the (EBReQ, superconductor in 1988This
discovery led to the synthesis of compounds, which adhere to
a (ETyX stoichiometry, allowing for the formation of many
compounds with varying physical, electronic, and magnetic
structure€. Among these saltsy-(ET),CuN(CN)Br has the
highest superconducting transition temperature at ambient
pressurel. = 11.6 K2

Further advancement was achieved when Geiser &t al.
reported ong"'-(ET),SFCH,CF,S0O;, which goes through a
superconducting transition at 5.2 K, in 1996. This report was
interesting due to the use of the completely organic anion
SKCH,CR,SOs~. Further systematic investigation led to the
synthesis of several other organic anions,s&hSO;™,
SKCHFSQ™, SKCRS0;, and subsequently their correspond-
|ngS(ET)2X_ salts® _ _ N _ K).78

mall differences in anion composition lead to large differ- .
ences in the physical properties among the three new organic N 1997, Yoneyama et ak reported the single-crystal
salts. For instancg”’-(ET),SFCH,SOs is semiconducting over magnetic susceptibility and electron paramagnetic resonance
a range of temperature from 4.2 to 300 K, wh#&(ET),SFs- (EPR) data for th@'-(ET).ICl,, andp’-(ET),AuCl; salts. Their
CHFSQ is semiconducting from 100 to 300 K and metallic data show that these two molecular conductors are two-
from 6 to 100 K, and undergoes a metal-to-semiconductor dimensional (2D) layered Heisenberg antiferromagnets which
transition below 10 K. Finally, f'-(ET).SRCFRSO0; shows undergo three-dimensional (3D) antiferromagnetic ordering at
semiconducting behavior above the antiferromagnetic ordering Tn = 22 and 28 K for the IGI" salt and the AuGH™ sal,
transition temperature of around 204 K> respectively.

B'-(ET).SKCF,SG;, like most other 2:1 salts of ET, has layers Other examples of organic antiferromagnetic systems, namely
of donor molecules separated by layers of the anions. Salts ofspin—Peierls systems, are limited to (TTF)M&4(CFs)s (M =
Cu, Au; X = S, Se), MEM(TCNQ), (BCPTTRX (X = PH,
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temperatures for the listed salts range from 2 to 36 K. Also in
1989, Obertelli et al. reported evidence for the first ET-based
spin—Peierls systemg’-(ET),Ag(CN),.16 The transition tem-
perature in the Ag(CN)salt was~7 K.

Herein we present a high-frequency (V-band) EPR study, for
different magnetic field directions, of the fully organic ET-based
materials'-(ET),SKCFRSOs. We demonstrate that this material
is a spin-Peierls system, with a transition temperaturelg#
= 33(%7) K. We show, through the lack of thermal hysteresis,
the second-order nature of the transition. Also, using a BCS-
like theory, we calculate a value for the spin gap(0), of
114#21) K. The singlet ground state forms via dimerization
of the spin chains induced by sptphonon coupling.

2. Experimental Section

Sample Preparation.Crystals of thes'-(ET),SFRCFRSO; salt
were grown by electrocrystallization methods previously de-
scribed® The crystal utilized in this experiment was a shiny,
black, rectangular needle with the dimensions 2.0.4 x 0.4
mme.,

'

: : Figure 1. View of the ET cation layer iff'-(ET).SFsCF.SO; looking
Instrumentation and Design. The EPR data were collected down the long axis of the molecule. The dashed lines indicatsSS

using a millimeter-wave vector network analyzer (MV'\_IA van der Waals contacts less than 3.6 A. The ET molecules are dimerized
manufactured by ABim 52 Rue Lhomond, 75005 Paris, and form 1D chains along theaxis.
France)t” The sample was placed into a cylindrical copper
cavity with silicone grease, halfway between the cavity’'s axis 3. Results and Discussion
and its wall. The cavity has an inner radius of 9.55 cm and a
length of 9.31 cm where the predominant modes excited are Orientation-dependent EPR measurements of organic conduc-
the TEOD (p = 1, 2, ...) modes. A heating coil attaches to the tors can provide information on spin susceptibiligg, andg
bottom of the cavity using one of the mounting screws. The value anisotropy that is related to the crystallographic and
cavity couples to the waveguides through two isolated holes magnetic structuré As previously shown, 8'-(ET).SFCF.-
1.65 mm in diameter. The holes are positioned on the coupling SO; has layers of donor molecules separated by layers of charge
plate by centering them in the cross-sectional area of the compensating anions. The unique feature of Ah¢€ET)SFs-
waveguides while also remaining equidistant from the axis of CRSG0; salt is the strongly dimerized ET molecules within a
the cavity. The coupling plate then attaches to the two stainlessstack. Typically, thg5’-phase ET salts (i.e4'-(ET)ICl, and
steel waveguides, which are rectangular and lead to the vacuum#'-(ET)2AuCl,)” 8 are layered Heisenberg antiferromagnets that
tight windows. These windows allow the electromagnetic experience 3D antiferromagnetic ordering at low temperatures.
radiation through, but maintain a vacuum seal inside the jacket. Contrary tos'-(ET)2ICl,, and'-(ET),AuCly, B'-(ET),SFCF>-
The windows connect to the diode mounting plates by short SO;, has a transition to a spirPeierls nonmagnetic ground state
lengths of more waveguide material. which is seen clearly in the orientation-dependent EPR data.
The Schottky diodes are placed on the mounting plates and Orientation-Dependent EPR SpectraPerforming orienta-
connected to the MVNA through high-frequency coaxial cable. tion-dependent EPR experiments can identify whether a material
The V diodes used in our experiment allowed for frequencies is a 3D antiferrromagnetically ordered system or a nonmagnetic
between 48 and 70 GHz, and the current investigation focusedspin—Peierls system. The susceptibility for a 3D antiferromag-
primarily on the 67.5 GHz resonance. The frequency was held netically ordered system vanishes for only one crystal orienta-
steady by an EIP Model 578B source locking microwave tion, while in the spir-Peierls system the susceptibility
counter, and was controlled by the MVNA program run on a disappears for all three principal crystal orientations. In three
Hewlett-Packard Vectra VL Series 3 computer. The coax from separate experiments a single crystal (the same sample for all
the diodes is connected the vector analyzer which is then three runs) ofs’-(ET).SKECF,SO; was mounted with each of
connected to a HAMEG 30 MHz oscilloscope. A Stanford the three principal axes parallel to the magnetic field, Hlé,
Research Systems (SRS) SR830 DSP lock-in amplifier moni- Hilb, andHIic). Figure 1 shows the packing pattern of the ET
tored the output from the oscilloscope at a frequency of 488.2 donor molecules ing'-(ET),;SKCFRS0:.° The dotted lines
Hz. between molecules indicate intermolecular contacts less than
A 9 T superconducting magnet powered by a Cryomagnetics 3.6 A (i.e., the sum of the sulfur van der Waals radii). Figure
IPS-100 magnet power supply, and a CRS-100 current reversing2 plots the evolution of the EPR line fgf'-(ET),SFCFRSO;
switch provided the magnetic field. To monitor the magnetic along each of the three principle crystallographic axes. The line
field, the voltage across the magnet was measured with awidth, AH, of the EPR resonance, defined as the full width at
Keithley digital multimeter, while the temperature of the probe half-maximum (fwhm), ranges from 0.2, 0.6, and 2.0 mT for
was controlled using a Conductus LTC-20 temperature control- Hllc, Hlla, andHllb, respectively.
ler. EPR Spectra Anaylsis.The EPR spectra displayed in Figure
The lock-in amplifier, digital multimeter, and temperature 2 were collected between 10 and 50 K. Resonance anisotropy
controller levels were recorded using LabView 5.0 on a Power is typical in low-dimensional molecular solids. The movement
Macintosh 7100/66. The final analysis was performed using Igor of the ET resonance iff-(ET),SFKCF,SO; can be seen in Figure
Pro 3.12 from WaveMetrics Inc. on a Dell Optiplex GX1p 2. Because of slight variations in the length of the probe with
running Windows NT. helium level, a DPPH marker was used as a calibration that
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Figure 2. Evolution of the EPR signal as the temperature is raised

from 10 to 50 K. (Spectra are offset for clarity.) DPPH, included for
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K, respectively, where the uncertainties arose from fitting over
slightly different ranges of temperature. The second method
employed the absorption probability function for the singlet
ground staté? This fit, shown in Figure 3, gave values fog,
andTgp of 125.85 and 35.5 K, respectively.

Each EPR spectrum was fit to a Lorentzian line shape. The
ET signals for theHllb andHllc orientations are well separated
from the DPPH line, but for théllla orientation the ET and
DPPH signals overlap. In the latter case the data were fit using
a double Lorentzian line-shape function. From the integrated
signals of Figure 2 for each orientation we obtain the EPR
intensity as a function of temperature (Figure 3). In EPR
experiments the signal intensity is a direct measure of the spin
susceptibility. The abrupt drop in the spin intensity in all three
orientations reflects the transition to a nonmagnetic singlet
ground state, and the opening of a finite energy gap in the
excitation spectrurd® The opening of a spin gap is indicative
of a spin—Peierls transition. The spirPeierls transition is driven
by 1D antiferromagnetic fluctuations that couple to the lattice
through spir-phonon interaction&?

The narrow EPR lines observed in organic conductors are
attributed to the low-dimensionality of the materials, which
reduces the spinorbit coupling. The line widthAH, for /'~
(ET)SKCF,SO; shown in Figure 2 agree with those calculated
from the X-band EPR dafaThe X-band EPR susceptibility
data can be described using the well-known BF model for a
1D antiferromagnetic Heisenberg chain system. Here the data
show the characteristic broad maximum above the transition
temperature indicative of short-range antiferromagnetic coupling
in low-dimensional systems, while the fit yields a magnetic
exchange constanigr, of 257 K. The X-band EPR data also
show a steep drop in intensity for all three orientations below
the spin-Peierls transition temperature.

The response of a spitPeierls system to an external
magnetic field,H, is a monotonically decreasintsp asH is

field calibration, appears as a single resonance upfield from the ET increased. This behavior can be understood in terms of quantum

resonance. Each spectrum was fit to a Lorentzian line shape.

fluctuations, which provide the driving force for the spiReierls
transition!® BecauseH reduces the quantum fluctuations, it

appears as a single absorption line slightly higher fields above reduces the energy available to form the sifeierls phase

the ET signal. The intensity of the EPR line fidia, andHlic
is noticeably greater than fadllb. The differences can be

resulting in a lower value ofsp. Our spin-Peierls transition
temperatureTsp, which is measured near 2.5 T at an operating

explained by examining the crystal structure. Figure 1 shows frequency of 62.58 GHz (V-band), is therefore lower than the
that the ET molecules form dimerized stacks approximately value determined by X-band EPR. In the V-band EPR experi-

along thea axis, while sheets are formed in theplane. Based
on close $-S contacts, there are feimtrastackinteractions
between dimers and numeradagerstackinteractions. When the
crystal is oriented withHIlb, the excited ac magnetic field
currents actually run parallel to the ET stacks (i.e.,dleis).

ment the magnetic field is swept between 2.45 and 2.48 T, while
in the X-band experiment the field is swept between 0.3 and
0.36 T. Using the value ofsp from our fit as the zero-field
point, as well asTsp determined from data collected at 9.25,
67.5, and 82.3 GHz, we have constructed a preliminary phase

Magnetic exchange is minimal along the stacks producing a diagram forf'-(ET),SFCFS0; (inset of Figure 3). Our data

weak EPR signal. In both thella, andHlic orientations thdoc

are consistent with a monotonically decreasing sgirierls

plane is parallel to the ac magnetic field currents. Magnetic transition temperature as the magnetic field is increased. We

exchange is stronger in the plane resulting in a more intense
EPR signal.

note that in the case of a BCS-like transition, the general rule
for the relationship between the critical temperatureHor 0

Spin Susceptibility. Figure 3 shows the temperature depen- and the critical field forT = 0 is approximatelyHc(T=0)/Ts-

dence of the EPR spin intensity gf-(ET),SKCFRSO; for all

(H=0) = kg/us (i.e., the ratio of Bolztmann constant to the Bohr

three orientations. Upon lowering the temperature, the relative Magneton). Hence, based on the low-field X-band EPR data,
spin susceptibility in all three orientations increases slightly from We might expect thati(T=0) would be of order 35 T, and not

50 K to a maximum at 25 K. Below 25 K the spin susceptibility
drops precipitously to zero. The spin intensity Kitc was used

to determine values of the spiPeierls gapA, and transition
temperaturelsp by two independent methods. The first was a
modified BCS spin-gap functidf that employed Arrhenius-
type plots (not shown) of the data fétlic below 25 K. This
yielded the values foA, andTspof 114 21) K and 33 £7)

of orde 5 T as theinset of Figure 3 suggests, and tHe-T
phase diagram proposed must be taken as tentative, pending
further higher field investigations.

We also performed a thermal hysteresis experiment through
the spin-Peierls transition for thédlic orientation. EPR data
were collected from 12 to 20 Knil K increments for both
cooling and warming runs. The lack of thermal hysteresis
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Figure 3. Temperature dependence of the EPR integrated absorption for the resonance line at 67.5 GHz for all three oriklfitatiditis and

Hilc). The inset shows the fit (solid line) belowgp using eq 1.

through the transition signifies a second-order phase transition,
which agrees with spinPeierls theory?

g Value Anisotropy AnalysisThe temperature dependence
of the g value is plotted in Figure 4 from 50 to 18 K for the
Hilc and Hilb orientations and from 50 to 26 K for thdlla
orientation. They values forHlla could only be determined down
to 26 K, at which point the signal could not be resolved due to
the overlap with the DPPH signal. Below 18 K féitic and
Hilb the EPR signal vanishes. Thealue for theHlb orientation
has the most significant change through the transition, increasing
from approximately 2.003 to 2.006. A smaller increase in g is
observed for theHlla direction, and forHlIc the g value may
decrease slightly, but the change fdlic is comparable to the
experimental error (taken as the scatter of the points).

Anisotropic changes ig value, as seen in Figure 4, are a
general characteristic of low-dimensional, Heisenberg-type
systems which develop antiferromagnetic order at low temper-
atures. Here one may expect a significant changg value
along crystallographic directions, which undergo, for instance,
lattice distortions or dimerization. By comparison with previ-
ously reported anisotropigvalue analysis on the spirPeierls
system (TMTTF)PF;,1521we expect that the largest change in
g value, for Hilb below 25 K, identifies theb axis as the
predominate spiPeierls quasi-1D chain axis in the title
material. (The smaller change gnvalue forHIlla may suggest
that thea-axis may also be involved in the distortion, as reported
by Pigos et al., where a weak lattice distortion along toe-(

b) direction is observed in optical measureméstdn other
words, the quasi-1D chains are formed primarily (but perhaps
not exclusively) throughnterstack (i.e., theb axis) ET dimer
interactions rather thaintrastack interactions (i.e., treeaxis).
Yoneyama et al! reported the orientation-dependent EPR and
magnetic susceptibility data for th#-(ET).ICl, and'-(ET).-
AuCl, salts. Their data suggests that the,l@hd the AuCGl
salts undergo 3D antiferromagnetic ordering belbyw= 22

easy axis in the antiferromagnetically ordered;l@hd AuCh
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Figure 4. Temperature dependence of tigevalue for all three
orientations. For tha andc axis parallel to the external magnetic field
the g value is relatively constant, while for tHeaxis parallel to the
external magnetic field thg value increases beloWsp.

salts is the crystallographic axis. Due to differing crystal
and 28 K, respectively. They also point out that the magnetic coordinate systems, tleeaxis in thes'-(ET),ICly, andp'-(ET),-
AuCl, salts corresponds to theaxis in f'-(ET),;SFCFR,SOC:.
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Figure 5. A schematic of the experimental setup, including the Schottky diodes, waveguides, coupling plate, cavity, vacuum jacket, and the
magnet. The dashed line indicates the center of the magnet. A 3D view of the cavity showing the position of the sample at the bottom of the cavity
(upper part). The ac magnetic field/c) distribution within the cavity for the TE011 mode. The external dc magnetic fiédd)(is applied parallel

to the cavity axis so thatlac is perpendicular tdipc (lower part).

Therefore, the quasi-1D ET chain axis is the same for both the the HG is then paired to the appropriate harmonic modulator
3D antiferromagnetically ordered systems and our-spieierls (HM) to allow for detection of the signal. The system is based

system. on two yttrium—iron—garnet (YIG) sources, which are continu-
The 1D structural fluctuations ifi'-(ET),SFCF,SO; along ally tunable from 8 to 18 GHz. Using pairs of Schottky diodes
the 1D ET chains (i.eh axis ) couple to the lattice via spin it is possible to generate frequencies ranging frN(8—18

phonon coupling. BelowTsp the structure of the underlying  GHz), whereN is an integer from 3 to 20, or 8 t8200 GHz?*
magnetic lattice changes producing dimerized chains. The 1D The use of a resonant cavity offers many advantages in the
fluctuations and the chain dimerization associated with the-spin  millimeter frequency range. In the case of particularly small
Peierls state effectively alter sptorbit coupling along thé crystals, the radiation wavelength may be large compared to
axis direction resulting in & value shift as a function of the sample dimensions. Due to the highfactor of the
temperaturé® At present we have no explanation for the sign resonance, small changes in the sample lead to large changes
of the g-shift (which is positive for bottHllb and Hla). This in the electromagnetic field response, also known as the “cavity
suggests an increase above the free elegrealue below the perturbation” techniqué’24
spin—Peierls transition along those directions. (The EPR line  Using the strongly enhanced sensitivity of this method,
width in a spin-Peierls transition is proportional to the square Q-factors ranging from 5000 to 20 000 can be achieved. The
of the g shift, and therefore independent of sigh.An sensitivity is enhanced over a single-pass measurement for
understanding of the details of tigeshift should become clear samples of comparable size by tRefactor, as a multiplier
once a low-temperature structural (X-ray) investigation has been (approximately).’ This is critical for accurate measurements
carried out? when dealing with small single crystal samples, and equally
The MVNA Instrument and Resonant-Cavity-Based Mea- small signals. The resonant cavity utilized in our experiment,
surements. To investigate the magnetic properties described shown in Figure 5, is cylindrical and made of copper. It allows
above, we employed a relatively new technique of nonmodulated for the excitation of many modes; however, the TRQA = 1,
high-frequency resonant perturbation detection. To monitor the 2, ...) modes (Figure 5) are excited with the high@dactors.
signal in a resonant cavity, we use a millimeter-wave vector Using this setup, the dc magnetic field is applied parallel to the
network analyzer (MVNA). The signal contains both the phase end plate of the cavity, allowing a large range of frequencies to
and amplitude of the millimeter-wave radiation transmitted be employed, without the need of a sample holder. The sample
through the resonant cavity. Both the MVNA instrument and is placed halfway between the center of the cavity and the cavity
the resonant cavity design will be briefly discussed below. wall to ensure that it is sitting within the radial ac magnetic
The MVNA operates at high frequencies by using a nonlinear fields associated with the TEPlmodes of the cavity’
device, a Schottky diode, to multiply and then modulate the Deviation from the midpoint greatly reduces the sensitivity of
frequency by integer multiples. The frequency multiplier is also the measurement.
referred to as the harmonic generator (HG) and produces The MVNA system is a versatile setup that allows for
frequencies in the millimeter range. The chosen harmonic of investigation of several high-frequency measurements with little
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modification. In our experiments, we utilize the transmission Energy Sciences, Division of Materials Sciences, under contract
characteristics of the resonant system, but the MVNA can be No. W-31-109-ENG-38. Work at Portland State University was
quickly modified for reflection type experiments, and for supported by NSF Grant No. CHE-9904316 and the Petroleum
investigations at other limited frequencies above 200 GHz (up Research Fund ACS-PRF 34624-AC7.

to ~700 GHz by association with Gunn oscillatot$)The
MVNA provides greater sensitivity and better resolution of 1) Parkin S. S. P Engler. E. M. Schumaker. R, R.- Lagier R L
magnetic transitions tha.n. trad|t|on.al X-band EPR, since hlgher v Y(.;)ch{t,lg.’ g Grééng,gRe.r,LEHys.”R; 32?31333 -50’-'2789'297“3. - Lee,
frequencies excite transitions at higher (more separated) fields." " 3) williams, J. M.; Ferraro, J. R.; Thorn, R. J.; Carlson, K. D.; Geiser,
Evidence for the high sensitivity and resolution of the MVNA  U.; Wang, H. H.; Kini, A. M.; Whangbo, M.-HOrganic Superconductors
instrument is seen in the clarity of ti]ji}(ET)ZSFsCFZSng and (Including Fullerenes): Synthesis, Structure, Properties and Th&wgntice

the DPPH resonances, which range from 0.01 to 0.1 mT. Also, Ha"@)Er}glrﬁWXO&'(.:(I'Bfgsi’sgjb%.g\?ving H. H. Carlson. K. D.: Williams. J.

the style of the probe permits geometric versatility in cavity Mm.; Kwok, W. K.; Vandervoort, K. G.; Thompson, J. E.; Stupka, D. L.;
design, allowing more freedom to access the type of modes aJung, D.; Whangbo, M.-Hinorg. Chem.199Q 29, 2555-2557.

; ; ; ; . P (4) Geiser, U.; Schlueter, J. A.; Wang, H. H.; Kini, A. M.; Williams,
researcher wishes to investigate, with minimal modification. The 3. M. Sche. P. P.- Zakowicz. H. I.: Vanzile, M. L.. Dudek, J. D.: Nixon,

MVNA system is adaptable to many types of experiments, and p_ G ; winter, R. W.; Gard, G. L.; Ren, J.; Whangbo, M.dHAm. Chem.
prompts further investigation as a research aid. Soc.1996 118 9996-9997.

(5) Ward, B. H.; Schlueter, J. A.; Geiser, U.; Wang, H. H.; Morales,
E.; Parakka, J. P.; Thomas, S. Y.; Williams, J. M.; Nixon, P. G.; Winter,
R. W.; Gard, G. L.; Koo, H.-J.; Whangbo, M.-i&hem. Mater200Q 12,
The spin-Peierls transition in3'-(ET),SRCRS0s, a com- 3437351

. . . . 6) Mori, T. Bull. Chem. Soc. Jpri998 71, 2509-2526.
pletely organic BEDT-TTF material, has been confirmed using 8 Emge, T. J.; Wang, H. H.; Lpeung’ap. C. W.: Rust, P. R.; Cook, J.

a high-frequency electron paramagnetic resonance (EPR) cavityD.; Jackson, P. L.; Carlson, K. D.; Williams, J. M.; Whangbo, M.-H.;
perturbation technique. The material exhibits the characteristics\s/ggtgggg 'ib'é-?e%%*li%ezﬂ J. E.; Azevedo, L. J.; Ferraro, JJRAm. Chem.
of a guasi-one-dimensional (1D) Heisenberg antlferromagngjuc (8) Emge, T. J.; Wang, H. H.; Bowman, M. K ; Pipan, C. M.; Carlson,
spin system above 30 K, but undergoes a second-order transitionk. D.; Beno, M. A.; Hall, L. N.; Anderson, B. A.; Williams, J. M.; Whangbo,
at Tsp = 33 K, to a singlet ground state, due to a progressive M.-H. J. Am. Chem. Sod.987 109, 2016-2022.

spin—lattice dimerization. The lack of thermal hysteresis through (fc;))) Eﬁg;erMJ'Ecj; E'ﬁ;‘serbﬂéfrggh ng'?cl)ge?f 1103?_?‘;2_658'

the transition signifies a second-order phase transition, which  (11) yoneyama, N.; Miyazaki, A.; Enoki, T.; Saito, Synth. Met1997,
agrees with spirPeierls theory. The spirPeierls state is 86, 2029-2030.

cvidenced by a sharp drop in the spin suscepibilty below 4. (12 e | ey 3 a1 4 erne v Kasper
K for the magnetic field parallel to each of the three principal 3535 3051

axes (i.e.Hlla, Hilb, andHlIc). The singlet-triplet gap,A4(0) (13) Bray, J. W.; Interrante, L. V.; Jacobs, I. S.; Bonner, J. C. The spin-
= 114 (£21) K, was determined using a modified BCS theory. Peierls Transition. liExtended Linear Chain Compoundailler, J. S., Ed.;
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