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where d lnR/dT ' is diminished by about a, factor
of 2. Deviations found at low frequencies are
probably caused by film inhomogeneity and those
at high frequency by pinning forces. The resis-
tapce at TKT varies with frequency as co, with
e =0.9, and is smaller than the prediction of the
dynamical theory': 8 =2m'&I ~E '. This dis-
crepancy between the theory and experiment is
perhaps due to pinning effects, which were not
taken into account in the theory. Apart from the
deviations noted above, our results generally
confirm the fundamental physical ideas of Koster-
litz and Thouless.

The authors thank D. S. Fisher for stimulating
discussions, and R. P. Minnich and A. L. Bul-
lock for technical assistance.
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New magnetization data on the spin-Peierls system tetrathiafuivalene-Cus4C4(CF3) 4

for h 155 kOe and T~1.5 K provide evidence for a new phase above h-115 kOe. Con-
siderable hysteresis in the field-induced transitions is observed for 1' ~~5.5 K. These
results are discussed in the light of current theoretical ideas.

We report the first observation of a new phase
in the spin-Peierls (SP) system tetrathiafulvalene-
bis -cis -(1,2-perfluor omethyle thylene-1, 2-dithio-
lato)-copper [(TTF)-CuS4C~(CF, ), or further ab-
breviated as TTF-BDT(Cu)] at high magnetic
fields and low temperatures. The SP transition
is a progressive spin-lattice dimerization in an
assembly of quasi one-dimensional (1D) Heisen-
berg antiferromagnetic (AFM) chains coupled to

a 3D phonon field. ' For the class of insulating
compounds (TTF)-MS~C,(CF,)4 [denoted as TTF-
BDT(M) the zero-field transition occurs at about
11.5-12 K for M=Cu and at 2.1 K for M =Au.
More recently SP behavior has been established
in (TTF)-CuSe, C~(CF, )4 [T,=6 K] (Ref. 2) and
methylethylmorphoiinium-(tetracyanoquinodime-
thanide), [(MEM)(TCNQ)s] [T,= 18 K],' and per
haps in the alkali TCNQ's. ' In the TTF-BDT(M)
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systems, experimental measurements of suscep-
tibility, EPR, NMR, specific heat, and lattice
dimerization are in good agreement with a sim-
ple mean-field theory based on work of Pytte. '
A recent x-ray study has been made of specific
molecular displacements. ' The crucial role of a
preexisting soft phonon' from 200-300 K down to
T, in these transitions was also elucidated. '

SP transitions are rare: They do not occur in
the majority of quasi 1D AFM's. It is thus of
considerable interest to study the behavior of SP
systems in a magnetic field. Note that the SP
transition can be mapped onto the regular Peierls
transition, ""in which case magnetic field mays
onto chemical potential. Recently, neutron scat-
tering and magnetization data showed" a depres-
sion of T,(H) in reasonable agreement with theo-
retical predictions, ""strongly supporting the SP
character of the TTF-BDT(Cu) system. We have
noted" that, in contrast, for a quasi 1D AFM an
initial increase in TN for IJ)0 is observed. "

We present new magnetization data on TTF-
BDT(Cu) which reveal new and important results

for the SP system. The measurements were car-
ried out at the Service National des Champs In-
tenses, Centre National de la Recherche Scien-
tifique, using the same equipment as before" but
with greater precision and greater detail. The
powder sample (0.43 g) was newly prepared and
was larger by a factor of 2. The absolute value
of the magnetization results is in close agree-
ment (-10%)with our lower-field data. ' (The
measurements of magnetization in Ref. 11 were
both less precise and rather low, possibly from
an inadvertent dilution during a prior experi-
ment. ) The relative uncertainty of the measure-
ment was improved to + 5 emu/mole. Isotherms
were taken up to 155 kOe at the following temper-
atures: 1.5, 4.2, 5.2, 6, 7, 8, 10, 12, and 24 K.
Isofield curves were measured from either 1.5
or 4.2 K up to about 17 K for the following fieMs:
20, 40, 60, 75, 85, 90, 97.5, 105, 110, 115, 1259
134, 136, 140, 144, 148, and 155 kOe.

An overview of the data is given in Fig. 1 and
the lowest-temperature results are shown in Fig.
2. The features of major interest are the evi-
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F|G. 1. Composite ~, H, T plot of high-field magnetization data. The crosses are isotherm inflection points, the
solid circles are isofield "knees" (example in inset), and the open circles represent the onset of hysteresis.
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dence for the existence of a new phase at high
fields and the substantial low-temperature hyster-
esis. In Fig. 1 the interpolated isotherms are
shown as heavier lines and the quasiorthogonal
isofield curves as lighter lines. Starting from
high temperatures and low fields, the "knees" of
the isofield curves (shown by solid circles) re-
veal the (initially quadratic) decrease of the SP
transition. " Moreover, the "knees" persist up
to the highest fields (see the inset of Fig. 1). The
crosses, which mark the inflection points of the
isotherms, form a locus which separates the re-
gion where M(T =0)~ 0 from the region where
M(T =0)&0. These features, a consequence of
the improved precision, strongly suggest the exis-
tence of one or more new phases in (H, T) space.
In the inset of Fig. 2 the magnitude of the low-
temperature hysteresis is given. It is seen to de-
crease in a well-characterized manner and to
vanish at about 5.5 K. The phase transitions for
T &5.5 K are thus of first order as suspected
earlier, ""while at higher temperature (up to
about 9 K) it appears, but is not proven, that
they are of second order. Below T=5.5 K, the
averages of rising- and failing-field-magnetiza-
tion measurements are shown in Fig. 1. By ex-
trapolation we arrive at an estimated T =0 iso-
therm. Its low-field susceptibility should be neg-
ligibly small; the small finite value may arise
from an inadequate holder correction and/or pos-
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sible "impurity" contributions. ' The lines of sol-
id circles and crosses are a guide to the eye sug-
gesting an approximate H-T phase diagram for
this system.

The isotherm at 1.5 K (Fig. 1) has peculiar fea-
tures. From the isotropic EPR g factors (b,g
~ 0.015), one would expect a first-order transi-
tion for this powder to exhibit a steep rise of
magnetization with increasing field by analogy
with familiar metamagnetic transitions in single
crystals. Our transition curve is sheared in
field and curved so that it extends over at least
50 kOe, as demonstrated by the persistence of
hysteresis over this region. Random impurities
are unlikely to cause significant hysteresis in this
essentially homogeneous compound, but the role
of strain is much less certain due to the powder
nature of the sample and the large structural
phase transition at - 230 K. The intrinsic isot-
ropy of g and X) should distinguish this system
from those in which precise crystalline orienta-
tion is required for a refined study of the H-T
phase behavior.

A clearer view of the H-T phase behavior is
presented in Fig. 3, along with boundaries corre-
sponding to some models presented below. Inflec-
tion points (crosses) from isotherms are retained
as boundary criteria, along with knees (solid cir-
cles) from isofield curves. Two of the latter
(8.6 and 8.8 K) are shown open and appear to be
less sharp. The boundary of the region desig-
nated I agrees within experimental error with
our earlier data. " The point 8 at 5.5 K marks
the end of the hysteretic transitions as noted
above. In its simplest outlines (Figs. 1 and 3),
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FIG. 2. Magnetization vs field at 1.5 K. Inset shows
width of hysteresis "loop" vs temperature.
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FIG. 3. SP H-T phase diagram. The boundary sep-
arating phases I and II and lying between points B and
M may possibly be described by the dashed lines or by
the solid ones. The region U corresponds to uniform
chain behavior.
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the present approximate phase diagram for this
SP system draws attention to a variety of sugges-
tions for its phase behavior and will undoubtedly
stimulate further experiments. In what follows
we focus on possible models for the phase transi-
tions, for the new phase region(s), and for the
special (multicritical) points of the phase dia-
gram.

The simplest possibility can be immediately
discarded, viz. , an elastic distortive transition
not involving spin-phonon coup1.ing. Its transition
temperature would not appreciably depend upon
magnetic field, in contradiction to experiment.

The behavior of the transition in a field may be
analyzed in terms of a pseudofermion representa-
tion of the Hamiltonian. "' In zero field, the SP
system can be mapped to a half-filled pseudofer-
mion band system, where the dimerization wave
vector q = 2kF =m/a (a -=intrachain spacing, k F
= Fermi wave vector). As the magnetic field in-
creases, kp steadily decreases toward zero.
This continuous tuning of kF is a unique feature
of the SP system in a field. Initially, although
2kF is decreasing, q sticks at m/a on account of
umklapp effects. Umklapp scattering produces
a commensurability energy, which is the finite
amount of energy required for q to switch to a
new commensurate (or incommensurate) value.

For TTF-BDT(Cu), the experimental results"
indicate that q remains fixed at r/a for H ( 120
kOe. For H & 120 kOe, a variety of possibilities
exists:

(l) The pinning energy of the preexisting soft
phonon at the dimerization wave vector is so
large that the system can exist only in a dimer-
ized (SP) or a uniform phase. An XY-model cal-
culation" displays a tricritical point where the
SP phase boundary changes from second to first
order at low temperatures. Our new magnetiza-
tion data show definitively that this commensu-
rate-uniform transition is not the correct picture
for TTF-BDT(Cu). For the remaining models,
the soft phonon can clamp the system at the di-
merization wave vector only for a limited range
of H.

(2) If the hysteresis is not due to powder-strain
effects, the high-field portion of the phase dia-
gram may correspond to a realization of the "dev-
il's staircase". ' As the field increases above
-120 kOe, a sequence of higher-order commen-
surate phases of very small width in H, or in
commensurability energy, arises. Each step in-
volves a small increase in magnetization from
one commensurate phase to the next; i.e., a first-

order transition. The steps are presumably too
small to be resol.ved at our lowest temperature.
The unusual spread in field of the hysteresis loop
may be a feature of such a multiplicity of unre-
solved first-order transitions. A problem for the
devil' s-staircase picture comes from a mean-
field calculation" of the commensurability ener-
gy associated with a commensurate phase of or-
der m (dimer phase corresponds to m =2) in the
regular Peierls system. The commensurability
energy decreases as (&/EF)", where L and ZF are
the gap and Fermi energies, respectively, which
implies that the energy difference between a com-
mensurate (C) and an incommensurate (IC) state
is insignificant for higher m and will not lead to
observable staircase behavior (for T & 0),

(3) The final possibility, which has already re-
ceived a preliminary discussion, ~ is a transi-
tion to an incommensurate phase. This could
arise through the nucleation of solitons, smaQ
incommensurate regions in an otherwise commen-
surate lattice. A first-order transition results
from attractive soliton interactions; otherwise
the transition is second order {continuous). Horo-
vitz" has shown that the dimerized-to-incommen-
surate transition in regular Peierls systems is
first order because the Fock term leads to at-
tractive soliton interactions. No Pock term oc-
curs in the spinless pseudofermion SP model,
and therefore the appearance of a first-order
transition would depend on higher-order terms
or perhaps on strain-induced interactions. "

There may be a problem, however, reconciling
a simple C-IC transition with the data including
the higher temperature range. As discussed al-
ready the hysteresis marking the first-order tran-
sition is found experimentally to disappear at
-5.5 K (Fig. 2, inset), whereas the data suggest
that a multicritical point occurs at - 9 K. The im-
plication (not proven) is that 5.5 K may be a spe-
cial point where the phase boundary changes from
first to second order, terminating at the multi-
critical point, M. This situation is shown by
dashed lines in Fig. 3. It is anomalous from the
viewpoint of conventional magnetic phase dia-
grams, since three second-order lines then meet
at 9 K in a two-parameter space. One alternative
is that the 5.5-K point is a bicritical pointB from
which two second-order (solid) lines emanate.
Another is more exotic: A narrow intermediate
phase may occur between 5.5 K and the multicriti-
cal point I at 9 K. & remains a bicritical point
and M becomes a tetracritical point. A further
intriguing possibility is that M may be a Lifshitz
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point"" (and 8 a tricritical point) such that the
I/II phase boundary marks a transition between a
dimerized and an incommensurate phase. " Our
SP systems should certainly be investigated in
the light of these possible models.

Finally, we note that the saturation field for
the AFM Heisenberg uniform linear chain corre-
sponding to TTF-BDT(Cu) is 1140 kOe. The SP
phase diagram could extend to this field but may
be limited to fields of order of the gap energy
(- 220 kOe). It will depend sensitivel. y on the in-
terchain-coupling strengths whether the ordered
phase at high fields remains magnetoelastic or
becomes antif erromagnetic. The phonon field
character is also crucial for determining how the
distortion wave vector q will change, the softer
phonons favoring distortion.
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