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Magnetic-Field-Induced Phase Transition in the Quasi-One-Dimensional Material Tao gFeo zS3
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Fe Mossbauer spectra of Ta08Fe02S3 recorded as a function of applied magnetic field at 4.2 K show

that a reversible phase transitions occurs at H, =15 kOe. Magnetization measurements confirm this ob-

servation. The experimental results are consistent with some form of antiferromagnetic ordering for
H & H„ inferring that charge-density waves and spin-density waves may coexist in this material.

PACS numbers: 72. 15.Nj, 64.70.—p, 76.80.+y

The infiuence of external magnetic fields on charge-
density-wave (CDW) conductors at low temperatures is

an important area of physical research today. Recently
Coleman et al. ,

' Parilla, Hundley, and Zettl, and Ever-
son et al. reported an anomalous magnetoresistance in

monoclinic NbSe3. It appears that the applied magnetic
field modifies the electronic spectrum near the Fermi lev-

el so that the ratio of condensed (CDW) to normal elec-
trons increases. In 1986 Butz et al. studied the two-
dimensional material 2H-TaS2 by means of time-diff'er-

ential perturbed angular correlation; they found evidence
for the coexistence of a charge-density wave and a spin-
density wave (SDW) when a field of 3.5 kOe was applied
at a temperature of 1.5 K. In 1987, Osada et al. inter-
preted the observation of a nonlinearity in the transverse
conductivity of the organic conductor tetramethy-
ltetraselenafulvalinium chlorate, (TMTSF) 2C104, in

terms of a magnetic-field-induced spin-density-wave
phase transition.

Recently we published an account of a Mossbauer
study of the quasi-one-dimensional materials Ta& —„Fe„-
S3 and their associated charge-density-wave phenome-
na. In Tap 95Fep p5S3, two Peierls transitions associated
with the onset of electron condensation were observed at
T i

=215 and T2 = 153 K. These temperatures are
slightly lower than those observed in TaS3, showing that
the presence of iron inhibits but does not prevent the
CDW formation. For higher concentrations of iron Ti
and Tq decrease, with T2 falling below 77 K for
x & 0.30.

In the present work Ta 1
— Fe„S3 samples with

x ~ 0.20 were subjected to the influence of applied mag-
netic fields at temperatures in the liquid-helium regime.
Reversible field-induced phase transitions were observed:
In this Letter we report on the evidence that leads to this
conclusion, and discuss the inference that both CDW's
and SDW's may coexist in the high-field phase.

Tal — Fe S3 samples were synthesized with use of
high-temperature and high-pressure technology: pure
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FIG. 1. The specific magnetization cr of Tal — Fe„S3 as a
function of applied field H at T=1.5 K.

powders of Ta, Fe, and S were heated for 30 min under a
pressure of 3 GPa at T=970 K. X-ray diffractograms
showed that the crystal structure is monoclinic; it is the
same as that of monoclinic TaS3 and similar to that of
NbSe3. Each Ta ion lies at the center of a trigonal prism
of six S ions. Adjacent prisms share triangular faces and
are stacked along the monoclinic b axis, forming lengthy
chains. There are three inequivalent prisms, hereafter re-
ferred to as I, II, and III, which may be distinguished by
their shortest S—S bond length (in the basal plane per-
pendicular to the b axis), viz. 0.2068, 0.2105, and 0.2835
nm, respectively. A low temperature NMR study of the
similar compound, NbSe3, showed that both chains I and
II exhibit the CDW state, whereas chain III is an insula-
tor. Mossbauer measurements indicate that the same is
true in Tai „Fe„S3.

The specific magnetization curves of Tai — Fe„S3 sam-
ples with x =0, 0.05, 0.10, and 0.20, were measured at
T=1.5 K with a conventional magnetoineter (Fig. 1).
At low fields, e.g. , H(10 kOe for TapsFep2S3, cr in-
creased roughly linearly as a function of H, implying
that the sample was in a paramagnetic state. However,
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FIG. 2. Fe Mossbauer spectra of Tap8Fep2S3 at T=4.2 K
for applied magnetic fields 0~H~25 kOe. Full curves are
computer-fitted theoretical spectra, as discussed in the text.
Subpatterns correspond to (i) sites Ip and IIp, (ii) sites Iv and
IIy, and (iii) site III.

for larger fields the rate of change of cr(H) decreased, as
would be consistent with the presence of some form of
antiferromagnetic or ferrimagnetic order. To further in-
vestigate this behavior, Fe Mossbauer spectra of a
polycrystalline sample of Tao sFeo2S3 were recorded at
T=4.2 K in applied fields of up to H =25 kOe (Fig. 2).
In all cases the y-ray beam was directed parallel to the
applied magnetic field. Qualitatively it is clear that at
H=15 kOe the spectral characteristics change: for
H & 15 kOe the spectra comprise a broad pair of lines;
for H & 15 kOe a third, central absorption line appears.

Computer analysis of the spectra was performed with
a full powder average of the subspectra obtained by di-
agonalization of the Hamiltonian representation of the
combined electric and magnetic hyperfine interactions.
A number of restrictions were imposed on the fitting pro-
cess. On the basis of the earlier observations, the rela-
tive probability of an iron atom occupying a type I, II, or
III tantalum site was taken to be 3:3:4. Further, it was
assumed that CDW's were present on chains I and II

only, and that there was an equal probability that any
given Fe + ion in those chains would lie in a region of
electronic excess (the peak of the CDW's, or P branch)
or electronic deficit (the valley of the CDW's, or V
branch). In this way, five subpatterns were fitted to each
Mossbauer spectrum, corresponding to the sites denoted
Ip, Iy, IIp, IIv, and III, respectively.

In addition, the orientation and asymmetry (but not
the magnitude) of the electric quadrupole interactions,
which were found to be ill defined in the experimental
spectra, were constrained to theoretically reasonable
values. The electric-field-gradient tensor was estimated

by means of a simple point-charge model: Ignoring the
contribution of valence electrons, the electric field gra-
dient at a given site was attributed to the charges on the
surrounding ions. Diagonalizing this tensor yields the
electric-field-gradient principal components V„„, V~~,
and V„, and, by definition the asymmetry parameter
q=(V„„—V~~)/V„. With use of the room-temperature
ionic positions of TaS3, and with the assumption that
the ionic charge distribution is analogous to that in

NbSe3, summations performed within a sphere of radius
3.5 nm centered at the reference ion gave the following
estimates: r1-0.7 at sites I and II, and -0.3 at site III:
V„negative in sign and oriented in the basal a-c plane at
site I, and positive in sign and oriented along the mono-
clinic b axis at sites II and III. Although it is unrealistic
to presume that these parameters might correlate exactly
with Ta08Fep 2S3 at 4.2 K, they are preferable to a com-
pletely arbitrary assignment.

The spectra were subjected to one further fitting con-
straint. The isomer shift 8 and quadrupole splitting
4= 2 eg ~ V„~ at the two P-branch sites, Ip and IIp,
were assumed to be equal; similarly, 8 and 5 at the V-

branch sites Iv and II& were taken to be equal. The
resultant least-squares fits are shown in Fig. 2, and the
corresponding hyperfine parameters are given in Table I.
Since the subspectra at the P-branch and V-branch pairs
of sites were found to have very similar profiles, only
three subpatterns are displayed for each spectrum in Fig.
2, although five sites were incorporated in the computer
analysis.

For the low-field spectra, H ~ 15 kOe, good fits were
obtained under the assumption that the material was in a
paramagnetic state, so that the hyperfine field Hhf was
zero at all the sites. However, this condition could not
be retained for the high-field spectra, H & 15 kOe. After
a large number of possibilities had been tested, it was
concluded that the best fits were for a model in which the
Fe ions in chains I and II were antiferromagnetically or-
dered along the monoclinic b axis, while those in chain
III remained paramagnetic. Induced hyperfine fields of
order 5-10 kOe were fitted (Table I), with Hhr being
somewhat larger on chain-I sites than on chain II. A
significant discontinuity in the P- and V-branch quadru-
pole splittings was observed, presumably related to a lat-
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TABLE I. Mossbauer parameters of Ta08Fe02S3 at T=4.2 K as a function of applied field

H (kOe), as discussed in the text: isomer shift relative to a-iron, 8 (mm/s), and quadrupole

splitting, h (mm/s), for the P an-d V-branch sites of chains I and II, and for chain III; and the

hyperfine field Hhf (kOe) on chains I and II.
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tice distortion accompanying the phase transition.
Spectra were recorded after the removal of the applied

field; they showed no change from those recorded before
the field was applied, implying that the phase transition
is reversible. In addition, a second series of experiments
was conducted with Tap 95Fep p5S3 at 4.2 K. The results
were qualitatively similar to those in Tap sFep 2S3, except
that the phase transition occurred for a smaller applied
field, 0,=10 kOe.

In conclusion, it is clear on the basis of our magnetiza-
tion and Mossbauer data that a reversible magnetic-
field-induced phase transition takes place in Tat —,Fe„S3
at low temperatures. For applied fields exceeding a criti-
cal value (H, =15 kOe for TapsFep2S3) a magnetically
ordered state develops. The observations are consistent
with a model in which the Fe ions on the chains which
carry charge-density waves, chains I and II, are antifer-
romagnetically ordered. The presence of a hyperfine
field implicitly infers the presence of spin-density waves.
Therefore, it appears that Ta~ „Fe„S3is another exam-
ple of a material in which CDW's and SDW's may coex-
ist.
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