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Magnetic-Field-Dependent Energy Levels in a Highly Anisotropic Electronic Material
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We report the direct observation of magnetic-field-dependent energy levels in an anisotropic two-
dimensional electron gas. The experiment was carried out by far-infrared-reflectivity measurements on a
well studied member of the Bechgaard salts, (TMTSF)2C104, at low temperatures. We find two distinct
bands above a threshold field and a number of unusual features which we interpret in terms of the un-
derlying quantized field-induced spin-density-wave subphases. We also observe in the optical data de-
tails associated with anomalies in this material in high magnetic fields.

PACS numbers: 74.70.Kn, 73.20.Dx, 75.30.Fv

For the case of a quasi-one-dimensional (highly aniso-
tropic) electron gas it has been shown theoretically [I]
that, in the presence of a magnetic field, the system is un-

stable against the formation of an anisotropic two-
dimensional electron gas (A2DEG). The theoretical en-

ergy spectrum for the A2DEG has been recently deter-
mined [2] and several distinct features are introduced by
the anisotropy: (1) There is a spin-density-wave (SDW)
gap at the Fermi level, and a spectrum of Landau bands,
both above and below the SDW gap; (2) the quantized
SDW nesting vector (with quantum number N) is
magnetic-field dependent, and both the SDW gap and the
Landau band scheme change at each new value of N,
with the most dramatic change occurring at the N =1 to
N =0 transition where many gaps vanish.

The Bechgaard salts, and in particular (TMTSF)zCI04
and (TMTSF) 2PF6, are physical representations of
quasi-one-dimensional electronic materials [3,4]. At a
threshold magnetic field Hip applied along the least con-
ducting direction c*, these materials exhibit quantized
SDW behavior [3] and an integer quantum Hall behavior
in the a b* plane [5,6].-Specific-heat measurements on
(TMTSF)&C104 have given thermodynamic evidence for
the main SDW gap, but deviations from a siinple weak-
coupling picture arise [7]. In (TMTSF)2C104, a number
of anomalies become apparent in transport [8,9], magne-
tization [10], specific-heat [11], and thermopower [12]
measurements. The two main anomalies are the Shub-
nikov-de Haas- (SdH-) hke rapid oscillations which
coexist with the SDW phases, and the reentrance from a
SDW to a metallic phase at high fields. We note that
many of the unusual features of this material are highly
dependent on the ordering of the tetrahedral anions at the
24-K transition. The high-field behavior recently has
been the subject of controversy and considerable theoreti-
cal attention [13-151.

We have undertaken far-infrared- (FIR-) reAectivity
measurements [16] on (TMTSF)&C104 to directly deter-

mine the magnetic-field-dependent energy spectrum of
the A2DEG and to explore optically the very-high-
magnetic-field anomalies. A parquet of a dozen single
crystals of (TMTSF)zC104 were arranged with their c
axes parallel to the applied magnetic field. Transport
leads were attached to one sample placed outside the
range of the light, which was unpolarized in this investi-
gation. ReAectance measurements were made with a
chopped FIR laser (approximately twenty diA'erent laser
energies in the range 1-20 meV were used) and a light
pipe which ended in a cone with a 1-mm-diam hole 2 mm
above the parquet. Incident and reAected radiation sig-
nals were detected bolometrically with thin slices from a
single Allen-Bradley resistor. Phase-sensitive detection at
a chopper frequency near 30 Hz was used, and the ratio
of the reAected and incident signals was recorded as a
function of magnetic field for fixed temperature and pho-
ton energy. The samples were slow cooled through the
anion ordering transition at 24 K, and several magnet and
cryogenic arrangements were employed in the measure-
ments.

The main results of this work are summarized in Figs.
1 and 2. The normalized reflectivity change hR/Rp
versus magnetic field and photon energy for five field
sweeps at a temperature of 1.2-K run is shown in Fig. 1

and in Fig. 2 we have plotted energy- and magnetic-
field-dependent structure in AR/Rp. Our measurements
address three different ranges in the phase diagram
(determined from previous experiments [7-121) indicated
in Fig. 2.

(a) The vicinity of the threshold field and multiple sub-
phase region is shown in Fig. 1. Here several features are
immediately evident. First, there is a pronounced change
in the base line of hR/Rp above the threshold field Htq,
the sign of which is energy dependent. The resonant
character of this feature is evident in the inset of Fig. 1

where the fractional change in reAectivity at the metal-
to-SDW phase transition is shown. Second, there are
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near 1.5 meV (=17 K). In the usual BCS mean-field
treatment, where 2A/ks T =3.5, the N =0 SDW gap
2hsow is 16 K [see Fig. 2(a)]. In light of previous work
on quench-induced SDW (TMTSF)iCI04 and the close
correspondence of mean-field and optical energies, this
eff'ect seems highly correlated with the opening of the
SDW gapped states above Hth.

Unlike the broad variations in background signal dis-
cussed above, the energy- and field-dependent features in

the data summarized in Fig. 2 give a clearer account of
the underlying gap spectrum. The density of states in the
field-induced SDW states change at each subphase, hence
some of the changes in reflectivity observed arise from
passage from one SDW gap to another, and should corre-
spond to the positions of the SDW phase boundaries and
be independent of energy. However, much of the struc-
ture we observe is energy dependent in magnetic field.
We attribute the energy-dependent structure which in

Fig. 2 is most apparent between Hth and the N =0 state
as evidence for excitations across the SDW gap, as well
as intraband transitions between the theoretically predict-
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FIG. 3. Rapid-oscillation signals (magnetoresistance and
retlectivity) in a highly ordered sample. Arrows indicate field of
reentrance from magnetoresistance signal. (a) Over a small
range of field at 2. 17 meV. (b) Over a larger range of field at
2.42 meV where both CR and the oscillations are evident.
(c),(d) Energy- and temperature-dependent investigation of the
reentrant regime. Vertical axis units are arbitrary.

ed Landau bands. Between the N=1 and N=0 phases,
the most dramatic change (reduction) in the predicted
band structure takes place, an effect which is also ap-
parent in the data in Fig. 2.

In an attempt to begin unraveling the details of the
spectrum, we have labeled the two prominent cyclotron-
resonant features CR1 and CR2, which by simple
analysis yield effective masses of m*/m = 1.0 (CR1) and
m*/m =0.6 (CR2), where m is the free electron mass.
CR2 in particular has a large linewidth which increases
with magnetic field, as expected for an increasing Landau
band width with magnetic field. CR1 is the lowest-

energy line observed in our data, and is very close to the
gap edge expected from the mean-field SDW gap value in

Fig. 2. CR1 may indeed represent the excitation across
the SDW gap.

CR2 might also involve states above the gap, but it
could have an entirely difterent origin. In Fig. 3 we show
the rapid oscillations both in the transport and in the
reflectivity, where in one case the field range is sufticient
to see CR2 at a field below the oscillations. We note that
for a 2DEG, Ando [21], first showed that SdH oscilla-
tions should be superimposed on the cyclotron-resonance
signal, an effect which has been seen experimentally [16].
Other than a striking similarity between Fig. 3(b) and
the Ando picture, we cannot with certainty make the as-
sociation between CR2 and the rapid oscillations. Addi-
tional evidence lies in the consideration of the rapid-
oscillation frequency of 255 T [9] under the assumption
of a circular k-space orbit. The period A(1/B) of SdH
oscillations is related to the eA'ective mass and Fermi ve-

locity vF by the relation A(1/H) =2eh/m* vF. The Fer-
mi velocity is approximated [22] to be 2&&10 m/s which
gives a rapid-oscillation effective mass of m*/m =0.5, in

very close agreement with the corresponding mass for
CR2. In order to unambiguously assign one of the CR
lines with the rapid-oscillation phenomena, a cyclotron-
resonance measurement is needed below Hth where the
SDW phases cease to exist but the rapid osci11ations are
observed. Although the metallic state, the low energy,
and the anisotropy complicate the measurement, it should
be possible.

We close our discussion of the results by considering
the reentrant transition above the N=0 state. Here, at
least at temperatures above 2 K, the material returns to a
metallic state. At low temperatures, there is mounting
evidence that the state is gapped. Our high-temperature
data show a sharp drop in hR/Rc at the transition, which
may represent the return of metallic behavior observed
below Hth, our 1ow-temperature data show a dip followed
by a much less dramatic change: This may represent a
transition from the % =0 state to another gapped state at
higher fields, with an intervening metallic phase at the
transition. This interpretation is consistent with both
specific-heat [11] and thermopower [12] measurements
above the reentrant phase line.

In summary, we have used far-infrared-reflectivity
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measurements to determine the energy spectrum of an
anisotropic electronic material in high magnetic fields.
This is the first such determination of the magnetic-field-
induced energy levels in an organic conductor. Our re-
sults fit well with the theoretical expectations of a field-
induced spin-density-wave gap at the Fermi level and
with a hierarchy of Landau bands. We argue that the
two main resonant lines CRI and CR2 are associated
with the SDW gap and rapid-oscillation phenomena, re-
spectively. Further, detailed interferometry work in high
magnetic fields will be necessary to unravel the details of
the energy spectrum of the A2DEG system. Finally, we
have explored the reentrant phase line and find consisten-
cy between optical and thermodynamic measurements.
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