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We report magnetoresistance measurements in (TMTSF)zRe04 which give evidence for a

magnetic-field-induced transition. %e also find Shubnikov-de Haas oscillations above and below

the field-induced transition —a result not explained by recent theories of this novel transition.

PACS numbers: 72.15.6d

The (TMTSF)2X family of organic charge-transfer
salts has many novel properties. At room tempera-
ture, these salts are metals; at low temperature, they
exhibit a diversity of ground states. Depending on the
anion X, the pressure, and the cooling rate, one ob-
serves a superconducting state, an insulating spin-
density-wave (SDW) state, or an anion-order (AO)-
induced charge-density-wave (CDW) state. ' Perhaps
the most remarkable phenomenon found in these ma-

terials is a metal-to-semimetal transition induced by
the orbital effect of an external magnetic field. This
field-induced transition (FIT) was first observed at low

temperatures in the X=PF6 salt2 and later in the
X=C10q salt. At a fixed temperature, an increase
of the magnetic field (along the c" crystal direction)
leads to a threshold field, above which a series of large
changes in the resistivity, 2~ the Hall effect, 5 6 the
magnetization, 7 and the specific heats are observed.
These changes suggest a series of phase transitions in
which the carrier density is successively decreased with

increasing field. The states above the threshold field

(H,„) are magnetic —most likely SDW states. The oc-
currence of this transition is quite surprising since the
electronic band structure shows that there are only

open orbits in the k, -k&. plane and a small dispersion

along k... i.e. , the (TMTSF)2X salts are anisotropic,

two-dimensional, open-orbit metals. 9 Until recently,
there was no explanation for this unique transition;
however, now four theories have been published. to '3

They all show that the Fermi surface (FS) of a two-

dimensional open-orbit metal is unstable against a
SDW transition in the presence of a magnetic field.
The transition is second order and resolts from an in-

creased one-dimensional character of the periodic elec-
tron motion along the open orbit. The metallic, open-
orbit FS becomes a semimetallic, closed FS with elec-
tron and hole pockets above H, i, . The theories differ
in many details, particularly in their interpretation of
the succession of transitions above the threshold field.
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FIG. 1. The magnetoresistance of single-crystal
(TMTSF)zReOq at 300 mK and 10.5 kbar for current along
a-axis and magentic field (0) along c" axis. The threshold
field, 0,&, and other transitions are indicated by arrows. In-
set: H, t, at various temperatures for same sample (dashed
line is guide for eye).

In this Letter, we report the first observation of a
field-induced transition in (TMTSF) 2Re04. Our
results are unexpected for several reasons. First, we
find unambiguous evidence that Shubnikov-de Haas
(SdH) oscillations occur not only above H,„, as previ-
ously observed in (TMTSF)2C104, but also beioiv H,&.

Moreover, the frequency of the SdH oscillation is
unaffected by the threshold field and subsequent tran-
sitions. As we discuss later, these findings are not ap-
parently explained by any of the present theories.
Secondly, our observation of a FIT in the Re04 salt is
indirect evidence for either (1) a previously unob-
served SDW transition in this compound, or (2) the
first example of a field-induced CDW state in the
(TMTSF)2X family. A field-induced CD has been
observed in graphitet~ but the origin of the transition
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must be different since graphite is not an open-orbit
metal.

The electrical resistivity (p) was measured along the
high-conductivity a axis with a four-probe ac tech-
nique. A He cryostat was used in conjunction with a
9-T magnet and a small Cu-Be clamped pressure cell
with isopentane as the pressure medium. The pressure
was determined to within +0.5 kbar from the freezing
temperature of isopentane. The samples were aligned
by eye so that the magnetic field was roughly ( +2')
parallel to the crystallographic c" axis. At ambient
pressure (TMTSF)2Re04 has a metal-insulator transi-
tion at 180 K driven by an ordering of the Re04 anions
which doubles the unit cell in all directions. Above—12 kbar, this AO transition is completely suppressed
and superconductivity is found below T, —1.3 K.'5 In
the pressure region between —9.5 and —11 kbar,
there is a peak in the resistivity near 50 K and super-
conductivity is found below T, —1.5 K. Both the am-
plitude of the resistivity peak and T, depend in a com-
plex manner on the cooling rate. ' In our experi-
ments, we have used a slow cooling rate ( —30 K/h)
below —120 K for all runs at pressures between 10
and 13 kbar.

The magnetoresistance of about ten (TMTSF)2Re04
samples has been measured at various temperatures
and pressures. A typical result at 300 mK and 10.5
kbar is shown in Fig. 1. As the field is increased
( H I I c') the superconductivity ( T, = 1.4 K) is
suppressed and then at higher field a series of "transi-
tions" appear as indicated by the arrows. We call
these the "large" oscillations. The threshold field
(H,„) can easily be seen in Fig. 1 by sighting along the
curve, but it is better determined by taking the deriva-
tive of p(H). By this method we find the dependence
of H,h on temperature as shown in the inset to Fig. l.

At a given temperature, an increase of the pressure in-
creases H,„. For example, the sample in Fig. 1 has H,„
greater than 9 T at 12 kbar pressure. The pressure
dependence of Hih can also be qualitatively seen by
comparison among Figs. 1—3 which show p(H) for dif-
ferent pressures. We observe no magnetic field hys-
teresis in any of these transitions. Except for the hys-
teresis seen4 in the transitions above 7 T in
(TMTSF) 2CI04 the above results are qualitatively
similar to those found in the C104 and PF6 salts. The
threshold field was determined as described above for
all our data (Figs. 1-3, and other runs not included
here). Note that for the C104 salt it has previously
been found that H, h determined from resistivity mea-
surements is in good agreement with that found from
specific-heat studies. a Thus we expect our determina-
tion of Hih by the resistivity to also be accurate for the
Re04 salt.

Our most significant new result is shown in Figs. 2
and 3. Here we see clear evidence for a set of "small"
magnetic oscillations. The index number (X) of the
maxima in these oscillations is plotted against 1/H in
the inset to Fig. 3 and yields a straight line characteris-
tic of the SdH effect with a frequency of 330 + 15 T. It
is clear from Figs. 2 and 3 that the SdH oscillations oc-
cur above and below H,„(indicated by the arrow) and
that the oscillation frequency is unaffected by H,„or
the higher-field transition. The SdH oscillations are
difficult to see when H,h is low (as in Fig. 1 where
they are weakly superimposed on the large oscilla-
tions). However, we see them in most samples when
H,h is increased by temperature or pressure. The am-
plitude of the oscillations (large and small) is depen-
dent on temperature, pressure, and sample quality.
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FIG. 2. The a-axis magnetoresistance of{TMTSF)2Re04
at 300 mK and 11.5 kbar. Shubnikov-de Haas oscillation is
clearly visible above and belo~ H,h.
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FIG. 3. The a-axis magneioresisiance of {TMTSF)2Re04
at 300 mK and 11.0 kbar. Inset: Index number of oscilla-
tion maxima against 1/H. The straight line extrapolates io
N-0 at l/H=0.
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The data in Figs. 2 and 3 are for samples in which

p( T) smoothly decreased from 300 down to 4 K with
no peak below 50 K. W'e take this as evidence that the
ambient-pressure AO transition is essentially sup-
pressed at pressures above —11 kbar in our system.

The SdH oscillation frequency is independent of
temperature and corresponds to a Fermi-surface area
of approximately 4.5% of the Brillouin-zone ab plane.
A nesting of the open-orbit FS with a wave vector
Q=(2kF, 0, 0) would give a semimetallic FS with
small pockets of about this size. 9 A standard analysis"
of the temperature dependence of the amplitude of a
particular SdH oscillation at fixed field gives an esti-
mate of the cyclotron mass (m, ) averaged over the
ab' plane whereas the field dependence at constant
temperature leads to an estimate of the Dingle tem-
perature ( TD). We find m, —(0.35 + 0.05) m, and
TD —1.1 K for the sample used in Fig. 2. We do not
observe either the large or small (SdH) oscillations
when the magnetic field is along the b' axis. This con-
firms the orbital nature of both the threshold-field
transition and the oscillations.

Some significant aspects of our results are in con-
tradiction with the present theories of the field-
induced transition. The basic idea of all the theories is
that an open-orbit FS is energetically unfavorable in
the presence of a magnetic field. A second-order
SDW transition occurs at H,„(T) which leads to a new
FS with electron and hole pockets and a SDW gap in
the regions of the open orbit exactly nested by the
SDW wave vector. The theories differ in their inter-
pretation of the transitions found above H,„. In Refs.
11 and 12, it is suggested that the SDW wave vector is
a function of temperature and field and that a series of
first-order transitions occur in such a way that the elec-
tron and hole pockets change in size to keep the Lan-
dau levels always completely filled. In Ref. 13, the
suggestion is that above H,„ the system is compensat-
ed with electron and hole pockets of equal size but
first-order transitions with a change in carrier density
occur as the electron and hole Landau levels cross the
Fermi energy with increasing field.

Our most puzzling result is the behavior of the SdH
oscillations. They are clearly observed below H, h in

many of our runs on different samples at temperatures
below 1 K (see Figs. 2 and 3). They have no obvious
threshold but grow smoothly out of the magnetoresis-
tance background. Moreover, the frequency of the
SdH oscillations does not change above H,„or abo~e
the higher-field transitions. If the oscillations are a
result of the electron and hole pockets formed at the
threshold field, they should not appear below H, h and
they should change in frequency as the pocket size
changes. In the C104 salt SdH oscillations are ob-
served5'8 with a similar frequency; however, they are
only found at higher temperature ( T ) 5 K) and

higher field (H & 10 T) where it is very difficult to
determine if (or at what H,h) the FIT occurs .They
have been attributed' to the pockets formed by the
FIT in the C104 salt.

In the theory of Chaikin and co-workers'3'9 a quan-
tum oscillation associated with open orbits might be
observable below, but near, H,h. They show that for
b, && ll cu, a magnetic oscillation given by nlico, —eF is

possible, where 2h is the SDW gap and o&,

=kFbeH/m'c, b the lattice constant, c the speed of
light, and kF the Fermi wave vector. Taking m" equal
to our measured cyclotron mass (m, —0.35m, ) and
eF- 2900 K,~ we obtain a SdH frequency of about 320
T, amazingly close to our experimental result. Howev-
er, this open-orbit SdH oscillation should disappear
above H,„at low temperature where the SDW gap is
well established. This is contrary to our results in the
Re04 salt.

The SdH oscillations could result from a new order-
ing of the Re04 anions under pressure. If the anion
ordering doubled the unit cell in only the a direction
[Q = (2kF, 0, 0) or (—', , 0, 0) j then a semimetal with

pockets of about the right size is produced. However,
if this type of AO occurs, it is difficult to understand
how the magnetic field then induces another transition
since the open-orbit metal no longer exists. A signifi-
cant modification of the present theory would be
necessary.

One might imagine that perhaps only a portion of
the sample is ( —,', 0, 0) ordered. In this case one might
then expect to see SdH oscillations from the ( —,', 0, 0)
pockets and a threshold field from the unordered part
of the sample. However, there is no prior experimen-
tal or theoretical evidence for this type of partial order
and we will not consider it further. We also note that a
partial (-,', —,',—,

' ) ordering would not produce SdH os-
cillations but would merely increase the resistance
below the ordering temperature. It has been speculat-
ed that under pressure, the anion ordering doubles the
unit cell only along the b direction. This gives the
same low-temperature ground state as found in the
C104 salt and a FS with two pairs of open-orbit sections
with a small superlattice gap between the orbits within
each pair. The SdH oscillations could arise from mag-
netic breakdown across the superlattice gap; however,
this oscillation should disappear above the FIT ~hen
the FS forms electron-hole pockets.

The observation of a field-induced transition in the
ReO&, C104, and PF6 salts of TMTSF gives credence to
the basic idea of the theory, i.e., that the 20 open-
orbit FS is unstable in the presence of a magnetic field
along c'. However, much of the magnetoresistance
data differs among the three salts and is not clear how,
or whether, to modify the present theory to explain
these differences. For example, the positions of large
oscillations are temperature independent, have no hys-
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teresis in field, and are periodic in I/H in the Re04
and PF& salts; in the C10& salt these oscillations are
temperature dependent, have strong hysteresis, and
are not periodic in I/H. The small, SdH oscillations
have been found in the C104 and Re04 salts but not in
the PFs salt. It is reasonable to believe that SdH oscil-
lations are possible in the PF6 salt but have a small am-
plitude in the magnetic field, temperature, and sample
purity ranges measured to date.

Finally, we note that our observation of a FIT in the
Re04 salt suggests that a SDW state can also occur in
this salt. This should be verified by measurements
that directly probe the magnetism in the field-induced
state. If no magnetism is detected, then we may have
the first example of a field-induced CDW state in the
(TMTSF) 2X salts.

In conclusion, we have observed SdH oscillations
that occur above and below the onset of a field-induced
second-order transition in (TMTSF)2Re04. The fre-
quency of the SdH oscillation is unchanged by the
transition. These results seem to have no clear ex-
planation in the present theory of the field-induced
transition. We pointed out some of the similarities
and differences in the magnetoresistance behavior of
the FIT in the Re04, C104, andPF& salts. Modification
of the theory will be necessary to explain our new
results and to correlate them with existing Hall-effect,
magnetization, and resistivity results in all these ma-
terials.

One of us (R.L.G.) would like to acknowledge
stimulating discussions with Dr. P. M. Chaikin on his

theory of the field-induced transition.
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