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Pressure Dependence of the Phase Transitions in
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Evidence for a Longitudinal Lockin at 20 kbar
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%e report the pressure dependence of the three phase transitions in TTF-TCNQ as de-
termined by resistivity measurements. There is only one transition. above 15 kbar, and

we find a 4-kbar regime centered at 20 kbar where the transition temperature peaks (the
distortion temperature T& = 71 K at 20 kbar), and the transition is first order. Vie sug-
gest that there is a commensurate &3 superlattice in this pressure regime resulting
from an increase in charge transfer to 3.

Previous high-pressure conductivity measure-
ments of TTF-TCNQ' s were performed before
structural information on the sequence of three
phase transitions now observed became available,
although some of the first evidence for more than
one transition in this compound came from these
experiments. " In the present work we have fol-
lowed all three transitions in the pressure range
up to 33 kbar by measurements of the stacking-
axis resistivity. Our results are in broad agree-
ment with the previous investigations, although
we have been able to assemble a more detailed
phase diagram.

X-ray and neutron diffraction experiments on
the phase transitions at 53, 49, and 38 K are re-
viewed by Comes. ' EPR, ' C" NMR, ' and isotope-
effect' experiments indicate that the TCNQ stacks
distort at 53 K, and that the lower transitions
are associated with the TTF stacks. The pres-
ence of 4t F scattering has been taken as evidence
for the importance of Coulomb correlations. ' "
These are more important on the TTF stacks, '
since the TTF bandwidth is appreciably smaller
than that of the TCNQ. "

Both normal and N"-substituted crystals were
used, the latter because they have been found

previously to show particularly sharp phase tran-
sitions. ' Standard low-frequency ac resistivity
and high-pressure techniques were employed, "
using He gas as the pressure transmitting medi-
um up to 8 kbar, and either isopentane or a mix-
ture of isopentane and isoamyl alcohol above.
Improvements in the cryogeny made possible
much slower cooling and warming rates which ef-
fectively eliminated thermal lag between sample
and temperature sensor (Cu-Constantan thermo-
couple inside the pressure cell in the range of
the transitions). Samples showed &(peak)/&(300
K) of between 10 and 25, and "unnested" ra, tios"
exceeded 20 at o(peak). Figure 1 shows results

at 1 bar and 4 kbar for a sample with peak ratio
25. The transitions at 52 and 38 K show up as
maxima in —d lnR/dT, and the 49-K transition
is seen most clearly as the temperature at which
the thermal hysteresis recently reported by Ellen-
son e~ a~."begins. We note that at 1 bar below
the 52-K transition the resistivity only begins
to rise again below the 49-K transition, and that,
in contrast, at 4 kbar the resistivity remains al-
most constant until close to the "38-K" transition,
now depressed to 32 K. We conclude that the "49-
K" transition is rapidly suppressed under pres-
sure (helium gas at 4 kbar freezes at 35 K, so
that down to this temperature the sample was
free from strain which affects this transition'~).

The complete pressure-temperature phase dia-
gram is shown in Fig. 2. All data points except
those for the 49-K transition were defined by the
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FIG. 1. Cooling (dashed} and warming (solid) resis-
tivity curves for TTF-TCNQ at 1 bar and at 4 kbar
I

N' -substituted sample, 0-(800 K) normalized to 400
(u em), c(peak)/o(800 K) = 25 at 1 bar]. Data were
recorded continuously on an X-7 recorder.
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FIG. 2. Pressure dependence of the phase transitions
in TTF-TCNQ as defined by maxima in —d 1nR/dT (ex-
cept for 49-K transitiou —see text). Plus signs are data
points from Ref. 8, squares for a normal sample, and
circles, triangles, and inverted triangles for N'5-sub-
stituted samples. Numbers indicate the order of runs
for triangle sample.

maxima in —d 1nR/d&. Above 15 kbar only one
phase transition was observed, and except in the
region around the maximum at 20 kbar, no tem-
perature hysteresis was measured. However,
at 20 kbar the transition was noticeably of first
order, with temperature hysteresis of 1 K. Fig-
ure 3 shows the maxima in -d lnR/dT for the up-
per and lower transitions a,nd 2&/&& [where & is
defined by p = p;„e xp(& /kT) below the transi-
tion, "and &&, the distortion temperature, is de-
fined by the maximum in —d 1nR/dT] plotted as a
function of pressure. Both quantities show peaks
at 20 kbar indicating the first-order character
of the transition in this regime.

'One of the puzzling features of this series of
charge-transfer salts has been the presence of
at least three transitions in TTF-TCNQ whereas
the isostructural selenium analog tetraselenaful-
valene (TSeF)-TCNQ shows only one. " Figure 2

establishes the relationship between these com-
pounds, and we consider that for TTF-TCNQ
above 15 kbar, and TSeF-TCNQ at ambient pres-
sure, the intrinsic transition temperatures of the
two types of stack are sufficiently close that in-
terstack interactions are strong enough to couple
the distortions together.

Two further features of the results we have
shown warrant particular discussion.

(a) The Peak in T, at 20 kbar We consider. —

F1G. 2. Maxima in —d 1nR/dT (the sharpness of the
resistivity jump at a transition), and 2A/T„[A, defined
by p =p~, exp{A,/kT), determined from p(T) below the
transitions as a function of pressure. Symbols are
same as for Fig. 2.

that the sharp peak in T& at 20kbar, and the nar-
row pressure regime around this pressure where
the transition is strongly first order, are evi-
dence for a longitudinal lockjn transition to a 3b
commensurate superlattice, brought about by an
increase in charge transfer from 0.59 to -', elec-
tron at 20 kbar. The temperature dependence of
the 4k F diffuse scattering (0.55b* at room tem-
perature increasing to 59b* at low temperature')
and the anomaly in the longitudinal sound velocity
at the 53-K transition" have previously been in-
terpreted as evidence for a dependence of charge
transfer on lattice parameter"; an increase in
parallel bandwidth for both stacks with a decrease
in b-axis lattice parameter will increase the val-
ue of k at which the two bands cross and hence
0 F. Both estimates, together with the pressure-
dependent b -axis compressibility, "are consis-
tent with —, transfer at 20 kbar.

This proposed longitudinal lockin transition is
similar to transitions seen in the layer com-
pounds, "'"for which a Landau theory has been
developed by McMillan. 'o For the 3b superlattice
proposed, the lockin energy is proportional to &,
where &, the energy gap, is taken as the order
parameter for the distortion. " It is this cubic
term in the Landau free-energy expansion that
makes the lockin transition first order. If 2t F

is not equal to 3b* the lockin energy will be off-
set by an increase in electronic kinetic energy

3
b* —2k F I ~, and the system wi 11 remain meta 1-
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lic, with holes above the gap on one stack and
electrons below it on the other. Alternatively
the degree of charge transfer may adjust to the
commensurate value, "consistent with the strong-
ly insulating behavior below the lockin transition
(Fig. 3). There are two mechanisms for this
change in charge transfer. Firstly, as for the
increase in charge transfer with pressure, a
change in donor and acceptor bandwidths coupled
to a change in lattice parameter can adjust the
value of AF, with an increase in lattice energy-

I 36* —2kFl'. Secondly, if the energy gaps
opened up at m/3b are sufficiently la.rge, there
will be inversion of the donor and acceptor bands

1near kF and transfer of the scab-kF electrons.
This condition is easily satisfied: For the limit
of &k/k ( 1/o) for which the lockin is observed,
the separation of the donor and acceptor bands
at 3b~ is -4 meV, appreciably less than the ob-
served gap (Fig. 3). In either case, the change
in charge transfer should be coupled to changes
in the lattice parameters.

We note that for TSeF-TCNQ, charge transfer
at 1 bar is 0.63,"and we expect a similar lockin
at a lovrer pressure. In practice it is found that
T'd increases rapidly at low pressures, '4 though
no maximum in && was found. We discuss TSeF-
TCNQ further in the following section. The nar-
row range of 2k F for which a lockin is observed
(half-width &k/k & 1%) in TTF-TCNQ contrasts
with the large changes in the superlattice wave
vector seen in the layer compounds towards the
lockin transitions (2/0 for 2H polytypes, "up to 5%

for 1T polytypes"). This reflects the nearly
ideal Fermi-surface nesting in TTF-TCNQ (t~
~ kT„)" and the poorly defined peaks in y, calcu-
lated for the layer compounds. "

(b) Coulomb correlations and charge density-
wave (CDW) formation. —The evidence for, and

the importance of, an on-site Coulomb repulsion
of the same size as or larger than the parallel
bandwidth has been stated by several authors. ' ' "
It is our view that many of the features in Fig. 2

derive from the strongly correlated behavior of
the electrons on the TTF stack. In particular,
the rapid rise in the "38-K" transition from 32
K at 4 kbar to 71 K at 20 kbar can be naturally
explained in terms of a pressure-broadened TTF
stack bandwidth. The effect of electron-electron
repulsion must always be to oppose CDW forma-
tion, which involves bringing the electrons closer
together on average. The competition between
electron-phonon and electron-electron couplings
has yet to be calculated for a one-dimensional

system, and we follow here the mean-field treat-
ment of Chan and Heine. " The criterion for CDW
formation has the form

21'/Mm' (2U V)o 1/y

The electron-phonon matrix element I is propor-
tional to the bandwidth in tight binding, "and in-
creases with pressure. The overall pressure de-
pendence of the left-hand side may be consider-
ably enhanced if the electron-phonon coupling and
electron correlation terms are of similar size,
as is likely on the TTF stacks. This effect, to-
gether with the possibility of a lockin transition,
may explain the similar rapid rise in TSeF-
TCNQ seen at low pressures"; the TSeF stack
is less strongly correlated than TTF at 1 bar, "
and the effects of correlation on Td should disap-
pear at lower pressures.

While the transverse lockin to 4a at 38 K has
been satisfactorily modeled in the Landau free-
energy expansion, "the physical driving force
for this period remains unclear. Coulomb coup-
ling between stacks with distortions at similar
wave vectors will favor a transverse period of
a,"and it is likely that the condensation of the
4k F distortion is important in driving the period
to 4a. The fall in the 49-K transition, where the
transverse period starts to move towards 4a, re-
flects, therefore, the probable disappearance of
the 4k& distortion under pressure as correlation
effects are reduced. (Note that no 4k, reflections
have been seen in TSeF-TCNQ. ") Thus we do
not expect the low-temperature phase to show a
transverse period of 4a above 4 kbar.

We thank W. L. McMillan and J. Friedel for
many useful discussions. We are grateful to J. M.
Fabre, L. Giral, and E. Aharon Shalom for pro-
viding samples. We thank A. Andrieux and
G. Malfait for their skillful technical assistance.
This work was supported in part by the Delega-
tion Generale a la Recherche Scientifique et
Technique, Contract No. 75-7-0820.

& & Permanent address: Cavendish Laboratory, Cam-
bridge, United Kingdom.

~ ~Permanent address: Institute of Physics of the Uni-

versity, P. O. Box 804, Zagreb, Yugoslavia.
C. W. Chu, J. M. E. Harper, T. H. Geballe, and

R. L. Greene, Phys. Rev. Lett. 81, 1491 (1978).
D. Jerome, W. Miiller, and M. %cger, J. Phys.

(Paris), Lett. 85, L77 {1974).
J. R. Cooper, D. Jerome, M. %cger, and S. Etemad,

J. Phys. (Paris), Lett. 86, L219 (1975).

1050



VOLUME 40, NUMBER 1$ PHYSICAL REVIEW LETTERS 10 ApRIL 1978

R. Comes, in Proceedings of the NATO A-SI Summer
School on Chemistry and Physics of 1 DM-etals, edited
by H. J. Keller (Plenum, New York, 1977).

Y. Tomkiewicz, A. R. Taranko, and J. B. Torrance,
Phys. Rev. Lett. 36, 751 (1976), and Phys. Rev. B 15,
1017 {1977).

6E. F. Rybaczewski, L. S. Smith, A. F. Garito, A. J.
Heeger, and B.G. Silbernagel, Phys. Rev. B 14, 2746
(1976).

J. R. Cooper, J. Lukatela, M. Miljak, J. M. Fabre,
and L. Giral, to be published. The isotopic changes in
transition temperatures are less than 1 K. We did not
notice larger differences in transition temperature be-
tween N -substituted and normal samples under pres-
sure.

8V. J. Emery, Phys. Rev. Lett. 87, 107 (1976), and

in Proceedings of the NATO ASI Sum-mer School on

Chemistry and Physics of 1 DMet-als, edited by H. J.
Keller (Plenum, New York, 1977).

J. R. Fletcher and G. A. Toombs, Solid State Com-
mun. 22, 555 (1977).

~OJ. B.Torrance, in Proceedings of the NATO ASI-
Summer School on Chemistry and Physics of 1-D
Met@is, edited by H. J. Keller (Plenum, New York,
1977).

A. J. Berliasky, J. F. Carolan, and L. Weiler, Solid
State Commun. 15, 795 (1974); F. Herman, D. R. Sala-
hub, and R. P. Messmer, Phys. Rev. B 16, . 2458 (1977).

~~R. H. Friend, D. Jerome, J. H. Fabre, L. Giral,
and K. Bechgaard, J. Phys. C 11, 263 (1978).

~D. E. Schafer, F. Wudl, G. A. Thomas, J. P. Fer-
raris, and D. Q. Cowan. , Solid State Commun. 14, 847
{1974).

W. D. Ellenson, S. M. Shapiro, G. Shirane, and A. F.
Garito, Phys. Rev. B 16, . 8244 (1977).

S. Etemad, Phys. Rev. B 13, 2254 (1976).
T. Tiedje, R. R. Haering, M. H. Jericho, W. A. Ro-

ger, and A. Simpson, Solid State Commun. 28, 718
(1977).

VD. Debray, R. Millet, D. Jerome, S. Barihic, J. M.
Fabre, and L. Giral, J. Phys. (Paris) 88, 227 (1977).

C. D. Scruby, P. M. Williams, and G. S. Parry,
Philos. Mag. Bl, 255 (1975); J. A. Wilson, F. J. Di
Salvo, and S. Mahajan, Adv. Phys. 24, 117 (1975).

~D. E. Moncton, J. D. Axe, and F. J. Di Salvo, Phys.
Rev. Lett. 84, 784 (1975), and Phys. Rev. B 16, 801
(1977).

W. L. McMillan, Phys. Rev. B 12, 1187 (1975).
P. A. Lee, T. M. Rice, and P. W. Anderson, Solid

State Commun. 14, 708 (1974).
L. N. Bulaevskii and D. I. Khomskii, to be published.
C. Weyl, E. M. Engler, K. Bechgaard, G. Jehanno,

and S. Etemad, Solid State Commun. 19, 925 (1976).
4J. R. Cooper, D. Jerome, S. Etemad, and E. M. Eng-

ler, Solid State Commun. 22, 257 (1977).
5G. Soda, D. Jerome, M. Weger, J. Alizon, J. Gallice,

H. Robert, J. M. Fabre, and L. Giral, J. Phys. (Paris)
SS, 9S1 (1977).

6B. Ricco, Solid State Commun. 22, 881 (1977); N. J.
Doran, B.Ricco, M. Schreiber, D. Titterington, and
G. Wexler, to be published; H. W. Myron, J. Rath,
and A. J. Freeman, Phys. Rev. B 15, 885 (1977).

S. K. Chan and V. Heine, J. Phys. F 3, 795 (1973).
BS. Barihic, J. Labbe, and J. Friedel, Phys. Rev.

Lett. 25, 919 (1970).
Y. Tomkiewicz, B. Welber, P. E. Seiden, and

R. Schumaker, Solid State Commun. 28, 471 (1977).
P. Bak and V. J. Emery, Phys. Rev. Lett. 86, 978

(1976); A. Bjelis and S. Bari5ic, Phys. Rev. Lett. 87,
1517 (1976).

Mossbauer Spectroscopy of 57Fe Impurities in Technetium
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The Mossbauer effect of a dilute 5~Fe impurity in Tc was measured for the first time.
The isomer shift and the quadrupole splitting at room temperature are —0.02+ 0.01 and
—0.13 + 0.02 mm/s, respectively. Small induced magnetic fields, —4.5 + 1 and —7.5
+ 1 kOe, were found in external magnetic fields of 30 and 45 kOe at 4.2 K. This indicates
that the magnetic character of Fe impurities in Tc lies in the intermediate region be-
tween magnetic and nonmagnetic. The induced field may be attributed to local spin fluc-
tuation.

Mossbauer-effect studies for "Fe as an impur-
ity in transition meta, ls have been done by many
workers. For example, @aim' investigated the
isomer shift of "Fe embedded as a dilute impur-
ity in 32 different metallic host lattices. The

quadrupole splitting observed with the hexagonal
transition meta, ls" gave valuable information on
the electric field gradient (EFG) in these metals.
In addition, the Mossbauer effect is very useful
to study the formation of the local magnetic mo-
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