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Substitutional disorder and anion ordering transition
in the „TMTSF …2„ReO4…12x„ClO4…x solid solution

V. Ilakovac,* S. Ravy, K. Boubekeur,† C. Lenoir, P. Batail,† and J. P. Pouget
Laboratoire de Physique des Solides (CNRS URA 02), Universite´ Paris Sud, 91405 Orsay, France

~Received 21 April 1997!

We present an x-ray diffuse scattering study of the anion ordering~AO! transition in the
~TMTSF!2~ReO4!12x(ClO4)x solid solution of quasi-one-dimensional organic conductors and superconductors.
As ~TMTSF!2ReO4 and ~TMTSF!2ClO4 present AO instabilities at different critical wave vectors

@q15( 1
2 , 1

2 , 1
2 ) andq25(0,1

2 ,0), respectively# this solid solution allows for the study of the influence of com-
peting interactions on a structural transition. The order parameter of this transition can be characterized by an
Ising variable representing the two possible orientations of the ReO4

2 or ClO4
2 anion in cavities delimited by

organic TMTSF molecules. Furthermore, the random substitution of the anions shows that these interactions
are randomly distributed. The phase diagram of the AO transition has been determined as a function ofx. At
low temperatures (T) a q1 long-range order~LRO! occurs forx<0.5 and aq2 LRO occurs for 1<x<0.97,
while a short-range order~SRO! appears in the intermediate concentration range. For 0.7,x,0.94 one ob-
serves coexistence ofq1 andq2 SRO. The basic features of the (T,x) phase diagram can be accounted for by
a mean-field treatment of the Ising model with random interactions. This model, however, fails to reproduce all
the details of the phase diagram, such as thex dependence of the critical wave vector. Finally, we discuss the
implications of this structural phase diagram on the electronic properties of the solid solution.
@S0163-1829~97!02041-9#
o

e
n
rs

ct

is
re
n

e
io

s
ta
ic

e

t
t
d

em
s
in

ctor
s

r

ion

nsi-

s,
alts

ta-

tro-

n,
ol-
e-
I. INTRODUCTION

For more than 15 years, the 2:1 cation radical salts
TMTSF ~tetramethyl-tetraselenafulvalenium! and TMTTF
~tetramethyl-tetrathiafulvalenium! organic molecules have
attracted the attention of physicists and chemists becaus
the rich phase diagram associated with their quasi-o
dimensional~1D! electronic properties. They are conducto
at room temperature. Some of them become supercondu
at low temperatures~especially under pressure!, but, because
of their low electronic dimensionality, the metallic state
generally unstable at low temperatures and atmospheric p
sure with respect to different kinds of nonconducting grou
states.1,2

@TMTS~T!F#2X salts crystallize in the triclinic spac
group P1̄. One center of inversion is placed on each an
site, so thatcentrosymmetricanions~X5PF6

2, AsF6
2, SbF6

2,
Br2, etc.! have an unique position in the structure. In the
salts, the instability of the metallic state is due to the ins
bility of the 1D electronic system located on the organ
stacks~directed along thea direction!. Several kinds of in-
stabilities leading to spin-density-wave3 ~SDW! and
spin-peierls4 ~SP! ground states or to superconductivity5 are
observed in salts with centrosymmetric anions. Becaus
their lack of inversion symmetry,noncentrosymmetricanions
~X5ReO4

2, ClO4
2, BF4

2, NO3
2, SCN2, etc.! can take at leas

two equivalent positions in theP1̄ structure. They can poin
toward the Se~S! atom of one of the two symmetry relate
neighboring TMTS~T!F organic molecule@Fig. 1~a!#. At
room temperature, these anions are disordered. At low t
perature they order6 in such a way that neighboring anion
align or alternate their orientation. For example,
~TMTSF!2ReO4, the orientation of the ReO4

2 alternates in
560163-1829/97/56~21!/13878~10!/$10.00
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the three crystallographic directions belowTAO5176 K.7

This order is thus characterized by the reduced wave ve
q15(1/2,1/2,1/2). In~TMTSF!2ClO4, at a temperature a
low asTAO524 K, the orientation of the ClO4

2 alternates in
theb direction and is uniform in thea andc directions. This
order is thus characterized by the reduced wave vectoq2
5(0,1/2,0).8 The alternate order of anions instackdirection
@for example in~TMTSF!2ReO4#, occurs at the 2kF critical
wave vector of the charge-density-wave~CDW! response of
the 1D electronic system. Thus the coupling of the an
ordering~AO! with the 2kF CDW electronic instability en-
sures that the AO transition leads to a metal-insulator tra
tion with a gap opening associated to a 2kF Peierls-like stack
distortion.7,9 Thus, in salts with noncentrosymmetric anion
the AO ground state competes with those observed in s
with centrosymmetric anions.

Because of their low electronic dimensionality the ins
bilities and the phase diagram of the@TMTS~T!F#2X salts
are sizeably affected by the substituants, which can be in

FIG. 1. ~a! The two possible orientations of a tetrahedral anio
represented by an arrow, between two neighboring TMTSF m
ecules and~b! the double well representation of the potential exp
rienced by this anion from its surrounding.
13 878 © 1997 The American Physical Society
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56 13 879SUBSTITUTIONAL DISORDER AND ANION ORDERING . . .
duced either in the organic stacks or in the anion sublatt
and by the disorder resulting of the substitution. Let us m
tion here some cases studied.

~1! The substitution of the TMTSF by the TMTTF mo
ecule leads to the formation of@(TMTSF)12x(TMTTF)x#2X
solid solutions.10–13 In the ReO4 solid solution, nonmono-
tonic variations withx of the charge transport properties a
of the TAO of the q1 AO transition are observed.13 Whenx
increases from zero in the ClO4 solid solution, theq2 AO
transition is rapidly destroyed,11 which leads to a drastic
variation withx of the nature of the ground state.10

~2! Salts of the hybrid TMDTDSF~tetramethyl-diselena
dithia-fulvalenium! molecule have been synthesized.14~a!

In these salts the noncentrosymmetric TMDTDSF mo
cule exhibits a random orientational disorder.15~a! The
(TMDTDSF)2X salts show physical properties intermedia
between those of (TMTSF)2X and of (TMTTF)2X. For ex-
ample, in ~TMDTDSF!2PF6, spin-peierls~SP! fluctuations,
characteristic of~TMTTF!2PF6, are observed together with
SDW instability, characteristic of~TMTSF!2PF6.

14,15~b!

~TMDTDSF!2ReO4 undergoes aq1 AO transition at a critical
temperature intermediate between theTAO of
~TMTSF!2ReO4 and of ~TMTTF!2ReO4.

14~b!,15~b! However,
because of the disorder theq1 AO transition, observed in
~TMTSF!2BF4 and in ~TMTTF!2BF4, is suppressed in
~TMDTDSF!2BF4.

15~b!

~3! By substitution of anions of the same symmet
@TMTS~T!F)2X12xYx solid solutions can be formed. Amon
them the~TMTSF!2~ReO4!12x(ClO4)x solid solution exhibits
an interesting succession of different ground states,16,17as for
@(TMTSF)12x(TMTTF)x#2ClO4. For low concentrations o
ReO4

2 (x'1), it is found that the ambient pressure sup
conductivity of ~TMTSF!2ClO4 is rapidly suppressed at th
expense of a SDW ground state. In this concentration ra
the substitution of the ClO4

2 by the ReO4
2 destroys rapidly

the q2 AO transition. On the other hand, the study of t
ReO4

2-rich side of the solid solution shows that a substan
substitution (x50.35) of the ReO4

2 by the ClO4
2 preserves

the q1 AO and keeps the metal-insulator transition.
This paper presents a study of th

~TMTSF!2~ReO4!12x(ClO4)x solid solution, for intermediate
x values, for the purpose of determining how theq1 AO of
pure ~TMTSF!2ReO4 is replaced by theq2 AO of pure
~TMTSF!2ClO4 and to specify the influence of the AO pha
diagram on the electronic properties of the solid solution

These solid solutions also provide very simple examp
of orientational glasses. Previous studies15,18have shown that
the AO order parameter can be represented by an Ising
able,h i , and that depending on the nature of the substitu
the disorder can be modelled either by random fields,hi ,
acting onh i , or by random interactionsJi j between the Ising
variables. The fact that in the@(TMTSF)12x(TMTTF)x#2X
and @TMTS~T!F#2X12xYx solid solutions and in the
(TMDTDSF)2X hybrid salts these two types of randomne
can be clearly distinguished has a particular releva
to the field of orientational glasses where generally
effects of random fields and of random interactions, b
invoked to explain the absence of long range orientatio
order, cannot be separated.19 As we shall see in this pape
only the random interactions are present in t
e,
-
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~TMTSF!2~ReO4!12x(ClO4)x solid solution.
The paper is organized as follows. The experimental c

ditions and results are given in Secs. II and III, respective
The structural phase diagram is discussed in Sec. IV and
implications on the electronic properties are outlined in S
V.

II. EXPERIMENT

Single crystals, of dimension 630.130.01 mm3, of the
~TMTSF!2~ReO4!12x(ClO4)x solid solution were prepared b
electrocrystallization. As the relative concentration of ReO4

2

and ClO4
2 anions in crystals showed disparity from the nom

nal concentration of the solution, the concentration of ea
single crystal studied was determined by microprobe an
sis. The lattice parameters were measured at room temp
ture ~RT! on a four-circle diffractometer using 25 Bragg r
flections. The x-ray diffuse scattering experiments we
performed using a monochromatic CuKa radiation (l
51.542 Å) obtained by~002! reflection of the incident beam
on a doubly bent graphite monochromator. Higher resolut
studies@;0.008 Å21 half width at half maximum~HWHM!#
were achieved on a homemade diffractometer equipped
a position sensitive linear detector and a cryocooler ope
ing in the temperature range 25 K–RT. Lower resoluti
studies ~;0.015 Å21 HWHM! were performed with the
fixed-film fixed-crystal method until 9 K. Photograph
plates were read either with a Joyce-Loeble microdensito
eter or using a computer driven transmission scanner.

III. RESULTS

A. Lattice parameters

Diffraction measurements show tha
~TMTSF!2~ReO4!12x(ClO4)x forms a continuous solid solu
tion. Whatever the value ofx, a single phase with the tri
clinic symmetry is observed. The unit cell parameters of
x50.53, 0.69, 0.72, and 0.85 samples synthesized for
study are given in Table I. This table includes also the latt
parameters of the previously studiedx50.35 solid solution20

and of the pure,x50 and 1, compounds.21 Table I shows
that, within experimental errors, the lattice parameters v
monotonically withx: a, b, andc decrease whilea, b, and
g increase forx increasing.

B. Substitutional disorder

In order to characterize the ReO4/ClO4 substitutional dis-
order of the solid solution we took x-ray patterns at lo
temperatures~less than 30 K!. At such temperatures the dif
fuse scattering due to thermal vibrations is negligible and
effects of the intrinsic substitutional disorder are mo
clearly revealed. One of these x-ray patterns is shown
2~a! for the x50.35 sample. An intense diffuse scattering
observed near the origin of the reciprocal space. It decre
continuously as the Bragg angle~u! increases. This decreas
is more quantitatively illustrated by the scan shown in F
2~b!. Its u dependence can be accounted for by the stand
expression for the monotonic Laue scattering in case of r
dom disorder between speciesA andB:22
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TABLE I. Triclinic lattice parameters of the~TMTSF!2~ReO4!12x(ClO4)x solid solution@~* ! from Refs.
20 and 21#.

x a ~Å! b ~Å! c ~Å! a ~deg! b ~deg! g ~deg! V (Å 3)

0.00* 7.284~3! 7.751~1! 13.483~1! 83.23~1! 86.56~2! 70.08~2! 710.5~3!

0.35* 7.28~2! 7.704~4! 13.365~5! 83.83~3! 86.7~1! 70.3~1! 701~2!

0.53~5! 7.269~5! 7.695~4! 13.350~9! 84.13~5! 86.75~5! 70.43~5! 700~13!

0.69~6! 7.261~3! 7.695~3! 13.32~1! 83.96~5! 86.51~5! 70.40~3! 697~9!

0.72~2! 7.271~2! 7.687~3! 13.351~4! 84.15~2! 86.74~2! 70.41~2! 697~6!

0.85~7! 7.271~2! 7.676~8! 13.292~3! 84.35~2! 86.72~2! 70.42~1! 695~4!

1.00* 7.266~1! 7.678~1! 13.275~2! 84.58~1! 86.73~1! 70.43~1! 694.4~2!
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In expression~1! f A and f B are the form factors of the ReO4
2

and the ClO4
2 anions,x is the concentration of the soli

solution~herex50.35! andC is a scale factor. As the anion
are approximately in the same orientation in the pure co
pounds and as the Re-O and Cl-O distances of the ReO4

2 and
ClO4

2 anions are close, the contribution of oxygen atoms
the Laue scattering can be neglected. Theu dependence o
the intensity of the Laue scattering can thus be accounted
by the square of the difference of atomic form factors of
Re and of the Cl@solid line in Fig. 2~b!#. As the Laue scat-
tering is characteristic of crystals with a random subst
tional disorder and as we observe the same monotonic
pendence of the diffuse intensity on all the x-ray patterns

FIG. 2. ~a! Fixed-film fixed-crystal x-ray pattern of thex
50.35 alloy at 25 K. Layers of Bragg reflections perpendicular ta
are labeled by their Miller indiceh. The arrows show theq1

5( 1
2 , 1

2 , 1
2 ) satellite reflections. The continuous line indicates t

scan performed in~b!. ~b! Intensity versus Bragg angle along th
scan direction shown in~a!. The full line is a fit of the monotonic
Laue scattering intensity by expression~1!.
-
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the solid solution, we conclude that the ReO4
2/ClO4

2 substi-
tutional disorder israndomfor all concentrations.

C. Anion ordering effects

Let us now study the influence of this random substi
tional disorder on the AO transition of th
~TMTSF!2~ReO4!12x(ClO4)x solid solution.

In order to characterize the AO effects, we measured
following quantities:

~a! The critical wave vectorq of the AO from the relative
position of the satellite reflections~diffuse spots! with re-
spect to the main Bragg reflections.

~b! The half width at half maximum~HWHM! of the pro-
file aroundq at low temperature (T,30 K) in the s direc-
tion, Ds(q). Ds(q) given in this paper is corrected from th
experimental resolution, taken as the HWHM of a clo
Bragg reflection. The scattering whose HWHM is the sa
as the experimental resolution@Ds(q) equal to zero# are
called satellite reflections. In that case, the anions are lo
range ordered~LRO! at the scale of our resolution (j
>200 Å).23 If this is not the case, the anions are short ran
ordered ~SRO! at low temperature. The inverse ofDs(q)
measures therangeof the order. These aspects will be clar
fied at the end of this section.

~c! The temperature dependence of the peak intensity
the satellite reflection~diffuse spot!. In the case of a LRO,
this intensity is proportional to the square of theorder pa-
rameter. In order to compare different solid solutions th
intensity was normalized~when possible! to its low tempera-
ture saturation value.

~d! The thermal dependence of the HWHM of the satell
reflection~diffuse spot!. We define the temperature at whic
the HWHM deviates from its low temperature saturati
value as the transition (TAO) or the quasitransition tempera
ture (TAO8 ) depending on whether a LRO or a SRO is o
served at low temperature.

All the results are summarized in Table II, which als
includes a more detailed analysis of the data of the ClO4

2 rich
side of the solid solution shortly published in Ref. 17.

In the x-ray patterns of the ReO4
2-rich side of the solid

solution, AO satellite reflections or diffuse spots are o

served at theq15( 1
2,

1
2,

1
2) reduced wave vector@Fig. 2~a!#.

Figure 3 gives the temperature dependence of their inten
for the x50, 0.35, 0.53, 0.69, and 0.72 samples. For 0<x
,0.53, the HWHM of theq1 satellite reflections reaches th
experimental resolution, which means that a LRO of the
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TABLE II. Summary of the structural results of the~TMTSF!2~ReO4!12x(ClO4)x solid solution@~* ! from
Ref. 17;~** ! from Ref. 36 is slowly cooled samples#. TAO (TAO8 ) is the anion ordering transition~quasitran-
sition! critical temperature andDa(q) is the HWHM of the diffuse spot in thea direction, corrected by the
experimental resolution.

x
Expt.

method
Tmin ~K!
reached

TAO ~K!
(q1)

TAO8 ~K!
(q1)

TAO8 ~K!
(q2)

TAO ~K!
(q2)

Da (q1)
(Å 21)

Da (q2)
(Å 21)

0.00 Detector 25 176.0~5! 0.000~8!

0.35 Detector 25 109.0~5! 0.000~8!

0.53~5! Detector 25 92.0~5! 0.004~8!

0.69~6! Detector 25 57~2! 0.036~8!

0.72~2! Fixed-film 18 30~10! 0~18! 0.066~9! 0.094~4!

0.85~7! Fixed-film 18 0~18! 20~3! 0.075~9! 0.080~9!

0.93* Fixed-film 18 0~18! 23~1! 0.079~9! 0.034~7!

0.95* 22.5~10! 0.026~7!

0.97* 23~1! 0.00~1!

0.99* 22~1! 0.00~1!

1.00* 24.0~5! 0.002**
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ions is established at the scale of our resolution. Figur
shows that their intensity vanishes at aTAO which decreases
whenx increases. A slight broadening of the HWHM, wi
respect to the experimental resolution, begins to be obse
for the x50.53 sample~Fig. 4!. For largerx values, going
until aboutx50.93,q1 diffuse spots broader than the expe
mental resolution are detected~SRO of the anions!; see Figs.
5 and 6 for thex50.69 andx50.72 samples, respectively
TAO8 , their quasitransition temperature, defined by the te
perature of saturation of the HWHM of the diffuse spots@see
Fig. 7~a! for x50.72#, decreases also whenx increases. Very
weak and broadq1 diffuse spots, whose HWHM does no
seem to saturate at low temperature, are observed forx larger
than 0.72. Forx.0.93 theq1 diffuse spots are no longe
detected.

The ClO4
2-rich side of the solid solution (0.93<x<1)

was previously investigated in Ref. 17. This work showe

FIG. 3. Temperature dependence of theq1 satellite ~diffuse
spot! intensity of the~TMTSF!2~ReO4!12x(ClO4)x solid solution for
x50, 0.35, 0.53, 0.69, and 0.72. The intensity is normalized a
saturation value, except for thex50.69 and 0.72 samples where th
intensity does not saturate at low temperature. Forx50, 0.35, 0.53,
and 0.69 the integrated intensity was measured with a position
sitive linear detector. Forx50.72 the intensity was obtained from
microdensitometer readings of x-ray patterns.
3

ed

-

,

for 0.97<x<1, aq25(0,1
2,0) LRO of the anions~at the scale

of our experimental resolution!. Theq2 reflections exhibited
a rapid broadening forx,0.97 ~q2 SRO!. Our work shows
that broadq2 diffuse spots are still observed in thex50.85
andx50.72 samples~Fig. 6!. They are no longer detected i
the x50.69 sample~Fig. 5!. Surprisingly it is found~Table
II ! that, within experimental errors, theq2 transition (TAO)
or quasitransition (TAO8 ) temperature remains consta
with x.

The x-ray pattern of thex50.72 alloy shows a coexist
ence of theq1 andq2 local orders~Fig. 6!. Figures 7~a! and
7~b! give the temperature dependence of the peak inten
and of the HWHM of theq1 and q2 diffuse spots, respec
tively. It shows that the HWHM of theq1 diffuse spot satu-
rates at a value larger than the experimental resolution
that the HWHM of theq2 diffuse spot does not seem t

s

n-

FIG. 4. Temperature dependence of the normalized int
sity and of the HWHM along a of a q1 satellite of
~TMTSF!2~ReO4!0.47~ClO4!0.53. TAO8 is the temperature at which
there is a broadening of the satellite reflection together with a d
of its intensity.
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13 882 56V. ILAKOVAC et al.
saturate at low temperature. The coexistence of theq1 andq2
SRO is also observed in thex50.85 and 0.93 samples.

Figure 8, obtained from the data of Table II, gives t
concentration dependence ofDa(q1) andDa(q2) determined
at T,30 K. Within experimental errorsDa(q1) is zero until
aboutx'0.5. Forx.0.6,Da(q1) increases rapidly and satu
rates at about 0.08 Å21 abovex'0.7. On the other hand
Da(q2) is zero in a very small range of concentration, 0.
<x<1. Forx,0.97,Da(q2) increases rapidly and saturate
at about 0.09 Å21 below x'0.85. Theq1 LRO, which per-
sists until aboutx'0.5, is rapidly destroyed forx larger than
0.6, probably because of the competition with theq2 SRO.
Note that Da(q1) saturates when theq2 SRO is present.
Da(q1) becomes larger thanDa(q2) for x>0.85. When the
q1 SRO vanishes,Da(q2) rapidly decreases. Theq2 LRO is
observed forx>0.97.

FIG. 5. X-ray pattern of~TMTSF!2~ReO4!0.31~ClO4!0.69 at 9 K.

The arrows show theq15( 1
2,

1
2,

1
2) diffuse spots. The layers of main

Bragg reflections perpendicular toa are labeled by their Miller in-
dice h.

FIG. 6. X-ray pattern of~TMTSF!2~ReO4!0.28~ClO4!0.72 at 24 K.

The diffuse spots atq15( 1
2,

1
2,

1
2) andq25(0,1

2,0) are shown by long
and short arrows, respectively. The layers of main Bragg reflecti
perpendicular toa are labeled by their Miller indiceh. This x-ray
pattern is taken with about the same orientation as that of Fig
Note the net decrease of the intensity of theq1 diffuse spots be-
tween Figs. 5 and 6.
Figure 9 summarizes all the results obtained by structu
and conductivity measurements in a diagram givingTAO or
TAO8 in function of the ClO4

2 concentration,x. It shows that
within experimental errorsTAO and TAO8 of the q1 AO lin-
early decreases whenx increases until about 0.7 and th
above this concentrationTAO8 abruptly vanishes. Contrarily
TAO and TAO8 of the q2 AO remains constant whenx de-
creases from 1 until about 0.85. Below this concentrati
TAO8 vanishes.

Another important quantity which characterizes the nat
of the SRO is the profile of diffuse spots, i.e., theq depen-
dence of their intensity. Figure 10 shows the profile alonga

s

5.

FIG. 7. Temperature dependence of the peak intensity~empty
symbols! and of the HWHM along thea direction~full symbols! of
theq1 ~a! andq2 ~b! diffuse spots of~TMTSF!2~ReO4!0.28~ClO4!0.72.
In ~a! TAO8 is the temperature below which the HWHM of theq1

diffuse spots saturates. Such a saturation not being observed in~b!,
an upper limit at theTAO8 of theq2 scattering is 18 K. The continu
ous lines are a guide for the eyes.

FIG. 8. Concentration dependence (x) of the intrinsic HWHM
alonga of the q1 ~full symbols, left scale! andq2 ~empty symbols,
right scale! diffuse spots at low temperature (T,30 K).
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56 13 883SUBSTITUTIONAL DISORDER AND ANION ORDERING . . .
of a q1 diffuse spot of the~TMTSF!2~ReO4!0.31~ClO4!0.69
solid solution. In this sample, where the HWHM is mu
larger than the HWHM of the resolution, the profile can
fitted by a Lorentzian square function. A Lorentzian squ
profile is also observed alonga for the q2 diffuse spots of
~TMTSF!2~ReO4!0.07~ClO4!0.93.

24 As a Lorentzian square
function has aq dependence intermediate between a Lore
zian and a Gaussian, and as our resolution has a Gau
shape, we have taken, in Table II and in Fig. 8,Da(q) as the
mean value of the intrinsicDa(q) obtained from the
Lorentzian-Gaussian and Gaussian-Gaussian resolution
rections.

IV. DISCUSSION

In (TMTTF)2X and (TMTSF)2X salts, each anion is lo
cated between two S~Se! identical atoms. Its environmen
can be schematically represented by a symmetric double
potential @Fig. 1~b!#. Each anion~located in i ! can occupy
one of the two minima of this potential. The orientation o

FIG. 9. Concentration dependence (x) of the AO transition tem-
perature (TAO) and of the quasitransition temperature (TAO8 ) deter-
mined by structural measurements. The full symbols represen
q1 order and the empty ones theq2 order. The LRO~squares! or
SRO ~circles! nature of theq1 and q2 AO ground states is also
indicated.TAO obtained by the conductivity measurements of R
20 are represented by crosses.

FIG. 10. Profile along a of a q1 diffuse spot of
~TMTSF!2~ReO4!0.31~ClO4!0.69 at 9 K and its fit~continuous line! by
a Lorentzian square profile. The FWHM of the experimental re
lution (2D res) is indicated.
e

t-
ian

or-

ell

given anion is thus specified by the Ising variableh i , which
can be taken as the order parameter;h i561 if the anion
points towards the Se atom of the left/right side neighbor
TMTSF molecule.

The coupling between anions, leading to the AO tran
tion, can be described by the phenomenological Ham
tonian:

H5(
i , j

Ji j h ih j , ~2!

whereJi j is the interaction between two anions located ini
and j . In pure ~TMTSF!2ReO4, the ‘‘Ji j ’’ are such that the
alternate order of the ReO4

2 anions in the three direction

@q15( 1
2,

1
2,

1
2)# is stabilized below TAO

1 5176 K. In pure
~TMTSF!2ClO4, the ‘‘Ji j ’’ are such that the uniform order o
ClO4

2 anions alonga andc, and the alternate order alongb

@q25(0,1
2,0)# is stabilized belowTAO

2 524 K.
In the case of a random disorder of TMTSF and TMTT

organic molecules, in@(TMTSF)12x(TMTTF)x#2X solid so-
lutions, and in the case of a random orientational disorde
TMDTDSF molecules, in (TMDTDSF)2X salts, the anions
can be in S-symmetric, Se-symmetric, or S-Se asymme
potentials which are randomly distributed all over the an
positions. In the S-Se environment, the anions thus exp
ence an asymmetric double well potential which breaks
61 symmetry of the order parameter. This effect can
modeled by the presence of a local fieldhi coupled toh i .
The AO process thus occurs in the presence ofrandom fields.
On the other hand in (TMTSF)2X12xYx solid solutions the
X(Y) anions remain located between two Se atoms. Rand
fields effects are thus not present. But, if the interactionJi j
between the Ising variablesh i andh j depends of the nature
X or Y of the anions located ini and j , the random substi-
tution of anions introduces random interactionsJi j .

The observation of the Laue monotonic scattering in
~TMTSF!2~ReO4!12x(ClO4)x solid solution shows that ther
is a random substitution of the anions. As the critical wa
vector of the AO transition of~TMTSF!2ReO4(q1) and of
~TMTSF!2ClO4(q2) is different, it is expected quite impor
tant random interactions. We will thus discuss the phase
gram of the solid solution within the framework of the Isin
model, described by the Hamiltonian~2!, with random inter-
actionsJi j .

This random interaction model has already been used
Sherrington and Kirkpatrick25 to derive the phase diagram o
spin glasses in the case where the interactionsJi j are infi-
nitely ranged and where their distribution follows a Gauss
law defined by a mean interaction^J& and a standard devia
tion DJ. Their treatment shows that for^J&.(DJ), the sys-
tem undergoes a phase transition at^J&/kB , and for ^J&
,(DJ), the system undergoes a glass transition atDJ/kB .

This theory was used to interpret the phase diagram of
mixed ferroelectric-antiferroelectric solid solution
Rb12x~NH4!xH2PO4 ~RADP! and Rb12x(NH4)xH2AsO4
~RADA!.26 In the case of a competition between the2J
~‘‘ferro’’ ! coupling and the1J ~‘‘antiferro’’ ! coupling be-
tweenz first neighbors, the mean field theory shows,27 simi-
lar to the results of Sherrington and Kirkpatrick, that f
Azu^J&u.DJ, there is a phase transition to a ferroelectric

he

.

-



t

th

n

a
ap

o

in

in

ed
ow

a
e

the

not
x-

ri-
i-

he
il-

the

ing
ame
e
t

13 884 56V. ILAKOVAC et al.
antiferroelectric order atu^J&uz/kB , depending if̂ J&,0 or if
^J&.0, and forAzu^J&u,DJ, there is a glass transition a
DJAz/kB .

In these last expressions one has, if the probability of
1J(2J) coupling is 12x(1x),

^J&5~122x!J, ~3!

DJ52JAx~12x!. ~4!

In the following we will apply the results of such mea
field models to an oversimplified description of the
~TMTSF!2~ReO4!12x(ClO4)x solid solution. We defineJ1 ,
J2 , andJ3 as the interaction between two ReO4

2 anions, two
ClO4

2 anions, one ReO4
2 anion, and one ClO4

2 anion, respec-
tively. We shall assume that this interaction is the same in
the crystallographic directions, which is not too bad an
proximation because the AO pretransitional fluctuations
the ~TMTSF!2ReO4 ~Ref. 28! and ~TMTSF!2ClO4 ~Ref. 29!
transitions are roughly isotropic. The probability of such
teractions are, respectively,p(J1)5(12x)2, p(J2)5x2, and
p(J3)52x(12x), if x is the concentration of ClO4

2 in the
solid solution. The average interaction is

^J&5(
i

p~Ji !Ji ,

^J&5~12x!J11xJ2 , ~5!

if J3 is taken as the mean value of theJ1 andJ2 . With the
same assumptions the standard deviation is given by

DJ5A(
i

p~Ji !~Ji2^J&!2,

DJ5Ax~12x!/2uJ22J1u. ~6!

In order to calculatêJ& and (DJ), we shall take

TAO
1 5uJ1u/kB5176 K,

TAO
2 5uJ2u/kB524 K,

and we shall assume, as the ReO4
2 and ClO4

2 anions take
opposite orientations in thea andc directions, thatJ1 andJ2
have opposite signs. This gives

^J&/kB5224x1176~12x!, ~7!

DJ/kB5200Ax~12x!/2. ~8!

These two quantities are represented in function ofx in
Fig. 11. It is found thatu^J&u is superior touDJu for 0<x
<0.53 and 0.97<x<1. In these concentration ranges the
finitely ranged model thus predicts a LRO atTAO
;u^J&u/kB . It is found thatuDJu dominatesu^J&u for 0.53
,x,0.97. In this concentration range the infinitely rang
model thus predicts an ‘‘orientational glass’’ phase bel
TG;uDJu/kB ~i.e., TAO8 below!. This model predicts quite
well the concentration ranges where the LRO and SRO
observed. It predicts also quite well the concentration dep
dence ofTAO and TAO8 in the ReO4

2 rich side of the solid
e

ll
-
f

-

-

re
n-

solution. But the behavior ofTAO8 is not well reproduced in
the concentration range, 0.7,x,0.95, where the main criti-
cal AO wave vector shifts fromq1 to q2 .

This very simple model does not take into account theq
dependence of the instabilities. It implicitly assumes that
main instabilities appear at theq1 and q2 wave vectors. In
this respect, the competing aspect of the instabilities is
taken well into account. A better approach would be to e
plicitly calculate the instantaneous correlation function,

S~q!5^uhqu2&, ~9!

actually measured in our x-ray diffuse scattering expe
ments, wherehq is the Fourier transform of the Ising var
ableh i . In the classical limit one has

S~q!5kBTx~q!, ~10!

wherex~q! is the generalized susceptibility.
Let us first calculate the inverse of this quantity in t

case of the Ising model already introduced. For the Ham
tonian ~2! the mean field approximation gives

x21~q!5kBT1J~q!, ~11!

where J(q) is the Fourier transform of the interactionJi j
5Jj 2 i , between anions at sites 0 andj 2 i . Explicitly, this
quantity reads

J~q!52@Ja
a cosqa1Jb

a cosqb1Ja2b
a cosq~a2b!

1Jc
a cosqc#, ~12!

where theJa
a are the interaction between anions of typea

51,2 ~ReO4
2 and ClO4

24! in theu directions~a, b, a-b, or c!
of first neighbors.

In the framework of the above-mentioned discussion,
average interaction in the solid solution can be written

^J~q!&52$@~12x!Ja
11xJa

2#cosqa1@~12x!Jb
1

1xJb
2#cosqb1@~12x!Ja2b

1 1xJa2b
2 #cosq~a2b!

1@~12x!Jc
11xJc

2#cosqc%. ~13!

FIG. 11. Comparison of the experimental phase (T,x) diagram
with that predicted by the infinitely ranged random interaction Is
model described in the text. The data are reported with the s
symbols as in Fig. 9. The temperatures are taken positive for thq1

AO and negative for theq2 AO. The continuous lines represen
^J&/kB andDJ/kB , given, respectively, by expressions~7! and~8!.
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It is shown in the Appendix that the ratios between theJu
a

can be obtained from the experimental values of the corr
tion lengths. One gets

Ja
1'Jb

1'22Ja2b
1 '2.5Jc

1, with Ja
1.0, for the q1 AO,

Ja
2'2Jb

2'22Ja2b
2 '2.5Jc

2, with Ja
2,0,

for the q2 AO.

With these values Eq.~13! becomes

^J~q!&52@xJa
21~12x!Ja

1#@cosqa20.5 cosq~a2b!

10.4 cosqc#22@xJa
22~12x!Ja

1#cosqb. ~14!

If this expression ensures that the maxima of the diffu
scattering will be aroundq1 for x50 andq2 for x51, it fails
to explain thex dependence of the diffuse scattering. F
example, if the last term of the right member of Eq.~14!
shows thatJ(q) is always maximal forqb5b* /2, theqa and
qc components will not be determined when, for (12x)Ja

1

1xJa
250, the first term of this member will vanish. With th

Ju
a values estimated in the Appendix this occurs forx

'0.88, indicating that the solid solution would be disorder
at any temperature for this concentration, contrary to the
perimental observation of well definedq1 and q2 diffuse
spots around this concentration.

This is a very general feature of any Ising model w
competing interactions.30 Depending on the exact values
the interactions, these models usually predict such ‘‘disor
lines’’ @in a generalized phase diagram, like our (x,T) dia-
gram#, where the system is more disordered. Disorder li
of different types have been recognized both experiment
and theoretically in systems with competing interactions.31,32

Disorder lines are mainly due to a similar expression of
interaction constantsJa(q) (a51,2), all having the same
physical origin, and which give rise to a cancellation of t
average interaction̂J(q)& for a specificx. This feature rules
out the possibility of observing both instabilities in certa
regions of the phase diagram. This indicates that the Is
model is not appropriate to explain the phase diagram of
solid solutions. Let us remark that this conclusion is at va
ance with what was proposed for these compounds:33 the
~TMTSF!2~ReO4!12x(ClO4)x phase diagram does not exhib
any disorder lines, but, as a function ofx, a gradual disap-
pearance of theq1 AO at the expense of theq2 AO.

In an attempt to solve this problem, let us come back
the actual microscopic interactions between anions in
solid solution. Though the exact microscopic constants
not exactly known, a general model of the AO instabiliti
has already been presented.16 As previously mentioned, the
q1 AO is driven by the 2kF CDW instability of the TMTSF
stack. The unstable electronic system is coupled to the p
non modeuq through the electron-phonon coupling consta
This coupling gives rise to a phonon instability, represen
by the phonon susceptibilityxu(q), peaked at the 2kF wave
vector. The phonons and the electrons are in turn couple
the AO order parameter through a general coupling cons
K(q). As far as theq2 AO is concerned, it is more likely due
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to ‘‘direct’’ interactions between the anions, whose intera
tion constant,J2(q), is maximum at theq2 wave vector pre-
viously introduced. With these definitions the free energy
a coupled system of anions and organic chains can be
under the form

F5
1

2 (
q

@kBT1J2~q!#hqh2q1(
q

K~q!hqu2q

1
1

2 (
q

xu~q!21uqu2q . ~15!

Minimizing F with respect touq yields

F5
1

2 (
q

@kBT1J2~q!2K~q!2xu~q!#hqh2q ~16!

and thus

x21~q!5kBT1J2~q!2K~q!2xu~q!, ~17!

which inversely enters in expression~10!. This clearly shows
the mechanism of the competition between theq1 and q2
instabilities. It is due to the relative weight of the ‘‘direct
interaction between anions,J2(q), which dominates in the
ClO4 rich side of the phase diagram, and of the media
interaction through the organic stack,K(q)2xu(q), which is
stronger in the ReO4 rich side. Due to the different physica
origin of these interactions, theirq dependence does not ca
cel at a specificx, as in the Ising model. Theq1 and q2
instabilities are now well separated in the Fourier space
required to neglect instabilities at other wave vectors. T
model also allows us to observe a region of coexistance
both instabilities. The key point is that the microscopic co
peting interactions between anions cannot cancel out a
more for special values of the concentration, as the Is
model predicts.

This mechanism allows us also to simply explain why t
TAO8 of the q1 SRO abruptly vanishes aroundx'0.7. The
reason is thatxu(2kF), measured in~TMTSF!2PF6 for
example,24 decreases below 50 K and vanishes below 20
Thus the effective coupling constantK(q)2xu(q), which
drops below 50 K, will not remain important enough to st
bilize a q1 quasitransition at low temperature.

The observation of a Lorentzian squared profile for theq1
andq2 diffuse spots in the intermediate concentration ran
could be explained by a random distribution of doma
sizes34 due to the competing interactions previously cons
ered. Ifk is the~constant! probability to cross a domain wal
per unit length, the probability that two sites, separated b
distancer , belong to the same domain is given by35

G~r !5exp~2kr !. ~18!

Its 3D Fourier transform, performed in a diffraction expe
ment, is a Lozentzian square function~assuming an isotropic
probability k!:

S~q!5
1

@k21dq2#2 . ~19!
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Such a profile can account for the shape of theq1 ~Fig. 10!
and q2 ~Ref. 24! diffuse spots in the SRO regime. In th
case, the HWHM~Table II! of the diffuse spot,D(q), is
related tok by

D~q!5kA&21'0.64k. ~20!

V. CONCLUDING REMARKS

In this paper we mainly considered the structural aspe
of the AO transition in the~TMTSF!2~ReO4!12x(ClO4)x
solid solution. Such features have important consequen
for the instabilities and the quasi-1D electronic properties
the TMTSF stacks.

For x lower than 0.7, aq1 AO, and thus a 2kF CDW
modulation of the organic stacks, occurs in domains wh
size increases whenx decreases~see Fig. 8!. At the scale of
our experimental resolution aq1 LRO is achieved forx
lower than 0.5. The stabilization of a long range 2kF period-
icity, and thus a CDW distortion of the TMTSF stacks, ope
a well defined energy gap, which has been clearly detecte
the x50.35 compound.16

On the other hand, in the ClO4
2 rich side of the solid

solution, the establishment of aq2 SRO, for x,0.97, sup-
presses the superconductivity and stabilizes the 2kF SDW
ground state.16 In this concentration range the effect of ReO4

2

alloying appears to be similar to the quench of theq2 AO
transition in pure~TMTSF!2ClO4 where it has been observe
that, with the reduction of the fraction and of the size ofq2
ordered domains, when the cooling rate increases,36 the su-
perconductivity is destabilized at the benefit of the SD
ground state.1 In these systems the superconductivity occ
in the presence of aq2 LRO which leads to a splitting by
DkF of the Fermi wave vector, and thus prevents the sta
lization of a density wave ground state by nesting of
Fermi Surface ~FS!. However, it has recently bee
suggested24 that the nesting mechanism will still be operatin
if the q2 AO occurs in small enough domains so thatDkF
will be less thanDa(q2). A restoration of the nesting prop
erties of the FS, by setting aq2 SRO, will thus stabilize the
2kF SDW ground state. In agreement with this interpre
tion, Fig. 8 and Table II show thatDa(q2) rapidly increases
in the same concentration range,x lower than 0.97, where
the SDW ground state is observed.

It is not known how the 2kF SDW ground state evolve
when the ReO4

2 content increases further. The study of t
solid solution could be especially interesting when, for 0
,x,0.94, theq1 SRO also becomes stable at low tempe
ture and coexists with theq2 SRO. In this interesting con
centration range the 2kF SDW and 2kF CDW orders could
locally coexist in theq2 andq1 domains, respectively. As th
2kF CDW and 2kF SDW differ by the relative phase shiftu
between the spin-↑ and spin-↓ electronic densities,r↑(x) and
r↓(x) ~u50 for a CDW,u5p for a SDW!, it is possible, as
schematically shown in Fig. 12, that the change of nature
the density wave ground state, between theq1 and q2 do-
mains, could be simply achieved by a spatial variation ou
between well established electronic modulations of oppo
spin. Since it has recently been observed24 that the SDW
ground state of the~TMTSF!2PF6 already presents a mixe
ts
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2kF CDW/SDW electronic character, such a spatial variat
of u between theq1 and q2 domains of the solid solution
could be less thanp. Transport and magnetic measureme
should be performed in this interesting concentration ra
of the ~TMTSF!2~ReO4!12x(ClO4!x solid solution in order to
clarify the nature of the ground state in relationship with t
structural measurements.
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APPENDIX

Near the critical wave vectorqc , we can developJ(q) in
function of dq5q2qc :

J~q!5J~qc!1
1

2
dq

]2J~q!%

]q2 dq. ~A1!

By defining

J~qc!52kBTc , ~A2!

Eq. ~11! becomes

x21~q!5kB~T2Tc!@11dqj2% dq#, ~A3!

where

j2%5
1

2kB~T2Tc!

]2J~q!%

]q2 ~A4!

is the tensor of the square of the correlation lengths.
With a good approximation,j% is isotropic both for the

q15( 1
2,

1
2,

1
2) and q25(0,1

2,0) AO transitions of

FIG. 12. Schematic representation of the spatial dependenc
r↑(x) and r↓(x) on passing from a CDW/q1 AO domain to a
SDW/q2 AO domain.
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~TMTSF!2ReO4 and ~TMTSF!2ClO4, respectively. Using
J(q) given by Eq.~12! and the lattice parameters of Table
Eq. ~A4! leads to

Ja
1'Jb

1'22Ja2b
1 '2.5Jc

1, with Ja
1.0, for the q1 AO,

Ja
2'2Jb

2'22Ja2b
2 '2.5Jc

2, with Ja
2,0,

for the q2 AO.
,

-

h

a

a

P
.

c

a
,

J

From Eqs.~12! and ~A2! and the experimental transition
temperatures, one has

TAO
1 5uJ~q1!u/kB525.8Ja

1/kB5176 K; i.e.,

Ja
1;230.5 K,

TAO
2 5uJ~q2!u/kB55.8Ja

2/kB524 K; i.e., Ja
2;4 K.
-
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