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We present an x-ray diffuse scattering study of the anion orderiA@) transition in the
(TMTSPF),(ReQy), _4(ClOy), solid solution of quasi-one-dimensional organic conductors and superconductors.
As (TMTSF,ReQ, and (TMTSF),CIO, present AO instabilities at different critical wave vectors
[0:=(3.3.,3) andq,=(0,3,0), respectivelythis 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,R&GCIO, 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 functiah of
low temperaturesT) a g, long-range ordefLRO) occurs forx<0.5 and ag, LRO occurs for :x<0.97,
while a short-range ordg/SRO appears in the intermediate concentration range. Fox ©<70.94 one ob-
serves coexistence of andg, SRO. The basic features of th&,k) 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 asxtliependence of the critical wave vector. Finally, we discuss the
implications of this structural phase diagram on the electronic properties of the solid solution.
[S0163-182697)02041-9

. INTRODUCTION the three crystallographic directions beloWiao=176 K.’
This order is thus characterized by the reduced wave vector

For more than 15 years, the 2:1 cation radical salts ot;=(1/2,1/2,1/2). In(TMTSPF),CIO,, at a temperature as
TMTSF (tetramethyl-tetraselenafulvalenitimand TMTTF  low asTo=24 K, the orientation of the ClDalternates in
(tetramethyl-tetrathiafulvaleniumorganic molecules have theb direction and is uniform in tha andc directions. This
attracted the attention of physicists and chemists because ofder is thus characterized by the reduced wave vegior
the rich phase diagram associated with their quasi-one=(0,1/2,0)® The alternate order of anions stackdirection
dimensional(1D) electronic properties. They are conductors[for example in(TMTSF),ReQ,], occurs at the B critical
at room temperature. Some of them become superconductingave vector of the charge-density-wa@DW) response of
at low temperaturegespecially under pressuréut, because the 1D electronic system. Thus the coupling of the anion
of their low electronic dimensionality, the metallic state is ordering(AO) with the kg CDW electronic instability en-
generally unstable at low temperatures and atmospheric presures that the AO transition leads to a metal-insulator transi-
sure with respect to different kinds of nonconducting groundion with a gap opening associated to le-Peierls-like stack
states:? distortion”:° Thus, in salts with noncentrosymmetric anions,

[TMTS(T)F],X salts crystallize in the triclinic space the AO ground state competes with those observed in salts
group P1. One center of inversion is placed on each aniorwith centrosymmetric anions.
site, so thatentrosymmetrianions(X=PF;, AsF;, SbF;, Because of their low electronic dimensionality the insta-
Br~, etc) have an unique position in the structure. In thesebilities and the phase diagram of thgMTS(T)F],X salts
salts, the instability of the metallic state is due to the insta@re sizeably affected by the substituants, which can be intro-
bility of the 1D electronic system located on the organic

stacks(directed along the direction. Several kinds of in- B S =3
stabilities leading to spin-density-wave(SDW) and A T

spin-peierlé (SP ground states or to superconductivigre ” Vg

observed in salts with centrosymmetric anions. Because Ofessasomai=ss e S =]

their lack of inversion symmetryyoncentrosymmetrignions

(X=ReG,, CIO,, BF,, NO;, SCN", etc) can take at least

two equivalent positions in thB1 structure. They can point B

toward the SES) atom of one of the two symmetry related \/J \t/\j
neighboring TMTS$T)F organic moleculgFig. 1(a)]. At

room temperature, these anions are disordered. At low tem- F|G. 1. (a) The two possible orientations of a tetrahedral anion,

perature they ordérin such a way that neighboring anions represented by an arrow, between two neighboring TMTSF mol-
align or alternate their orientation. For example, inecules andb) the double well representation of the potential expe-
(TMTSF),ReQ,, the orientation of the Repalternates in rienced by this anion from its surrounding.
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56 SUBSTITUTIONAL DISORDER AND ANION ORDERING . .. 13879
duced either in the organic stacks or in the anion sublattice;,TMTSF),(ReQ,); _,(ClO,), solid solution.
and by the disorder resulting of the substitution. Let us men- The paper is organized as follows. The experimental con-
tion here some cases studied. ditions and results are given in Secs. Il and lll, respectively.

(1) The substitution of the TMTSF by the TMTTF mol- The structural phase diagram is discussed in Sec. IV and its
ecule leads to the formation pfTMTSF),_,(TMTTF),],X  implications on the electronic properties are outlined in Sec.
solid solutionst®~13 In the ReQ solid solution, nonmono- V.
tonic variations withx of the charge transport properties and
of the T»o Of the g; AO transition are observed.Whenx
increases from zero in the CJGolid solution, theq, AO
transition is rapidly destroyett, which leads to a drastic Single crystals, of dimension>60.1x0.01 mnt, of the
variation withx of the nature of the ground staf®. (TMTSPF),(ReQy); _,(ClO,), solid solution were prepared by

(2) Salts of the hybrid TMDTDSHRtetramethyl-diselena- electrocrystallization. As the relative concentration of ReO
dithia-fulvalenium molecule have been synthesiZé@. and CIQ, anions in crystals showed disparity from the nomi-
In these salts the noncentrosymmetric TMDTDSF mole-nal concentration of the solution, the concentration of each
cule exhibits a random orientational disord@®. The  single crystal studied was determined by microprobe analy-
(TMDTDSF),X salts show physical properties intermediatesis. The lattice parameters were measured at room tempera-
between those of (TMTSEX and of (TMTTF),X. For ex-  ture (RT) on a four-circle diffractometer using 25 Bragg re-
ample, in(TMDTDSF),PF;, spin-peierls(SP) fluctuations, flections. The x-ray diffuse scattering experiments were
characteristic of TMTTF),PF;, are observed together with a performed using a monochromatic Gfla radiation
SDW instability, characteristic of(TMTSF),PF,.141%)  =1.542 A) obtained by002) reflection of the incident beam
(TMDTDSP),ReQ, undergoes &, AO transition at a critical on a doubly bent graphite monochromator. Higher resolution
temperature  intermediate  between theT,o of  Studief~0.008 A~* half width at half maximun{HWHM)]
(TMTSF),ReQ, and of (TMTTF),ReQ,. 14b).150) However, Were achieved on a homemade diffractometer equipped with
because of the disorder tlig AO transition, observed in @ position sensitive linear detector and a cryocooler operat-
(TMTSF),BF, and in (TMTTF),BF,, is suppressed in ing in the temperature range 25 K—RT. Lower resolution
(TMDTDSF),BF,. 150 studies (~0.015 A~ HWHM) were performed with the

3) By substitution of anions of the same Symmetry’fixed-f“m fixed-crystal method until 9 K. Photographic
[TMTS(T)F),X;_,Y, solid solutions can be formed. Among Plates were read either with a Joyce-LqebIe microdensitom-
them the(TMTSP),(ReQ,); _(ClO,), solid solution exhibits ~€ter or using a computer driven transmission scanner.
an interesting succession of different ground st&tééas for
[(TMTSF); _,(TMTTF),],ClO,. For low concentrations of

Il. EXPERIMENT

_ o . Ill. RESULTS
ReQ, (x~1), it is found that the ambient pressure super-
conductivity of (TMTSF),CIOQ, is rapidly suppressed at the A. Lattice parameters
expense of a SDW ground state. In this concentration range, piffraction measurements show that

the substitution of the CIQ by the ReQ destroys rapidly (TMTSP),(ReQy); _(ClO,), forms a continuous solid solu-
the g, AO transition. On the other hand, the study of thetion. Whatever the value of, a single phase with the tri-
ReQ, -rich side of the solid solution shows that a substantialg|inic symmetry is observed. The unit cell parameters of the
substitution §=0.35) of the Re@ by the CIQ, preserves x=0.53, 0.69, 0.72, and 0.85 samples synthesized for this
the g, AO and keeps the metal-insulator transition. study are given in Table I. This table includes also the lattice
This paper presents a study of  the parameters of the previously studiee 0.35 solid solutio®’
(TMTSPF),(ReQy); _,(ClOy), solid solution, for intermediate and of the purex=0 and 1, compounds. Table | shows
x values, for the purpose of determining how e AO of  that, within experimental errors, the lattice parameters vary
pure (TMTSF),ReQ, is replaced by theg, AO of pure  monotonically withx: a, b, andc decrease while, 8, and
(TMTSF),CIO, and to specify the influence of the AO phase v increase foix increasing.
diagram on the electronic properties of the solid solution.
These solid solutions also provide very simple examples
of orientational glasses. Previous studf¢éhave shown that
the AO order parameter can be represented by an Ising vari- In order to characterize the RgZlO, substitutional dis-
able, ;, and that depending on the nature of the substituantrder of the solid solution we took x-ray patterns at low
the disorder can be modelled either by random fielgs, temperaturegless than 30 K At such temperatures the dif-
acting onz;, or by random interaction; between the Ising fuse scattering due to thermal vibrations is negligible and the
variables. The fact that in th TMTSF), _,(TMTTF),],X  effects of the intrinsic substitutional disorder are more
and [TMTS(T)F],X;_,Y, solid solutions and in the clearly revealed. One of these x-ray patterns is shown Fig.
(TMDTDSF),X hybrid salts these two types of randomness2(a) for the x=0.35 sample. An intense diffuse scattering is
can be clearly distinguished has a particular relevancebserved near the origin of the reciprocal space. It decreases
to the field of orientational glasses where generally thecontinuously as the Bragg andlé) increases. This decrease
effects of random fields and of random interactions, boths more quantitatively illustrated by the scan shown in Fig.
invoked to explain the absence of long range orientationa®(b). Its § dependence can be accounted for by the standard
order, cannot be separat€dAs we shall see in this paper, expression for the monotonic Laue scattering in case of ran-
only the random interactions are present in thedom disorder between specidsandB:?

B. Substitutional disorder
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TABLE I. Triclinic lattice parameters of thETMTSF),(ReQ,); _(ClO,), solid solution[(*) from Refs.

20 and 21

X a(A) b () c (A « (deg B (deg y (deg Vv (A%

0.00¢ 7.2843) 7.7511) 13.4831) 83.231) 86.562) 70.082) 710.53)

0.35 7.282) 7.7044) 13.3655) 83.833) 86.71) 70.31) 701(2)

0.535) 7.2695) 7.6954) 13.35@9) 84.135) 86.755) 70.435) 70013

0.696) 7.261(3) 7.6953) 13.321) 83.965) 86.515) 70.4Q33) 697(9)

0.722) 7.2712) 7.6873) 13.3514) 84.152) 86.742) 70.412) 697(6)

0.857) 7.2712) 7.6768) 13.2923) 84.352) 86.722) 70.421) 6954)

1.00 7.26461) 7.6781) 13.27%2) 84.581) 86.731) 70.431) 694.42)
1(6)=Cx(1—x)[fa(6)—fg(0)]> (1)  the solid solution, we conclude that the R€OIO, substi-

tutional disorder isandomfor all concentrations.

In expression(1) f, andfg are the form factors of the RgO
and the CIQ anions,x is the concentration of the solid
solution(herex=0.35 andC is a scale factor. As the anions  Let us now study the influence of this random substitu-
are approximately in the same orientation in the pure comtional disorder on the AO transition of the
pounds and as the Re-O and CI-O distances of the;Re@  (TMTSF)(ReQy);(ClO,), solid solution.

ClO;, anions are close, the contribution of oxygen atoms to In order to characterize the AO effects, we measured the
the Laue scattering can be neglected. Bhéependence of following quantities: .

the intensity of the Laue scattering can thus be accounted for (&) The critical wave vectog of the AO from the relative

by the square of the difference of atomic form factors of thePosition of the satellite reflection@liffuse spots with re-

Re and of the C[solid line in Fig. Zb)]. As the Laue scat- SPect to the main Bragg reflections.

tering is characteristic of crystals with a random substitu- (P) The half width at half maximuntHWHM) of the pro-
tional disorder and as we observe the same monotonic ddile aroundq at low temperature {<30 K) in the s direc-

pendence of the diffuse intensity on all the x-ray patterns ofion, A5(q). Ag(q) given in this paper is corrected from the
experimental resolution, taken as the HWHM of a close

Bragg reflection. The scattering whose HWHM is the same
as the experimental resolutidd\((q) equal to zerd are
called satellite reflections. In that case, the anions are long-
range ordered(LRO) at the scale of our resolutioné (
=200 A) .23 If this is not the case, the anions are short range
ordered (SRO at low temperature. The inverse df(q)
measures theangeof the order. These aspects will be clari-
fied at the end of this section.

(c) The temperature dependence of the peak intensity of
the satellite reflectioridiffuse spot. In the case of a LRO,
this intensity is proportional to the square of toeler pa-
rameter In order to compare different solid solutions the
intensity was normalizetivhen possiblgto its low tempera-
ture saturation value.

(d) The thermal dependence of the HWHM of the satellite
reflection(diffuse spot. We define the temperature at which
the HWHM deviates from its low temperature saturation
value as the transitionl(,o) or the quasitransition tempera-
ture (T,o) depending on whether a LRO or a SRO is ob-
served at low temperature.

All the results are summarized in Table Il, which also
includes a more detailed analysis of the data of the,Qich
() O(deg) side of the solid solution shortly published in Ref. 17.

FIG. 2. (@) Fixed-film fixed-crystal x-ray pattern of the In the x-ray patterns of the Rg@ich side of the solid
=0.35 alloy at 25 K. Layers of Bragg reflections perpendicula to solution, AO satellite reflections or diffuse spots are ob-
are labeled by their Miller indicéh. The arrows show thej, served at theg;=(3,3,3) reduced wave vectdiFig. 2(a)].
=(%,3.3) sateliite reflections. The continuous line indicates theFigure 3 gives the temperature dependence of their intensity

scan performed irfb). (b) Intensity versus Bragg angle along the for the x=0, 0.35, 0.53, 0.69, and 0.72 samples. Ferx0
scan direction shown ife). The full line is a fit of the monotonic  <0.53, the HWHM of theg, satellite reflections reaches the
Laue scattering intensity by expressigh. experimental resolution, which means that a LRO of the an-

C. Anion ordering effects
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TABLE Il. Summary of the structural results of tiEMTSF),(ReQy); _ ,(ClO,), solid solution[(*) from
Ref. 17;(** ) from Ref. 36 is slowly cooled sampled o (T o) is the anion ordering transitiofguasitran-
sition) critical temperature and ,(q) is the HWHM of the diffuse spot in tha direction, corrected by the
experimental resolution.

Expt. Toin K)  Tao (K)  Tao (K) Tag K)  Tao (K) Ay (0] A, (92)

X method  reached  (qy) (a1) (92) (92) A (ATH
0.00 Detector 25 176(B) 0.00Q08)

0.35 Detector 25 109(B) 0.00Q8)

0.535) Detector 25 92.(5) 0.0048)

0.696) Detector 25 5@) 0.0368)

0.722) Fixed-film 18 3@10) 0(18) 0.0669) 0.0944)
0.857) Fixed-film 18 a1y 20(3) 0.0759) 0.08Q9)
0.93 Fixed-film 18 19 23(1) 0.0799) 0.0347)
0.95 22.510) 0.0267)
0.97 23(1) 0.001)
0.99 22(1) 0.00(1)
1.00* 24.05) 0.002*

ions is established at the scale of our resolution. Figure 3, § g7<x<1 ag,=(0,4,0) LRO of the aniongat the scale
shows that their intensity vanishes al g, which decreases ' T EHe e . L
of our experimental resolutionThe g, reflections exhibited

whenx increases. A slight broadening of the HWHM, with . .
respect to the experimental resolution, begins to be observéaﬂ rapid broadgnmg fox<0.97 (qz_ SRO. Our \_/vork shows
that broadq, diffuse spots are still observed in tixe=0.85

for the x=0.53 samplgFig. 4). For largerx values, going ' .

until aboutx=0.93,q, diffuse spots broader than the experi- 21dx=0.72 samplegFig. . They are no longer detected in
mental resolution are detecté8RO of the anions see Figs. thex=0.69 sampleFig. 5). Surprisingly it is found(Table
5 and 6 for thex=0.69 andx=0.72 samples, respectively. II) that, within experimental errors, thg transition (T o)

Tho. their quasitransition temperature, defined by the tem®F quasitransition Tao) temperature remains constant
perature of saturation of the HWHM of the diffuse spiatse ~ With X. .
Fig. 7(a) for x=0.72), decreases also wherincreases. Very The x-ray pattern of thec=0.72 alloy shows a coexist-

weak and broady, diffuse spots, whose HWHM does not €nce of theq; andq;, local orders(Fig. 6). Figures Ta) and
seem to saturate at low temperature, are observedifoger ~ /(b) give the temperature dependence of the peak intensity

than 0.72. Forx>0.93 theq, diffuse spots are no longer @nd of the HWHM of theq, andg, diffuse spots, respec-
detected. tively. It shows that the HWHM of the|; diffuse spot satu-

The CIQ;-rich side of the solid solution (0.98x<1) rates at a value larger than the experimental resolution and
was previously investigated in Ref. 17. This work showed hat the HWHM of theq, diffuse spot does not seem to
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FIG. 3. Temperature dependence of the satellite (diffuse
spo) intensity of the(TMTSF),(ReQ,); _(ClO,) solid solution for T(K)
x=0, 0.35, 0.53, 0.69, and 0.72. The intensity is normalized at its
saturation value, except for tkke=0.69 and 0.72 samples where the ~ FIG. 4. Temperature dependence of the normalized inten-
intensity does not saturate at low temperature.¥=e0, 0.35, 0.53, sity and of the HWHM alonga of a q; satellite of
and 0.69 the integrated intensity was measured with a position sefiTMTSF),(ReQ,)4AClO,)053 Tao IS the temperature at which
sitive linear detector. Fox=0.72 the intensity was obtained from there is a broadening of the satellite reflection together with a drop
microdensitometer readings of x-ray patterns. of its intensity.
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FIG. 5. X-ray pattern of TMTSF),(ReQy)g 31(ClO4)g 690 at 9 K.
The arrows show the; = (3,3,3) diffuse spots. The layers of main

Bragg reflections perpendicular &goare labeled by their Miller in-
diceh.

saturate at low temperature. The coexistence ofjihendq,
SRO is also observed in the=0.85 and 0.93 samples.

Figure 8, obtained from the data of Table Il, gives the
concentration dependence &f(q;) andA,(q,) determined
at T<<30 K. Within experimental errord ,(q,) is zero until
aboutx=~0.5. Forx>0.6,A,(q;) increases rapidly and satu-
rates at about 0.08 A abovex~0.7. On the other hand,
A.(q,) is zero in a very small range of concentration, 0.97
=x=<1. Forx<0.97,A,(Qg,) increases rapidly and saturates
at about 0.09 A* belowx~0.85. Theq, LRO, which per-
sists until abouk~0.5, is rapidly destroyed fot larger than
0.6, probably because of the competition with theSRO.
Note thatA,(g;) saturates when thg, SRO is present.
A,(qq) becomes larger than,(qg,) for x=0.85. When the
g; SRO vanishes) ,(qg,) rapidly decreases. The, LRO is
observed fox=0.97.

“‘ <r\\ ”\: T T 7
A - = = = = //¢\
>
\ \ \ | ' P
9
. D il a
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FIG. 6. X-ray pattern of TMTSF),(ReQy)q2dClO,).72 at 24 K.

The diffuse spots ai; = (3,3,3) andq,=(0,3,0) are shown by long

and short arrows, respectively. The layers of main Bragg reflections

perpendicular ta are labeled by their Miller indic&. This x-ray
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FIG. 7. Temperature dependence of the peak interisitypty
symbolg and of the HWHM along tha direction (full symbols of
theq, (&) andg, (b) diffuse spots of TMTSF),(ReQy)q 24 ClO,4)g.72
In (& Tap is the temperature below which the HWHM of tlag
diffuse spots saturates. Such a saturation not being obseryby in
an upper limit at thél 5, of the g, scattering is 18 K. The continu-
ous lines are a guide for the eyes.

Figure 9 summarizes all the results obtained by structural
and conductivity measurements in a diagram giving, or
Tao in function of the CIQ concentrationx. It shows that
within experimental error§ .o and T, of the g; AO lin-
early decreases whex increases until about 0.7 and that
above this concentratiofi,o abruptly vanishes. Contrarily,
Tao and T of the g, AO remains constant whex de-
creases from 1 until about 0.85. Below this concentration,
Tao Vanishes.

Another important quantity which characterizes the nature
of the SRO is the profile of diffuse spots, i.e., thelepen-
dence of their intensity. Figure 10 shows the profile alang

0.12 . . 0.12
o~ & 1 N
) 0.08 @ :%:é - 0.08;;(
= 1 =
Z 0.04 'y %’ 0.04
0.00 Lt . 15000
00 02 04 06 08 10

pattern is taken with about the same orientation as that of Fig. 5. FIG. 8. Concentration dependence (of the intrinsic HWHM

Note the net decrease of the intensity of thediffuse spots be-
tween Figs. 5 and 6.

alonga of the g; (full symbols, left scalpandq, (empty symbols,
right scalg¢ diffuse spots at low temperaturd € 30 K).
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200 — | p—— L E— 1, given anion is thus specified by the Ising variable which
L } F 14~"SRO can be taken as the order parametgr= =1 if the anion
< 150k * P e L points towards the Se atom of the left/right side neighboring
= SRO - 4@nd dy
-— I \ STVl 0 TMTSF molecule.
- e } : : ‘l 12 LRO The coupling between anions, leading to the AO transi-
£ 100 NP T tion, can be described by the phenomenological Hamil-
ai I : : ; : tonian:
50 -2 LT
4= (1/2,12,12) | + ¥
- LRO ! i H=2 Jijmin;, 2
0 | T T 1 .nl | i
0.0 02 04 06 08 1.0

whereJ;; is the interaction between two anions located in
andj. In pure(TMTSF),ReQ, the “J;;” are such that the
alternate order of the RgOanions in the three directions

FIG. 9. Concentration dependencg of the AO transition tem-
perature To) and of the quasitransition temperatufg,g) deter-  [q;=(3,3,3)] is stabilized below T3,=176 K. In pure
mined by structural measurements. The full symbols represent therMTSF),CIO,, the “Jj;” are such that the uniform order of

gy order and the empty ones tlp order. The LRO(squaresor  C|O, anions alonga andc, and the alternate order aloig
SRO (circles nature of theq,; and g, AO ground states is also . .
(circles fh andd, 20 9 [9,=(0,3,0)] is stabilized belowl’s,=24 K.

indicated.T 5o Obtained by the conductivity measurements of Ref. -

20 are represented by crosses. In the case of a random disorder of TMTSF and TMTTF
organic molecules, in(TMTSF);_.(TMTTF),],X solid so-

lutions, and in the case of a random orientational disorder of

solid solution. In this sample, where the HWHM is much TMDTD_SF molecules_, in (TMDTDS@( salts, the anions .
larger than the HWHM of the resolution, the profile can be®@" be in S-symmetric, Se-symmetric, or S-Se asymmetric
fitted by a Lorentzian square function. A Lorentzian squareoou?r.'tlals which are fa”do.m'y distributed a[l over the anion
profile is also observed alorg for the g, diffuse spots of positions. In the S—.Se environment, the. anions thus experi-
(TMTSF),(Re0)00ACl0s)00s2* As a Lorentzian square ence an asymmetric double well potential which breaks the

function has &y dependence intermediate between a Lorent-" 1ds|yr2rrgetr)r/1 of the orderfparlamelt;a.; This Ieﬁ:;act can be
zian and a Gaussian, and as our resolution has a Gaussi eled by the presence of a local fi¢ldcoupled tos; .

; - AO process thus occurs in the presencenflom fields
shape, we have taken, in Table Il and in FigA8(q) as the € ) . .
mean value of the intrinsicA,(q) obtained from the On the other hand in (TMTSEX; .Y solid solutions the

Lorentzian-Gaussian and Gaussian-Gaussian resolution ¢ (YY) anions remain located between tWQ Se aFoms. Random
rections. lelds effects are thus not present. But, if the interactign

between the Ising variableg and »; depends of the nature
X or Y of the anions located inandj, the random substi-
IV. DISCUSSION tution of anions introduces random interactiahs.

In (TMTTF),X and (TMTSF}X salts, each anion is lo- The observation of the Laue monqtonic scattering in the
cated between two (Se identical atoms. Its environment (TMTSP2(ReQy:-(ClO,)y solid solution shows that there
can be schematically represented by a symmetric double weff @ random substltutlon_of the anions. As the critical wave
potential [Fig. 1(b)]. Each anion(located ini) can occupy Vector of the AO transition of TMTSF),ReQ(q,) and of

one of the two minima of this potential. The orientation of a(TMTSF)2CIO4(qy) is different, it is expected quite impor-
tant random interactions. We will thus discuss the phase dia-

gram of the solid solution within the framework of the Ising
model, described by the Hamiltoni&B), with random inter-
actionsJ;; .

This random interaction model has already been used by
Sherrington and Kirkpatrick to derive the phase diagram of
spin glasses in the case where the interactigpsare infi-
nitely ranged and where their distribution follows a Gaussian
law defined by a mean interacti¢d) and a standard devia-
tion AJ. Their treatment shows that f¢d)>(AJ), the sys-

of a g, diffuse spot of the(TMTSF),(ReQy)q 31(ClO4)g 69

150

100
2hres

I (arb.units)

FIG.

10.

-01 00 01

3q,(A")

0
03 02

Profile alonga of a q

02 03

diffuse spot

of

(TMTSPF),(ReQy)q 31(ClO4)g 69 at 9 K and its fit(continuous ling by ! : |
a Lorentzian square profile. The FWHM of the experimental resolar to the results of Sherrington and Kirkpatrick, that for
lution (2A .9 is indicated.

tem undergoes a phase transition(d}/kg, and for (J)
<(AJ), the system undergoes a glass transitiod Mk .

This theory was used to interpret the phase diagram of the
mixed  ferroelectric-antiferroelectric  solid  solution:
Rb, _(NH,H,PO, (RADP) and Rh_,(NH,),H,AsO,
(RADA).?% In the case of a competition between theJ
(“ferro” ) coupling and thet+J (“antiferro”) coupling be-
tweenz first neighbors, the mean field theory shatfisjmi-

Vz|(3)|>AJ, there is a phase transition to a ferroelectric or
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antiferroelectric order dt{J)|z/kg, depending ifJ)<O0 or if
(3)>0, and for\z|(J)|<AJ, there is a glass transition at
AJ\z/kg.

In these last expressions one has, if the probability of the

+J(—J) coupling is 1—x(+Xx),

(J)=(1-2x)J, 3
AJ=2Jx(1—X). (4)

In the following we will apply the results of such mean
field models to an oversimplified description of the
(TMTSP),(ReQy); _4(ClO,), solid solution. We defingl,,
J,, andJ; as the interaction between two Rg@nions, two
ClO, anions, one Repanion, and one Clp anion, respec-

tively. We shall assume that this interaction is the same in ali

the crystallographic directions, which is not too bad an ap
proximation because the AO pretransitional fluctuations o
the (TMTSF),ReQ, (Ref. 28 and (TMTSF),CIO, (Ref. 29
transitions are roughly isotropic. The probability of such in-
teractions are, respectively(J;) =(1—x)?, p(J,)=x2, and
p(J3)=2x(1—x), if x is the concentration of CIDin the
solid solution. The average interaction is

<J>=Z p(3)J;,

(I =(1-x)I;+xJs, (5)

if J5 is taken as the mean value of the andJ,. With the
same assumptions the standard deviation is given by

AJ= \/ 2 P (%i=(9)%,
AJ: \/X(l_X)/ZlJZ_J1|.

In order to calculatéJ) and (AJ), we shall take

(6)

Tro=|d1//kg=176 K,

Tao=1Jsl/kg=24K,

and we shall assume, as the Re@nd CIQ, anions take
opposite orientations in theandc directions, thatl; andJ,
have opposite signs. This gives

(3)/Kg= — 24x+ 1761 —X), (7
AJlkg=200{X(1—x)/2. (8)

These two quantities are represented in functiornx arf
Fig. 11. It is found tha{(J)| is superior to]AJ| for 0<x
=<0.53 and 0.9%x=<1. In these concentration ranges the in-
finitely ranged model thus predicts a LRO @&pq
~|(3)|/kg. It is found that|AJ| dominates|(J)| for 0.53

<x<0.97. In this concentration range the infinitely ranged
model thus predicts an “orientational glass” phase below

Te~|AJ|/kg (i.e., Tpo below). This model predicts quite

well the concentration ranges where the LRO and SRO are
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FIG. 11. Comparison of the experimental pha$ex] diagram
with that predicted by the infinitely ranged random interaction Ising
model described in the text. The data are reported with the same
ymbols as in Fig. 9. The temperatures are taken positive fay,the
O and negative for the, AO. The continuous lines represent

éJ)/kB andAJ/kg, given, respectively, by expressio® and(8).

solution. But the behavior of g is not well reproduced in
the concentration range, 38<k<<0.95, where the main criti-
cal AO wave vector shifts frong, to g,.

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

S(a)=(l74*), )
actually measured in our x-ray diffuse scattering experi-
ments, wherer, is the Fourier transform of the Ising vari-
able »; . In the classical limit one has

S(q)=kgTx(q), (10

where x(q) is the generalized susceptibility.

Let us first calculate the inverse of this quantity in the
case of the Ising model already introduced. For the Hamil-
tonian (2) the mean field approximation gives

x ) =kgT+I(q), (11

where J(q) is the Fourier transform of the interactialy
=J;_;i, between anions at sites 0 apeti. Explicitly, this
quantity reads

J(q)=2[J3 cosga+Jg cosgb+J5_, cosq(a—h)
+J¢ cosqc], (12)

where theJ; are the interaction between anions of type
=1,2(ReQ, and CICZ“) in the u directions(a, b, a-b, orc)
of first neighbors.

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

(J(@)=2{[(1—x)I:+xJ3]cosga+[(1—x) I}

+xJ2]cosgb+[(1—x)J%_, +xJ2_,]Jcosq(a—b)

observed. It predicts also quite well the concentration depen-

dence ofTpo and Tpo in the Re@ rich side of the solid

+[(1—x)J +xJZ]cosqc. (13
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It is shown in the Appendix that the ratios between #fe to “direct” interactions between the anions, whose interac-

can be obtained from the experimental values of the correldion constantJ?(q), is maximum at thej, wave vector pre-

tion lengths. One gets viously introduced. With these definitions the free energy of
a coupled system of anions and organic chains can be put
under the form

J=Jl~-231  ~281% with J1>0, for the g; AO,

P~—02~-232_ ~251% with J2<0, 1
aTh T e i F=35 2 [keT+3(@17q7-q+ 2 K(Q)7gl—g

for the g, AO.
1
With these values Eq13) becomes + > E Xu(q)‘luqu,q. (15
q

) L Minimizing F with respect tau, yields
(J(q))=2[xJ3+(1—x)J;][cosga— 0.5 cosg(a—b)

+0.4 cosqc] — 2[xJ2— (1—x)JL]cosqgb. (14)

1
F=5 2 [keT+J%q)—K(q)? _q (16
If this expression ensures that the maxima of the diffuse 2 % (ke (@ =K@ Xu(D]7q7-q (16

scattering will be around, for x=0 andq, for x=1, it fails

to explain thex dependence of the diffuse scattering. For
example, if the last term of the right member of EG4)
shows thatl(q) is filways maximal foqb=b*/2, theq, an{j Y Q) =kgT+J32(q) — K(9)2xy(Q), (17)
g. components will not be determined when, for{)J; o ] ] )

+xJ2=0, the first term of this member will vanish. With the Which inversely enters in expressi@ID). This clearly shows

Ji values estimated in the Appendix this occurs for the mechanism of the competition between deand q,

~0.88, indicating that the solid solution would be disordered!nStabi“tieS' It is due to the relative weight of the “direct”

. . 2 . . .
at any temperature for this concentration, contrary to the exgtgrac_tlgn %etw?etr;] anlr? ns, (g) which dc()jml?at\:]es In (tjhet d
perimental observation of well definegl, and g, diffuse 4 fich side of the phase diagram, and ot the mediate

spots around this concentration interaction through the organic stadk(q)?x,(q), which is
This is a very general feature of any Ising model with stronger in the Regich side. Due to the different physical
competing interaction® Depending on the exact values of origin of these interactions, thaijrdependence does not can-

the interactions, these models usually predict such “disorde?eI at a specific, as in the Ising ”?Ode'- Theh. and g
lines” [in a generalized phase diagram, like oxT) dia- instabilities are now well separated in the Fourier space, as

grani, where the system is more disordered. Disorder Iinegequired to neglect instabilities at other wave vec;ors. This
of different types have been recognized both experimentall ode_l also_ g_llows us to obs_erye a region O.f coexistance of
and theoretically in systems with competing interactidhi. oth instabilities. The key point is that the microscopic com-

Disorder lines are mainly due to a similar expression of thePeting mteractl_ons between anions canno? cancel out any-
interaction constantd®(q) (a=1,2), all having the same more for special values of the concentration, as the Ising

physical origin, and which give rise to a cancellation of themo_?ﬁ.l predlﬁts._ I | imol lain why th
average interactiofJ(q)) for a specificx. This feature rules , 'S Mechanism atlows us aiso to simply explain why the
out the possibility of observing both instabilities in certain Ao ©f the di SRO abruptly vanishes around-0.7. The
regions of the phase diagram. This indicates that the Isin%eason is thaty,(2Kg), measured in(TMTSF),PFs for
model is not appropriate to explain the phase diagram of ou xamplé;* decreases below 50 K and vanzlshes below 20 K.
solid solutions. Let us remark that this conclusion is at vari-' NuS the effective coupling constat(q)“x,(q), which
ance with what was proposed for these compodidse d_rqps below 50_ K, WI_||_ not remain important enough to sta-
(TMTSP),(ReQy); _,(ClO,), phase diagram does not exhibit bilize aq; quaS|FranS|t|on at Iow temperature. .
any disorder lines, but, as a function xf a gradual disap- The o_bservatlon o_f a Lor_ent2|an s_quared profile forqbe
pearance of the; AO at the expense of thg, AO. andq, diffuse spots in the mtermedlat_e concentration range
In an attempt to solve this problem, let us come back toC_OUId4 be explained by a random distribution of domain
the actual microscopic interactions between anions in ougizes due to the competing interactions previously consid-
solid solution. Though the exact microscopic constants ar€'€d- If« is the(constant probability to cross a domain wall
not exactly known, a general model of the AO instabilitiesP&r Unit length, the probability that two sites, sgparated by a
has already been presentédas previously mentioned, the distancer, belong to the same domain is given by
g, AO is driven by the X CDW instability of the TMTSF _ _
stack. The unstable electronic system is coupled to the pho- Glr)=exp(—«r). (18
non modeu, through the electron-phonon coupling constant.lts 3D Fourier transform, performed in a diffraction experi-
This coupling gives rise to a phonon instability, representednent, is a Lozentzian square functiG@ssuming an isotropic
by the phonon susceptibility,(q), peaked at the - wave  probability «):
vector. The phonons and the electrons are in turn coupled to
the AO order parameter through a general coupling constant S(q)= 1 (19
K(q). As far as they, AO is concerned, it is more likely due q [k°+ 69°)%"

and thus
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Such a profile can account for the shape of ghgFig. 10 4, A0 4, A0
and g, (Ref. 29 diffuse spots in the SRO regime. In that
case, the HWHM(Table 1l) of the diffuse spotA(q), is P /\/\/\/\/\/\/
related tox by

P /\/\/\/\/\/\

CDW SDW
(0~0) (6~m)

A(Q) = k\W2—1~0.64. (20)

V. CONCLUDING REMARKS FIG. 12. Schematic representation of the spatial dependence of

In this paper we mainly considered the structural aspect&(X) and p|(x) on passing from a CDV¢; AO domain to a
of the AO transition in the(TMTSF),(ReQy);_,(ClO,), SDWigz AG domain.
solid solution. Such features have important consequences
for the instabilities and the quasi-1D electronic properties of
the TMTSF stacks. ) . o

For x lower than 0.7, aj; AO, and thus a B CDW  2kg CDW/SDW electronic charact_er, such aspatlal variation
modulation of the organic stacks, occurs in domains whos®f ¢ between theg, and g, domains of the solid solution
size increases whendecreasegsee Fig. 8 At the scale of could be less thanr. Transport and magnetic measurements
our experimental resolution g, LRO is achieved forx should be performed in this interesting concentration range
lower than 0.5. The stabilization of a long range-Deriod-  Of the (TMTSF)(ReQy); _(ClO,) solid solution in order to
icity, and thus a CDW distortion of the TMTSF stacks, Opensclarlfy the nature of the ground state in relationship with the
a well defined energy gap, which has been clearly detected i{ructural measurements.
the x=0.35 compound®

On the other hand, in the CJOrich side of the solid ACKNOWLEDGMENTS
solution, the establishment of@ SRO, forx<0.97, sup-
presses the superconductivity and stabilizes the 3DW
ground staté® In this concentration range the effect of ReO
alloying appears to be similar to the quench of theAO
transition in purg TMTSF),CIO, where it has been observed
that, with the reduction of the fraction and of the sizegef
ordered domains, when the cooling rate incred8eise su-
perconductivity is destabilized at the benefit of the SDW APPENDIX
ground staté.In these systems the superconductivity occurs
in the presence of g, LRO which leads to a splitting by fu
Ak of the Fermi wave vector, and thus prevents the stabi-
lization of a density wave ground state by nesting of the
Fermi E%ijlrface (FS. However, it has recently been 2:)
suggestet that the nesting mechanism will still be operating 1 9J(q
if the g, AO occurs in small enough domains so thste J(@)=I(q)+ 2 q P 69 (A1)
will be less thanA ,(g,). A restoration of the nesting prop-
erties of the FS, by setting@, SRO, will thus stabilize the By defining
2k SDW ground state. In agreement with this interpreta-
tion, Fig. 8 and Table Il show that,(qg,) rapidly increases
in the same concentration rangejower than 0.97, where J(gc)=—kgTg, (A2)
the SDW ground state is observed.

It is not known how the R- SDW ground state evolves Ed. (11) becomes
when the Re@ content increases further. The study of the
solid solution could be especially interesting when, for 0.7 .
<x<0.94, theq, SRO also becomes stable at low tempera- Y Ha)=kg(T-To)[1+ 5q§_25q], (A3)
ture and coexists with thg, SRO. In this interesting con-
centration range thekt SDW and X CDW orders could where
locally coexist in they, andqg; domains, respectively. As the
2kr CDW and X SDW differ by the relative phase shift
between the spin-and spini electronic densities;(x) and
p(x) (6=0 for a CDW, #= 1 for a SDW), it is possible, as _ 1 723(q)
schematically shown in Fig. 12, that the change of nature of &= 2q
the density wave ground state, between theand g, do- 2kg(T—T¢) a9
mains, could be simply achieved by a spatial variatiorgof . .
between well established electronic modulations of opposité® the tensor of the square of the correlation lengths.
spin. Since it has recently been obseRfethat the SDW With a good approximationé is isotropic both for the
ground state of théTMTSF),PF; already presents a mixed g,=(3,3,3) and ,=(0,5,0) AO transitons  of

This work has benefited from useful discussions with T.
Garel, R. Moret, and S. Tomic. A great part of this work has
been performed on the experimental setup constructed by P.
A. Albouy who is warmly thanked for his cooperation. K.
Bechgaard is also thanked for the gift of the 0.35 sample.

Near the critical wave vectar., we can develog(q) in
nction of 6g=q9—q.:

(A4)
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(TMTSPF),ReQ, and (TMTSF),CIO,, respectively. Using From Egs.(12) and (A2) and the experimental transition
J(q) given by Eq.(12) and the lattice parameters of Table |, temperatures, one has

Eqg. (A4) leads to

Tro=|J(q1)|/kg=—5.81Ykg=176 K; i.e.,

141 1 1 . 1 AC a
Ja=Jp~—23; =25, with J;>0, for the q; AO,

1
: ~—30.5 K,
P~—02~-232  ~25)2 with J2<0, Ja~—305

for the g, AO. Tao=13(0x)|/kg=5.814kg=24 K; ie., J2~4 K.
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