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Fluctuation Effects in Low-Dimensional Spin-Peierls Systems: Theory and Experiment
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The influence of one-dimensional spin-Peierls fluctuations on the temperature dependent magnetic
susceptibility of an antiferromagnetic chain is calculated using the renormalization group and the
functional-integral methods. The results are shown to give an accurate description of fluctuation effects
found in recently synthesized organic spin-Peierls compounds.

PACS numbers: 75.40.—s

A distinctive feature of a large variety of phase transi-a one-loop approximation including lattice and thermal
tions in quasi-one-dimensional compounds is their broadRG transients allows a precise determination of the tem-
regime of 1D fluctuations precursor to the true criticalperature dependent spin susceptibilig(7), which is
point. Peierls or charge-density-wave systems stand amparable to recent joined together Bethe ansatz and
classical examples for which 1D lattice softening foundconformal field theory calculations for the Heisenberg
by either x-ray or neutron scattering experiments hasnodel [5]. The RG method is subsequently used to gen-
a marked influence on electronic spin degrees of freeerate an effective field theory for the adiabatic coupling of
dom well above the transition [1]. Surprisingly, it is JW fermions with soft lattice degrees of freedom. Fluc-
only very recently that similar effects were observedtuation effects are then treated by the standard functional-
in insulating quasi-1D spin-Peierls (SP) systems. Thentegral method, and the results fgf(T) are shown to
organic series [2](BCPTTH,X (BCPTTF stands as give a controlled description of precursor effects in the SP
benzocyclopentyltetrathiafulvalen& = Asks, PR) and  organic compound (BCPTTEAsSF,. The formalism ap-
the cuprate compound [3] CuGgOfor example, can plies equally well to the Peierls instability in which case
be considered among the first few spin-Peierls systenthe results reduce to those of Lekal. [6] in the absence
for which 1D fluctuations effects are clearly visible in of electron-electron correlations, setting in turn these pre-
x-ray diffraction and magnetic susceptibility measure-vious results within a more formal framework.
ments. Correspondingly, despite an apparent similarity Let us consider a 1D array & spins decribed by the
existing between the Peierls and spin-Peierls mstabllltlele Helsenberg Ismg Hamiltonia®l = >, ; J;;(S7S7 +
there is so far no theoretical description of coupled latticeS; S; N+ J.ijSiSj, where the transverse (Iongltudlnal)
and spin fluctuations in the spin-Peierls case [4]. In th|$xchangej(z),, = J(Z) + J(Z)(¢, ¢;) between spins
Letter, we propose a microscopic treatment for such flucis modulated by the longitudinal lattice displacement
tuation effects combining the renormalization group (RG)¢. Using the JW fermion representation for spins and
and functional-integral methods. In the Jordan-Wignerconsidering a linear fermion-lattice coupling, the partition
(JW) fermion representation of spins, we first show tl'{afunction can then be expressed as a functional integral
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over Grassmaiic-numbei () variables. For the free  The problem of low-energy spin degrees of freedom
fermion (Sg) and lattice(So[¢]) parts of the total action then reduces to the study of interacting lattice JW fermi-
S, G%k) = [iw, — e(k)]"" andD°(3) = —M/2[w? +  ons coupled to the fluctuating field. Extending a pre-
w?(g)]”" are the bare fermion and the lattice field prop-vious RG approach [7], this can be achieved by first
agators withk = (k,w, = 2n + 1)#T), § = (¢, w,, = integrating high momentum fermion degrees of freedom
27mT). Their spectrums are given (k) = —2Jcost  retaining transients due to fermions on a lattice. We
and w(q) = wolsin(g/2)l, respectively,wy = 2JK/M  write ™ — ¢ + 3™ where they™s describe de-
being the frequency of the lattice mode 2t = =, grees of freedom to be integrated over in the outer mo-
with K and M the elastic constant and the ionic mass.mentum shell of thicknes%ko(€)d€ on both sides of

In the interacting term,S, describes the linear cou- the Fermi level atky = +#/2 and for all w,. Here

pling between fermions and the lattice field Wék,q) =  ko(£) = koe ¢ is the momentum cutoff at the stef
4iJ' codk + ¢/2)sin(g/2). Finally, in S;, fermions on andky, = 7w/2. Keeping the¢’s fixed, this is formally
nearest-neighbor lattice sites interact througty) =  written as

2J, coy.
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where F[¢]¢ is a free energy functional of the lattice model in the continuum limit [8]. For the antiferromag-
field to be discussed later. At the one-loop level, thenetic case with/,/J =< 1, the model predicts thag,(f)
outer shell averages(S)os. and (5,5,).s. are per- scales to a nonuniversal value. In one loop the self-
formed with respect to the free fermion outer shell partenergy contribution(S;), . introduces a renormalization
in the infrared singularzkr electron-hole and Cooper of the Fermi velocityv(€) = 2J(€). In the low tempera-
channels. They will lead to the renormalization of theture limit (8 — =), this reduces to the Hartree-Fock
forward g, = gs(wv)~! and umklapp scattering, = resultv™ = 2J + 4J,/7 when{ — o, which is close in
gu(mv)~! for S; and the 2kr fermion-lattice vertex leading order to thd = 0 Heisenberg-Ising exact result
part zA(*kp, ¥2kr), with v =2J being the Fermi [9]. Atthis point, itis important to establish the accuracy
velocity. If one rescales the momentuim— ke?‘, the  of the above RG procedure from a calculation xofT')
energy, the fields, and the coupling constants transforrfor the antiferromagnetic chain. Since a magnetic field
according to(e, w,) — {(d€) (e, w,), ¢y — ¢~ '/*(d€)y, h along thez direction acts as a chemical potential, the
gr — {(dO)gre ¥, and g, — {(d0)g,e 3, re- evaluation of y(T) amounts to the calculation of com-
spectively. Owing to the curvature of the band thepressibility of JW fermions, namelyy(T) = d{N)/dh.

rescaling becomes dependent 6f namely, (d€) = At a given temperaturd’, the partial RG integration is

1 + cotlkpe “)kge ¢d€. At the one-loop level the RG then conducted down téy = In[1/ arcsinT/2J)] so that

flow is then governed by the remaining degrees of freedom to be integrated out are
d3; those located inside a thermal widti¥ around the Fermi
d_é = —g/[1 — a(0)] + 432K (¢), level. These give the essential contribution id7T)

and, as incoherent states in the nonsingular particle-hole

dgu o, . channel, they can be treated by perturbation theory. Thus
ae 8ul3 = (O] + 222.K(0), treatingS; at €7 in RPA, one readily finds
dinz 1, _ (3) Xo(T)
Y, = _(g - gu)K(f), X(T) = > (4)
ac 2% 1+ 38/(T)xo(T)
dv _ 4777~ tan BJ (€)] sin(koe ~koe %, where g¢(T) is %iven by the solution of (3) atr
dt and  xo(T) = [, de D(e,T)[2T cosit(e/2T)]"! is

where a(€) = cotlkoe koe ¢, K(€) =tanHBJ(¢) X  the bare compressibility withD(e,T) = [27v(T) X
sin(koe ~9)][1 — sirt(kge )]"1/2 with the initial con- /1 — €2/4J2(T)]"! as the effective tight-binding
ditions g, = —2g, =4J* at { =0. When ¢ > 1, density of states. The resulting temperature profile
thermal and lattice transients become negligible and théor x(T) is portrayed in Fig. 1(a) for the isotropic
flow equations forg, and g, reduce to those obtained case J = J,. From the figure, the above one-loop
by Black and Emery for the Heisenberg-Ising part of theRG result reproduces the position of the maximum,
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0.16 —— ————] analysis of fluctuations for a one-component order param-
y T eter in 1D [11]. As a rule the flow of the SP Ginzburg-
e 0'121; 1 Landau parameters€), b(f), andc(€) is conducted down
=< 0.08f ] to the neighborhood of a characteristic (mean-field) tem-
3 - T ] perature scalely, (¢, = In[1/arcsinTy/2J)]) marking
0.04} I' ] the onset of strong SP fluctuations. Explicitly, assuming
ol N 1 a power law formz(€) = [Eo(€)/Ey]~" /* for the vertex
g part at largef wherey® = g7 — g = 0.72 is the expo-
E 0.12}. nent taken at the fixed point, one finds
X 0.08¢ a(T) = d'(T/Ty — 1),
R 04| c(To) = a"1¢(3)v™ /16715, (6)
L ISR b(To) = 7£(3)/B2mv™) 2mv™ (2 + 2y™)]7!
0 04 08 12 16 2 *
X v T)*" >
T t /
emperature (T/J) for 27> T, where da = 2Ty 2mv*)"! and
FIG. 1. Magnetic susceptibility vs temperature. (a) Compari-/(3) = 1.20.... Here, the power law expression for

son of our results (continuous line and diamond) with thos f ks ® 5 /v
of Ref. [5] (dashed line and crosses) for the AF chain; (b()a[he mean-field temperatur®, ~ v=[2:/(y" + 2.)]

D ol _
comparison of our results in the presence (continuous line) an®ith g :_|/\(2kF)|2(47T_KU )~! agrees to leading order
absence (dashed line) of SP fluctuations with experimental dat&ith previous mean-field results [12]. According to
for (BCPT T F)LAsF; (crosses). (2), our effective low-energy theory then describes the
coupling of the remaining thermal fermion states around
x(T,) = 0.72/J at T,, = 1.22J, the infinite slope ap- the Fermi level to the static fluctuations of the SP field
proach to the y(T = 0) = Qmv™ + g;‘/Z)—l value 9governed by (5). This can be seen as the SP analog
[due to g,-induced transients og/(7)] and the overall of the analysis made by Leet al.[6] for the Peierls
temperature dependence pfT) with a very good accu- instability in the absence of electronic correlation effects.
racy compared to the combination of the thermodynami¢? the present approach, however, fermion degrees of
Bethe ansatz [5] and the Bonner-Fisher [10] numericaj’€dom being not entirely integrated out, the interplay
results at high temperature and conformal field theonP€tween lattice fluctuations and fermions gt can be
at low temperature [5]. The discrepancy with respectfo_rma”y mcorporatgd. The contribution of SP fluctu-
to the Bethe ansatz and Bonner-Fisher calculations foftions 1o Ehle ferm_|?n self-energ} of the propagator
T > 1.2J has been reduced by the inclusion of one-loopC = ([G"]"" — 2)™" at €7 being essentially static, one
mode-mode coupling effects. The latters result from thd'as in leading order

curvature of the band and gain in importance only in thez(,; () = — TN ' 22(Ty)
high temperature domain.

In order to see how lattice fluctuations modify the X Y Gk + 2kr — q.iw Yer +
above picture, one can first look at the closed fermion % ( P g ien)xe(he + q).
loops (S )es./n! in n = 2 powers of theg's and which )

are generated by the partial integration (2). This will _

not only give rise to corrections fofo[¢p]; at n =2,  Where x4(2kr + q) = 26(M)(|PI)[1 + £2(T)g*] " is

but when combined to the > 2 terms it yields and the Fourier transform of the correlation function of the SP
infinite series in powers ofs which is nothing but the field with (|®[%) = z(To) (| (2kp)|*). Here(|¢(2kr)I*)
quantum Landau-Ginzburg free energy expansfip],  and £(7) are the. amplitude of mean-square fluctuations
of the lattice field¢ at ¢ [7]. By rescaling the field and the correlation length, respectively. Both can be
¢ — A¢ in the adiabatic limit, one can construct up calculated exactly from the functional integration over
to the quartic mode-mode coupling term, the followingthe ¢’s described by (5) [11]. AsT, is approached

Landau-Ginzburg functional neaky: from above, fluctuations become large af(d’) increases
rapidly and marks the formation of a pseudogap in the
Flole = Z[a(@) + c(0) (g — 2kr) ]l (9))? fermion density of states. Actually, it follows that a
q self-consistent use of the dressed propagétdrelow T,

_ will considerably slow down the RG flow of parameters

+ N7'b() Y b(q1)- - (ga)ds, ., . (5) given in (3) as well as the closed fermion loops of

fa} Fl&] [consistently with the sharp cutoff procedure used

where the low-lying collective character of the fluctua-in (6)]. The pseudogap also affects the particle-hole
tions has allowed us to take the static limit. This is acompressibility bubbleyo(7T). Following Leeet al. [6],
generic form of the free energy for the transfer matrixone substitutes in leading order the dreséetbr one of
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the propagators entering in the formal expressionyfgr 20 1
namely, TN ! > GG°, and one readily finds v
T 7 15} 0.75
xo(T) = ] de D(e,T)[2T cosh(e/2T)]"',  (8) B
0 | 3
where o 12 = 10 0.5 o
— af2(y + x et
D(e, T) = D(e,T 9
(e,7) (€ )[2(y + x) — a?ly ©) g s 2 1025
is the density of states in the presence of a pseudogap. I St ., ’
Following Ref. [6], we havea = v™ & 1(T) (D |>)!/?, % " s0 1o
— 1 2 _ = (2 =2 /2 vith = —
X 1+ ;0 €-, andy (x* + €a*)/*, with € Temperature (K)

e/{|®|?)'/2. Sinceyo(T) goes essentially likg ~!(T) at . o .
. IG. 2. Measured x-ray diffuse scattering intendiy” (dia-
low temperature, the results of the transfer matrix metho onds) and inverse longitudinal correlation length times the in-

show that the fluctuation-induce_d depression_ XT)  terspin distance ~' (dots) vs temperature for (BCPT T#AsFs.
evolves towards a thermally activated behavior of theThe continuous line fo~! corresponds to the 1D results of
form yo(T) ~ e PT/T pelowT* = To/3 with p = 0.92 the transfer matrix method.

using the above Ginzburg-Landau parameters [11]. It is

worth pointing out here thal™ marks the temperature , . . . , .
scale for true long range order when a small but finite8N¢€ Of interchain coupling (e.g., via three-dimensional
interchain coupling is taken into account. phonons) can be shown to improve the accuracy in the

We are in a position to apply the above results tocritical domain close td’sp but lead to a similar activated

experimental findings for the organic SP compounopehe_“’ior well belowl'sp. Quite similar results have been
(BCPTTF),AsFg previously investigated [2]. The Obti'ned for the (BCPTT RPF, analog with/ = 175 K,
thermal dependence of the spin susceptibility has beeh0 = IOOdK’ a][]d TEP = 37K [2]. The gppllcatlon_to
obtained from ESR measurements [crosses, Fig. 1(b)fXiSting data for the cuprate compound CuGe@] is
¥(T) behaves as predicted for an antiferromagnetic chai traightforward if one includes second-nearest-neighbor

(Fig. 1) above 120 K or so. X-ray measurements com&Xchange to the spin part of the model, which is known to

bining photographic and diffractometric methods reveaP® relevant for this system [13]. A more detailed account

the presence of superlattice reflections at the reduce?f e present work will be given elsewhere.
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