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Thermal and optical gaps in nearly-one-dimensional compounds
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We discuss the consequences of the dispersion of the energy bands in the broken sywoiraggsr and
spin-density-wavestates of highly anisotropic metals. Such dispersion becomes important with increasing
deviations from perfect nesting, and leads to differences between the gaps as sampled by transport and optical
measurements. We discuss the available experimental results obtained in a variety of materials with different
band-structure anisotropfS0163-1827)50324-9

[. INTRODUCTION sured by optics and the indirect gagas sampled by the
temperature-dependent dc conductivity well below the) gap
In strictly one dimension the K singularity of the We review the available experimental results which confirm
Lindhardt response function leads to broken symmetrythe above picture. We also discuss cases where a semimetal-
charge- and spin-density-wave ground stat@hese states, lic state is recovered and suggest examples of such cases.
predicted by theory decades ago, have by now been found in
a variety of so-called linear chain compounds, where the Il. THEORY
weak transfer integral perpendicular to the chains, which we
call t,, andt, throughout this paper, together with a sizable ~While several authors have considered the case of aniso-
transfer integrat, in the chain direction, lead to a highly tropic band structure, and nonperfect nestinywe recall
anisotropic band structure. the main results, before giving expressions for the various
The deviation from strict one dimensionality in the mate- Single-particle gaps. We use a highly anisotropic nearest
rials which can be synthesized has several important cons@eighbor tight-binding mod@|
guences. First, there is a large fluctuation region below the
temperatureTy,, the temperature where the mean-field so- &(K) = —2t,cogak,) — 2t,cogbky) —2t.cosck,) — u,
lution leads to a phase transition. Second, there is a phase )
transition afT ;p<<T\;= Where long-range order develops. The
fundamental consequence of the abov@imong othersthe
fact that the single-particle gap measured well below th
transition Ty is significantly larger than that predicted by
the weak-coupling BCS limit, 2=3.5%T3p, even in cases
where the coupling is weak. The reason for this is that the  _ —~
single-particle gap is related tyg, while the transition & (k) =ve(|ky — kg) —2tpcog bk) —2t;cog 2bky)
temperature is determined, among other factors by the -~
(weak interchain interactions. This aspect of low- 2tccoscky), )
SLEZ?SSJSQE' metals is by now fully explored and .y, _5at sinak), ake=ake —ticosake)/dt2siniake),
In this paper we discuss another consequence of the dgpd
viations from the one-dimensional limit, which naturally 2
gives rise to perfect nesting with the nesting wave vector . tpcodakg) 3
ke lying along the directiora. With b andc directions in- b 4tgsin(akg) |
cluded, the Fermi surface consists of two parallel sheets, and _
the gap does not have a dispersion. In the casévefk Note that the band filling is now determined ky , although
two- or three-dimensional band structure, when the nesting i differs from kg only by a few percent.
still fully satisfied, the nesting wave vector includes both It is easy to see that for a spectrum given by &, the
in-chain, k, and perpendicular to the chairk, and k,  best nesting vector is
componenté-~* When such a nesting condition is not ful-
filled (the situation we discuss lajethe energy levels near Q:(g]‘(’F ,arlb,lc), (4
to the gap have a dispersion which can be calculated using
straightforward band theory with simple assumptions. Thisj.e., the Linhard function has its maximum at this wave vec-
in turn, leads to differences between the direct (@pmea- tor. In the density-wave state the order paramgtércouples

whereu is the chemical potentiah, b, andc are the ortho-
rhombic lattice constants, arig>t,>t. are the hopping in-
etegrals in the three directions. A linearized dispersion with
the same Fermi surface is given®by
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A minimizing the square root k. with respect tok, yields
|A| (note thaty does not depend ok,), therefore the ther-
mal gap is

G 2|a |- 2leq| —2la| BEEE] g
- ol t,sirt(ake) -

The gap structure is shown in Fig. 1.
The quantity which we will discuss is the ratio of the two

gaps,

I

|cogake)| th

G" EN .
l-———— —m=1-x. (1)

i
FIG. 1. The upper and lower edges of the density wave gap are ) th opt )
shown as a function ok, , the wave number perpendicular to the For a half filled band,G™=G®", and, for a quarter-filled

chains. (k) is defined by Eq(7). band,

h 2
the statek andk—Q, and opens a gap at the Fermi energy _t: 1-2 t —1—x (12)
aroundk,~kr. The new spectrum consists of two bands G t,Go quarter

given by
E. (k)= n(k)+ |A|2+[§(k)]2, () I1l. ANALYSIS OF EXPERIMENTS
where n(k)=[e(k)+e(k—Q)]/2 and &(k)=[e(k)—e(k
—Q)]/2. In terms of the equivalent dispersifsee Eq.(2)],

Next we discuss the experimental results obtained in sev-
eral highly anisotropic metals with charge-density-wave
(CDW) and spin-density-wave ground states. The band-

_ ~ structure parametetg, t,, andt. have been deduced from
£(k)=ve(ke— k) = 2tpcodbky) —2tccodcky)  (6)  1oaqyrements such as magnetic susceptibility, specific heat,
and and dc transport anisotropy. The thermal and optical gaps
have been measured in several highly anisotropic metals
with charge- and spin-density-wave ground states. The trans-
port gaps are inferred from the exponential temperature de-
pendence of the dc conductivity at temperature ranges well

n(k)=—2tycog 2bk,) =eocog 2bk,), (7)

where we introduced the “unnesting” parameter

t2cog ake) below the transition temperature. The optical gaps are deter-
So:b-nz—F 8 mined from optical experiments with an appropriate analysis
2t sint(ake) which takes into account the one-dimensioffD) density

instead oft),. The thermodynamics of this model has been©f states and also some fluctuation effects in the CDW states.
studied quite extensiveﬁ/. The relevant data are collected in Table I. In most cases the

Here we focus on the optical and the thermal gap in thé?@nd filling is3 or 3 [giving also Eq(12)], although in some

density wave state. The optical gap is the minimum energ{aSes an observed dimerization may lead to some complica-
required for ag=0 excitation, i.e., for the spectrum given by tions. There are also differences in the relevant dimensional-

Eq. (5): ity. For KCP the two perpendicular transfer integrals are the
same, both significantly smaller thayp. This situation is
GP'=Min{2\A[Z+[&(k) ]2 =2|A]. (9) somewhat different than the model we examined, but can
(for the particular crystal structure of the compouheé re-
The thermal gap is the difference between the lower edgduced to an effective 2D model with an effectiydarger by
of the upper band and the upper edge of the lower band factor of 2 thart,=t. as given by the band-structure cal-
Compared to the optical gap, momentum conservation is rezulations. For the other compounds the two perpendicular
laxed here, therefor&"<G°"! As in the previous case, transfer integrals are different, one significantly larger than

TABLE I. The experimental values of the thermal gap, optical gap, band filling, overlap integral, and conduction anisotropy for various
low-dimensional metals.

G (K) G (K) Filling t, (K) oplo, X
(TaSe)l, 3000(Refs.1,7 2900 (Ref. 1) 1/4 12 000(Ref. 9 ~10" (Ref. 9 ~0
KCP 1400 (Ref. 10 1700 (Ref. 1) 5/6 (Ref. 1) 10* (Ref. 8 10* (Ref. 12 ~0
TaS; 1600 (Ref. 1 1800 (Ref. 1) 1/4 2280(Ref. 1) 300 (Ref. 13 0.005
K 0.sMoO4 920 (Ref. 1) 1400 (Ref. 1) 3/4 9300(Ref. 14 30 (Ref. 15 0.34
(TMTSP) ,PFs 46 (Ref. 16 101 (Ref. 17 3/4 3000(Ref. 16 100 (Ref. 16 0.42
(TMTSP) ,PFs-6 kbar 26 (Ref. 18 101 3/4 560QRef. 18 100 0.84
NbSe -30 (Ref. 23 230 (Ref. 19 1/4 3300(Ref. 20 25 (Ref. 20 -0.13
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L B B A ' ' lished in the broken symmetry, but conducting state. Tunnel-
(TaSeq):l ing experiments on this compound were interpreted recently
using the same model we discussed above, and the param-
10k ] eters pertaining to our discussion have been evallfatéte
| \TaSs | note, however, that this simple model cannot be extended

kerll \ abovex=1, where the unnesting drives the density-wave
0.8 \ T transition temperature to zefo.

N\
[ Ko.aMoO3 1
0.6 *\ 1
i (TMTSF)zPF%_\\ 1 IV. CONCLUSIONS

\\ 1 In conclusion, we have presented a simple picture which
(TMTSF)2PFs at 6 kbar >+ ] explains the observed differences between the transport and
\ . optical gaps measured in several linear chain compounds. In

! \ ] the model, deviations from one dimensionality are intimately
0.0 \.\ related to such differences, and should be a general feature of
\ anisotropic materials. Experiments in other materials, such as

NbSes + (TMTSF),CIO,, where the perpendicular transfer integrals

00 52 04 06 08 10 12 are larger than in the semiconducting compounds we dis-
cussed, would be desirable. Low-temperature extension of

X the high resolution angle resolved photoemission studies per-

. , ) formed in linear chain compountfsmay directly test the

theFallilsi.sgirch; F:Ztr':n?;tt:redt'ﬁ;?;'i:rsq&?t::éflzgsfseﬂég?;%%s %hand dispersion discussed above. It is also conceivable that
line is Eq.(11) with the parametex calculated for eéch compound the. overall picture has a more genera_d validity, and can ex-
using dat.a given in Table I. The error bars correspond to lOU/(PIam t.he featur.es of mate”a.ls with \(arlous ground states and

uncertainty both in the transport and optical data. meta!llc behavior. In the spln—densny-wave state of Cr and

also in several heavy fermion compounds such as JSRu
and UCy, dc transport measurements give evidence for the

the other. For these compounds the smaller transfer integr@rtial removal of the Fermi surface at the magnetic phase

(which leads to 3D characteis neglected, and we use a 2D transition, and optical experiments establish a single-particle
) 23 . . . . .

model in accordance of the calculations detailed above. Corfl@P-~ We suggest that in these materials a similar picture

sequently in all cases we use Efjl) to compare the optical MaY be appropriate. _ _
angl tran{:;port gaps2° B0 P P Finally we note that the picture we have discussed com-

In Fig. 2, we display the ratio of the two gaps as functionPletely neglects the effects of electron-electron interactions

of x, defined in Eq(11). Materials with a highly anisotropic —__ except _Of course thqse which lead o phase transitions.
band structure, such as KCP and (T@Skhave, within ex- The transition from semllconductor to semimetal as the func-
perimental error, the same optical and transport gaps, and thi@n Of the parametex is consequently a genuine band-
difference increases with increasing 2D character, in fulcrossing transition. Interaction effects may lead to low-lying
agreement with theory, given by the dashed line in Fig. 2 states close to the transitionxat 1 which are fundamentally
The model also predicts a transition from a :~3emiconduct5j'fferent f“?m the smgle—pa.rtlcle states suggestgd by band
ing to semimetallic state, when the lower and upper bangtheory. Various theories, which address the question of phase

overlap andGt is negative. This occurs when transitions in coupled mteractmg chain systems, may give an
answer to the above question.

Gth/ Gop

04|

th|cog ake)| 12
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