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Spin-phonon coupling in the single-layer extended-J model
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We consider the implications of spin-phonon coupling within the slave-boson, mean-field treatment of the
extendedt-J model of a high-temperature superconductor. In materials such as YBaCuO, where the CuO
plane is buckled, this interaction is linear in O displacement alongcthgis, and the coupling constant is
found to be large. We calculate the spin effects on phonon dynamics, finding at and below the spin singlet
formation temperature changes in frequency shift and linewidth broadening for certain, key phonon modes
which correspond well with experiment near the optimal doping level. Furthermore, the theory predicts that
phonon anomalies in underdoped compounds should show evidence of spin-gap phenomena with the same
characteristic temperature as that found in NMR studies; this is exactly as observed in YBaCuO systems,
suggesting a possible unified understanding of the anomalies in magnetic and lattice properties. Finally, such a
coupling affords the possibility of a small isotope effect, and our estimate is in good agreement with recent
site-selective O-substitution experiments.

. INTRODUCTION centered largely on the 340 ¢rh mode of planar oxygen
which shows a particularly large effect in the Gompound,
Since the discovery of high-temperature superconductivand we will encounter its importance throughout the present
ity in oxide-based ceramics, a wide variety of experimentsyork. However, it is essential to note, using the well-
has shown strong evidence of a link between anomalies igharacterized case of this mode, that not all early measure-
the lattice structure and the onset of superconductivity irments of the anomalies, performed on a variety of systems,
these materials. A comprehensive overview of the techniquegached the same result; detailed investigations of high-
available and their results is contained in Ref. 1. More spegquality samples have since verified the anomaly, but have
cifically, a number of local probes has shown this connecshown that its magnitude is very sensitive to both oxygen
tion: neutron-scattering studfeSof the probability distribu- content falling sharply as the O depletiof increases from
tion function for atoms in the CuQOplane show clear local zero, and to impuritie$® Because samples with non-zeéo
distortions at the transition temperatufe in several sys- are non-stoichiometric, a considerable amount of disorder
tems; ion channelifgshows anomalous changes in the os-may be present, acting to suppress the observed effects; thus
cillation amplitudes of Cu and O atoms not onlyTat, but  the stoichiometric materials ;8a,Cu;O;5 and YB3Cu,Oq
also at temperatures above it; extended x-ray absorption finevill represent important benchmarks of the variation in
structure experimemsshow changes in the environments of anomalies with doping level. In other classes of the high-
both Cu and apical O atoms; ultrasound measurefishtsv T materials there remain debates about sample purity, and
alterations of the elastic constants of the crystal. Among theather few crystals of any single compound, so particular
more general probes, there have been various reports frogare will be required in interpreting results from these.
Raman-scattering and infrared reflectivity investigations On the theoretical side, anomalies in the transport and
which indicate anomalous temperature dependences in thaagnetic properties, observed in both normal and supercon-
frequency shift and linewidth of phonons around and abovejucting states of the high-temperature supercondutians
the superconducting transition. A separate manifestation isonsidered to be manifestations of a metallic state arising
the existence of an isotope effélt albeit one which ap- near the Mott transition due to strong correlations. While
pears to have very different forms as a function of samplahere remains no consensus on the appropriate theoretical
doping. Strikingly, infrared reflectometry measurements ofdescription of the phenomena associated with this anomalous
both the in-plane conductivity,, (Ref. 12 and thec-axis  metallic state, in this work we will pursue an approach based
conductivity o, (Ref. 13 also illustrate a connection be- on thet-J model’ treated by the slave-boson mean-field
tween c-axis phonon modes and the properties of chargeheory!®=2! This framework has been shown to contain in-
carriers. gredients essential to an understanding of both transport
In this work we will be particularly interested in the issue properties® including the temperature dependence of the re-
of phonon anomalies, which are one direct consequence aistivity and Hall coefficient, and spin excitatiofi52° such
the spin-phonon coupling under consideration. Anomalies iras the different temperature dependeft&wf the shift and
phonon mode frequencies and linewidths Bt in the rate of nuclear magnetic resonance between high- and low-
YBa,Cu;0,_5 (YBCO) system have been examined sincedoping regions. On this last point, such models appear to
very early in the history of high, superconductivity! be-  contain a consistent description of the “spin-gap”
cause of the light they can shed on both the magnitude andehavior’?%2° noted first by Yasuok? and subsequently
the symmetry(from mode polarization of the electron- the subject of much investigation. However, while some as-
phonon interaction. Studies by Raman spectroscopy hawveects of the link between these features and the phonon prob-
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lem have been studied theoretically, to our knowledge there
have not so far been any efforts to understand all of the
low-lying excitations on a unified basis.

The application of conventional electron-phonon coupling
to the problem of high-temperature superconductivity was O@)
made by Zeyher and Zwicknag®l,in a model which re- a
quired a number of basic assumptions about the nature of the Cu
system, including Fermi-liquid behavior of quasiparticles, an
s-symmetric superconducting gap and a cylindrical Fermi (@) (b)
surface. These authors computed the form of the supercon-
ductive phonon anomalies, and found that a very strong cou-
pling constant\ =3 was required to reproduce the experi- FIG. 1. Schematic representation of the Gu@yer. (a) Planar
mental features, which appears to be inconsistent with lategtructure.(b) “Buckling” deformation of the equilibrium positions
studies of transport phenomena within the samef O(2) and Q3) atoms out of the plane of the Cu atoms, appropri-
framework® At the band-structure level, the resonant fre-ate for YBCO.a, b, andc represent the crystal ax¢assuming
quencies of many phonon modes of the YBCO structurd€tragonal symmetly
were computed in an extensive local-density approximation
study by Anderseret al,>** who concluded that good quali-
tative agreement with experimentally observed anomalies We consider the spin-phonon coupling arising naturally
would be given on application of the conventional model.within the extended-J model of a single Cu®layer, which
These authors drew particular attention to the “dimpling” has been shovifr*® at the mean-field level to give a good
modes of planar @) and (3) atoms, not only due to the account of many features of the spin excitations in both
strong anomaly in their out-of-phase oscillatory maq@40  La, ,SrCuQ, (LSCO) and YBgCu;0;_ 5 (YBCO), based
cm 1), but also because they cause “extended saddl@n realistic Fermi surface shapes for each class of material.
points” near the Fermi surface of the electron dispersion inThe Hamiltonian is
the region of the ,0) points ink space, which contribute
strongly tc_) the calculations of many ph;_/sical properties. Fur- H=— 2 tijaiTgajaJr E 3iS-S, (1)
ther studies also based on conventional electron-phonon i] a0

coupling®?® have given detailed descriptions of the Fano _ . .
pling’ g P b here the Hilbert space is that without double occupancy,

line shape, and pointed out how phonon anomalies may ¥ .
used to deduce the gap symmetry. We note briefly that iﬁi” corresponds to the transfer integrals used to reproduce the

contrast to most of the conventionally based treatmeritse .selzgu:llljrfgck%nagdbt2eascuopne;;ﬁh;nf?xee('jntjec:aﬁ‘pr}‘;w;'ggume d
present analysis is based on strong correlations, encoded be fini);e onlv between nearest nei hborsp 9
thet-J model, and takes a simple, mean-field approach con- y g '

o . _In YBCO, the CuQ layer is “buckled,” by which is
:glrr;mg no further assumptions about the nature of the SYS~ eant that the oxygen atoms(Z) and G3) lie out of the

We emphasize that this is not a study of a phononicolane of the Cu atoms, as shown schematically in Fig. 1. Let
mechanism for superconductivity. In theJ and related Uo+u;’ represent the magnitude of the oxygen displacement

models, quasiparticle pairing is the consequence of the spialond thec axis, withu, the equilibrium buckling and;” the
interaction, and so its origin is entirely electronic. In this Phonon coordinate, in which refers to the Cu sites on the

work we investigate the effects of phonon oscillations of theSquare lattice, anda to either @2) (a=x) or O(3)
host lattice on the parameters of the model itself, showin%“zY)- Thent;; andJ;; between nearest-neighbor Cu sites
that they cause an effective spin-phonon coupling. As exhave contributions linear io* which may be written as
plained in the following section, while the coupling constant

II. SPIN-PHONON COUPLING

is large, the net interaction depends also on the magnitude of tive=t1=N(ui7a)], (]
the phonon oscillation, and is found to be small. However, its
results are clearly observable in a variety of experimental Jiiva=d[1—-N\s(ufla)], 3)
properties, which may in turn shed much light on the behav-
ior of the system itself. with a the distance between Cu sites, andand \; the

The structure of this paper is as follows. In Sec. Il wecorresponding coupling constants. Microscopic estimates of
introduce the concept of a coupling between the spin and; and\; are somewhat involved, and we proceed to detail
lattice degrees of freedom, and deduce the quantitative forrthe steps required in their derivation.
of the interaction vertices. In Sec. Ill is given a complete The degree of buckling may be deduced from the struc-
account of the application of the single-layer theory to pho+ural data of Ref. 37, which shows the equilibrium O dis-
non anomalies in YBZ 0, . In Sec. IV we present a quali- placement to bei,=0.256 A; these data were taken at 10 K,
tative discussion of the extension of the same ideas to undebut the temperature dependence is thought to be very weak,
doped YBCO materials, leading to a connection with theeven at the superconducting transition. We neglect the 5%
mean-field phase diagram and spin-gap behavior. Section ®nisotropy betweemm and b axes in the pseudotetragonal
contains an analysis of the isotope effect, and Sec. VI a corsystem, and thus continue also with the assumption that the
cluding discussion. atomic levels of ther and 7 orbitals on @2) and Q33) are
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the same. Although the degree of buckling is small,Zhang-Rice singlet, and not simply of the motion of a hole.
ug/a<1, its inclusion is crucial in providing a coupling This problem has been considered within a cell-perturbation
which is strong and linear. method?! and the results for the effective powertim}gd are
The dependence on interatomic separation of the transfer=1.0 for uniform variation, and/=0.7 whent,, is held
integral t, (t,) between Cul,._y and Op, (O:p,) is  constant? In this study, our primary aim is to elucidate the
given, following Ref. 38, by effects of spin-phonon coupling in ttieJ model at a semi-

) quantitative level, with attention paid to the vertex magni-

) —\/—EV [1_§ 2u N 2u v tudes mainly to ensure that the consequences discussed are
o 9 Vpdo 21 a q | 'pd7 not irrelevant to experiment. Thus for the current purposes
we accept possible errors of order 20—30% in adopting the
_\/§V 1-20 2u)\? values x=2.0 and y=1.0, so that \;=5.2 and
T Vpde| =T e T A=2.6=(1/2)\;, and errors of similar magnitude incurred
by neglecting any modulation of the extended singlet hop-
. V3 0 2u\? ping terms.[In fact, the first set are likely to lead to an
- TVpdo 1-37 al (4) overestimate, while the second, in the most naive approxi-

mation, would give a similar underestimate, although this
V3 2u ngT 2u depends on the mode symmetn independent indication
= 0 v 1.5 = (5  of the validity of these values is provided by the agreement
pdo they yield with the measured isotope shift in YBGRef. 46
Here (V3/2)Vpas (Vpar) is the transfer integral between (Sec. V. _ . .
de_2 (dy,) and p, (p,) orbitals with separation In this discussion we have disregarded changes in the
d={[(1/2)a]?+u?}*2, directed along according to defini- charge-transfer energicr as the bond length varies, be-

tion, and we have taken the distance dependence to be ~Cause we believe this to be appropriate for the deformation
processes associated with a phonon oscillation, which are

-2 both local and screened. This situation is to be contrasted
(6)  with that in experiments in which the bond length is made to
vary by application of hydrostatic pressdfeor by atomic
By writing u=ug+ du, wheresu (=u®) denotes the oscil- substitutior/;>** where one finds the weaker relatioh
lation amplitude, for the value dfi, above one obtains to *d™ % 4<a<®6. In these cases long-range forces are
lowest order t (u)/t,(ug)=1—2.03su/a and [t,.(u) brought into play, the Madelung energy of the system is al-
—t,(ug)l/t,(ug)=3.065u/a. tered, and it is found that @ dependence ok is required
The final requirement is the dependencetgrandt, of  to account for experimeit.
t;; andJ;;, and here we must consider in detail a model of In the slave-boson treatment of thd model(1), the spin
the CuQ plane. Following Eskes and Jeﬁers%?n]” can be and charge degrees of freedom carried by the quasiparticles
given by the perturbative expression are represented by the explicit decomposithqp:fmbi*,
wheref;,, is a fermionic spinon, in terms of which the spin is
7) given by3=(1/2)f;ra5aﬁ fig, andb; is a bosonic hole, or
' holon. With these operators, the coupling kh (1) of the
phonon coordinate;" to the spin degrees of freedom may be
expressed in the mean-field approximation as

t’JT_ 2 ; pdo

Vpd(d):ng(d_o

1 2

_ 4(t;4)d,0'_2t|2)d,0'tgd,7r) i
Ug ' 2Acr+ U,

(Act+Upg)?

whereUy andU, are on-site interactions for the participat-
ing Cu and O orbitalslJ ,4 is @ Coulomb interaction between
holes on neighboring sites anll-1 is the charge-transfer N
energy. Application of this formula alone yields a very large Uil v 3 Ui
coupling constanf ;=10.4, because of the quartic power Z a;w :U\‘( a )<b'b‘+“>x"'+“+8‘]7\3(
law and because the contributions fram and m-hopping
processes in the numerator combine ferromagnetically. How-
ever, use of the lowest-order perturbation fdﬁl‘gis not wyell XL i+ )Xot 2(AT ) Aot H'C']] ' (8)
justified, as there are no small parameter ratios, and in par-
ticular the direct O-O hopping integrg],, will have a strong WhereXi’jzz,sfiTsfjs andA;; :(f”fu_filf”)/\/} The first
effect. A detailed investigation of the influence of higher- two terms, containing; i » will contribute in the normal, or
order term&’ has found for the parameters of the Gu@yer  uniform resonant valence bar®VB),%° state, and will be
the effective relationshipoctyy, with x=2.3, when all over-  termed theu-RVB vertex, while the last appears only below
lap integrals are taken to vary unifornﬂyppoctf,’ds (Ref. 38]  the singlet RVB transition, so constitutes sfRVB vertex.
andA 7 is held fixed. However, this result depends upon theAt the onset of singlet order there will be additional contri-
variation of the transfer integrals with the bond distortionbutions to any physical quantity due to the appearance of a
associated with each phonon mode, and for a mode in whicfinite particle-particle vertex represented by the third term, as
t,p remains constant;4 andA,, symmetries, Sec. l)Jthe  well as to changes in the quasiparticle propagators joining
effective power is reduced to=1.7.4° the particle-hole terms. In this analysis of thé modef® we

The case of the hopping termig is complicated further do not include a density-densitynf;) decoupling of the
by the fact that it requires consideration of the many intersitespin interaction terndS;- S, because it has been foutido
transfer integrals which contribute to the hopping of ahave a small coefficient in the derivation from tliep

a
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k+q, igtio,
q, iom

@A (b) By, . . I
FIG. 3. Diagrammatic form of the lowest-order contribution to

the phonon self-energli, due to coupling to spinons. The thick
;w line denotes the spinon propagator in Nambu representation, and the
dot the corresponding>2 spinon-phonon vertex.
ﬁ g i ﬁ i i between the planes of the bilayérThis mode has attracted

experimental interest because it shows the largest effects in
() Ay, (d) By, the superconducting state, and there are available both de-
tailed Ramafi® data, which are taken at wave vectpr0,
_ _ _ ~ and inelastic neutron-scattering resdftsyhich can probe all
FIG. 2. Schematic representations of phonon modes |nvoIV|ngq_ The primary quantity of experimental interest is thie
c-axis oscillqtions of in-plane oxygen atoms in the YBCO bilayer dependence of the frequency shift and linewidtigato, in
structural unit(@ Asg., (b) Big, (€) Az, and(d) Bay. addition to which we will illustrate the dependence of the
o . results on mode frequency and wave vector. The 193'cm
model. In principle, the phonon-holon coupling vertex, g ‘mode is identical at the single-layer level, although in
which is also contained in the term, may contribute 10 q req)| crystal the atomic motions are in-phase between lay-
physical processes, but this ywll .be neglected.because in ”'l?rs, and so is also amenable to description by the same
normal state a boson polarization term vanishesjal, e at this lower frequency. Because this mode is infrared
while in the Bose-condensed state corresponding 10 true sjient it may be studied only by neutron scattering, and it has
perconductivity in this model the holon has no dynamics. recently been investigated in YBAWO,.%° We will also

While the coupling constants; andA, have been found g6\ the results of the single-layer model for the in-phase
to be large, the overall strength of the spin-phonon couplmg%jx

q ds al h “ude of the bh i u‘=uy) A14- and A, -symmetric oscillations, and discuss
Spen S aiso on the magnitude ot the pnonon osclllaliong, s rejeyance of the model to experiment for these.

ui/a, and so remains small. It can be estimated from the

root-mean-square (rms) fluctuations of the relative

magnitudes oft and J [(2) and (3)], by using A. Theory
V((ti+a—1)2t=(\/a)V((u()?), and similarly for J. The effect of the coupling on the dynamical properties of

The rmms fluctuation of su=uf® is given by the phonon is calculated from the lowest-order spinon polar-
(6u%)=(fi/2Mw), where w, is taken for the phonon fre- jzation correction to the phonon self-enerdli(q,iwy),
quency of interest ant¥l is the mass of the O atom. Taking shown in Fig. 3; the full phonon propagator is given by
as a typical frequency that of the 340 thmode, to which H,;hl(q,iwn)=H51(q,iwn)—H;pl(q,i w,), Where the bare

we will devote most attention in the following section, propagator has the conventional fornily(q,iw,)
(8u?)=(0.055 Ay, and the relative fluctuations inandJ =2woliw2—wi. Thus when [Rellgj<w,, the

are 3.8 and 7.5%, respectively. These values appear surprigyperconductivity-induced phonon frequency shift is given
ingly large, but are consistent with the estimates of Haas, |owest order bySw=Rell 4, and the correction to the

48 ; ;
et al,™ who considered only the effect of a fluctuatidg  |inewidth T is sT=Im M, Second-order perturbation

term on the linewidth in electronic Raman scattering. In whatyeqry in terms of the interaction strength results in a fre-
follows we will find also that the changes in physical quan—quency shift which is given aj=0 by

tities arising from the combined effects of these fluctuations
are of the order of their square.
4 1 tanhE,/2T)
= 2__
Sw=c(\y)* 2 P = (2E? B,

I1l. PHONON ANOMALIES ©

Having derived a coupling between spin and lattice
modes, we consider first its modification of phonon dynamWhere ¢=(3/4a)(su?), with (5u?) defined at the end of
ics. In Fig. 2 are shown the four mode symmetries of aSec. I, and has the value=1.18< 10" * for the B, 4 phonon.
CuG, bilayer in which the @) and Q3) atoms may oscil- Ey is defined byE,=[ &2+ AZ]¥2, with &, the spinon band
late in thec direction. We will use throughout the nomencla- energy relative to the chemical potential, and
ture of theD,, symmetry obeyed by the pseudotetragonalA,= —(3\/5/4)JA(cod<x—coﬂ<y) the singlet order param-
CuG, planar unit in the slightly anisotropic YBCO system, eter, which has been shown to havg_,.-wave symmetry
and refer the reader to Ref. 14 for full details. Here we willin the lowest-energy state in the present framewdf;the
be concerned mainly with the 340 crh B,y mode in  negative branch given by E, is illustrated in Fig. 4 for the
YBa,Cu;O;, which is an out-of-phase oscillatory motion of parameters of the YBCO system used in this study. Finally,
the planar oxygen atomsi{= —uY), and is also out of phase Fy is a form factor which depends on the mode symmetry,
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FIG. 4. Energy dispersiof,= — &2+ AZ for a YBCO-like |
system, where the transfer integrals in the extertdédnodel are

t=4J, t'=—(1/6)t andt”=(1/5)t, corresponding, respectively, o pG 5. phonon frequency shifiw for By, (O) and Ay, (X)

nearest-, second-, and third-neighbor hopping processes. modes atj=0 as a function of frequency &) T=0.2T g and(b)
33 2 T=0.8Trys. The arrows indicate the frequencies whdseepen-
— 5 A o
Fk=2A2( Ykt ZX”‘() ' Blgv B,, modes, dence is illustrated in Fig. 7.

) (i) the transfer integrals appropriate to YBCO=4J,

3J_ t'=—(1/6)t andt”"=(1/5)t (corresponding to hopping pro-
&t TXW) + Aig, Agy modes, (10 ooseq hetween nearest, next-nearest, and third neighbors, re-
where y,=coscosk,, 7=cos—cosk,, A=(A,) and 2ﬁzct|vely, giving the spinon dispersion shown in Fig. 4,
XE(.X”>+(2t5/3‘].) is written o contain the effects of the (i) a doping level6=0.2, corresponding approximately
particle-hole vertices from both andt terms;§ is the hole ¢ ; ; i 29

) 2 : o optimal doping, or YBsgCu;O5 in this modek

concentration. In Eq'lo.) one hastcA » SO that t_here IS no We note here that in the&J models with the superex-
phonon energy correction due to spin coupling n the norma’:hangeJ calculated in the random-phase approximation, the
state: this result applles_only gt=0 _for_ the optlc_phonon_ doping cannot be taken to be a parameter which may be
modes under consideration. By a similar analysis, the IInei/aried to reproduce experimental observations. The chosen

Fi=2A%7

width broadening is given by doping level is taken neither too near nor too far from the

- antiferromagnetic instability of the system, so that the quan-
oI'= —C(MJ)ZNZ Fil 8(w—2E,) — 8(w+2E) ] tities calculated may be considered to be a reasonable reflec-

k tion of the effects of spin-fluctuation enhancement, without

tanH(E,/2T) being singulaf® Thus we will not have any semiquantitative
XT' (11)  statements to make with regard to doping dependence.
k Throughout the calculations we have assumed a Lorentzian
B. Resulis broadening of the spinon spectrups 0.1XgTryg, and we
: find that the results depend very little on value of this param-

For the following calculations we use the self-consistenteter: specifically, a reduction of by a factor of 10 is re-
solutions to the mean-field equations of the extentd&dd quired to enhance the frequency shift by a factor of 2, for
modef* for the temperature dependence of the parametensiode frequencies close to the maximum sfig. 5@) be-
(x,A, ) for low].
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FIG. 6. Phonon linewidth broadeningl” for B,4 (O) andA,,
(X) modes atg=0 as a function of frequency &) T=0.2Tryg
and(b) T=0.8Tgyg. The arrows indicate the frequencies whase
dependence is illustrated in Fig. 8.

FIG. 7. Phonon frequency shiflo for B, (O) and Ay, (X)
modes atq=0 as a function of T for mode frequencieqa)
wo=0.15) and(b) wo=0.25J.

nodes on the Fermi surfacénere is no region at low fre-
« dependence guencies where the imaginary part vanishes.

Using the mean-field parameters, the frequency depen-
dence oféw, given by Eq.(9), has been evaluated numeri-
caly at T/Tgpe=02 and T/Tgp=0.8, where The temperature dependencedas is shown in Fig. 7 for
T rvg=0.069 is the onset temperature for the singlet RVB q=0 and the frequency choices,/J=0.15 and 0.25, which
order parameted, and the results are shown by thesym-  are indicated by arrows in Fig. 5: the former is in the regime
bols in Fig. 5 forg=0. The change in sign with frequency where the mode frequency is considerably less than
for w of the B;; mode is a result of the-dependent de- 2max{A,(T=0)]= “2 A,” and shows a sharp transition; the
nominator in Eq.(9). The frequency of the crossing is an latter value has reasonable quantitative agreement with the
approximate measure of the value ofAZT) near the 340 cmi ! mode, and shows clearly that as the mode fre-
(7,0) points, where the gap is maximal, as these regions amguency approachesA2 the shift in frequency occurs at a
favored by theB,, symmetry. As the temperature is in- temperature somewhat beloVig,g. This corresponds well
creased toward9 gy, the o dependence obw remains to the observations of Ref. 8, where the full frequency shift
qualitatively the same, but the sign change occurs at lowetlevelops over a range of temperatures below the onset. In
frequencies as the gap magnitude falls. The experimentdhct, at the valuesny,=0.3J, closest to the exact experimental
mode frequencyop,= 340 cm 1=0.3] for the Big mode is  mode frequencywy,, there is a small, positive frequency
near, but just below, the frequency of the crossing at lowshift becausev,>2maxXA,(T=0)]; however, we illustrate
temperatures, so this mode can be expected to show a maxie anomalous effects for a mode frequency just below this
mal effect. value, as is shown to be the case in experiment, and in gen-

The linewidth broadeningl” is shown in Fig. 6 for the eral regard the degree of correspondence between model and
same two temperatures, and has the form to be expected fexperimental mode and gap energies as a success of the ini-
an imaginary part of the quantities whose real part is showtial mean-field formulation.
in Fig. 5, namely a peak at the frequency of the sign change Comparison with the experimental reSulfor the
in dw. Note that because the gap ds symmetric (point  temperature-dependent broadening of Byg mode shows

T dependence
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FIG. 8. Phonon linewidth broadeningl” for B,y (O) and Ay,
(X) modes alg=0 as a function ofT, for mode frequenciea)
wo=0.15) and (b) wy=0.25].

(b)

FIG. 9. Phonon frequency shiftéw for B,y (O) and Ay,
(X) modes at wave vector a=(0.2,0)m; (a) as a function of
frequency aff=0.2Tyg and(b) as a function ofT for mode fre-
quencywy=0.25].
extremely good agreement in functional form and in magni-
tude (fo=6I"=0.0lw,) for a frequencyw, close towy,  for the form factor. By contrast, a conventional extended
[Fig. 8b)]. At lower frequencies, away from the “reso- s-symmetric gap is found to give an immeasurably small
nance” energy set by the low-temperature gap, is sup-  frequency shift for bothB- and A-type mode symmetries,
pressedFig. 8@]. Note that in Figs. ® and 8a) [and because the form factors () are small forB symmetry,
10(a)] we retain the labelind3,4 for the symmetry of the while both thermal and the form factors are small for
phonon distortion, although in fact the frequency is chosen tavhile a pairing state characterized by an intermediate phase
be close to that of th&,, mode. Ay/A=¢€'? 232 with ¢ different from but close tor, so
Quantitatively, the magnitude of the effects given by thethat the system is close th symmetry, cannot be excluded
model with the chosen values bf and\ ; is within a factor by the present analysis alone, it appears that all forms of
of 1.5 of the Raman measureméhnts YBa,Cu;0;. Inthe  anisotropics-wave gaps are ruled out by their antiphase
light of the approximations detailed in the preceding sectioncombination with the phonon symmet(gee also Ref. 36
such correspondence may be taken as justification for these,
and appears eminently satisfactory within a mean-field treat- g dependence
ment using no adjustable parameters. We note also that the We h tended vsis to th here the pho-
magnitude of the anomalies in frequency and broadening ap- = nave extended our ahalysis 1o the case where the pho

pear to drop quickly with doping, and that neutron mea- C;Rart]i?; amflrt]rI]tg }?/:VSe\;]iCtosrﬁi?gd W;ISCI?]?SS'S; T)(zr:norr:]lgi]e
surements afj=0 (Ref. 49 suggest a somewhat smaller q y @

: : : sured.dw(q,w,T) exhibits a wealth of features agis var-
frequency shift than is seen by Raman scattering, ied, because the quantitative effects are sensitive to the de-

tailed shape of the spinon dispersigp(Fig. 4), as well as to
Gap symmetry the bare phonon frequency as illustrated above. When the
The frequency shift and linewidth results obtained for thephonon has finite wave vectay, one may show that the
B1g and B, modes are consistent only with predominantly components oti(q) obey the relationsi,(q) = *u,(q) for
dy2_,2-wave singlet pairing, as this has a constructive com-everyq as a consequence af==*u/, and the expression
bination with the phonon symmetry in the expressi@d) (9) takes the more general form
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where the form factors for the normal and anomalous prosome correspondence to the decreasing trend seen in the
cesses are given by O, material, although this decrease is somewhat more rapid
in the calculation. A very recent study of tqedependence of
(5)_ 1,02, 2 Sw for the 193 cm! B,, mode suggests a similardepen-
Fi¥i=z(citcy) = S [(Cdi+esfi)(ciAs dence for this, in that it varies little with wave vector in the
T region of the zone center.
+c3é)—(c1é—c3h )(cié-—c3A )], (13

in which the subscripts+ denote momentum labels C. Application to other modes

k+(1/2)q throughout, and_c(l,cs)=(\/§A07k,X77k) for the The 193 cm* B,, mode(Fig. 2) is also an out-of-phase
B1g mode, and (2A0m¢, x7) for the Ay, mode. We as-  oscillation of O2) and G3) atoms in the plane, although in
sume for simplicity that the phonon is nondispersive, i.e.this case the motion is in-phase between the planes of the
that the mode frequency changes little with and this ap- bilayer. This mode has recently been analyzed in
pears to be borne out by experiment. YBa,Cu;O; by Harashinat al.*® and they observed a sharp

In Fig. 9 are shown the frequency shiftsggt (0.2,0)r as  frequency shift occurring close to the superconducting tran-
a function of w at low T [(a), cf. Fig. 5a)], and of T at  sition temperature, with a relative magnitude/w,=1%.
wo=0.25] [(b), cf. Fig. Ab)]. In thew dependence there is a These features are in very good agreement with the results of
clear additional contribution ab=0.45) which is found to  the single-layer model shown in Fig(af for a similar fre-
grow and then disappears ag is varied between 0 and quencyw,. However, the authors also find that the phonon
0.4ar. This feature is readily explained by the fact that thelinewidthI" narrows significantly below the transition, which
strongest contributions, from ther(0) and (Osr) regions, leads to the model-independent conclusion of a strong
have a second characteristic energy separation related to teéectron-phonon coupling. Here we have taken the intrinsic
sum of the maximum gap and the energy of the flat part ofinewidth to be a constant, independent of the spinon spec-
the spinon dispersion atr(,0) (Fig. 4): the general denomi- trum, because no spinon spectral weight is expected for optic
nator wz—(Ek+q,2+ Ek,q,z)2 in (12 remains negative at phonon frequencies a@=0, so the experimental result can-
these values. not be obtained. The correction, Figag from the imagi-

In the T dependence, the most distinctive feature is thanhary part of the phonon self-energyig. 3), is always posi-
the contribution todw from the u-RVB state is no longer tive and nonzero for ad-symmetric gap choice in the
vanishing, so that the anomaly &gz, which is the differ- approximation used. For a quasiparticle density of states cor-
ence between this and the phonon self-energy irstR¥B responding to @-symmetric gap state, it is easy to argue that
state, becomes smaller. It also appears somewhat sharper aig dhe presence of a coupling, phonon modes of frequencies
function of temperature, and both of these features agree wetlose to the maximal value of the gap will be broadened by
with the finiteq results from inelastic neutron scatteriffy.  the quasiparticles, while those at low frequencies will nar-

In Fig. 10 is shown the difference in the self-energy cor-row, in accord with the standard picture for acoustic
rection between low {=0.1Tgyg) and high T=1.1Tryg) phonons! However, in the present case a mechanism for the
temperatures as a function df, (a,b and ofq along the applicability of this scenario remains to be elucidated.
(1,2) direction(c). The peak features have a simple explana- In Figs. 5-10 are shown not just results ®y; and By,
tion on the basis o, : viewing the integral to be performed modes, but also those for modes at the same frequencies with
as an exercise in maximizing the contact between two spinoim-phase @2) and (3) oscillations, which in the single-layer
dispersion surface@ne inverted for the anomalous scatter-case would correspond td\;, (Raman-active or Ay,
ing contribution, the initial peak comes from a considerable (infrared-activg symmetry. TheA;; mode appears at 440
improvement in surface overlap around the,@) points as cm™ !, above 2\, and so if its response was similar B
soon asq is offset. The peak around/7~0.3 is due to [Fig. 5b)] would show at best a small positive frequency
overlap between opposite sides of the low-energy part of thehift and broadening, similar in fact to the observation of
dispersion, which is spanned by this wave vector, or scatteiRef. 8. TheA,, mode occurs at 307 cit, well positioned to
ing processes across the “neck” of the open Fermi surfaceshow strong effects. However, one sees immediately that in
Both features are strongly dependent on the exact shape tife current approximation these have negligible anomalies, a
Ex, and while we suspect that the first is unlikely to be qualitative difference from th&-symmetric modes which
observed in a real experiment, it is possible that the secondmerges from the form factoFs, (10) appropriate tal-wave
will appear. The contrast between Figs(d)and 1Qb) sug-  singlet pairing.
gests that the latter peak would only be discernible for the Experimentally, the situation surrounding the strongly
340 cmi ! phonon mode, where the anomalies are most proinfrared-activeA,, mode appears not to be clearly under-
nounced due to the proximity of the mode frequency tostood, since neutron studféseport a “mysteriously” small
“2 A.” Comparison with the experimental results of Ref. 49, shift 6w/ w,=0.4%, whereas far infrared spectroscopg-
where fewer wave-vector points could be sampled, showseals a strong shif6w/wy=1.2%. The result from infrared
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(1,1) direction, for a phonon of bare frequeneoy=0.25].

physics. Extension of the model to a system of two coupled
planes is an area of active research, and leads to nontrivial
questions about the allowable symmetries of the supercon-
ducting gap in a bilayer which are themselves of intrinsic
interest. In the case of th&;; mode, its atomic motions will
also cause charge motion within the Guflane, the treat-
ment of which is beyond the basie] framework.

Finally, the effects studied will be strongly suppressed in
the E-symmetric phonon modes of (& and Q3), where
atomic displacements are parallel to the plane, as the modu-
lation of t;; and J;; will be only quadratic in the phonon
coordinate[cf. (2,3)]. In addition, we would not expect to
find significant superconductive anomalies in phonon modes
involving motions of atoms in the unit cell which are not
located in the Cu@ layers, with the possible exception of
apical 4), which is strongly coupled to the planar system
as indicated in Ref. 54. In large part these qualitative expec-
tations are borne out by experiment, where no other strong
anomalies are observed, except indeed for a moderate feature
in the 500 cm?® Ag-symmetric mode of @2 and a very
curious, low-frequency mode in some YBCO compounds
which appears to involve the-axis motion of the Ba ator
(which we note lies also in the plane of apical. O

A concluding comment is in order on the possibilities for
phonon anomalies in other classes of higheeramics. The
most extensively studied groups of compounds are the
La,_,Sr,CuQ, and the related Nd ,CeCuQ, series with
variable dopingx, and the parenR,CuQ, series with a se-
lection of elementsR; in these cases there is now well-
documented evidence for the link between superconductivity
and local structural anomaliés.However, neither spectro-
scopic nor neutron investigations have revealed, in the
modes examined so far, any clear signature of phonon
anomalie®® of the type we consider, even in the
B-symmetric distortion of the single CyQayer in the unit
cell (although this occurs above the characteristic value of
“2 A”). While this result is exactly that predicted by the
theory, because the Cy(plane is essentially unbuckled
aboveT, [high-temperature tetragondiTT) phasé, so that
phonon modulation of theandJ terms would be quadratic,
and thus small, it is by no means certain that the observations
correspond to an intrinsic property of the materials, rather
than being an effect of impuritie€Sec. ) or, more funda-
mentally for Raman studies, the lack of true inversion sym-
metry. In the low-temperature orthorhomHiIcTO) and low-
temperature tetragon@élTT) phases, the plane does undergo
a distortion, consisting of alternating tilts of the C41Qcta-
hedral units in th¢1,1] and[1,0] directions, respectively, but
against this background equilibrium configuration of positive
and negativeu, values(Sec. l), the net coupling for any
combination ofA- and B-symmetric gap and phonon sym-
metries atg=0 will cancel at linear order.

reflectivity has recently been reproduced on a single crystal The Bi-Sr-Ca-Cu-O group of compounds also shows a
of optimally doped YBCC® while the neutron-scattering ex- buckling distortion. While exact structural determinations are
periment suffers in that this mode appears as an extremelgomplicated by the presence of dislocations, modulations
broad peak. The failure of the present model to reproducand disorder, there have been satisfactory characterizations
these effects is directly attributable to its single-plane natureof Bi,S,CaCyOg (Refs. 59 and 60which show the nature

the A,, mode develops a very strong dipole moment, so if the CuQ plane buckling to be that of the LTO distortion
accompanied by significant interplane charge transfer, and af the single plane in LSCO compounds. From the theory, we
bilayer formulation including interband processes in a weakwould expect no observable anomalies due to the cancella-

coupling scheme has already been shtwn contain this

tion of linear terms in such a structutabove, and this is
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) 0 50 100 150 200 at doping levels below that for the optim&} (after Ref. 24.

T [K] this framework, there is an onset of short-ranged singlet RVB
order aroundrly, which is then identified with the crossover
FIG. 11. Schematic representation of the frequency shift of thdaemperatureT ryg,?* and an increasing correlation length of
340 cm* B4 phonon mode as a function of temperature in thethe coherent regions with decreasing temperature until fully
underdoped compound YBEu,Og, from the data of Ref. 55. coherent, long-range order is attainedTat The saturation
T.=82 K is the temperature of the superconducting transition, angf the magnitude of the phonon frequency shift belbyis a
Tsg=150 K denotes the onset of the anomalous frequency shift. consequence of the finite-frequency nature of the excitation
[Fig. 7(b)]. We speculate that studies of phonon anomalies at
consistent with experimental repoféswhich indicate that a  higher wave vectors might show full development of the
frequency shift for the 336 cfit B;; mode is absent in energy correction at temperatures closerTtg but on the
Bi,Sr,CaCyOg-related materials. Given the sensitivity to basis of Fig. 10 we doubt that these would be measurable.
impurities of the anomalous effects documented in YBCO These results for the change in nature of the transition
materials, these results are yet to be verified. There remainsetween low- and high-doping regimes are consistent with
no data on phonon anomalies also for the Tl- and Hg+the observation that the specific-heat anomali€g.an each
containing materials, although there has been a detailed iase are qualitatively differeft5® The existence of two
Vestigation of the local structural anomaly in the forrﬁer. temperature scales may provide an exp|anation for the con-
trasting lowqg behavior of the energy shifts in nominal
IV. UNDERDOPED PHASE AND SPIN GAP Ogs.92 and G compounds observed in Ref. 49: here the au-

. : . . .__thors took as their high temperature for comparison a value
In the preceding sections we have detailed the predlctlongf 100 K, which if the lower-doped compound were to pos-

of a model where the phonon anomalies are coupled 10 Spiflagq 5 spin gap abovle could very well remain in the re-
singlet formation, which gives as their onset temperature noéime with a phonon anomaly, i.e., beldlg. We note also

the superc_onductmg critical temperatu‘fg bu_t the S'R\_/B that there have been some experimental reports which indi-
condensation temperatuligyg . This result raises the inter- a0 4 trye transition, as opposed to a crossover, around the
esting possibility of probing the spin-gap behavior found inpigher temperature in several material classes, notably low-

members of the YBCO class in the low-doping regime, byy,heq phases of YBCO, and it is possible that this may be
which is meant doping levels below that required for theidentified with a lattice instabilit§:5465

optimal T, by considering the frequency shifts of particular —, conclusion to this section we comment that the present
phonons. '_I'he definition of the spin gap varies among aUthoqueory contains only one temperature sc@lg,, and thus a
and experiments, but we take it to mean the loss of spectr@letajied quantitative explanation of the low-doping regime
weight in the spin response which sets in at some teMpergamains beyond its scopesee the related note in the intro-
ture T, aboveT,, and has been best characterized by obserg .tion to Sec. ). Within the same framework, a more
vations of the temperature dependence of the NMR relaxsccyrate account of the features reproduced in outline here
ation rate’ Wh'Ch is maximal at th'STO'_ _ will require additional physics, perhaps in the form of an
There exist already several experimental repoitof improved treatment of the boson degrees of freedom, to re-

anomalies in the frequency shift well aboVg, whose onset  giqre the lower temperature scale of the true superconducting
temperature corresponds closely to that where the NMR,ansition.

rate exhibits a maximum. Recent, highly accurate
Raman-scattering studies of phonon anomalies in the sto-
ichiometric underdoped YBCO compounds,B&,Cu;0;5

and YBaCu,Og (Ref. 55 add considerable weight to these  The isotope effect was one of the critical pieces of evi-
considerations as they show clearly the onset of a frequenayence which pointed the way to the formulation of the BCS
shift at someT =150 K, followed by growth of this shift as theory for superconductivity in conventional metals. In the
temperature is lowered, until a saturation bel@y, as high-T, materials the situation is somewhat complex, and a
shown schematically in Fig. 11. Such features may be undecomprehensive review with a wealth of experimental evi-
stood on the basis of the mean-field phase diagram of thdence and a summary of theoretical models to date is given
extended-J model?® reproduced in Fig. 12, in whicfigyg  in Ref. 66. In brief, the qualitative trend in each material
is indeed higher thaf. only in the low-doping region. In class appears to be a situation where the oxygen isotope

V. ISOTOPE EFFECT
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pling term atTryg, Using the spinon propagators for the
normal, oru-RVB, state.

(a) Omitting details of the lengthy but straightforward calcu-
lation, the free-energy contributions from phonon coupling
are shown in Fig. 1®) for the terms(i), the s-RVB vertex

A part, (i), a pair of diagrams corresponding to a spinon self-
energy correction by the phonon, ari@dl) phonon vertex
correction of the u-RVB vertex. Near the transition,
Fs—Fy may be linearized in temperature, so that the coeffi-
cient of theA? term become#\(T)=a(T—Tgyg). The pho-

A A¥ A non contributions are approximatelyindependent, so have

@ Gi) (i) the schematic form-bA?2, and can be written as a constant
shift 6Tryg=b/a; in Table | are given the values of the
relative shiftséTgyg/Tryg arising from each of the diagram

FIG. 13. Diagrammatic representation @ the free-energy types in Fig. 18), and for the four phonon symmetries and
contribution due to the Iowezst-order spinon-ph.onon coupling termfrequencies(Fig. 2). One observes from the figures that the
and(b) those parts of ordeh”, to be evaluated in the normal state 55 mai0us vertex part remains approximately constant for all
at Trve - of the modes, while each of the other two parts is small for
the A-symmetric modes, but has large contributions from the
effect, parametrized by=—dInT./dnM=—(AT./T)(M/  B-symmetric ones, as would be expected on the basis of the

AM), is close to vanishing at the optimal doping level, butphonon anomalies computed in Sec. Ill. The figures can be

rises smoothly to values of at least=0.5 on sufficient shown to be approximately constant by performing the same

under- and overdoping. The question of sample purity andalculation at different temperatures, using the slightly dif-
randomness away from the stoichiometric compoui®kc. ferent self-consistent values of theRVB order parameter

1) may be pertinent here once again, but this form has beegp and chemical potentigh at each. The total free-energy

observed in almost all types of system. In general, electronishift for these four modes of a bilayer is compared with

models such as the current one do not address the questiontofice the free energy of the single-layer syst&hThe net

the isotope effect at all, and in this work we will have the contribution corresponds to a 1.1% enhancemerfQk, a

modest aim only of elucidating the influence of the spin-magnitude exactly in line with the qualitative expectation,

phonon coupling at the near-optimal doping level. which to the same degree of accuracy is a 1.2 K enhance-
The thermodynamic properties of the coupled system maynent. The isotope shift fot®0— %0 on this quantity is ap-

be studied self-consistently by including phonon-spinonproximately —6%, leading to the prediction of a total shift

terms in the free energy¥ [Fig. 13@]. In a Ginzburg- due to in-plane oxygen of-0.07 K. The equivalentr pa-

Landau expansion, the free-energy difference between a norameter is 0.005. We would expect the quantitative agree-

mal state and a superconducting one with a single order pament to be improved when interplane hopping processes are

rameter A has the form Fs—Fy=A(T)A2+B(T)A* taken into accountSec. Ill), in order to describe correctly

+ ... . Itis tempting to postulate that th contribution of  the contributions from thé\-symmetric modegTable ).

the additional parts acts to enhance the stability of the spin This result may be compared with a recent site-selective

singlet state, providing a natural linkage of the spin gap tosubstitution study of YBCO near optimal doping, performed

the lattice structure which might account for the variety ofby Zech et al*® These authors were able to achieve high
characteristic temperatures discussed in the previous sectioexchange rates ot°0 by 0 during crystal preparation,

However, the relative magnitude of the effective phonon-while discerning with good resolution the location of the

spinon vertex may be estimated as shown at the end of Seexchange, whether it was on plana2Dand Q3) sites, or

II, and because the contributions due to fluctuationsand  apical Q4) and chain @1) sites. They measured a total O

J require two such vertices, their effect can be expected to bisotope shift(complete exchangeof —0.25 K, of which at

of order 10°2. Here we estimate this effect by evaluating theleast 80%, or—0.20 K, was found to be due to modes of

A? contributions from the lowest-order phonon-spinon cou-in-plane oxygen. Qualitatively, this conclusion contains im-

TABLE I. Lowest-order spinon-phonon coupling contributions to $kRVB transition tempera-
ture. The magnitude is relative ,,g=0.069), and the sign is chosen so that a positive contri-
bution corresponds to an enhancementTgfg. Figures are given algyg for the four modes
involving c-axis motion of planar @) and (3) atoms(Fig. 2), and for the three types of process
shown in Fig. 18).

(i) (i) (iii ) total

Aig 1.545% 1073 3.453x 1074 -3.588x 10°* 1.532x 1073
Big 1.319% 1073 -1.775% 10°* 3.210x 1073 4.351x 10°%
Az, 1.812x 1073 3.755x 10°* -4.223x 1074 1.765x 1073

B,y 1.718x 1073 -2.558%x 103 4547 1078 3.708x 103
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portant agreement with the current picture, that it is the plaguantitative account of the frequency and linewidth anoma-
nar O modes which are most strongly coupled to the supellies observed in the important and well-characteriBag-
conducting interaction. At the quantitative level, the andB,,-symmetric phonon modes of planar oxygen atoms in
theoretical result from the-axis modes appears to be too the stoichiometric @ compound.
small by a factor greater than 2, which, while constituting an  (ji) The symmetry of the superconducting gap consistent
acceptable level of agreement given the nature of the modelyith experiment is found to be predominanty: .
is not in as good accord as the phonon anomaly results (i) The conclusions are supported by the results obtained
within the same approximation. _ . for different phonon mode types, and from observations in
We have shown that a realistic spin-phonon couplingyiher materials.
within an electronic model for superconductivity can show (i) Those features of the phonon anomalies which are not
the small isotope effect consistent with experimental obsergiven by the present treatment are expected to be readily
vation in the hight. superconducting ceramics at optimal gescribed within the same framework by consideration of a
doping. In the present theory we would not expect to Segyjjayer structural unit, and by a more sophisticated treatment
significant alterations in the magnitude of this shift onqf the intrinsic phonon linewidth.
changes in doping, which will act to move the chemical po-  (y) At lower doping levels, away from that for optimal
tential and cause minor changes in the spinon dispersioft  there is good qualitative agreement, which provides ad-
(Fig. 4 away from the optimally doped level. From the gitional strong evidence, consistent with the results from
phase diagram discussed in Sec. IV, one observesThat NMR and inelastic neutron scattering, for the origin of the
falls with increasing doping in the overdoped region, wheregpin gap.
it is given by Ty, and with decreasing doping in the un-  (vj) There is a satisfactory degree of correspondence with
derdoped region, where it is given B (Fig. 12. With  the measured isotope shift near optimal doping, and the pho-

ATc (ATgrys) approximately constant, the threefold reduc-non modes giving the most important contributions to this
tions in T, achieved experimentally by overdoping in some gre identified.

system& would give a commensurate increasedinin the The single-layert-J model for the strongly correlated
underdoped regime, the changesTiwith doping have not  cuQ, system has thus been shown to contain an additional
been estimated. class of physical phenomena, namely those related to struc-

From these considerations, it seems unlikely thatttle  tyral anomalies. The theory is found to be well suited to
framework alone contains the origin of the spectaculaijustrating a variety of interesting properties observed in ex-
changes in isotope effect with doping reported in experimentgeriment, and to constitute a basis for further development.
or that a purely electronic picture could account for the ap-  Based on the results for alteration of phonon dynamics by
parent changeover to large values@.5) of « which these  spin excitations, it would seem logical also to seek the alter-
data present. However, the situation is complicated due tgtion of spin dynamics by their interaction with the phonon
questions of O disorder, and even equilibrium position, ordegrees of freedom. In fact this study was motivated initially
doping and isotope substitution, the actual fraction of O Inby the failure of the extendedJ model to reproduce at the
the plane sites, and the sensitivity of charge fluctuations tenean-field level some features of the YBCO spin excitation
these uncertainties. At minimum, we may suggest that thgpectrum, notably the 41 meV peak in the @mpound’’:6
results show once again the spin-phonon interaction to be fhe close coincidence of this resonance energy with the fre-
detectable effect which can be used to probe the physics @fuency of theB,, mode, whose superconducting anomalies
the highT. materials, but to be only a small perturbation on gre the strongest, and tfiedependence of the peak intensity,
the dominant processes. In the case of the isotope effect, thighich scales withA%x pg, the superfluid density, make the
perturbation is seen clearly at the optimal doping level whereyresent spin-phonon coupling theory appear well suited to
the dominant contribution vanishes, but a full explanation ofexplain these features. However, as in Secs. Il and V, the
the latter will require additional or separate physics. Ideaphonon contributions to the spin susceptibility through the
which have been put forwattlinclude van Hove singulari- - spin-phonon coupling vertices of Sec. Il are of the order of a
ties, interlayer pair tunneling, bipolaron formation, strongfew percent, while the 41 meV peak dominates the entire
Coulomb correlations and isotope-dependent hole concentrapin responsé’ One may consider instead direct coupling of
tion, but many models based on these contain a conventionaghe phonon to spin-flip processes via the spin-orbit

often phenomenological, electron-phonon interaction, anQDzyanshinskii—Moriya interaction in the buckled CuO

suffer from other weaknesses which this entails. plane’® but this will be two orders of magnitude smaller still.
We note also that the exact position of the resonance depends
VI. CONCLUSION AND DISCUSSION on the dopings, with the energy declining on moving to

lower doping!* while the frequency of th&,, mode appears

We have proposed a theory of spin-phonon couplingfo remain approximately constant. In addition, there is no
based on the mean-field approximation to the extertdéd trace of an analogous feature in the spin response associated
model of a single Cu®plane, which provides good agree- with the B,, phonon mode, which also shows a considerable
ment with a variety of experimental observations on high-anomaly.
T, cuprates of the YBCO class. A key element is the buck- While we have explored in some detail the consequences
ling of the CuQ plane present in these materials, which of a spin-phonon coupling in this class of model, many ques-
causes the coupling to be linear in O displacement along th#ons remain. One of the major shortcomings of the theory is
¢ axis. The model contains the following features. its failure to deal systematically with a physical range of

(i) It gives, without recourse to parameter fitting, a semi-hole-doping levels, as explained in Secs. Ill and V, but de-
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spite this it does provide a consistent description of the spin I I

gap, as discussed in Sec. IV. Another issue which remains a Tz Iz
drawback of the slave-boson formulation is the treatment of a) A 3
the holon degrees of freedom: in the model they have ar‘ 1/7

intrinsic tendency towards Bose condensation, and thus con-

tribute little to the dynamical phenomena, even within a A*
gauge-field scheme where the appropriate spin- and hole- A* 7
backflow requirements are enforced, leading to the loffe-(b) Mg, = = Q + Q
Larkin composition rules for transport propert€$? Some

studies indicate that the holes also possess a Fermi A A
surface’>"*which suggests that the appropriate physical de-

scription will require hard-core bosons or secondary statisti- F|G. 14. Gauge-field correction to the lowest-order spinon po-
cal transmutation. In the present context, this would lead tgarization. (a) Representation of all orders of correction due to
the introduction of a meaningful second temperature scale igauge field.(b) End bubbles in diagrammatic sequence, showing
the low-doping regimgSec. 1V), and the possibility of a O(A?) nature.

realistic account not only of the development of the phonon ) , ,

anomalies, but also of the features in the spin response d&ito account by the introduction of a gauge fiéfdwhose

tailed by NMR and inelastic neutron-scattering experimentstr":msverse components, corresponding to ph_ase fluctuations,
rn out to be massless, and whose longitudinal component,

To elaborate on the observable consequences of a gaugfariginating in the temporal part of the fluctuation coordinate

t_heory approach to descrlbmg fluctuations ‘?“.O.U”d a mearg, 4 corresponding to density fluctuations, is massive. With-
field solution, we have considered the possibility of gauge-

. . ; N out going into the full details of the gauge-field formulation,
field screening’ of the phonon anomalies. This is dlscussedWe may consider the effect of possible gauge-field screening

briefly in the apper_wdlx _for_ the massive, longitudinal 9auge|, the spin-phonon coupling problem as follows.
modes, which can in principle have a Fano-type coupling ©0 The hare gauge field is merely a restatement of boson-
phonons. We show that the corrections due to gauge fluctuarmion coupling within the slave-boson decomposition, and
tions are small or vanish, depending on the phonon modgas no dynamics, but the boson and fermion polarization
symmetry. However, the effects of the massless, transversgrms, occurring in sequences of any length, act to generate
gauge modes in providing quasiparticle self-energy and vereffective dynamical properti€€. Restricting the discussion
tex corrections have been studied only briefly in the contexto Fano-type processes, the full gauge-field correction by po-
of their influence on the dynamical properties of the spinlarization terms to the lowest-order spinon-phonon diagram
degrees of freedorf?,and remain an open question. shown in Fig. 3 is then simply the diagram in Fig.(a4

In conclusion, we propose that the model discussed repahere the dotted line is the full dynamical gauge-field propa-
resents a useful step in the formulation of a coherent theorgator —1/(Ilg+1I¢). Because the phonon vertex, from
of spin excitations, transport properties and lattice degrees @fnd J terms, contains only spin-spin and density-density
freedom. The agreement between theory and experime§©mponents, it may couple only to the longitudinal part of
achieved at the current level is encouraging in efforts to conthe gauge field, whose propagator is simply that of a mass
struct a unified picture of the anomalous metallic stateMo~J, while the magnitude of the gauge-field vertex is ap-
whose characterization is vital to a full understanding ofproximately J; these considerations may be made more

high-temperature superconductivity. quantitative, but the important feature of the result is unaf-
fected. As only the spinon coupling to the phonon is consid-
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examination of the diagrarfFig. 14b)] for IT'g,
shows that afj=0 the expression must be ®f): with a

3J_
Fr= 2A277k( Mkt ZX'}’kﬂk) v Aig, Ay modes.
APPENDIX (A1)

Fluctuations about the mean-field solution of the orderThis is odd ins, for the B-symmetric modegin fact for both
parameters in a model of the type we consider may be takes and d symmetry of the singlet order parameteand so
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vanishes upok integration, while forA-symmetric modes it
remains of the order oflg,, and so becomes irrelevant on
taking the square. Thus the consequence of considering flu

SPIN-PHONON COUPLING IN THE SINGLE-LAYER ...

869

tuations through a gauge-field coupling, which will involve
only massive longitudinal modes with no singularities in mo-
crentum space, is that their correction is small or vanishing.

*Present address: Theoretische Physik, EThigterberg, CH-

8093 Zuich, Switzerland.
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