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Neutron scattering and the B,y phonon in the cuprates
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The momentum-dependent line shape of the out-of-phase oxygen vibration as measured in recent neutron-
scattering measurements is investigated. Starting from a microscopic coupling of the phonon vibration to a
local crystal field, the phonon line shift and broadening is calculated as a function of transferred momentum in
the superconducting state of YBau;O,. The absolute magnitude of the shift is obtained as a function of
momentum and is found to be in excellent agreement with experiment. It is shown that the anisotropy of the
density of states, superconducting energy gap, and the electron-phonon coupling are all crucial in order to
explain these experimen{sS0163-182€09)09421-1

Recently, attention has focused on the observance of plane!® Here the absolute value of the coupling estimated
resonance at an energy near 41 meV in the neutron-scatterifigpm calculations of the electric field gave good agreement to
cross section obtained in both optimally doped and underthe results obtained from Raman scattering studies. Neither
doped YBaCw0,_;. 12 It has been speculated that this theories made predictions about the momentum dependence
resonance feature might hold the key to the pairing mechaf the phonon line shape.
nism that underlies superconductivity in the cuprate materi- Reference 2 showed that in the normal stateBhgpho-
als. As such, this feature has been lavished with attention bjon does not show any appreciable dependence on the in-
many various theoretical proposdl€arlier measurements Plane neutron’s scattered momentgmHowever in the su-
had suggested that this resonance was related to a particulrconducting state the phonon softened considerably for
phonon vibration that occurs at nearly the same energy. This O in agreement with Raman measurements, while the ef-
phonon consists of the out-of-phaseaxis vibration of the ect became rapldl_y Ie_ss _pronounc_ed .W'th Increasmg
two oxygen @2) and 3) atoms in the Cu@plane. How- Arllong thﬁ (}j,l,O)ddlrectmn .'r;]the Brlllt_)umhzon@iZ), thﬁ
ever, it was later clarified via kinematic analysis and polar-p onon hardened faster with increasiggthan along the

ized neutron studies that a magnetic and phononic contribu(-l’o’o) direction. While these findings were related to
9 P anisotropies of the energy gap, density of states, and-gite

tion are both present and C(.JUId be separated. Both peai&%upling, an unambiguous determination of the importance
could be tracked as a function of temperature as well ag¢ o5ch effect could not be made. We therefore refocus at-
SC?‘“‘fjred neu;ron n|1|omentum. T?e phonon.bdm '€~ tention on the phonon contribution to neutron scattering in an
C?'xeh a much smaller amount of attention in comparisonyq 1o provide a theoretical framework to better understand
with the magnetfll]c resonance. i . the contributions from various anisotropies. Using a micro-

Earlier Ramahand neutron-scatterin@xperiments have  oqhic coupling theory developed in Ref. 9, the momentum

studied this particular phonon vibration in detail. Of all the dependence of the phonon line shape will be used to deter-
Raman-active phonons measured in tetragonal supercondu iine the interplay of the anisotropies of the energy gap,

ors, only this phonon does not transform according to the ful ensity of states, and theph coupling. An estimate for the

symmetry () of the lattice. Since this phonon obeys its 4 nityde of the line shape changes as a function of momen-
own selection rules&;g) it can be unambiguously identi- 1 can be obtained.

fied. From its Fano profile, the magnitude of the electron- Our starting point is a three-band model for the GuO

phonon(e-ph) coupling seems to be particularly large for this lane with Cu-O hopping amplitudeand O-O hopping am-
phonon compared to other phonons measured in Raman Sc%ﬁtudet’:

tering. Indeed from the Raman point of view, this phonon

has also been lavished with attentfori.In Ref. 6, a phe-

nomenological form for the coupling was assumed and thus N "

predictions concerning the absolute magnitude of the line Ho=€2, b by, +t Eﬁ[Pabn,(ran,a,aJr H.c]

shift could not be obtained. Moreover, a simplified momen- ne m

tum dependence of the coupling was assumed. Only Refs. 7, -

8, and 9 specified a microscopic source of the coupling. In +t'2 E P558n,608n,6 .0 (1)
Refs. 7 and 8 the coupling was a result of the buckling of the M7 (88

Cu-O plane. On the other hand, Ref. 9 has addressed this

coupling as arising through a local crystal electric fiéld Whereb;(r creates an electron with spinat a copper lattice
that breaks the inversion symmetry locally around the Cu-Gsite n, while a, 5, annihilates an electron at one of the
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neighboring oxygen sites+ /2 determined by the unit vec- f

tor & assuming the four values+(1,0) and (0+1). An g(k,Q)ZEEz\/W

oxygen atom between the two copper atoms at sitesd © Big

n+éis labeled by eitherr(,8) or (n+48,— ). As in Ref. 9, X[ % (K) py(k—0) e~ 19¥2(1+ ey
e=Ey—E, is the difference of the Cu and O site energies A A

and Ps= +1, depending on whether the orbitdlsith real —¢>;‘(k)¢y(k—q)e"qya’2(1+e*'ar)]. (5)

wave functiong have the same or opposite sign at the over- , .
lap region. Assuming Cul, o and Op orbitals P_,=  HereMolis the oxygen mass angg, ~41 meV is the pho-

— P4, and we can choosB(; g)=1 andP = —1. Lastly, ~nhon frequency. The functions result fro_m the diagonaliza-
P/, » denotes the overlap sign between an oxygen orbital &N of the three-band model and are given as

site n+ /2 with a neighboring oxygen orbital at sitet- &' /2. -

The O-O hopping is needed to give the right curvature and bry(K) = [y, () —t (K)ty (K)/ e(K) ] (6)
centering of the observed Fermi surface. By our above con- Ny

vention these overlaps take the vallgsg=P’, _, =1, and
Py—y=P.xy=—1, respectively. After Fourier transform-
ing, the Hamiltonian now readsIO:Eky(,Hg’(,, where

with the normalization factor

1
_ Nii= 5 {Le(k)? =t () 2+ [e(K) (k) —ty(K)t' (k)]
HR o= €bl by o +{ib Lk ate(K) =2y oty (K) ]+ H.C} <t

RO T @ +Le(kty (k) — (k) (k) 112 7)

with the prefactors  t (k)= 2t sin@k,/2),t' (k)= Lastly, the exponential factors and the other normalization

— 4’ sin(ak/2)sin@k/2). We can then diagonalize E€): N(qg) comes from the phonon_displacements. Th_e e_igenvalue
Hg,g=2ﬁ6ﬁ(k)d};,k,gd5,k,g, whereg is +, —, and O for the and.mo.mentum—depende_nt eigenvector for Bhg ionic vi-
antibonding, bonding, and nonbinding bands, respectivel;}?rat'on is solved for the S|mplg h_armo_nlc model of the three-
We consider only a reduced one band model appropriate negfom-unit cell of Cu coupled via identical spring constafits
half filling and take only the upper band into accothat (O both the @2) and Q3) atoms under a uniform tension.
this point the same procedure used in Ref. 9 can be carridg€Sides an acoustic mode and an in-pha&®-O(3) optical
through. The electric fields at the(® and Q3) sites couple Mode Aig), the Byg mozde is obtained with the dispersion-
linearly to theirc-axis ion displacements leading to the fol- 1€SS energy eigenvalusg =2K/Mo, and whose eigenvec-

lowing e-ph coupling: tor is
(8
He.pri= €Ez- nE {uan)al, janx o+ uy(an)aﬁvyygan,yya}, fgis’s)(Q) =+7(1+e 'Y%®)/N(q),
®) N(q) =4[ cos(qya/2) + cos(qyal2)].

whereE is the c-axis aligned electric field at the (@) and . S .
O(3) sites, neglecting orthorhombic distortions. This can belhe eigenvectors from this simplified model give an ad-

rewritten in a momentum representation as equate agreement to the eigenvectors obtained via more
complex lattice-dynamical calculatiohs.
1 The e-ph coupling renormalizes the bare phonon propaga-

He-ph:\/ﬁ q;g a(k@)df ,dk_qolCqtcyl, (@  tor Dglg(q,w)=2wBlg/[w2—w§lg] such that the retarded
h propagator becomes

wherec, annihilates thé8,, phonon mode with wave vector

g and g(k,q) is the coupling constant of the mode to an DS (q,0)

electron of wave vectok. Dg. (q,w+i) 19

The coupling constant for thg=0 B,y phonon was 19

evaluated in Ref. 9. These results can be generalized for

finite q as whereHBlg is theq and w dependent polarization,

1+Dg, (0,)Mlg, (G, 0+i8)’

Mg, (q0+19)=2% g(ka)l?

1 e

A AT ED = 1B )| s B~ 0¥ 10— Ext Berg

1 1
+a(k'q)[l_f(Ek)_f(E“q)]( 0+10—Ef—Eyyq 0+i0+E t Ek+q)]' (10
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whereE, = \/§2k+A2(k), &= €(k) — u is the energy disper- 1

gincluded /7
sion measured from the chemical potenjialf is the Fermi

function, anda--(k,q) are coherence factors, §§ 0.5 1
Ecérq— A(K)A(K+Q)
a:(k,Q)zli Kok . (11) 0 g included nog (1)
ExEk+q

This expression is identical to the one used in Ref. 6. 05

However, all other uses of Eq§l0) and (11) have useda [\ .~ ]
momentum-independent coupling constant and have not =00 2w @
specified a microscopic mechanism for the electron-phonon qa

interaction. We remark here that this misses crucial informa-

tion of the interplay of symmetry of the phonon vibration
and its coupling to the electronic system. First of all, the us

of k-independent coupling constant in Eq40) and (11) energy gap and the long-dashed lines correspond tdae |

corresponds to a particular.casef of a fully symmetric phonorénergy gap. The left panels represent the evaluation of €@,
(A1), transforming as the identity representation. As a con;,

) . and (11) using the expression for the coupling constgnig. (5),
sequence of the long-wavelength Coulomb interaction, thghile the right panels correspond to using a momentum-
q=0 self-energy would be completely screened, leading tGhgependent coupling constant equat.to
no net linewidth change fay=0 phonons, as measured, e.g.,
in Raman-scattering measuremettlf a fully symmetric  are the joint density of states for phonon scattering, the co-
phonon has a momentum dependence, it still will be at leadterence factors, and tieeph coupling.
partially screened by the long-wavelength Coulomb interac- We first consider features of the polarizatibhthat are
tion. However, there is no screening for phonons of othenly due to kinematic constraints and band structure. Starting
symmetry. While it appears that certayy phonons in the from q=0, where Cooper pairs are broken equally around
cuprates are weakly temperature dependent and may indeete Fermi surfac€FS), the pair breaking becomes less reso-
have their coupling to the electron system screened out, theant asq increases until two regions of the FS can be con-
BaA;4 phonon as well as the 8, vibration show distinc-  nected. At the same time the scattering processes at low tem-
tive shifts as a function of temperature. This can only comeperatures that are most prominent are those that can most
about if the phonons have a nontrivial momentum-dependerdlosely satisfy the condition that»=|A(K)|+|A(k+q)]
coupling constant and therefore the use of a momentum ineoming from last term in Eq10). Both of these restrictions
dependent coupling constant is inappropriate for thes®ecome less and less obeyed with increasjrand lead to a
phonong! Second, the neglect of the momentum dependenceery rapid dropoff ofll away fromg=0 in either direction,
of the coupling constant overestimates the size ofBhg  as seen in both figures regardless of the energy-gap symme-
phonon broadening shift fog=0. As with the electronic try. Moreover, ag) approaches the zone boundary along the
contribution to the Raman responéethe coupling of the  diagonal(Fig. 1), both the real part ofI rises since regions
gap and the vertex that have the same symmetry leads todgd the FS with large density of statéBat band$ are con-
reduction of the phonon broadening in the superconductingiected by momentum transfer ofr{a, m/a).
state ~(w/2A)*® compared to the case when the gap and
vertex are of different symmetries w/A.*3 Lastly, the mo-
mentum dependence is not separable into two functiots of
andq, respectively, as implied in Ref. 6.

Here we consider either an anisotrogievave ord,2_,2
energy  gap: Ag(k)=Ao|[coska)—coska)]l/2,Aq4(k)
= A cosk@)—cosk,a) /2. While we believe that there is
strong evidence that the energy gap in the cuprates has 0
dy2_,2 symmetry, we consider thewave case for illustra-
tive purposes showing the effect of a sign change of the ~
energy gap. In the following we chooge-1 eV,t=1.6 eV, f.
andt’/t=0.45 (which are similar to the values chosen in E
Ref. 8, A;=30 meV and A,/kgT.=8 for both energy-gap L\
choices, andv=41 meV. We adjust the chemical potential 0 =
to yield a filing (n)=0.875 for both spins, and sék 00 @20  (®0)
=T/2. qa

In ,F'g' 1 we plot the real and imaginary parts laf.as a FIG. 2. Real and imaginary parts of tBg, phonon self-energy
function of transferred momentumalong the(1,1,0 direc- 55 4 function of momentum transfer along the BZ axis forT
tion for ad,2_y2 and an anisotropis-wave superconductor, — /2 Both gap choices yield identical results. The solid lines in
while Fig. 2 plots these same functions fgralong the the figures correspond to evaluating Eqs0) and (11) using the
(1,0,0 direction. We have normalized both the real andexpression for the coupling constagt Eq. (5), while the dashed
imaginary parts oll to theirqg=0 values. The three factors lines correspond to using a momentum-independent coupling con-
governing theq dependence of thB,4 phonon’s line shape stant equal ta.

FIG. 1. Real and imaginary parts of tBgy phonon self energy
as a function of momentum transfgralong the BZ diagonal for
eI'=Tc/2. The solid lines in the figures correspond to the 2
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lg (kq) [ [arb. units]
lg (k,q) [ [arb. units]

22

x@ A

FIG. 3. The momentum dependence of the coupling constant FIG. 5. The momentum dependence of the coupling constant
|g(k,q=0)|? as a function of momentum in the BZ. la(k,q=m/a,w/a)|? as a function of momentum in the BZ.

Now if we consider the anisotropy of the energy gap, wethe microscopic source of treph coupling mechanism, we
note that for the anisotropis-wave case this rise is more €an provide a numerical check of the strength of the cou-
pronounced than thé-wave case due to the change of sign pling. For th|s it is useful to examine the neutron-scattering
of the gap in the coherence facer for thed-wave gap. As  Cross sectiolf for scattering by theB,, phonon. The
we would expect, there is no difference betwébevaluated ~Neutron-scattering cross section can be written as
for the two gaps forg transfer along the (1,0,0) direction
since the coherence factor is the same for both energy gaps g 2
for scattering near the FS. dQdw [F(a)]*S(a,w), (12)

We now consider the momentum dependence of the cou-
pling constant. In Fig. 1left pane) and Fig. 2 the solid line WhereF is the form factor for scattering by t,4 phonon,
representdl calculated with the coupling constant included S=ImD [see Eq.(9)] is the phonon spectral function, and
while the right panel of Fig. 1 and the dashed lines in Fig. 2h w is the difference in energy of the scattered and incident
are obtained by neglecting theq dependence of the cou- neutron. As in Ref. 2, we consider umklapp scattering of the
pling constant. We see that the results for bgttirections  neutron by the phonon for momentum transfers@#q,
are strongly affected by the coupling constant and its incluwhereQ=(2m/a,0). This determines the form factor as
sion cannot be neglected. In all cases the coupling constant

2

leads to a more rapid falloff of the polarization with increas- ) [cos(qxa/2)Jrcosqya/Z)]2

ing g. This is due to the strong momentum dependence of [F(a)|*= co(q,a/2) + co2(qual2) (13
the coupling constarg(k,q). Forg=0, the vertex varies as X y
~[cosk.a)—cosk,a) ][ e(k) —t'(k)]—it vanishes along the . _ 1 .

BZ diagonal and just off the FS whan(k)= e(k). This is  USiNd @s, =348 cm ~ and the magnitude of the Cu-O

seen in Figs. 3, 4, and 5, which plot the vertex fpr buckling,e E,= — 0.8 eV/A ® we plot in Fig. 6 the results for
=(0,0),(r/a,0), and @r/a,w/a), respectively. Thus the the Cross section forae_,» supercon_ductor fog along Fhe
vertex suppresses scattering just off the FS plus scatterirgfagonal and axis of the BZ, respectively. Tésgh coupling
between BZ diagonals, leading to the rapid fallofflbfwith ~ Nas been included, and the parameters used are the same as
momentum transfeq as seen in Figs. 1 and 2. This is in for Fig. 2. In addition, a constant phonon linewidth of 2.5
general agreement with the results from Ref. 2, supportin(‘jmfl was included that represents the intrinsic broadening
the importance of the coupling constant. of the phonon(i.e., due to anharmonic lattice potentjals
Finally, we consider the absolute magnitude for the hardWhich is present even in the insulating sti@nce the spec-
ening of theB,, phonon as a function aj. By specifying tral function was obtained the curve was convoluted with a

= g qa=(0,0)
g Q) 5
= A
E' %
> 2
o )
< ¢ é
8
- 4 qa= (n,m) 4a=(m,0)
0 . 33 40 42 44 46 38 40 42 M4 46 48
NS ® [meV]
«(;e PN FIG. 6. The neutron cross section as a functiorwdbr differ-

entq values. They values are chosen in equal increments along the
FIG. 4. The momentum dependence of the coupling constantliagonal (axis) of the BZ for the left(right) panel, respectively.
lg(k,q=/a,0)|? as a function of momentum in the BZ. Each curve has been offset for clarity.
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These points may be indicative of the neglect of strong
electronic correlations. The theory does not include the ef-
fects of strong electronic correlations as the electronic pa-
rameters are taken in accord with local-density-
approximation value®. This may crucially affect the
momentum dependence of the line shape as the momentum
aa vector maps out the band dispersion as well as the shape of
FIG. 7. Comparison of the theory with the experimental data ofthe Fermi surface. The strong _Iocal COUIme repulsion
Ref 2' ' y would lead to a smaller renormalized bandwidth and thus a

Ce less rapid dependence &f with momentum. The theory
could be refined once parameter choices for the band struc-
_ ) o ) ture are determined via fitting to experimentally determined
Gaussian of width 2 meV to mimic the experimental resolu-hand dispersion and Fermi surfaces. This remains to be in-
tion of the apparatus used in Ref. 2. vestigated. The strong temperature dependence of the pho-

Our results for the frequency shift of the phonon for dif- non even belowT, remains puzzling. All theory curves are
ferent momenta are compared to the experimental data igssential—independent below =0.5T, as the energy gap
Fig. 7 using the above parameters. We note that the theolig completely established. The phonon line shape changes
compares both qualitatively and quantitatively well with thebelow T, are due to the opening of a phonon decay channel
data in two regards. First, the theory predicts a hardening dby breaking Cooper pairs nege=0 and are minimized by
the phonon for increasing momentum transfers in both direcmomentum and energy conservation at larger momentum
tions in agreement with experimef#lthough data along the transfers. Additional scattering via, e.g., impurities or spin
BZ diagonal is not very complete Further, a maximum fluctuations, open channels for phonon scattering at sgnall
hardening of roughly 0.9 meV observed for momentumin the normal state as well, which may counteract the disper-
transfer along the BZ axis is in agreement with thesion given byII. However, this cannot yield a strong
measuretihardening of 0.8 0.1 meV. The general behavior temperature-dependent scattering substantially b&lpw
away from the zone centeg€ 0) is reproduced as well. As In summary we have investigated contributions to the mo-
mentioned, the data along the BZ axis cannot be used tB'€ntum dependence of thB,, phonon resulting from
determined whether the energy gap changes sign, but wlisotropies of the density of states, energy gap, @ptl
note that if the anisotropis energy gap was used it would coupling constant. Using a microscopic theory for the origin

: ; : of the e-ph coupling as given in Ref. 9, the theory’s predic-
Fr::glgtisilggsrir?rlgignh? of the shift along the BZ dlagonalstion for the dependence of the line shape of the phonon as a
Three important détafls of the data are not captured by thgunction ofq fpr various directions in the BZ Is in quali_tative
theory however. The theory gives a more abrupt falloff foragreement with the results of Ref. 2, while the magnitude of

the shift along the BZ axis than seen in the experiment, alf-[he hardening of the phonon is in quantitative agreement. It

though a slightly larger error baas seen in two points in is crucial that the anisotropies of all quantities are taken into

Ref. 2 would cover the discrepancy. The experimental dataaccount.
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