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Optical near-zone-center phonons and their interaction with electrons in YBa;Cu3;07:
Results of the local-density approximation
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Ab initio frozen-phonon calculations were performed for YBa;Cu3;O; for the five 4, Raman-
active and for two B, infrared-active optical q =0 modes, with use of the local-density approxi-
mation and the full-potential linear-muffin-tin-orbital method. The full 4, dynamical matrix was
calculated using 98 k points in the § Brillouin zone. The theoretical and experimental equilibri-
um structures and phonon frequencies w, agree well. Phonon linewidths y.q, due to electronic in-
traband transitions in the normal state, and electron-phonon coupling constants A.q= 7./

[zN(0)w?] were calculated for the 4, modes and small, transverse q. We estimate that A = 1 for

the sum over all modes.

The phonon shifts and broadenings observed for 7 < 7. by Raman

scattering are well accounted for by conventional strong-coupling theory and our calculated

electron-phonon coupling.

For the high-temperature superconductors not only the
mechanism of superconductivity is unknown but also the
proper description of their electronic structure in the nor-
mal state is under dispute. Contrary to earlier belief, it
now seems that for the metallic compounds a Fermi-liquid
picture is appropriate and even that the bands calculated
using the local-density-functional approximation (LDA)
may be relevant. Recent angle-resolved photoemission ex-
periments,' for instance, have given points on the Fermi
surface in YBa;Cu30; which agree reasonably with those
of earlier LDA calculations.2 The LDA, furthermore,
reproduces the x-ray-absorption spectra of YBa,Cu3;O;
rather well.

It is generally accepted that the LDA accounts for the
total energy of a solid and, hence, for the structural and
lattice-dynamical properties (in the adiabatic approxima-
tion). This was recently* shown to also hold for La,CuQ..
Now, it is of interest to consider YBa,Cu3;0O;, the best
characterized high-temperature superconductor, because
such an LDA frozen-phonon calculation, if successful,
could also provide insight to the magnitude of the elec-
tron-phonon (EP) coupling, the agent for conventional su-
perconductivity. That the EP coupling may be strong and
even play some role for the high-temperature supercon-
ductivity was recently speculated on the basis of Raman-
scattering experiments>® showing that, for certain pho-
nons, the frequencies and linewidths change as the tem-
perature is lowered below T, and that the corresponding
resonances in the Raman spectra have Fano shapes.

In this paper we present results for YBa;Cu3O5 of such
an ab initio frozen-phonon calculation in the LDA. We
consider optical, near-zone-center phonons and calculate,
for the five 4, Raman-active modes, the frequencies and
eigenvectors, the influence of metallic screening, the
wave-vector dependent phonon linewidths y,q for small q,
the corresponding partial EP coupling constants A,q and
the changes of the phonon frequencies and linewidths in

42

the superconducting state, as given by conventional
strong-coupling theory.” Finally, we present frequencies
for two infrared-active B, modes.

We used a newly developed fast and precise full-poten-
tial linear muffin-tin-orbital (FP-LMTO) technique
which makes no shape approximation for the charge den-
sity or for the potential.® The basis set included 204
LMTO?’s per cell and yielded an accuracy of energy bands
and total energies beyond 10 meV. Moreover, in the self-
consistent calculations it was necessary to use 98 or 147 k
points plus linear tetrahedral interpolation in the irreduc-
ible Brillouin zone (BZ) of the orthorhombic structure.
This high accuracy and many k points are necessary to
properly describe the EP interaction.

The total energy was first calculated as a function of the
volume and the c¢/a ratio. In Table I we compare the mea-
sured’ and calculated static structural parameters. The
calculated cell volume is 5% smaller than the volume mea-
sured at 103 K.'® An overbinding of this magnitude was
also found for La,CuO, (Ref. 4) and is common for tran-
sition metals and their compounds and is ascribed to the
LDA. For the frozen-phonon calculation, to be described
in the following, we used the experimental equilibrium
volume and ¢/ a ratio.

The five Raman-active 4, modes displace apical oxygen
0(4), Ba, plane copper Cu(2), and plane oxygens O(2)
and O(Q3) in the c direction. In order to determine the
equilibrium positions of these five atoms and the dynami-

TABLE I. Static structural parameters.

Z/chp
V(A®) ¢/a 0O(4) Ba Cu(@ 0Q) 001
EXP* 173.5 3.05 0.158 0.184 0.356 0.377 0.379
LDA 163.1 3.02 0.157 0.184 0.355 0.375 0.375

T=300 K, Ref. 9.
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cal matrix, we calculated the total energies for 28 dif-
ferent displacement patterns (even with respect to the Y
site) including those of individual atoms as well as mixed
displacements. The atomic displacements were about 0.07
A. The total energies were least-squares fitted, first to a
polynomial quadratic in the five displacements, and thus
containing 21 terms. We checked the stability of this fit
by excluding some of the 28 patterns and by adding
several cubic terms. The coefficients of the linear and
quadratic terms did not change appreciably, except for the
submatrix concerning the displacements of O(2) and
O(3). Our final fit was quadratic with two additional cu-
bic terms: 0(2)2[0(3) +0(2)] and 0(3)2[0(3)+0(2)1.
The equilibrium positions thus obtained for the five atoms
are in excellent agreement with experiment (Table I).
Even the so-called dimpling of the CuO; planes is accu-
rately reproduced. The phonon frequencies w, and eigen-
vectors e;, obtained from the eigenvalues and eigenvectors
of the dynamical matrix are displayed in Table II. The
agreement between the experimental and theoretical fre-
quencies is satisfactory, the latter being 10% softer, except
for the 330 cm ~! mode. Calculations for a reduced cell
volume yielded Griineisen parameters dlnw/dInV of
about two, which compare well with the experimental
values 1.5-1.9,'" and a rescaling of the dynamical matrix
to the theoretical equilibrium volume gives calculated fre-
quencies in even better agreement with experiment.

A previous assignment of the 4, modes from lattice
dynamical calculations using empirical interatomic force
constants'? was, in order ‘of increasing phonon frequen-
cies: Ba, Cu(2), 0.8[0(3)—0(2)14+0.2[0(3)+0(2)],
0.2[0(3)-0(2)1+0.8[0(3)+0(2)], O(4). Here, O(3)
—0(2) and O(3)+0(2) indicate, respectively, out-of-
phase and in-phase movements of the plane oxygens. Our
ab initio calculations confirm this with a few modifi-
cations: (i) the two highest modes (500 and 440 cm ~')
show about 20% mixing of, respectively, [0(3)+0(2)]
and O(4) motion, (ii) the two lowest modes involve ap-
proximately equal mixtures of Ba and Cu(2) vibrations.
The reason for the latter mixing is that the “pure” modes
are nearly degenerate in our calculations, but the coupling
between Cu(2) and Ba in the dynamical matrix is not par-
ticularly strong. Indirect experimental information on the
phonon eigenvectors can be inferred from the polarization
dependences of the Raman intensities. This analysis was
used to conjecture that the 330 cm ~! mode has approxi-
mately O(3)—0(2) symmetry® and that the 440 cm ~!
mode includes some O(4) admixture,'? as indeed we find.
Interestingly, the polarization dependence of the two
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lowest modes are similar® and this may support our con-
jecture that they are not purely Ba and Cu(2) modes. On
the other hand, isotope substitution of Cu does not
influence the 110 mode'* and this contradicts our eigen-
vectors. We speculate that although our calculations may
overestimate the coupling, at least 20% admixture will ex-
ist.

In addition to the 4, modes we have calculated the fre-
quencies for two B,;, modes, the “Ba”-mode 140
cm ~ ' (@exp=150) and “Y”-mode 200 cm ™' (wexp =190)
taking over the eigenvectors from the empirical calcula-
tions. '

The second part of our work deals with the coupling of
the A, phonons to the electrons. The basic quantity
defining this interaction is the EP matrix element

Grnkmk+q={nk | Vig | m(k+q))/20.,

where v and q are the phonon branch and wave vector, re-
spectively. |nk) is a quasiparticle state for the undistort-
ed crystal and

Via(r) =3 (eiq/~/M) 6V (£)/6R;

is the variation of the self-consistent potential caused by
the phonon distortion. Index i runs over the atoms and,
for each atom, over the three cartesian coordinates.
Knowing g one can, in principle, calculate both the influ-
ence of the electrons on phonons (e.g., phonon linewidths),
and the influence of phonons on electrons (e.g., the Eliash-
berg spectral function which enters the conventional
theory of superconductivity). The full information is con-
tained in the EP coupling constant '®

2

ha= w,qN(0)

X Zk | . nk.m(k+q) |28(Enk) 8 (Emk+q) — Enk — @ 0q) »
nm,

where &, are the quasiparticle energies relative to the
Fermi level and N(0) =X,.8(g,) =2.0 states/(YBay-
Cu307spineV) is the density of states per spin at gr(=0).
The two & functions reduce the k sum to a line integral at
the Fermi surface. Summing A,q over the 39 phonon
branches v and averaging it over q in the Brillouin zone
gives the standard EP coupling constant A. Finally, the
phonon linewidth, which can be measured by neutron
scattering, is given by ¥,q=7N(0)wZ\.. For optical
phonons and g =0, interband transitions may be neglected
since they are allowed only at isolated points on the Fermi

TABLE II. Frequencies, eigenvectors, and EP coupling constants for the 4, ¢ =0 phonons.

o,(cm™")

€iv
EXP* LDA Ba Cu(2) 0(3)—0(2) 0(3)+0(2) 0(4) 25(%)
110 95 0.65 0.75 0.05 0.07 —0.07 34
150 130 0.76 -=0.65 —0.02 —0.02 0.04 0.7
330 330 =0.01 —0.02 0.89 —0.43 —0.14 2.1
440 400 —0.02 -=0.04 0.44 0.76 0.47 1.0
500 460 0.03 0.11 —0.10 —0.48 0.87 0.9

“Reference 6.
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surface. As q increases, the first interband transitions are
those between the two Fermi surface sheets from the
plane bands but, for the 4, phonons, these transitions are
essentially forbidden. For small g, the relative phonon
linewidth may then be reduced to the intraband contribu-
tion

'}'vq/wv -2”Zk I 8v,nk,nk |25(Snk)5(Q' Vnk — w,) s
n,

where v, are the Fermi velocities and we have assumed
the existence of a ¢ =0 limit for the EP matrix elements.
This assumption holds when the screening is metallic in all
directions, or if we consider transverse phonons (i.e., if, in
the present case, g. =0). The EP matrix elements may
then be obtained from the deformation potentials relative
to the Fermi energy

8v,nk,nk -Z (eiv/\/ 2Mi(0v)68,,k/aR,' .

Figure 1 shows 7Vq/wv and A,, as functions of g, for
q. =0 and averaged over the angles in the ab plane. Had
the Fermi surface been a cylinder with velocity v,, the

Yv 39
500cm’

ka
05

0 440cm', — 0
o@)+o(3)) 105
0003 |
0 0
330ecm’ 10
0005 0(2)-0(3)

0 150cm! —] ?o
0.002 K Cu )
0 0
qc=0
—40
0.005 110cm’
Ba
o0 70
Qab 4a

FIG. 1. Calculated intraband contribution to the relative
phonon linewidths, y./®,, and partial coupling constants, A,
for the five A4, optical phonons. The wave-vector q is in the ab
plane and the average has been taken over the angles in the
plane so that g,,=|q|. The A’s have been multiplied by the to-
tal number of phonon branches.
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qa» dependence of y, or A, would have been proportional
to x /26(x) with x=(vssgas) > — 2. The 110-cm ~' mode
is seen to have the largest A,. This is due to the = 50%
mixing with the Cu(2) mode. Since the Cu mass is about
half the Ba mass, Cu oscillates with a larger amplitude in
both of the lowest modes, and their A,’s are mainly due to
the Cu(2) deformation potential and only to a minor ex-
tent to Ba. The 110 mode has the larger A, because its
frequency is lower. This result is consistent with the fact
that the 110 mode was found® to have a highly asym-
metric Raman line shape (Fano resonance). The next
strongest Fano resonance was found for the 330 mode.>
We find that this phonon, as well as the 440 phonon, due
to the presence of the dimple, modulate the Cu(2)-O(2)
and Cu(2)-O(3) pdo hopping integrals and thus move the
plane-band saddle points near X and Y, which are merely
20 meV below &r and which give the main contribution to
the density of states. The 440 mode has the smaller A, be-
cause its frequency is higher and because its deformation
potentials are smaller. The reason for the latter is that the
Fermi level can follow an in-phase movement of the bands
near X and Y but not an out-of-phase movement. The 500
mode has a good-sized A, despite its high frequency, since
the O(4) movement is in the direction of the O(4)—Cu(1)
pdo orbital and therefore strongly modifies the position of
the chain band and, hence, the position of the Fermi level
with respect to the saddle points of the plane bands. By
taking the small-g average of the A,, curves, by averaging
over the five 4, modes, and by multiplying by the total
number of modes (39), one may estimate a total A of or-
der 1.

A quantity of interest related to the EP interaction is
the softening of the phonon frequencies due to metallic
screening. The one-electron contribution to the dynamical
matrix is proportional to

Zk lenc(— e )]} "Zk &iink0(— &nx) — Ek Eink€jnk0 (€nk) ,
n, n, n,

where & =08/0R;. The second term is the Fermi-surface
contribution which gives rise to a relative change of pho-
non frequencies

Awfs/wv_ - (2/wv) zk Igv,nk,nk Iza(l‘:nk )=—A;.
n,

Our calculated softenings, listed in Table II, are of the or-
der of the difference between phonon frequencies calculat-
ed using 98 k points and only 9 k points.

The A} just calculated also gives the magnitude of the
change of the phonon self-energy due to transitions across
the gap in the superconducting state. The relative change
may be expressed as

Az /o, = (Ao /o,) —i(Ay/o,) =AFle,/2A(T)],

where 2A(T) is the superconducting gap. In the simple
BCS theory, F(@) = — u/sinu, with u=x—2cos ~ (&) or
n+2icosh ~ (@), according to whether 6=w,/[2A(T)] is
smaller or greater than unity. In the strong-coupling re-
gime, F(&) has a similar behavior.” Recent Raman ex-
periments found such an effect: softening of the 330-
cm ~! mode and hardening of the 440-cm ~' mode.'” The
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experimental estimate of Aj (taking 2A/kT.=5.2),"
agrees well with our ab initio values of 2% for the 330
mode and 1% for the 440 mode. Increased phonon
linewidths also follow from this theory,” but are more
difficult to observe experimentally. Available data’ for
the 330 mode are in accord with our A{=2% and
2A/kT,.=5.2.

In summary, we have performed LDA frozen-phonon
calculations of the full dynamical matrix for the 4, ¢ =0
phonons in YBa;Cu307. The calculated frequencies agree
well with Raman experiments. Also the calculated eigen-
vectors are consistent with most experimental observa-
tions. We have investigated the influence of the metallic
screening by calculating directly the Fermi-surface contri-
bution to the dynamical matrix. The coupling of the elec-

trons to the 4, phonons was calculated self-consistently in
the adiabatic approximation and phonon linewidths 7,4
and partial coupling constants A, were evaluated for
small q. The coupling was found to be particularly large
for the 110 and 330-cm ~' modes. The total A summed
over all modes was estimated to be approximately one.
Assuming a strong-coupling pairing, we calculated the
magnitude of the softenings and hardenings of the 4, Ra-
man modes below 7', and found good agreement with ex-
periment.
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