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To leading order in displacement size, the scattering of electrons in a Cu-O plane from O dis-
placements perpendicular to that plane is due to spin-orbit coupling. This scattering is investigated
with the following results: (1) As a consequence of time-reversal symmetry, spin fluctuations, which
can strongly enhance scattering from a spin impurity, do not enhance spin-orbit scattering; and (2)
for a superconductor with a d,2_,2 gap function, pair breaking from spin-orbit scattering can be
strong, particularly in a structurally disordered phase where locally CuO¢ octahedra tilt as in the
orthorhombic phase of LagCuQy, but globally the average structure is tetragonal. These results are
discussed in the context of the (La,Nd)-(Sr,Ba)-Cu-O system where certain structural transitions

are observed to suppress superconductivity.

The microscopic origin of high transition temperatures
in the cuprate superconductors is still unknown, even af-
ter six years of intense study. One school of thought holds
that superconductivity in these materials arises from the
exchange of nearly antiferromagnetic spin fluctuations.
If this is the case then it is almost certain that Cooper
pairs form with dy2_,2 symmetry.!

There is now a great deal of experimental evidence
which shows an intriguing interplay between small
changes in lattice structure and superconductivity in the
La-based cuprates.?™* This interplay was first observed
in the Lag_Ba;CuOy4 system which, when = ~ 0.12, un-
dergoes two structural phase transitions.? The first tran-
sition is from an undistorted high-temperature tetragonal
phase into a low-temperature orthorhombic (LTO) phase.
In the LTO phase the CuQOg octahedra making up each
Cu-O layer tilt in a staggered fashion about the (110)
axis. The second transition is from the LTO phase into a
low-temperature tetragonal (LTT) phase in which, on av-
erage, the CuOg octahedra tilt first about the (100) and
then the (010) axes in successive layers. In this new phase
superconductivity appears to be completely destroyed,?
and recent experiments on the Lag_,.,Nd,Sr,CuOy sys-
tem show a similar correlation between unusual low-
temperature structural phases (i.e., the LTT phase, and
another phase with space group Pcen, intermediate be-
tween the LTO and LT'T phases) and suppression of
superconductivity.34

One possible explanation for these experiments is that
this suppression of superconductivity is due to pair
breaking.®8 It is a well-known characteristic of unconven-
tional pairing, such as d-wave, that the superconducting
transition temperature, T, is sensitive to elastic impu-
rity scattering.” Because the LTT and Pccn phases are
stabilized by random substitution of Nd or Ba ions for
La, it is likely that these phases contain more structural
disorder than the LTO phase. If so, then elastic scatter-
ing of electrons from this disorder may be responsible for
the observed suppression of superconductivity.

The tilting of a CuQg octahedron in a given Cu-O
plane causes O ions to be displaced out of that plane.
In what follows a “one-band” Hamiltonian is used to de-
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scribe the coupling of electrons to these displacements:1!
Hy = —-th;fa [(1 - pH?j)éag + b7, - crag] Cip-
4]

h (1)

The index ¢ labels Cu sites on a two-dimensional square
lattice with IV s,ites,,fc}‘a is the creation operator for an
electron with spin a at site i, and 6;; is the angle be-
tween the Cu-O plane and the bond made by the Cu
ion at site ¢ and the O ion between sites ¢ and j. Re-
cent microscopic calculations have found that 7, ;. 4 ~ ¢
and 7, ;.4 =~ —%.571% Hamiltonian (1) describes two dis-
tinct electron-lattice couplings: (i) the spin-independent
6% coupling which arises from the quadratic modification
of the Cu-O bond lengths in the presence of an O dis-
placement; and (ii) the linear in # coupling which occurs
through the spin orbit.!! At half filling (one electron per
site) (ii) is responsible for the anisotropic Dzyaloshinki-
Moriya corrections to the otherwise isotropic superex-
change interaction between Cu spins.'? The size of these
corrections are known from experiment!® and can be
used to estimate v.® The parameter values used here are
t ~ 400 meV,* v ~ 0.2,513 and p is expected to be of
order 1.
For a coherent tilting distortion

;512 = Opsin x exp (Q - xy),
B; i1y = B cos x exp (iQ - r;), (2)

where Q = (, 7), and where x = 7/4 in the LTO phase,
X = 0 in the LTT phase, and 0 < x < 7/4 in the Pcen
phase. These coherent distortions cause Bragg scattering
of electrons through the spin-orbit coupling term in (1).
For Bragg scattering it is possible to rediagonalize (1) so
that there is no scattering; however, a random component
to 0;; will give ergodic scattering.

Before proceeding it is useful to contrast spin-orbit
scattering as described by (1) with spin-impurity scat-
tering as described by the interaction Hamiltonian

Hspin ZJZSi'CgO'Ci. (3)
i
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Electrons will scatter elastically from a random displace-
ment field 6;; as well as a random spin configuration S;
through the couplings in (1) and (3). Although both
scattering processes involve spin, there is an important
difference: Spin impurities are not time-reversal invariant
perturbations (S — —S under time reversal) while spin-
orbit impurities, i.e., O displacements, are (§ — 6 under
time reversal). One well-known consequence of this dif-
ference is that spin-impurity scattering is pair breaking
for a conventional s-wave superconductor,® but spin-orbit
scattering is not (Anderson’s theorem).!®

Another consequence of time-reversal symmetry ap-
pears when one considers the possible spin-fluctuation
enhancement of the scattering vertex for spin-impurity
and spin-orbit scattering. A spin impurity embedded in
an electron fluid polarizes the spins which surround it.
If this fluid is characterized by strong spin fluctuations,
the polarized region can be quite large. Quasiparticles
then scatter from the impurity spin together with its po-
larization cloud, and this leads to enhanced scattering at
the characteristic spin-luctuation wave vectors. Because
both spin-orbit and spin-impurity scattering involve a
spin flip, it is natural to ask if spin-orbit scattering can
be similarly enhanced by spin fluctuations.

To answer this question, consider adding a Hubbard U
interaction, (Huub, = U 3, min4y), to (1) and (3). For
both spin-orbit and spin-impurity scattering the renor-
malized scattering vertex can be written Top(k, k-+q) =
Axx+q - Oop. Figure 1 shows the diagrammatic equa-
tion for T where Hyyp, is treated in the random-phase
approximation (RPA). The corresponding self-consistent
equation for ARPA) is
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FIG. 1. Diagrammatic of the self-

representation
consistent equation for the RPA enhancement of a scatter-
ing vertex for a generic spin-flip scatterer (only the diagrams
for the 0~ component are shown). For spin-impurity scatter-
ing (Xq = S4) the solution to this equation gives a typical
RPA enhancement factor of {1—Uxo(q)]~* while for spin-orbit
scattering (Xq = 0q) there is no such enhancement.

Here ¢q = —2t(cos g5 + cos q,) — p where p is the chem-
ical potential, and f, = -f(ep) is the Fermi function.
Time-reversal symmetry requires that Ak g = Ay _w
with the 4+ and — signs holding for spin-impurity and
spin-orbit scattering, respectively. Because of this dif-
ference the solution to (4) is AS}EA) = [1 - Uxo(k —

k' )]_1Al(22(, for spin-impurity scattering, where xo(q) is
the static spin susceptibility for noninteracting electrons,
and A.l(ﬁf,A) = Al(gi, for spin-orbit scattering. Thus, as
a consequence of time-reversal symmetry, the ladder di-
agrams shown in Fig. 1, which enhance spin-impurity
scattering when 1 — Uxpo(k —k’) is small, do not enhance
spin-orbit scattering.

Next we proceed with the conventional pair-breaking

ARPA) _ A©@ 4y d’p foiq —Jp A(RPA) (4) analysis,® which begins with the linearized Gor’kov-
kk+aq k,k+a (27)2 €p+q — €p p.p+q Dyson equations in the Matsubara formalism
J . . . .
|wm | <wsr
dBy/ Ay 1 -

A = - T N 4 AL ; —— = ( ) 2 ’ 2

k=T D | e VOO (V“"‘ 7 (el + e )omn | )
. . by - : .

Bk = twn(l — Zx,n) = —imsgn(wy) / Z—;N(Ok/)(|vl(('f'k),|2 + Wik |2), (6)

where Ay, and 2y, are the anomalous and normal self
energies, wy, = (2n + 1)#T is the nth Matsubara fre-
quency, the Fermi surface is parametrized by the angle
Bk, and N(6y) is the local density of states.

The phenomenological effective pairing interaction in
(5) is taken to be

Vier = —Apa(k)pa(k’) (7)

where ¢g(k) = —A(cosk; — cosky) with A =
[[(d6x/27m) N (8x)(cos ks — cosky)?]~/2. For A > 0 this
interaction is attractive in the d;2_,2 channel. The sum
over Matsubara frequencies in {5) must be cut off for large
frequencies. Within the spin-fluctuation model the cutoff
wsr should be viewed as a characteristic spin-fluctuation
frequency. The critical temperature T, is determined by
finding the temperature at which (5) and (6) have a non-

trivial solution.

The functions Ivl(:‘:lz, |2 and |wi,x |? in (5) and (6) are the
scattering matrix elements coming from the spin-orbit
and spin-independent couplings in (1), respectively. To
leading order in @

[o{E), |2 = 4t20? E Cop(k £ k') sin ko ko
K,k ab 5
a,be{=zv}
4
X sin (-kb—:;:—k—b) (8)

and

ko — K,
|wk,k"2 S 4t2p2 E Fab(k - kl) CcOS (——‘_2 a)
a,b€{=,y}

X cos (ﬁ;—ki> (9)
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with
Cab(‘l) = (eq,ao—q,b> ’ (10)
d?p’
Fap(q) = W (2_71_)‘5(9q+p,a9—p,a6—q+p’,b0—p’,b) !
(11)
where (- - -} denotes an average over disorder, and 84, =

1/N 5, exp(iq - r;)0;:1a. Although spin-orbit scatter-
ing enters the equations for the anomalous and normal
self energies differently because of the spin flip, for even-
parity singlet pairing k’ can be replaced by —k’ in (5).
Accordingly the () superscript is suppressed in what
follows.

Assuming the gap function can be factorized as
Ax o/ Zxm = ¢a(k)An, then (5) and (6) can be com-
bined to yield

|wm | <wsp A

=T ; lm|<>‘ 6m ;:1‘*17‘,;) (12)

Here 1/7p, = 1/755+1/75, where 1/75% and 1 /75 are the
pair-breaking rates from spin-orbit a,nd spm—mcfependent
scat.tering, respectively, and are given by

1 d€ dbys
k (9k)/ k N(Gk/ I'Uk k"

TSO
pb

x[a(k) — a(k")]? (13)
and a similar expression with vk i/ |? replaced by |wy |2
for 1/7"“ Equation (12) is precisely the same as the
equatlon for the suppressed T, of a conventional s—wave
superconductor in the presence of magnetic impurities.®
The standard analysis then shows that T, is reduced to
zero when 1/7pp = 7T,0/2v =~ 0.88T,9, where Ty is the
transition temperature when 1/7,, = 0 and the reduced
transition temperature is T5.6

To calculate 1/7p), it is necessary to know the cor-
relation functions (10) and (11) which characterize the
structural disorder. The LTT and Pccn phases of the
(La,Nd)-(Ba,Sr)-Cu-O system are stabilized by randomly
placed Nd or Ba ions at La sites. It is plausible that these
randomly placed ions alter the local tilting environment
so that the average structure is well defined, but locally
the CuOg octahedra tilt about random axes. A simple
model structure which may capture the essence of this
type of disorder is one in which CuOg octahedra tilt co-
herently on length scales less than a structural coherence
length, &, while on longer length scales the structure is
completely disordered. In the presence of such disorder
the function C(q) is peaked at ¢ = Q and has a width
Ag ~ 1/¢,. For the calculations presented below we use
Cus(q) o exp[—2¢2(q —Q)?]6,,5 Where the normalization
is fixed by the requirement that the integral of C(q) over
the Brillouin zone must equal the mean-square displace-
ment angle §2. To allow a comparison of the relative
importance of spin-orbit and spin-independent scatter-
ing it is further assumed that the disorder is Gaussian so
that Fup(q) = (2m)~2 [ d2pC(q + p)C(—P)da,b-

First consider uncorrelated disorder (§, — 0). Per-
forming the integral (13) for this case using a nearest-
neighbor tight-binding band structure and taking a chem-
ical potential of u = —0.15¢ yields 1/75 =~ 3.7iv263
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and 1/ T;ib ~ 1.3tp?04. These pair-breaking rates il-
lustrate the importance of including spin-orbit coupling
when treating electron scattering from structural disor-
der in a Cu-O layer. Spin-orbit scattering gives a pair-
breaking rate which is quadratic in the root-mean-square
displacement, while spin-independent scattering gives a
rate which is quartic. However, the spin-orbit scatter-
ing rate also contains a factor of ¥? ~ 4 x 10~2 and so,
for 83 ~ 0.1, in the presence of uncorrelated disorder,
spin-orbit and spin-independent scattering are roughly
of equal strength.

When £, is increased, pair-breaking from spin-orbit
and spin-independent scattering are no longer compa-
rable in magnitude. Figure 2 shows the “pair-breaking
temperature” Ty, = 2v/7 e, due to spin-orbit and spin-
independent scattering, plotted vs &, (in units of the lat-
tice spacing) for u = ~0.15¢, v = 0.2, and p = 3.4 [this
value of p is chosen for convenience so that (1/7pp)s0 =
(1/7pb)si when & = 0]. Any superconductor with a
dy2_,2 gap function which, in the absence of disorder,
has a critical temperature Tyo < Tpp will have its T, re-
duced to zero when the pair breaking lifetime is 7p,. As
£, increases pair breaking from spin-independent scat-
tering is suppressed and pair breaking from spin-orbit
scattering is enhanced. Note that for some parameters
the pair breaking from spin-orbit scattering can be strong
enough to reduce to zero the T of a superconductor with
Tep ~ 30 K.

The reason for this enhancement is illustrated in Fig. 3.
This figure shows the Fermi surface for a nearest-neighbor
tight-binding band at 10% doping, a typical k point on
that Fermi surface, and the region in momentum space
containing those points k’ for which the spin-orbit scat~
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FIG. 2. Pair-breaking temperature, Tpp = 2v7/7Tpb, char-

acterizing the pair-breaking effectiveness of spin-orbit scatter-
ing (solid line) and spin-independent scattering (dashed line)
for a d,2_,3 superconductor in a disordered tetragonal phase,
plotted as a function of the structural coherence length of
that phase, £&. The parameter values used are p = —0.15¢,
fo = 0.1, v = 0.2, and p =~ 3.4. The value of p has been cho-
sen so that for uncorrelated disorder (£, = 0) spin-orbit and
spin-independent scattering are equally effective pair break-
ers. The enhancement of Ty for spin-orbit scattering is due
to the focused scattering across the Fermi surface shown in
Fig. 3.
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tering matrix element [vy 1|2
tered at k + Q and has linear dimension £;1. When &,
is large the region does not touch the Fermi surface and
spin-orbit scattering is not an effective pair breaker. As
&, decreases the region grows, at some point touches the
Fermi surface, and electrons begin to be strongly scat-
tered. This “focused” large momentum scattering trans-
fers electrons primarily between regions of the Fermi sur-
face where a d;2_,2 gap has different parities. As a result
the anomalous and normal self-energy contributions to
(18) add coherently rather than cancel as they do for a
conventional s-wave superconductor.® This is what gives
rise to strong pair breaking.

To summarize, the scattering of electrons in a Cu-O
plane from O displacements perpendicular to that plane
has been investigated. The leading order source of this
scattering, in powers of displacement size, is spin-orbit
coupling. Within the RPA, the spin-orbit scattering ver-
tex is not enhanced by spin fluctuations, unlike scatter-
ing from an impurity spin. Also, for a superconductor
with a dz2_,2 gap function, spin-orbit scattering can be
a strong pair breaker, particularly in a structurally dis-
ordered phase in which CuOg octahedra tilt coherently
on small length scales, but are completely disordered on
longer length scales. It is possible that the LT'T and Peccn
phases of the La-Nd-Sr-Cu-O and La-Ba-Cu-O systems
have more structural disorder than the LTO phase, and
that pair-breaking effects such as those discussed here are
responsible for the observed suppression of superconduc-
tivity in these phases. If this is the case, then these obser-
vations are strongly suggestive of unconventional pairing
and support the d-wave hypothesis of high-7T, supercon-
ductivity. :

is large. This region is cen-
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FIG.3. Brillouin zone for a two-dimensional square lattice
showing the tight-binding Fermi surface for 10% doping. The
zone is divided into four quadrants marked + or — according
to the parity of a d,a_,2 gap. A typical point on the Fermi
surface, k is marked with a black dot, as well as the point
k+ (7, ) where the initial electron would be Bragg scattered
by a coherent staggered distortion. The circle surrounding
the shifted point contains the region within which elastic spin-
orbit scattering is strongest in a disordered tetragonal phase
with a structural correlation length £,. Because electrons are
scattered most strongly across the Fermi surface from regions
where the gap is positive to regions where it is negative this
type of scattering is a particularly effective pair breaker for a
d3_,2 superconductor.
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