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Dependence of angle-resolved photoemission spectra of high-temperature superconductors
on the spin-fluctuation susceptibility

L. Coffey, D. Lacy, K. Kouznetsov,* and A. Erner†

Department of Physics, Illinois Institute of Technology, Chicago, Illinois 60616
~Received 20 February 1997!

Angle-resolved photoemission-spectroscopy~ARPES! measurements on high-temperature superconductors,
such as Bi-Sr-Ca-Cu-O, show three main components: these are a quasiparticle spectral peak that develops
below the superconducting transition temperatureTc , an accompanying broad background of secondary elec-
trons, and a dip feature beside the main quasiparticle peak. The broad background may originate from inelastic
processes in which the photoelectron emits and absorbs spin fluctuations. Calculations of the quasiparticle
spectral weight are presented incorporating these spin-fluctuation-mediated inelastic processes in which the
development of the superconducting gapD has been incorporated into the magnetic susceptibilityx(q,E). A
dip feature develops belowTc in the quasiparticle spectral weight due to the shifting of spin-fluctuation
spectral weight, Imx(q,E), from low energies to energies greater than 2D. These results provide evidence that
the dip feature in the ARPES spectrum in high-temperature superconductors such as Bi-Sr-Ca-Cu-O is an
opening of a spin gap belowTc . @S0163-1829~97!05933-X#
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INTRODUCTION

Angle-resolved photoemission spectroscopy~ARPES! has
developed into an important probe of the superconduc
and normal-state properties of the cuprate-oxide, hi
temperature superconductors. ARPES measurements su
local-density approximation predictions for the electron
band structure of the cuprates1 and adx22y2 symmetry su-
perconducting order parameter.2 ARPES provides informa-
tion on how this gap evolves with doping and its connect
to the normal-state gap seen in underdoped cuprates.3

The overall shape of the ARPES spectra measured
these experiments is not fully understood, however. A co
mon feature of the data is the coexistence of a broad b
ground and a peak. The latter is interpreted as the quas
ticle spectral weight peak of the Fermi surface electro
emitted from the crystal after the absorption of the ultravio
photon (.20 eV). The relative heights of the backgroun
and the peak vary from one experiment to another.2,4,5 In
addition to the background, a dip feature is seen to deve
when the crystal is cooled below the superconducting tra
tion temperature.2 The connection between this dip featu
and a similar feature observed in tunneling experiments
the cuprates6–8 has been the subject of recent investigatio
by the present authors.9,10 The tunneling density of states
another measure of the quasiparticle spectral weight.
difference between tunneling and ARPES arises, in part,
cause tunneling measurements provide an average of
quasiparticle spectral weight along a line of states in
Brillouin zone, determined by the directional tunneling m
trix element.10 ARPES measurements provide informati
about the quasiparticle spectral weight in a small region,
termined by experimental resolution, around ak-space point
on the Fermi surface.

Recent work10 proposed a common explanation for th
broad ARPES background and the linearly increasing tun
ing conductances seen in many high-temperature super
ductor tunnel junctions.11 It was proposed that the ARPE
background is due to the simultaneous emission or abs
560163-1829/97/56~9!/5590~7!/$10.00
g
-
ort

n

in
-
k-
ar-
s
t

p
i-

n
s

e
e-
he
e
-

e-

l-
n-

p-

tion of spin fluctuations by the electron as it is escapes fr
the surface layer of the crystal after absorbing the ultravio
photon. The same processes can occur in the surface
near the tunnel barrier in a tunnel junction and can lead t
wide variety of tunneling conductances. Related work h
been carried out by others.12,13

Previous work10 made use of a phenomenological mod
for the spin-fluctuation spectral weight which had been u
to fit inelastic neutron-scattering measurements of the s
fluctuation spectrum in Y-Ba-Cu-O.14 This model for the
spin-fluctuation spectrum did not have superconducting c
relations incorporated in it. This issue has become relev
due to the observation of structure in the spin-fluctuat
spectrum which appears to be directly connected to the
velopment of superconductivity in the cuprates.15 Another
important issue is the relative height of the main spec
peak and the background as well as its dependence on
underlying magnitude of the spin-fluctuation susceptibili
The overall magnitude of the inelastic background contrib
tion to the quasiparticle spectral weight was multiplied by
constant fitting factor in Ref. 10 in order to reproduce resu
that compare favorably with ARPES data.

In the present work, the spin-fluctuation spectral weig
D(E), which determines the inelastic background, is cal
lated using the random-phase approximation~RPA! for the
underlying electronic spin susceptibility,x(q,E). The
present calculations incorporate the tight-binding band str
ture with next-nearest-neighbor hopping, appropriate for m
terials of interest such as Bi-Sr-Ca-Cu-O, and supercond
tivity arising from adx22y2 symmetry order parameter. Th
effects of the superconducting state on the spin-fluctua
spectrum are incorporated into a calculation ofA(k,E) and a
comparison is made between predictions and experime
ARPES measurements ofA(k,E) above and belowTc .

One of the results of this work is the prediction that t
dip feature seen in ARPES data belowTc on Bi-Sr-Ca-Cu-O
~Ref. 2! is indirect evidence of the development of the sp
gap in x(q,E) due to the onset of superconductivity. Th
present work allows a controlled investigation to be carr
5590 © 1997 The American Physical Society
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56 5591DEPENDENCE OF ANGLE-RESOLVED PHOTOEMISSION . . .
out of the dependence of the relative magnitude of the
elastic background and the main quasiparticle peak on
strength of the electron-spin fluctuations. Finally, the V
Hove peak in the underlying tight band structure which c
strongly influence the energy dependence of the s
fluctuation spectral weightD(E), is included.

The present model for the quasiparticle spectral wei
A(k,E) assumes that the main peak in the ARPES spect
arises from photoelectrons created by the absorption of u
violet photons by electrons at the Fermi energy. The acc
panying broad background is due to the simultaneous
sorption or emission of spin fluctuations by other electrons
they absorb photons. Spin-fluctuation emission dominate
the low temperatures of interest here. In the ARPES exp
mental technique, the momentum ork-space region being
probed can be identified with relatively good precision us
energy and momentum conservation. The photoelectr
which contribute to the inelastic background are second
electrons, which having emitted spin fluctuations, are s
tered into the same momentum directionk, as those electron
which yield the main ARPES spectral peak. They are c
lected by the detector and labeled with the same momen
k as the main peak yielding an overall APRES spectrum
a particulark vector.

THEORETICAL MODEL

The total quasiparticle spectral weight,A(k,E), in our
model is made up of two contributions. The main peak
calculated from

A0~k,E!52
1

p
ImG~k,E!, ~1!

where

G~k,E!5
E1 iG1jk

~E1 iG!22jk
22Dk

2 . ~2!
e
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The electronic band structure is defined as

jk522t@cos~kx!1cos~ky!#24t8 cos~kx!cos~ky!2m

where we have chosen a typical value for the cuprates
t8520.45t. The superconducting order parameter is giv
by Dk5D0@cos(kx)2cos(ky)#/2 with D050.1t. An electronic
damping parameter is also included throughG5G0
1G1(T/Tc)

3 with G0 andG1 chosen to be 0.04t and 0.05t,
respectively. The chemical potentialm is chosen to be
21.75t.

The inelastic contribution is calculated from

Ainel~k,E!52
1

p E
2`

1`

dE8 ImG~k,E8!$D~E2E8!

3@n~E2E8!1 f ~2E8!#Q~E2E8!

1D~E82E!

3@n~E82E!1 f ~E8!#Q~E82E!%, ~3!

where n(E) denotes the Bose-Einstein distribution a
f (E) denotes the Fermi function.

The spin-fluctuation spectral weightD(E) is defined as
the momentum-integrated spin-fluctuation susceptibi
multiplied by the square of the electron-spin fluctuation co
pling constantg/t,

D~E!5
1

~2p!2 E
2p

1p

dqxE
2p

1p

dqy~g/t !2 Imx~q,E!, ~4!

where

Imx~q,E!5
Imx0~q,E!

$@12g Rex0~q,E!#21@g Imx0~q,E!#2%
.

~5!

The imaginary part of the bare electronic spin susceptibi
is defined as
Imx0~q,E!5SpE
2`

1`

dE8@ f ~E81E!2 f ~E8!#$@~up1q
2 up

21upvpup1qvp1q!#ImG~p1q,E81E!ImG~p,E8!

1@up1q
2 vp

22upvpup1qvp1q#ImG~p1q,E81E!ImG~p,2E8!1@vp1q
2 up

22upvpup1qvp1q#

3ImG~p1q,2E82E!ImG~p,E8!1@vp1q
2 vp

21upvpup1qvp1q#ImG~p1q,2E82E!ImG~p,2E8!%,

~6!
h

1
ical
whereup andvp represent the usual superconducting coh
ence factors and

ImG~p,E!5
1

p

G

~E2Ep!21G2 , ~7!

whereEp5A(jp
21Dp

2). The real part ofx0(q,E) is obtained
by Kramers-Kronig transform.

The total quasiparticle spectral weight is then given by
r- A~k,E!5A0~k,E!1aAinel~k,E!, ~8!

where a is an overall constant multiplicative factor whic
determines the relative contributions of the elasticA0(k,E)
channel and the inelastic channelAinel(k,E). For the results
presented in this paper,a is chosen to be in the range from
to 4, depending on the values chosen for the other phys
parameters in the calculation ofA(k,E). The choice ofa
incorporates the relative weighting of the bulk@leading to
A0(k,E)# and surface physics@leading toAinel(k,E)#.
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5592 56L. COFFEY, D. LACY, K. KOUZNETSOV, AND A. ERNER
In our previous10 work based on Ref. 16, the expressi
for the total spectral weight of Eqs.~3! and~8! was extracted
from the expression for the total elastic and inelastic tunn
ing current which can be written as

I ~V!5E dENS~E!NN~E2eV!@ f ~E!2 f ~E2eV!#, ~9!

where

NS~E!5SkuTk
elu2@A0~k,E!1aAinel~k,E!#. ~10!

In obtaining Eqs.~3! and ~8!, the tunneling matrix ele-
ment squared in the inelastic contribution to the curre
I (V), denoted byuL (1,1)u2 in Eq. ~19.37b! of Ref. 16, was
assumed to be given byuL (1,1)u25auL (1,0)u2(g/t)2. By re-
placingeL with eL2eV in Eqs.~19.33b! and~19.37c! of Ref.
16, the combined elastic and inelastic current can then
written as in Eq.~9! ~using the notationuTk

elu2 in place of
uL (1,0)u2!. The spectral weight function of Eq.~8! yields the
density of statesNS(E) using Eq.~10!.

The inelastic tunneling channel described here imp
that an electron tunnels into the superconducting cry
along a direction determined by the directional tunneling m
trix element Tk

el and then emits a spin fluctuation whic
brings in the spin-fluctuation coupling constantg/t into the
overall tunneling matrix element. The spectral weight fun
tion of Eq. ~8!, which determines the density of states in E
~10!, can then be used to interpret ARPES data.

One approximation in the present approach is the lack
conservation of momentum. This approximation is also
feature of related work in this field.12,13 This approximation
is valid for the case of sufficiently high electronic disord
and scattering which will broaden the underlyingA0(k,E).
In the clean limit, Eq.~3! should contain terms involving
Sq ImG(k1q,E8)Imx(q,E2E8) within the integral on the
right-hand side of the equation which would require a s
nificant increase in numerical computation to yield an ac
rate answer forAinel(k,E). The assumption inherent in th
present work is that ImG(k1q,E8) is sufficiently broadened
by disorder that it is a reasonable approximation to tak
outside the sum over spin-fluctuation wave vectorsq and
replace it with ImG(k,E8). This approximation can also b
further justified by noting that Imx(q,E2E8) is strongly
peaked atQ5(p,p) and that for the electronic wave vecto
of interest here ImG(k,E8).ImG(k1Q,E8). We have also
tested that the results for the total quasiparticle spec
weight to be presented in the accompanying figures can
generated with higher values of dampingG, and correspond-
ingly more broadenedA0(k,E), than have been used in th
work shown here.

RESULTS

Figures 1 and 2 show results for the spin-fluctuation sp
tral weightD(E) for the case of a constant coupling consta
g5U. Figure 1 depictsD(E)t at T/Tc51.0 and 0.3. The
effect of the onset of superconductivity is evident in the fi
ure in the removal of spectral weight from below 2D0 to
higher energies.

In the figures depictingD(E)t in the present work, the
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underlying value ofSqImx(q,E) is given by dividingD(E)t
by (U/t)2. For example, the peak value forD(E)t of ap-
proximately 0.3 in Fig. 1 implies an underlying value
Sq Imx(q,E) of 2.0 states per eV assuming a value oft
5150 meV.

In calculating the two curves in Fig. 1, the sum rule

1

2p2 E d2qE
2`

1`

dE
Imx~q,E!

@12exp~2E/kBT!#
5const ~11!

is imposed. The same value ofU51.0t was used for the two
D(E) curves in Fig. 1 withm521.75t. Figure 2 depicts
D(E)t for the caseU51.5t which is close to the larges
possible value ofU/t for the choice ofm521.75t before the
RPA approximation forx(q,E) breaks down.

The resulting quasiparticle spectral weight curve
A(k,E)t, for theseD(E)t curves are depicted in Figs. 3, 4
and 5. All A(k,E)t curves presented in this paper are calc
lated fork on the Fermi surface atk5(p, 0.1624). Figure 3
depictsA(k,E)t for theD(E)t of Fig. 1, witha54.0 in Eq.
~8!. The development of the dip feature associated with
onset of the spin-gap inD(E)t is clearly visible below the
superconducting transition temperature.

Figures 4 and 5 depictA(k,E)t using theD(E)t of Fig. 2
and usea51 for Fig. 4 anda51.5 for Fig. 5. The large

FIG. 1. The momentum integrated spin-fluctuation spec
weight D(E)t from Eq. ~4! for g5U51.0t. CurveA is for T/Tc

51.0 and curveB is for T/Tc50.3.

FIG. 2. The momentum integrated spin-fluctuation spec
weight D(E)t from Eq. ~4! for g5U51.5t for T/Tc50.3.
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increase in magnitude ofD(E)t in Fig. 2 compared to that o
Fig. 1 allows a sizeable inelastic background to occur fr
Eq. ~8! with the elastic and inelastic channels contributi
about equally. Unlike Ref. 10, the connection betweena and

FIG. 3. ~Top!: The quasiparticle spectral weightA(k,E)t for k
on the Fermi surface.a of Eq. ~8! is 4.0. This curve is generate
usingD(E)t of Fig. 1. k is chosen to be~p, 0.1624! on the Fermi
surface. CurveA is for T/Tc50.3 and curveB is for T/Tc51.0.
~Bottom!: Curve C depicts the contributions of the elastic and i
elastic channels separately forT/Tc50.3. The contributions of the
two channels depicted in curveC are typical of the otherA(k,E)t
curves in this paper.

FIG. 4. The quasiparticle spectral weightA(k,E)t for k on the
Fermi surface.a of Eq. ~8! is 1.0. This curve is generated usin
D(E)t of Fig. 2.k is chosen to be~p, 0.1624! on the Fermi surface
the magnitude of the underlying Imx(q,E), which is deter-
mined byU/t from Eq. ~5! can now be explored in a con
trolled manner. The effect of interactions inD(E)t is to shift
the peak slightly below 2D0 as can be seen by comparin
D(E) in Figs. 1 and 2. This effect can result in a disappe
ance of the dip feature inA(k,E)t as can be seen in Fig. 4
However, a slight increase ina restores the feature as show
in Fig. 5. Figure 6 is generated using theD(E)t of Fig. 2
with a53.0, G050.06t, and G150.075t in Eq. ~2!. These
figures illustrate the wide variation in the relative heights
the main elastic peak and inelastic background inA(k,E)t
that can be generated within the present model. A sim
variation is seen in ARPES experiments suggesting that
background is not a bulk phenomenon but instead a refl
tion of the surface physics which can probably vary fro
sample to sample.

The peak atE52D0 in D(E)t in Figs. 1 and 2 is caused
by a strong peak in the underlying Imx(q,E) at q5(p,p) at
E52D0 for m521.75t. This peak shifts downwards inE as
U increases due to the part of the denominator involv
Rex(q,E) in Eq. ~5! for the susceptibility. As has been jus
pointed out, the extent to which this occurs can influence

FIG. 5. The quasiparticle spectral weightA(k,E)t for k on the
Fermi surface.a of Eq. ~8! is 1.5. This curve is generated usin
D(E)t of Fig. 2.k is chosen to be~p, 0.1624! on the Fermi surface.

FIG. 6. The quasiparticle spectral weightA(k,E)t for k on the
Fermi surface.a of Eq. ~8! is 3.0. This curve is generated usin
D(E)t of Fig. 2. G050.06t andG150.075t in Eq. ~2!. k is chosen
to be ~p, 0.1624! on the Fermi surface.
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5594 56L. COFFEY, D. LACY, K. KOUZNETSOV, AND A. ERNER
ability to produce a dip feature in the spectral weight. T
peak atE52D0 is also sensitive to the choice of chemic
potentialm. A slightly smaller negative value form will re-
sult in the peak moving to higher energies in Imx(q,E) and
diminishing in height.17 TheE52D0 peak in Imx(q,E) is the
result of the underlying Van Hove peak in the tight-bindi
band structure and moves to different values ofE as the
chemical potential is varied.

Figures 7 and 8 depictD(E)t for the choice g
52J0@cos(kx)1cos(ky)#,

18 which enhances the role of th
~p,p! peak in Imx(q,E). J051.0t and 1.2t for Figs. 7A and
7B andJ051.2t and 1.4t for Figs. 8A and 8B. This choice o
values for J0 ensures that the sum rule of Eq.~11! is
satisfied.19 The resultingA(k,E)t are depicted in Figs. 9
@which uses theD(E)t of Figs. 7# and 10@which uses the
D(E)t of Fig. 8# for a54.0 anda52.0, respectively. In
calculating Ainel(k,E)t from Eq. ~3!, the spectral weight
D(E)t is integrated over energyE8 and, as a result, shar
peak structure inD(E)t is somewhat smeared out in th
resultingA(k,E)t.

The effect onA(k,E)t of choosing a different point ink
space has been investigated before in Ref. 10. Anisotrop

FIG. 7. The momentum integrated spin-fluctuation spec
weight D(E)t from Eq. ~4! for g5Jq52J0@cos(qx1cos(qy)#.
CurveA is for T/Tc50.3, J051.0t and curveB is for T/Tc51.0,
J051.2t.

FIG. 8. The momentum-integrated spin-fluctuation spec
weight D(E)t from Eq. ~4! for g5Jq52J0@cos(qx1cos(qy)#.
CurveA is for T/Tc50.3, J051.2t and curveB is for T/Tc51.0,
J051.4t.
e

as

a function ofk enters into the calculation of the quasipartic
spectral weight in several ways. Apart from the underlyi
electronic band structurejk , the most significant sources o
anisotropy are in the order parameterDk and in strong cou-
pling effects such as the quasiparticle damping rate,G. This
last issue was treated phenomenologically in Ref. 10 by
creasing the value ofG for those regions ofk space where
Dk50. The overall effect is to smear out the main quasip
ticle peak and, as a result, eliminate the dip feature in
quasiparticle spectral weight.

The spin-fluctuation spectral weightD(E)t can also be
used to estimate the quasiparticle damping rate, denotedG
in Eq. ~2!, from

G52pE
0

Emax
dE

D~E!t

sinh~E/kBT!
. ~12!

Using theD(E)t from Fig. 1B for T/Tc51 and assuming
D052kBTc , G is found to be 0.06t. This value is compa-
rable to values of the quasiparticle damping rateG used in
generating the results of Figs. 1–10.

FIG. 9. The quasiparticle spectral weightA(k,E)t for k on the
Fermi surface.a of Eq. ~8! is 4.0. This curve is generated usin
D(E)t of Fig. 7.k is chosen to be~p, 0.1624! on the Fermi surface.
CurveA is for T/Tc50.3 and curveB is for T/Tc51.0.

FIG. 10. The quasiparticle spectral weightA(k,E)t for k on the
Fermi surface.a of Eq. ~8! is 2.0. This curve is generated usin
D(E)t of Fig. 8.k is chosen to be~p, 0.1624! on the Fermi surface.
CurveA is for T/Tc50.3 and curveB is for T/Tc51.0.
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Equation ~12! is derived from the conventional strong
coupling treatment of spin fluctuations. The model for
contribution of the inelastic background in this paper is d
ferent from conventional treatments of strong-coupling
fects in calculations of the quasiparticle spectral weight
tunneling densities of states. The role of spin fluctuation
the cuprates has been widely investigated in both the no
and superconducting states.20–22 The resulting quasiparticle
spectral weightsA(k,E) in these calculations can be used
generate density of states curves fromN(E)
5SkuTku2A(k,E). In the superconducting state, densities
states curves will display small corrections relative to
underlying weak-coupling densities of states. This will n
provide an explanation for the rapidly increasing tunnel
densities of states at high bias voltages measured in tun
ing experiments on the cuprates.11 This type of variation with
bias voltage is a signature of an additional inelastic chan
which in the cuprates is assumed to involve the emission
absorption of spin fluctuations in the surface region of
sample.

The difference between the inelastic tunneling model
conventional strong-coupling approaches can also be see
considering the type of Feynman diagrams that arise in
usual calculation of the tunneling current using line
response theory. These are shown in Fig. 11. Conventi
strong-coupling corrections are incorporated with diagra
of the type shown in Fig. 103 combined with Fig. 100~a! of
Ref. 16, shown in Figs. 11~A! and 11~B!. Inelastic tunneling

FIG. 11. A and B depict conventional strong-coupling corre
tions to the electron Greens function and the corresponding diag
for calculating the tunneling current.C depicts the diagram describ
ing inelastic tunneling. The wavy lines represent spin fluctuation
the figures.
-
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is calculated using a different diagram as depicted in Fig.
of Ref. 16, shown in Fig. 11~C!, where both vertices of the
diagram are joined by the propagator representing the
fluctuation.

CONCLUSIONS

The spin gap belowE52D0 in Im x(q,E) in Figs. 1, 2, 7,
and 8 occurs because a spin fluctuation must have an en
E greater than or equal to this threshold in order to crea
quasiparticle-quasihole pair at low temperatures. The effe
of this on the quasiparticle spectral weight and tunnel
density of states has been investigated before in diffe
ways.23,24 Littlewood and Varma incorporated this type o
pair-breaking physics phenomenologically in a model ba
on the marginal Fermi-liquid theory fors-wave superconduc
tivity and investigated the resulting quasiparticle spec
weight and density of states curves. In Ref. 24, a quasipa
cle damping mechanism based on the same pair-brea
mechanism fora dx22y2 order parameter was incorporate
approximately into the quasiparticle spectral weight and
resulting superconductor-insulator-superconductor cur
characteristics were calculated for comparison w
experiment.7

The work of Ref. 10, which is the basis for the prese
calculations, used a phenomenological model for the sp
fluctuation spectral weight. In Ref. 10, a dip feature
present in the quasiparticle spectral weight due to a com
nation of the narrowing of the main peak, because of
reduction of the scattering rate in the superconducting st
and the underlying shape of the model used for Imx(q,E). No
superconducting correlations were incorporated into
model for x(q,E) which are now known to be important15

and the dip feature was an accidental feature of the mod
In conclusion, results for a model of the quasipartic

spectral weightA(k,E)t have been presented which incorp
rate a conventional elastic peak and an inelastic backgro
arising from spin-fluctuation emission processes; Eq.~3!.
The goal is to interpret ARPES measurements on hi
temperature superconductors. The results of the present w
provide a model connecting a microscopic calculation of
spin-fluctuation susceptibilityx(q,E), Eqs. ~5! and ~6!, to
the magnitude and overall shape of the inelastic backgro
seen in ARPES. The spectral weight curves generated in
approach can also be used to interpret tunneling conduct
measurements on high-temperature superconductors.10 The
dip feature seen in some ARPES data is caused by the
velopment of a spin gap in the underlying spin susceptibi
at the onset of superconductivity.
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