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A realistic theoretical treatment of the influence of lattice vibrations on electronic structure and
photoemission has been extended to ferromagnetic 3d metals by simultaneously including correlated
fiuctuations of local moments. Numerical applications to photoemission from Ni(110) yield, for
temperatures from 121 K up to the Curie temperature, spectra in good agreement with experimental
data. The phonon-induced lifetime broadening, which is inherent in these calculations, enhances
the merging behavior between opposite-spin peaks with increasing temperature. Comparison with
experiment implies a sizable short-range magnetic order near T, .

I. INTRODUCTION

The temperature dependence of the spin-resolved elec-
tronic structure of 3d ferromagnets and its manifestation
in spin- and angle-resolved photoemission have been the
subject of a number of theoretical studies (cf. Refs. 1—5
and references therein), which achieved quite good agree-
ment with experimental photoemission data. These stud-
ies concentrated on the intrinsically magnetic tempera-
ture dependence associated with spin fluctuations and
took account of lattice vibrations only in simple ways,
either by convoluting the spectra by an additional Gaus-
sian or by using complex phase shifts in the calculation
of the photoemission final state. In both cases, correla-
tions between the atomic vibrations are neglected. These
correlations were, however, found to be important in a
recent investigation for a nonmagnetic 3d metal (Cu).
One can therefore expect that they will also play a role
in ferromagnets.

In this work, we investigate the joint eH'ect of spin Buc-
tuations and correlated ion core vibrations on electronic
structure and photoemission of 3d ferromagnets. In Sec.
II, we outline a formalism which combines a fluctuat-
ing local-magnetic-moinent method (cf. Refs. 1—4) with
a treatment of correlated lattice vibrations. Numerical
results are presented in Sec. III for the case of Ni and
compared with experimental photoemission data over a
wide temperature range.

II. THEORY

Our formalism is based on the adiabatic approxima-
tion. Hence, the treatment of the electronic structure
at a given finite temperature T consists of the following
two main parts: first, the determination of static "snap-
shots" at T of the positions B; of the ion cores, where
i is a site index, and of their local magnetic moments
m;; secondly, the calculation of the electronic properties
for each of these configurations (R;, m, ) followed by an
average over a sufFicient number of them.

Since both lattice vibrations and spin fluctuations de-

stroy the translational crystal symmetry and thus invali-
date Bloch's theorem, we simulate the infinite system by
a large cluster of N atoms with periodic boundary con-
ditions. As described in detail in. Ref. 6, sets of atomic
positions R; at temperature T are determined subject
to an equal-time displacement correlation function con-
sistent with experimental phonon spectra. Sets of local
magnetic moments m; associated with the ion cores at
B; are subsequently obtained by the free-energy mini-
mization procedure described in Ref. 4, such that their
average corresponds to the mean magnetization M(T)
and that there is a short-range magnetic order, which we
characterize by a parameter A denoting the full width
at half maximum (FWHM) of the spin-spin correlation
function.

For each configuration (R;, m;) at temperature T,
the electronic structure is calculated in a nonrelativis-
tic tight-binding scheme including s, p, and d orbitals.
The Hamiltonian matrix elements H;~, , ~, between

orbitals lms and l'm's' on sites R, and R; are expressed
in the form

h(; i b„—2h(o b„t )„,b,; 8tt b

where 8 is the Pauli spin matrix vector and A,.~ the
local exchange field at site B; corresponding to the local
moment m;. Within the two-center approximation, the
spin-independent first term can be written as (cf. Refs.
7 and 8)

h;i, ( = ) S(lm, l'm', m; R, —R, )Vi( — (~R; —R, ~),

where the direction-dependent Slater-Koster coe%cients
S( ) can be directly calculated in the usual way. To
obtain the tight-binding parameters Vj~ -, which depend
on the distance between the vibrationally displaced sites,
we first determine the usual tight-binding parameters
Vj~ ~(~R,. —R, , ~) for the equilibrium configuration (Ro}
by means of a tight-binding fit to a first-principles band
structure. Subsequently, we employ the scaling relation

0163-1829/94/50(21)/15808(6)/$06. 00 50 15 808 Q01994 The American Physical Society



50 LATTICE-VIBRATION AND SPIN-FLUCTUATION EFFECTS. . . 15 809

V -(iR; —R; i) =
I

[R, —R;/
Vzz (-iR, —. R,. /),

(3)

where the exponent ~ is 5, 7/2, and 2 for the (d, d), (d, sp)
and (sp, sp) parameters, respectively.

From the Hamiltonian matrix elements defined by Eqs.
(1)—(3), the total and k-resolved spin-dependent elec-
tronic densities are obtained by evaluating the appropri-
ate diagonal Green function matrix elements by means of
Haydock's recursion scheme and subsequently averag-
ing over the configurations (R, , m;}. For photoemission,
we employ a bulk interband transition model. Following
Ref. 11, the photocurrent in the direction k is obtained
as the diagonal element of the initial-state Green func-
tion with respect to the state A ptk), where A is the
magnetic vector potential of the photon 6eld, p the mo-

mentum operator, and ~k) a bulk final state. Strictly,
the latter should also be calculated for the individual
con6gurations, but since its damping is dominated by
electron-electron processes and since the exchange split-
ting decreases with increasing electron energy we choose
to ignore at present its modi6cation by lattice vibrations
and spin Huctuations.

For the computational application to Ni, we adopt the
following model specifications. For the Hamiltonian ma-
trix elements [Eq. (1)j at T = 0, a first choice results
from a tight-binding 6t to a band structure obtained
&om 6rst principles by self-consistent linear mufBn-tin
orbital (LMTO) calculation. The magnitude of the local
exchange 6eld 6 is then 0.57 eV for all lm, corresponding
to a uniform exchange splitting of the T = 0 majority and
minority spin bands by this amount. As is well known,
this is, because of correlation and self-energy effects, at
variance with the (quasi-particle) exchange splitting ob-
served in photoemission experiments, which is 6rst much
smaller and secondly symmetry dependent. For our pho-
toemission calculations we therefore adopt values consis-
tent with experimental band structures at low tempera-
ture: 4 = 0 for 8 and p orbitals, and 0.188 and 0.326
eV for eg and t2g d orbitals, respectively. For 6nite tem-
perature, the magnitudes of these local exchange split-
tings are retained constant and their directions Huctuate
subject to the mean magnetization M(T) and our short-
range-order parameter A, which is adjustable to match
experiment.

The phonon dispersion relations cuqz, which are re-
quired as input for the atomic displacement correla-
tion function, are obtained from the usual harmonic-
approximation dynamical matrix after modeling the force
constant matrix empirically &om elastic constants. An-
harmonic effects are approximately taken into account
in the "quasiharmonic approximation" as follows. For
a given T, the set (R;} is taken as the equilibrium
con6guration of the thermally expanded lattice at T.
Phonon spectra and thence displacement con6gurations
are calculated on the basis of elastic constants appropri-
ate for this T. The cubic clusters are taken to consist
of 4 x 8 = 2048 atoms. The number of con6gurations
found sufhcient for convergence is typically 5.

Hole lifetime effects are easily incorporated in the re-
cursion calculations via an imaginary self-energy part,
which leads to a Lorentzian broadening of the spectra.
Physically, the hole lifetime is determined by electron-
hole, electron-magnon, and electron-phonon scattering.
Since the latter two mechanisms are already inherent
in our adiabatic-approximation approach, we explicitly
represent only the 6rst one by an imaginary self-energy
part, for which we choose the spin-independent form
2E2j(E2 + 4) eV with energy E relative to the Fermi
energy (as in Ref. 2).

III. NUMERICAL RESULTS AND COMPARISON
Vf ITH EXPERIMENT

The inBuence of lattice vibrations and spin Buctua-
tions on the Bloch spectral function ImG(E, k) for fer-
romagnetic Ni is illustrated in Fig. 1 by typical results
obtained for the majority and minority spin A5 bands at
k = 0.6 along I'-X. In the bottom panels, we show the
(nonrelativistic) band structure first as obtained in self-
consistent local-spin-density approximation (LSDA) cal-
culations, with a constant exchange splitting 6,„=0.57
eV, and secondly with a k- and symmetry-dependent
A,„with values between 0.18 and 0.33 eV (cf. Ref. 2)
corresponding to the experimentally observed quasipar-
ticles. The spectral function at T = 0 is indicated by
the dashed vertical lines. For T, = 630 K, we 6rst con-
sider the hypothetical case that lattice vibrations are
fully present, while magnetically the ground state per-
sists. The spectral function peaks (in the curves labeled
"P" for phonons) are seen to be shifted and asymmet-
rically broadened, with a FWHM of about 0.2 eV for
both majority and minority spin. This width reQects the
electron-phonon contribution to the imaginary electron
self-energy part. If the correlations between the atomic
vibrations are neglected (dashed curves "P"), the peaks
are broader and more strongly shifted. As one would ex-
pect, these 6ndings are the same as our earlier ones for
Cu. '

The effect of spin Quctuations in the absence of lat-
tice vibrations is demonstrated by the spectra at T,
labelled "S" for several values of the magnetic short-
range-order parameter A. In the case of 6,„= 0.57
eV (left-hand panel), the fairly large short-range order
of A = 12 A leads to two distinct peaks separated
by a reduced apparent exchange splitting, whereas in
the disordered-local-moment limit A = 0 the two peaks
merge into one located halfway in between. For the
smaller A,„(right-hand panel), the A = 12 A. peaks
appear already "merged" as much as the A = 8 A ones
for 4, = 0.57 eV. Such 6 „dependence of the short-
range-order in8uence has already been reported earlier. 2

Taking into account both lattice vibrations and spin Quc-
tuations, we obtain the spectral functions labeled "S and
P" (in Fig. 1). For A = 0, there is again one central
peak, which, compared to its "S" counterpart, is shifted
and asymmetrically broadened just like the "P" peaks
relative to the T = 0 spectral function. For the nonzero
A values, the separate peaks obtained for "S" only are
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now merged into a single broad peak with its center of
gravity moving slightly to the left with increasing A. For
the smaller 6,„,the A = 12 A result is now rather similar
to the one for A = 0, i.e. , the manifestation of magnetic
short-range order is obscured by the lattice vibrations.

Since very detailed temperature-dependent photoemis-
sion data are available for ferromagnetic Ni(110), we
now focus on this surface. As a prerequisite, we show
in Fig. 2 the bulk band structure along K(S)X for
our symmetry-dependent A,„model, which reproduces
the experimental 6,„= 0.18 eV of the S4 spin dou-
blet near X. According to nonrelativistic dipole selection
rules, electrons from S4 initial states are excited in nor-
mal photoemission by 8-polarized light with the electric
field vector parallel to the [110]direction. The calculated
T = 0 normal photoemission spectra in Fig. 2 illus-
trate the inBuence of our energy-dependent hole lifetime
(i.e., a Lorentzian broadening) and its superposition by a
Gaussian of 0.1 eV FWHM corresponding to the experi-
mental energy resolution in Refs. 13 and 14. The follow-

ing finite-T spectra all include both broadenings.
In Fig. 3 we present spin-resolved photoemission spec-

tra, which evolve from the above S4 doublet (at T = 0)

with increasing T. First consider the effect of spin Huc-
tuations in the absence of lattice vibrations (left-hand
column of Fig. 3). At room temperature and below, the
majority spin peak is lower and broader than the minor-
ity one, because the inverse hole lifetime increases away
from the Fermi energy. As T increases, the majority peak
is rather strongly further broadened and shifted towards
the minority peak, whereas the minority peak is only
slightly broadened and shifted. Such diferent tempera-
ture dependence has been found earlier for emission &om
Hzs states in Fe(001). As has been been explained in de-
tail, it is characteristic for states near the top of a spin-
split band, where the minority spin electrons are scat-
tered by the magnetic disorder into opposite-spin states
more weakly than the majority spin electrons.

Due to lattice vibrations, both peaks experience, as one
naively expects, a further broadening, which increases
with temperature (see central panel of Fig. 3). It is,
however, remarkable that the minority peak is affected
more strongly than the majority peak. This may be un-
derstood fI.'om the fact, already suggested by the T = 0
band structure in Fig. 2, that at energies near the minor-
ity peak there is a higher density of states, which entails a
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FIG. 1. Bloch spectral function of fer-
romagnetic Ni at T, for k = 0.6 (I'-X)
taking into account correlated and uncorre-
lated lattice vibrations only (solid and dashed
curves labeled "P" for phonons), spin Suc-
tuations only (curves "S"), and spin 6uctu-
ations and correlated lattice vibrations si-
multaneously (curves "S and P"); in the lat-
ter two cases, the short-range order param-
eter A is 0 (solid lines), 8 A (short-dashed
lines), and 12 A (long-dashed lines). The
vertical short-dashed lines indicate the spec-
tral function at T = 0. In the (nonrela-
tivistic) band structure (bottom panels), the
majority (solid lines) and minority (dashed
lines) bands are labeled by the correspond-
ing single-group representations ("5" for b,s,
etc.). The energy zero is the Fermi energy. Iu
the left-hand part of the 6gure, the exchange
splitting is 0.57 eV; in the right-hand part
it is k and symmetry dependent (with values
between 0.18 and 0.33 eV).
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FIG. 2. Calculated spin-resolved normal photoemission
spectra from Ni(110) at T = 0 by 16.85 eV photons with 8
parallel to [110], and band structure along K(S)X (with la-
bels indicating the single-group representations S,). The ma-
jority (solid lines) and minority (dashed lines) spectra include
a hole-lifetime Lorentzisn (thick lines) and this Lorentzian to-
gether with s Gaussian of 0.1 eV FWHM (thin lines).

higher electron-phonon scattering rate. Comparing with
experiment (right-hand column of Fig. 3), it is obvious
that the spectra calculated with lattice vibrations agree
significantly better than those obtained with spin Quctu-
ations only. The 0.9T spectra suggest a preference of a
short-range order of about A = 8 A.

A comparison with spin-averaged experimental pho-
toemission spectra, which extend over a wider temper-
ature range, is shown in Fig. 4. At all temperatures,
these data are in very good agreement with the theoret-
ical spectra, which include lattice-vibration efFects. At
the lower temperatures (going from 121 to 362 K), spin
Quctuations are seen to play almost no role, while lat-
tice vibrations shift both peaks towards higher energy
and reduce the height of the minority peak relative to
the majority peak. At higher temperatures, spin Quctu-
ations cause the peaks to move towards each other, and
the right shift of the minority peak due to lattice vibra-
tions is more than compensated. The inHuence of short-
range magnetic order at T„which is quite pronounced
in the calculated "spin-Quctuation-only" spectra, is seen
to be strongly reduced by the lattice vibrations. Com-
parison with the experimental data appears to slightly
favor a finite short-range order, with a rough estimate of
A somewhere between about 6 and 14 A.

The extent to which simpler approximations of phonon
efFects on photoemission spectra might suffice is demon-
strated in Fig. 5. The top curve "no phonons" involves
only spin Quctuations. The simplest simulation by a
Gaussian of 0.05 eV is seen to fail to reduce the minor-
ity peak sufficiently compared to the experimental data.
Choosing this Gaussian larger would make both peaks
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FIG. 3. Spin-resolved normal photoemis-
sion from Ni(110) by 16.85 eV photons with
E parallel to [110] at temperatures (relative
to T,) as indicated: Theory for magnetic
short-range order A = 8 A. (thick lines) and
0 (thin lines) including only spin Suctuations
(left-hand column) snd spin Buctuations to-
gether with phonons (central column) in com-
parison with experimental data from Ref. 13
(right-hand column). All calculated spectra
have been convoluted by a Gaussian of O. l
eV FWHM corresponding to the experimen-
tal energy resolution.
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FIG. 4. As Fig. 3, but spin-integrated
spectra (at temperatures given in K) com-
pared with experimental data Ref. 14. The
theoretical spectra were obtained for short-
range order A = 8 A. (solid lines), 12 A (dot-
ted lines), and 0 (dashed lines).
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too broad. Neglecting in our method the correlations be-
tween the atomic vibrations, we obtain the curve labeled
"phonons uncorrelated. " It is seen to match experiment
better than the Gaussian convolution, but clearly less
well than the spectrum including correlations.

IV. CONCLUSION

I I I I I I I I
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Our calculations of normal photoemission spectra for
ferromagnetic Ni(110) have shown that the inclusion of
correlated lattice vibrations, in addition to spin fluctua-
tions, leads to a consistently good agreement with experi-
mental data over a wide range of temperatures. This level
of agreement cannot be obtained if phonon eKects are
completely ignored or treated in simpler approximations.
In particular, the second-best approximation involving
uncorrelated atomic vibrations, which we have employed
in additional test calculations and which is inherent in
the use of imaginary scattering phase shift contributions
in layer Korringa-Kohn-Rostoker (KKR) photoemission
formalisms, still produces discernible discrepancies with
experiment, which are removed by taking into account
vibrational correlations.

As a consequence of lattice vibrations, the sensitivity
of calculated spectra near and at T to the amount of
short-range magnetic order is substantially reduced in
the case of Ni, where the contribution of the electron-
phonon interaction to lifetime broadening, for which we
obtain 0.182 eV near T„ is almost the same as the mag-
netic exchange splitting of the S4 bands and comparable
to the maximal A,„of0.33 eV. Our comparison with ex-
perimental data still suggests a substantial short-range
order, but its extent can only be broadly estimated to be
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FIG. 5. Spin-integrated normal photoemission from
Ni(110) at T = 362 K: experiment (dotted curve) and the-
ory (solid curves) including spin 6uctuations and no phonons
as well as phonons treated as indicated.
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between about 6 and 14 A. . For ferromagnets with larger
exchange splittings, the manifestation of local magnetic
properties near T in photoemission spectra is expected
to be more weakly masked by phonon effects than in the
present case of Ni.
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