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Band structure of the magnetic fee pseudomorphs: Ni(lOO), Co(lOO), and Fe(lOO) 
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We report angle-resolved inverse-photoemission spectroscopy and ultraviolet-photoemission
spectroscopy measurements of the electronic structure of Cu(lOO), Ni(lOO), and pseudomorphic films of 
fee Co and Fe on Cu(l00). The unoccupied critical points at X are determined. These results are com
bined with recent photoemission data for use as input to an empirical combined-interpolation-scheme 
calculation of the energy-band dispersions for the allowed bands at k II =0. The ferromagnetic exchange 
splittings of the A5-symmetry 3d bands are estimated to be AEex =0. 3 eV, 1.2 eV, and 1.2 eV for Ni(lOO), 
Co(lOO), and Fe(lOO), respectively. The exchange splitting of the fee Fe indicates that films deposited at 
room temperature are in the predicted low-spin magnetic phase. Annealing the Fe films produces a 
paramagnetic phase that exhibits no exchange splitting. 

I. INTRODUCTION 

The metastable fee phases of the ferromagnets Co and 
Fe have attracted substantial interest, extending from 
fundamental aspects of metastable phases to possible ap
plications in the magnetoresistive readout of magnetically 
stored information. Cobalt grows epitaxially in the fee 
phase on Cu(l00). Magnetic measurements of fee Co 
films on Cu(l00) have shown that the films have a 
thickness-dependent Curie temperature that varies ac
cording to film growth conditions. 1 Metastable fee Fe 
can be stabilized epitaxially on Cu(l00) or as inclusions in 
bulk Cu. It exhibits a very rich magnetic phase diagram, 
with small differences in strain stabilizing either an anti
ferromagnetic, a low-spin ferromagnetic, or a high-spin 
ferromagnetic phase. While the most stable phase ap
pears to be the antiferromagnetic one found in Fe in
clusions in a Cu matrix, and possibly for epitaxial 
Fe/Cu(l00) after annealing to 500 K, there exists a 
higher total energy ferromagnetic phase on Cu(lO0) 
which is produced by room-temperature deposition up to 
a critical thickness of 12 monolayer (ML).2•3 Both fee Fe 
and Co on Cu(l00) display oscillatory magnetic coupling 
and giant magnetoresistance in multilayer structures. 4 In 
fact, Co/Cu(l00) is one of the most studied magnetic 
multilayer systems5 - 8 that exhibits one of the largest 
magnetoresistance effects, making it a prime test material 
for magnetoresistive readout systems. 

The magnetic properties of metastable fee Co and Fe 
films have been extensively investigated, but details of 
their underlying band structures are much less known. 
While there have been a number of publications dealing 
with various aspects of the band structure of any one of 
these materials, the aim of this work is to obtain a de
tailed comparison of the band dispersions in all of these 
magnetic pseudomorphs. That is, we present inverse
photoemission results on unoccupied states, together with 
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a systematic study of the trends in the band structure 
starting with the known bands of bulk Cu(lOO) and 
Ni(l00), which we compare and contrast with results for 
thick films of fee Co(lOO) and Fe(l00) on Cu(l00). The 
bands are parametrized by an empirical combined inter
polation scheme involving plane-wave s,p bands hy
bridized with tight-binding 3d bands. Regarding the s,p 
bands we find that the Fermi level EF moves up by 1 eV 
to 2 e V as the band filling increases in the transition met
als Fe, Co, and Ni to the noble metal Cu (i.e., the critical 
points of the s,p bands at r and X move up relative to E F 

in Cu). As a characteristic of the 3d bands we notice that 
the ferromagnetic exchange splitting of fee Co on Cu( 100) 
is similar to that of hep Co, and that ferromagnetic fee 
Fe on Cu(l00) has only half the exchange splitting of bee 
Fe, indicating a low-spin magnitude configuration. 

Our focus here is on the epitaxial growth of metastable 
fee phases of Co and Fe which are only stable in bulk 
form above 700 and 1183 K, respectively. Thin-film fee 
phases can be formed on Cu(lOO) (see Refs. 1, 3, 9-12). 
They have also been observed as inclusions in bulk Cu. 13 

These epitaxial fee phases are likely to be tetragonally 
distorted. 14 Any residual misfit will induce a strain paral
lel to the surface, which gives rise to a strain of opposite 
sign perpendicular to the surface via the Poisson ratio. 
In addition, a weak surface reconstruction of the 
n X 1 ( n <==< 5) type is seen on the fee Fe films grown at 
room temperature. 15• 16 In contrast to Co, for which 
total-energy calculations predict a stable ferromagnetic 
phase at the lattice constant of Cu,17 several magnetic 
phases of fee Fe are predicted to occur at the lattice con
stant of Cu with nearly equal energy. Small distortions 
induced by strain or reconstruction may have a decisive 
effect on the magnetic behavior of Fe films. The most 
likely candidates are an antiferromagnetic phase and two 
ferromagnetic phases with high and low spin, according 
to local-density calculations. 17- 22 We observe that the 
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electronic structure of fee Fe on Cu(lOO) exhibits at least 
two phases, a metastable room-temperature phase, and a 
more stable phase that is established after annealing 
above 500 K. These phases exist in temperature ranges 
concurrent with two magnetic phases that have been 
identified by a variety of magnetic techniques.23 - 32 

Differences in their electronic band structure will be dis
cussed in the following. 

II. EXPERIMENT 

The Cu(l00) substrates were prepared using a pro
cedure described previously. 33 For inverse-photoemission 
studies of Ni(l00), a bulk Ni(lOO) crystal was prepared. 
An oxidation and reduction process was used to clean the 
Ni surface. 34 This crystal was superior in surface quality 
to another crystal prepared using the standard method of 
repeated sputter-anneal cycles, as evidenced by sharp 
image-potential surface states observed in the inverse
photoemission spectra. The pseudomorphic fee Co(l00) 
and Fe(l00) films were grown at room temperature on 
Cu(l00) substrates. The Co and Fe were sublimated from 
high-purity plates heated by electron bombardment. 
Typical evaporation rates were 0.5-1 A.ls. 

Inverse-photoemission measurements were made in the 
constant-initial-state mode with a variable energy elec
tron gun and grating spectrograph which has been de
scribed in detail elsewhere. 35 Photoemission measure
ments of the secondary electron distribution curves were 
made with a separate apparatus. 36 The sample was 
biased at -5.00 V for the photoemission measurements 
to minimize the effects of stray magnetic fields. 

III. BAND DISPERSIONS 

For inverse photoemission from the fcc(lOO) surface, 
only transitions from a free electronlike Ai-symmetry 
band to bands with Ai and A5 symmetries are dipole al
lowed for normal incidence electrons. The Ai band is 
s,p-like above the Fermi level and has a ferromagnetic ex-

change splitting of less than 0.1 eV which is not resolv
able in our measurements. The A5 band is d-like 
throughout the Brillouin zone, and only the minority
spin A5 i 3d band is observed in the inverse photoemission 
of ferromagnetic Ni(lOO) and Co(l00). This greatly 
simplifies the interpretation of inverse-photoemission 
data since only two bulk bands are observable for normal 
incidence electrons. 

By combining our own data of critical-point energies 
and Fermi-level crossings with recently published photo
emission data, a set of critical points was evaluated and 
used as input for the quick fitting procedure of the 
combined-interpolation-scheme band-structure calcula
tion described by Smith and Mattheiss.37 The results are 
shown in Figs. l(a)- l{e). Only two plane waves are used 
here, corresponding to the lower and upper Ai-symmetry 
s,p band which hybridizes with the 3d band with like 
symmetry. This simplification is justified because the in
clusion of a higher number of plane waves is necessary 
only to fit the band structure along the [ 100] direction far 
above Ep. Further, only the upper plane wave which 
propagates normal to the surface is involved in the pho
toemission process for normal emission or in the inverse
photoemission process for normal-incident electrons. 
The dispersions of the Ai- and A5-symmetry minority
spin and majority-spin bands are calculated with the fer
romagnetic exchange splitting of the 3d bands approxi
mated as a constant, independent of k and E. 

The band structure of Cu(l 00) is well known, 38 and the 
dispersions of both the occupied39 and unoccupied 
states33 have been measured. It will serve as a test of our 
empirical band-structure calculation. Ni(l00) has been 
extensively studied, both with photoemission40•4 i and in
verse photoemission.42 - 44 Our measurements of the X 4, 

and X si critical-point energies complete the set of 
critical-point energies needed to parametrize the allowed 
bands along the rx direction. Co(l00) layers on Cu(l00) 
have been studied with spin-resolved photoemission.45 - 48 

However, to our knowledge, there is no previously pub
lished work on the unoccupied electronic states for this 

TABLE I. Critical-point energies for the fee pseudomorphs. Majority-spin values are given for the 
spin-split 3d-like critical points. The s,p-like critical points have a splitting ofless than 0.1 eV. 

Fe(l00) Fe(lOO) 
Cu(l00) Ni(l00) Co(lOO) (low spin) (paramagnetic) 

r1 -8.6 a -8.8c 8.3° -8.0g -8.0g 

r2s·t -3.56" - l.5d -2.2r -2.0h -1.08 

r12r -2.75" -0.7d -1.or -0.7h 0.1 
X1t -5.15" -3.6d -5_4• -4.6h -4.0 
X3t -4.78" -3.lc -4.4° -4.0h -3.4 
X2t -2.33" -0.3 -0.6° -0.2h 0.6 
Xsr -2.03" -0.ld -o.4r 0.lh 0.9 
X4, 1.8b 2.05 2.5 3.1 3.1 
Xi 7.8 9.8 9.6 9.8 9.8 

l:i.Eex 0.3 1.2 1.2 
<I> 4.62 5.08 4.72 4.62 4.67 

"Reference 38. •Reference 59. 
bReference 33. rReference 4 7. 
<Reference 41. gReference 49. 
dReference 40. hReference 22. 
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system. For Fe(lOO) layers on Cu(lOO), photoemission 
data have been published by several groups.49 - 51 The 
evolution of the unoccupied electronic states has recently 
been measured with inverse photoemission in the iso
chromat mode.52 These recent measurements show that 
bulklike electronic structure develops over the first few 
atomic layers. 

The critical-point energies used for the fits are summa
rized in Table I. In most cases, the data points match the 
calculated values to within ±0.2 eV. The experimental 
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data and the calculated bands for Cu(lOO) agree to within 
±0.1 eV, which is within our experimental resolution. 
For Ni(lOO) the spin-integrated photoemission data fall 
on the minority-spin band. This is expected since the 
half-width or lifetime of the transition increases linearly 
for transitions farther from the Fermi energy.53 - 55 Thus, 
the minority-spin transitions are sharper and more likely 
to be assigned to the observed peaks in the photoemission 
energy distribution curves. Our inverse-photoemission 
data determine the Fermi-level crossings of the a1 and 
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FIG. 1. Calculated band structure for the fee pseudomorphs: Cu(lOO), Ni(lOO), Co(lOO), and Fe(lOO) along with inverse
photoemission data (open circles) from Fig. 5. Photoemission data for Cu and Ni are from Refs. 39 and 40. The plotted spin
polarized photoemission data for Co are from Ref. 47 (solid symbols) and Ref. 48 (open symbols). Upward pointing triangles signify 
majority spin and downward triangles indicate minority spin. Spin-polarized photoemission data for Fe are from Ref. 51 (solid trian
gles) and spin-integrated photoemission data are from Ref. 49 (solid circles). Inverse-photoemission data from Ref. 52 are plotted as 
open squares. 
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FIG. 1. (Continued). 

a5 ! bands and their dispersions in the vicinity of the X 
point. 

For Co(l00), the occupied majority-spin and minority
spin eigenvalues have been measured with spin-polarized 
photoemission and the spin polarizations are indicated by 
the up and down triangles, respectively.46 - 48 The ex
change splitting for Co was taken to be 1.2 eV which is 
slightly less than the recently reported values of 1.4±0.2 
eV (Ref. 46) and 1.5±0.15 eV.48 The dispersion of 
the a1 band cannot be determined from our inverse
photoemission measurements since the s,p states exhibit 
quantum-well resonances56 which mask any emission 
from the a1 states. The asi band shows up nicely in our 
measurements and its dispersion is accurately reproduced 
by the calculation. 

For ferromagnetic Fe, the photoemission data are less 
complete, and the occupied critical-point energies for the 
calculation are taken from a recent self-consisting band
structure calculation.22 The occupied Fe critical-point 
energies in Table I were estimated by scaling the theoreti
cal low-spin Fe values which overestimate the exchange 
splitting and the inner potential by a few tenths of an eV. 
The data for the a5! band show less dispersion than the 
calculation. This effect could be due to only the topmost 
surface layers being ferromagnetic; recent surface 
magneto-optic Kerr-effect measurements have indicated 
that this is the case. 15 These latter measurements 15 imply 
that the film's electronic structure is actually a mixture of 
ferromagnetic low-spin Fe(l00) for the topmost layers 
and paramagnetic Fe(l00) for the underlying layers. A 
pure paramagnetic phase can be produced by annealing 
the film to 200 •c. The annealing process produces films 
with a segregated layer of Cu on the surface. There is an 
associated change in the structure of the Fe when this 
occurs, 14 and the atomic volume of the Fe is such that the 
paramagnetic phase is stable. The results are shown in 
Fig. l(e). Also plotted is photoemission data taken from 

a film in this metastable paramagnetic phase. 49 
The experimental band dispersions can be used to test 

theoretical predictions 17- 22 of the magnetic structure of 
fee Fe at the lattice constant of Cu. First we will discuss 
the metastable, room-temperature phase. Here we have 
to consider ferromagnetic phases only, since spin
polarized photoemission23 - 27 and other magnetic mea
surements28-32 indicate ferromagnetic behavior. For fer
romagnetic fee Fe constrained to the lattice constant of 
Cu, there is the possibility of two phases which differ by a 
factor of 2 in the magnetic moment. The high-spin phase 
has a moment of 2. 8µ B, which is larger than the moment 
of 2.2µB of the bee phase at equilibrium. The low-spin 
phase which has a moment of approximately 1.4µB exists 
only over a small range of atomic volume, corresponding 
to pseudomorphic films on Cu(OOl). This follows the ex
pected decrease in the magnetic moment with a reduction 
in atomic volume, since fee Fe has a 0.5% smaller 
volume at the lattice constant of Cu than the bee phase at 
equilibrium. We expect to obtain meapingful clues to the 
electronic structure of fee Fe by comparing theoretical 
and experimental band dispersions in Fig. 1. It is obvious 
that the calculated high-spin bands have a magnetic split
ting too large to account for the data points, while the 
low-spin bands fit reasonably well. There are no inverse
photoemission features in the neighborhood of the high
spin X 5! point. The observed Fermi-level crossing of the 
a5! band near the middle of the a axis is also indicative 
of the low-spin band structure. Otherwise the crossing 
would be closer to r. A rigid shift of theoretical high
spin bands to accommodate the data is not possible since 
the density of the 3d states is so high near the Fermi level 
that the total number of electrons cannot be conserved. 
The calculated low-spin moment also fits the available 
magnetic measurements, which give at most 1. 5µ B, or 
even less when going to thicker films or annealing. 28 It is 
worthwhile to note that magnetic splitting and magnetic 
moment are nearly proportional to each other in the 
local-density calculations with a ratio of 0.92 eV /µB for 
the high-spin phase and 0.91 eV /µB for the low-spin 
phase. The approximate ratio of 1 eV /µB appears to be 
valid for an even wider class of magnetic systems which is 
discussed in more detail elsewhere.57·58 

IV. DETERMINATION OF CRITICAL POINTS 
AND FERMI-LEVEL CROSSINGS 

The dispersion of the initial-state band must be estab
lished for the interpretation of photoemission and 
inverse-photoemission data. Thick ( > 5 ML) bulklike 
films of Ni, Co, and Fe were prepared and the low
kinetic-energy secondary electron energy distribution 
curves were measured. The distributions reflect the one
dimensional densities of states of the final-state band in 
photoemission (initial-state band in inverse photoemis
sion) along the surface normal. The inflection points in 
the spectra give the position of the a, final-band 
minimum below which only evanescent states or indirect 
transitions are observed. The results for Ni, Co, and Fe 
in Fig. 2 show the derivatives of the energy distribution 
curves which determine the inflection points in the spec-
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tra. The measured energies of the X I critical points are 
summarized in Table I. 

The X 4, critical-point energy is determined from the 
cutoff in the inverse-photoemission spectrum taken at an 
initial energy high enough to avoid any direct transitions. 
A comparison of spectra from Cu(l00) and Ni(l00) is 
shown in Fig. 3. In the absence of direct transitions, 
these spectra are representative of the one-dimensional 
density of states along the r M direction, and the energy 
of the X 4, point is taken as the energy where the deriva
tive of the spectrum is a minimum. The energy of the X 4, 

point for Cu also corresponds to the asymptote of the 
n = 1 quantum-well state in the limit of large film thick
ness. The energy of the X 4, point for Co films on Cu was 
determined by this method, since Co films also exhibit 
quantum-well resonances. For the Fe films,. we scaled the 
energy of the X 4, point of Cu up by the observed energy 
shift of the s,p band reported by Glatzel et al.52 for an 
eight-layer film. 

Since the incident-electron energy can be varied con
tinuously with the inverse-photoemission apparatus, the 
value of the perpendicular momentum probed can be 
continuously varied. By measuring the photoyield at the 
Fermi energy as a function of incident-electron energy, 
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the Fermi energy crossings of the allowed bands can be 
determined. The Fermi-level crossings of the ~ 1 s,p bands 
and minority-spin ~si 3d bands are seen as maxima in the 
inverse-photoemission intensity in Fig. 4. These cross
ings provide a check of the empirical band-structure cal
culations for which the energies agree to within a few 
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tenths of an eV. The Fermi-level crossing of the A 5 band 
for the Fe(lOO) film corresponds to the paramagnetic 
phase, which was produced by annealing the 6 ML Fe 
film to 200 ·c. 

V. INVERSE-PHOTOEMISSION MEASUREMENTS 
OF BAND DISPERSION 

In order to assign the observed inverse-photoemission 
structures we have to consider the band topology and 
selection rules for the fee surface along the (100] direc
tion. The only allowed transitions for inverse photoemis
sion with incident electrons normal to the surface are 
from a single A1 upper band to one A1 and one A5 lower 
band, each split magnetically. Our photon detection 
geometry (unpolarized detection 45° from the surface 
normal) favors the A5 band by a factor of 3, since it is as
sociated with the component of the electric-field vector 
parallel to the surface, while the A 1 band is associated 
with the component of the electric-field vector perpendic
ular to the surface. The spectra for fee Cu, Ni, Co, and 
Fe are shown in Figs. 5(a)-5(d). 

For Cu(l00), only the A1 s,p band is seen since the 3d 
bands are far below Ep. It crosses the Fermi level at 10.5 
eV, and spectra above this energy show a broad, feature
less background due to indirect transitions. For Ni(l00), 
the interpretation of the data is straightforward. The 
highly dispersive transition in Fig. 5(b) corresponds to 
the A1s,p band and the sharp transition that appears just 
above the Fermi energy in the spectra for incident
electron energies E; < 14 eV is the minority-spin A 5 i 3d 
band. For Co(l00), more than two peaks are observed in 
the low-energy spectra, with the multiple peaks merging 
into a broad background at higher energies due to the de
grading spectrometer resolution at higher initial electron 
energy E;. The extra peaks are quantum-well states de
rived from the s,p band in thin films which have been dis
cussed in detail elsewhere. The most intense feature in 
the spectra is the A5i band which is unaffected by quan
tum size effects because the 3d electrons are more local
ized. 

The Fe(l00) data have no well-resolved features in the 
as-deposited spectra. The quantum-well states of the s,p 
band are smeared into a broad background due to film 
roughness and/or disorder. Although we cannot com-
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