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ELECTRONIC STRUCTURE OF RARE EARTH MAGNETS
AND TUNGSTEN-BASED TRANSITION METAL ALLOYS
BY PHOTOELECTRON SPECTROSCOPY
Michael A. Engelhardt, Ph.D.

University of Nebraska, 1988

Adviser: David J. Sellmyer

Photoelectron spectroscopy was used to investigate the electronic
and magnetic structures of crystalline rare earth magnetic materials of
the form RFe, B with R = Y, Nd, and Gd. Measurements are reported for
photon energies of 21.2 eV, 40.8 eV, 100 eV and 130 eV. The major
features of the spectra include an Fe(3d) band centered at E; = -0.7 eV,
Gd(4f) at -8.8 eV, Nd(4f) at -5.3 eV, and B(2s) at -8.6 eV. These
results compare favorably with self-consistent, semi-relativistic, spin-
polarized linear-muffin-tin-orbital calculations of Jaswal for Y, Fe ,B.
Measurements were made in both the ferromagnetic state (T = 296 K)
and paramagnetic state (T = 623 K). No change in the photoelectron
intensity was detected on heating above the Curie point T, = 585 K.
This constancy of the electronic density of states indicates a paramag-
netic state with considerable magnetic short-range order, as in the
fluctuating band model of itinerant ferromagnetism.

In addition, binary transition metal alloys of the form T, W, .
where T = Cu, Ni, and Co are investigated by photoelectron spectros-
copy, x-ray diffraction, and x-ray fluorescence. For each series,

seven to nine x compositions were produced by sputtering. X-ray
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diffraction measurements show amorphous phases occurring from 52<x<65
for Cu,Wygg.ye 30<x<50 for Ni,Wgp_,, &nd 15<x<80 for Co,Wigq.,. Pho-
toelectron spectra are presented for photon energies of 21.2 eV and
40.8 eV. Spectra for the CuW series show that the Cu d-band peak
(Eg = -2.2 eV) in pure Cu shifts to Eg = -2.9 eV upon alloying to
CugWq. Measurements for the NIW and CoW series exhibit a smaller
d-band peak shift of approximately 0.3 eV away from ep as the compo-
sition changes to pure tungsten. The alloys appear to fit the split-
band model which is described with the coherent potential approxima-

tion.
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CHAPTER 1

PHOTOELECTRON SPECTROSCOPY

Photoelectron spectroscopy (PES) makes use of the photoelectric
effect which was first observed experimentaily by Hertz! in 1887 and

was subsequently described by Einstein? in 1905. In a solid, the ab-
sorption of radiation resuits in photoelectrons -- electrons which are
liberated from the solid. The photoelectric effect has developed into
a sophisticated spectroscopic technique for the study of metals. The
physical and chemical properties of metals are inherently related to
the electronic structure, particularly the valence electronic states. PES
measurements provide insight into the microscopic properties which are

the basis for macroscopic properties such as magnetic behavior, super-

conductivity and specific heat?.

1.1 THEORY

Electrons in a metal can absorb light with photon energy hv and
be excited to higher energy levels. Given suificient energy the elec-
trons are transported to the surface and escape from the metal. The
maximum kinetic energy of such an electron fs

Epax = hv - e¢

where e¢ is the work function. By analyzing the energies of photo-
electrons, the electronic states may be studied®. At low photon ener-

gies (which exceed the workfunction), valence electrons are ejected.
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At higher photon energies, the electrons from core levels may also be
emitted.

The photoemission process is summarized by Berglund and Spicers
into what is known as the three-step model. The model includes:

1) photoexcitation of an electron

2) the transport of the electron to the surface

3) the electron leaving the bulk.

The emitted electrons form an emission spectrum where the intensity is
related to the electronic density of states (DOS). The emission spec-
trum is called the energy distribution curve (EDC). Figure 1 shows a
schematic diagram of the photoelectric effect and the resuiting photo-
electron distribution.

The emission intensity is a convolution of both the availability
of an initial state electron and a final state. Variations in the avail-
abitity of continuum states interfere with easy interpretation of the
occupation of the initial states. These variations can exist for elec-
trons leaving the surface at low energies near the vacuum level. For

photon energies above 20 eV, valence band photoelectrons are for the

most part free of these final state effects®.
The density of states N(E) is defined by Margaritondo and Weaver

as’

NE) « J. B
I v Ei(R) I

where S, defines a constant energy surface and E; is the initial elec-

k space
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Fig. 1. Schematic diagram of the energy levels in a metal undergoing
photoelectron emission.
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4

tronic state. What must be determined is how the DOS {s reflected In
the photoelectron spectrum (EDC).

The EDC may be broken into two portions®: the intensity Ip(E,hv)
of primary electrons which have not lost any energy in scattering and
the intensity Ig(E,hv) of secondary electrons which are inelastically
scattered. The measured EDC intensity I(E,hv) is then

I(E,hv) = I,Ehv) + Ig(Ehv)
Using the three-step model, the energy distribution of primary electrons
is given by®

Ip(E,hv) = P(E,hv) T(E) D(E)
Here, P(E,hv) is the distribution of photoexcited electrons, T(E) is the
transport term which models the movement of the electron after the
photoexcitation, and D(E) is the surface transition term for escape from
the surface. The terms T(E) and D(E) are slowly varying with energy;
therefore, they do not contribute to structure in the EDC. Their
effect is limited to modulating the relative intensities of spectral

features. R

Electrons which are inelastically scattered in the solid may or

may not reach the surface and escape. The escape probability is influ-

enced by the energy-dependent electron mean free path7 shown sche-
matically in Fig. 2. Those secondary electrons which escape and are
detected will have smaller kinetic energles than the elastically scat-
tered primary electrons. They contribute to a broad low-energy peak
in the EDC.

The distribution of photoexcited electrons P(E,hv) can be calcu-
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Fig. 2. Mean free path of electrons in solids. Taken from Ref. 7.
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lated by considering the photoabsorption process from the occupied

states E; into the empty states E; Here, the initial state and the

final state are separated by the photon energy hv:
E(R) - E(F) - tw

Additionally, the final state must correspond to the kinetic ener-
gy selected by the analyzer®
E(K) - e = E

The distribution of photoexcited electrons is then

PEMW) « 2, I &’k |<fIV|l>|2 § [E(R)-E(R)-hv ] x &[ E(R)-E ]
if

The optical transition probability between the initial and final states

is given by the Fermi golden rule

Py o | <HAVIID>
To calculate Py, the initial |i> and final <fl state wavefunctions must
be known. Because of the difficulty In calculating these quantities, an
approximation is made by considering this term constant. Fajlures of
this approximation are indicated by the extent to which the spectral
features of the EDC’'s change with photon energyg. By using different
photon energies, the electrons may be excited into different final

states.

Taking the matrix element as a constant, we arrive at the energy

distribution of the joint density of states (EDJDOS)
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PENY) « 2, I a*k §[E(R) - E,®) - hv] x s[E(R) - E]
1f

The delta functions define two surfaces in k space and their intercept

defines a line L in k space’. The integral may be rewritten as a line

integral

dL
P(Eh k
Ehv) o _[ v, E® x v, E,®

k space
which is similar to the expression obtained for the DOS N(E).

The photoelectron spectrum is not an exact replica of the EDJDOS
due to contributions from the optical transition probability term, the
slowly varying transport and surface terms, and the background of scat-
tered electrons. For the photon energies of interest in this disserta-
tion, the modulation of the EDC by the final state is negligible. PES
spectra are interpreted as reflecting the features of the initial state

with a scattered electron background.

Studies of the valence electrons aid in understanding the bulk
properties of metals, their alloys and compounds. The behavior of
these electrons is characterized and modeled by comparisons of PES
measurements and electronic structure calculations. This enables the

development of predictive models.
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1.2 PES OF RARE EARTH MAGNETIC MATERIALS

The rare earth materials are of interest because of their uses in
the leading edge technologies of permanent magnets and magneto-optic
information storage systems. In addition to having a valence band
(from 5d and 6s states), they have 4f levels which are near the fermi
edge and are therefore accessible to PES measurements!®. The 4f band
Is filled as the rare earth series develops from La to Lu. This partly
filled 4f shell is the source of many of the properties of the rare
earth elements.

These materials also show interesting behavior in terms of their
valence states which may be nonintegral in valence and vary with spe-
cific environments. Studies of rare earth materials with Ce have been
done'! and show that Ce may have a valence of +3 or an intermediate
valence less than +3.

PES measurements have been carried out on only a few rare earth

materials since they are reactive and oxidize readily. The valence

bands and 4f levels for pure metals have been measured? to 20 eV on
either side of the fermi edge by XPS (x-ray photoelectron spectroscopy)
and BIS (bremmstrahlung isochromat spectroscopy). Two comprehensive

reviews of rare earth materials have been compiled; the first by

Campagna, Wertheim, and Baer!? which covers PES measurements of the
compounds of rare earth metals with rare earth borides, antimonides,

chalcogenides, pnictides, halides, and intermetallics. The second re-

view, by Netzer and Matthew“, investigates the surfaces of rare

earth metals by a variety of surface techniques. Additional studies

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



have been conducted on rare earth glasses. Examples of rare earth

glass measurements include an XPS study of Gd-Co and Gd-Fe amorphous
films!S and UPS (ultraviolet photoelectron spectroscopy) and XPS studies

of Gd,Co and Er,Co glasses'®.

The rare earth permanent magnet material Nd,Fe B has opened

new vistas for the use of permanent magnets!’. With an energy pro-
duct as high as 50 MgOe, this material can be used to improve existing
magnetic devices and create new ones!S. Investigation of the micro-
scopic structure of Nd,fe B by PES gives insight into its extraordinary

magnetic properties.

The structure of the magnetic material consists of a 68 atom unit

cell’, The structure is tetragonal P4,/mnm as shown in Fig. 3. The
unique arrangement of the atoms provides structural stability and
places the moment-bearing atoms in positions that allow for previously
unattainable magnetic properties.

In Chapter 3, results are presented of photoemission measurements
on crystalline Rjfe B alloys, where R = Y, Nd, and Gd. These measure-
ments help lead to a predictive model for the magnetic behavior and
electronic structure of these materials by comparison with band calcu-

lations.

1.3 PES OF INTERTRANSITION-METAL ALLOYS
Work with transition metal binary alloys has proceeded with the
desire to understand the mechanisms of their physical and electronic

properties such as how they form amorphous or crystalline phases.
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Fig. 3. Crystal structure of Nd,Fe,,B. Taken from Ref. 19.
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