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Abstract The ordered alloy, PtzCr has the LIZ structure and is ferrimagnetic wih T, = 170 ‘C. 
Anglbresolved photoemission experiments using synchrotron radiation (1845 eV) have been 
made in normal take& geomeUy from the (1 10) surface in order to elucidate the band smtclure. 
The valence band energy-momentum relationship in the r Z M  direction has been determined 
assuming 8 he-electron final state. The symmetries of these initial swtes have been determined 
using the polarization of the synchromon ndhtion. 

1. Introduction 

Transition metal~alloys have been the subject of many recent experimental and theoretical 
investigations [1-4]. They are regarded as one of the main proving grounds of modem 
solid-state theory and have a wide variety of potential applications in technology. One 
common theme has been the investigation of the electronic structures of such materials 
using angleresolved ultraviolet photoemission spectroscopy, as the electronic properties of 
metals underlies many other properties and is a key feature in the understanding of such 
alloys. This technique provides a method for the direct investigation of band structures by 
application of momentum conservation rules to the inter-band transitions. One of the alloys 
that has been the subject of many interesting studies is Cu,Au [3,4]. This is an ordered alloy 
that possesses well-understood surface properties and for which experimental determinations 
of the band structure have been extensively compared with theoretical calculations. 

The ordered transition metal alloy Pt3Cr [5] has the same (Liz) structure as Cu3Au. 
This is a simple cubic basis with chromium atoms at the vertices of the unit cell and 
platinum atoms in face centred positions. One of the more interesting properties of this 
alloy is that it is ferrimagnetic with Tc = 170°C. The magnetic moment is owing to 
the chromium atoms, which have only platinum neighbours allowing for little overlap of 
the chromium d band wavefunctions, so making them effectively independent maguets. 
The structural and magnetic properties of this alloy have been investigated in detail by 
x-ray diffraction and neutron scattering measurements [6,7]. Platinum and chromium form 
alloys with continuous compositions between 100% platinum and 100% chromium. The 
75% platinum alloy has the largest magnetic moment and is completely ordered with a 
lattice parameter, a = 3.87 A. As a logical extension of this work, Jezierski has made 
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calculations of the electronic density of states of PtlCr using the cluster coherent potential 
approximation [SI, but to date the only experimental work on the electronic structure that 
has been reported is a preliminary ultraviolet photoemission study of the valence band using 
an angle-integrating detector [9]. In the work reported here, we have extended this work to 
the use of angle-resolved photoemission measurements that have allowed us to determine 
the experimental dispersion of the d bands of the material. 

R B Patel et a f  

2. Experimental procedure 

The experiments were performed using beamline 6.2 at the SRS Daresbury [IO]. This 
is a two-level turbo-molecular pumped system with a base pressure of 2 x mbar. 
Ultraviolet monochromation is achieved using one of two toroidal gratings; 1800 lines mm-' 
or 700 lines mm-'. It was the latter that was used in the measurements reported here to give 
a photon energy range OF 18-45 eV. The beam line has two Pt coated S i c  mirrors and an Au 
coated post-focusing mirror, and delivers around 10" photons per second. It has an energy 
resolution of 0.08 eV at low energy, reducing to 0.24 eV at high energy (including the effects 
of both the electron energy analyser and the ultraviolet monochromator). A VG ADES quasi- 
concentric hemispheres analyser that rotates around the crystal in the horizontal polarization 
plane was used to measure the electron distribution curves (EDCS). This instrument has an 
angular resolution of 5" and was operated at a pass energy of 10 eV. 

The sample was a small (approximately 5 mm x 5 mm x 3 mm) irregularly shaped single 
crystal of Pt3Cr previously prepared from high-purity materials. It was oriented using Laue 
x-ray diffraction ind cut to within 1" of the (110) face using spark erosion. The resulting 
surface was carefully polished using descending grades of diamond paste to 0.1 fim grade 
and then stress relieved by heating to 400°C for four hours in high vacuum. Pre-preparation 
of the surface included many hours of sputtering with 500 eV Ar+ ions at 5 @A ion current 
followed by annealing (to temperatures between 400°C and S O O T )  in one hour cycles. The 
in-situ preparation ,comprised several cycles of argon ion bombardment (2  keV and 5 FA) 
followed by annealing at 400°C. This had previously been shown to produce an ordered 
surface that is stoichiometric within the accuracy of the analysis techniques [9]. 

Surface cleanliness and composition were checked using Auger electron spectroscopy 
(AEs) using a PHI double pass CMA in differential mode. The main contaminant detected on 
the surface of the alloy was a small .amount of carbon that decreased with successive cleaning 
cycles. The AES spectra from this surface are consistent with stoichiometry (following 
quantification using elemental standard materials with identical experimental conditions). 
The clean surface, as previously reported [9], forms a reconstruction (as does Cu3Au(llO) 
[I 11). Low-energy electron diffraction (LEED) using a Varian four-grid system was used to 
determine the azimuthal orientation of the surface prior to the photoemission experiments. 
The surface was found to remain clean enough for sensible experiments for around two and 
a half hours before further cleaning was necessary. After this, build up of photoelectron 
peaks due to contamination (which appeared to be from the residual vacuum in a reaction 
stimulated by the ultraviolet radiation) occurred in the UPS spectrum. Therefore the crystal 
was regularly cleaned, although the changes to the main features in the EDCS induced by 
the contamination appeared not to be significant. 

Following cleaning and alignment of the azimuthal angles, EDCS were collected from the 
surface with a normal photoelectron take-off geometry and at an angle of photon incidence 
of 45". Measurements were made with the crystal in two azimuthal orientations. The first 
of these was with the (horizontal) linear polarization of the synchrotron radiation lying in 
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the plane defined by the surface normal and the [IT01 direction and the other (orthogonal 
orientation) with the polarization in the plane defined by the surface normal and the [OOl] 
direction. 
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Figure 1. (a) The eleckon distribution curves for Pt$r for the polarization vector in the plane 
defined by the surface normal and the [ I  io] azimuthal direction. The spectra increment in 1 eV 
steps from 18 eV (top) to 45 eV (bottom) photon energy; (6) the elecuon distribution curves 
for R3Cr for the polarization vector in the plane defined by the surface normal and the [OOl] 
azimuthal direction. The~specW increment in 1 eV steps from 17 eV (top) to 45 eV (bottom) 
photon energy. 

3. Results and discussion 

The spectra collected from the crystal for both geometries and for a series of photon energies 
are shown in figures l ( ~ )  and l(b). The curves have been normalized to photon flux and 
the Fermi edges aligned to zero binding energy. Strong transitions can be seen in the 
spectra from 7 eV binding energy right up to the Fermi level, in qualitative agreement 
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with Jezierski’s calculation of the band width [8]. There are clearly strong differences 
between the two sets of data collected with each principal azimuth in the horizontal plane. 
In particular there are strong states present near the Fermi level for the [If01 azimuthal 
orientation but not for the [OOI] azimuthal orientation for photon energies around 20 eV. 
For higher photon energies, there is a peak with binding energy of 2 eV present for the [OOl] 
oriented spectra but not for the [I TO] orientation. There is also a feature at 5 eV binding 
energy that shows up strongly in the [IiO] azimuth data. The reason for the differences 
between the spectra from different azimuthal directions arises from the symmetry selection 
rules for photoemission. These rules can be applied to determine the symmetry of the initial 
states giving rise to normal take-off photoemission [12]. For our experimental geometry, 
photoemission from the (110) surface of a simple cubic metal would, in the absence of 
spin-orbit coupling, sample CI and C4 states when the radiation polarization vector lies in 
the mirror plane defined by the [110] and [liO] directions. With the polarization vector in 
the mirror plane defined by the [I IO] and [OOI] directions then the CI and C? are sampled. 
However, with platinum spin-orbit effects are to be expected resulting in a change of the 
symmetry rules to the double group representation [13]. This would result in a mixing of 
the C? and states making these selection rules less appropriate [14]. For an alloy where 
relativistic effects are likely to be more important for one element (Pt) than the other one 
(Cr) the situation is more complicated. Work on similar materials indicates that the simple 
selection rules would apply fairly well for Cr derived states but not for the Pt derived states 
[4]. We clearly have symmetry rules operating because the spectra are very different. For 
the Pt derived states, the mixing of states would still result in certain transitions having a 
higher probability than others but would not give the same absolute selection rules found, 
when no splitting is apparent. The mixing will be strongest, with a total breakdown of 
selection, where the bands cross. 

The feature at 5 eV binding energy ([liO] azimuthal orientations) is particularly 
interesting. It is much larger than any of the other transitions and it may be an enhancement 
of the transition owing to a pd resonance. In Pt,Cr, chromium has a 3p state at 41.1 eV 
binding energy that may lead to a resonance at around this photon energy. If this is the 
case, then it indicates that this state is largely chromium like and is highly localized. A 
high degree of localization however would not easily tie in with the azimuthal dependence 
of the feature. Therefore any assignment must be regarded as tenuous. The 3p levels 
of platinum are found at around 51.8 and 65.3 eV binding energy, so any resonances in 
platinum derived states will be out of the energy range used here. Previous photoemission 
studies of platinum have revealed a rich band structure extending from the Fermi edge to 
around 6 eV below [ 15,161. Studies of chromium indicate an electronic structure extending 
to a binding energy almost as deep as for platinum but with a much stronger and sharper 
Fermi edge [17,18]. We would expect the whole of the valence band region of Pt3Cr to 
reflect a contribution from both of these elements. In previous measurements [9], ultraviolet 
photoemission measurements made using a CMA in the 50 to 100 eV photon energy range 
it was tentatively suggested that this was the case. The Fermi edge was thought to be 
dominated by electrons associated  with the Cr component of the alloy; this assignment 
being made using the variation of cross sections with photon energy. 

We have analysed the binding energy of the photoemission peaks as a function of 
photon energy in order to determine the band structure of the material. The photoemission 
process involves a direct transition of an electron from an occupied to an unoccupied state. 
This transition must be k conserving within the reduced zone scheme. So, a determination 
of the initial state can only be made if the final state is known. Ideally, interpretation 
of the data would require calculation of initial and final state bands for comparison with 
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and interpretation of the photoemission data. In the absence of calculations of the final 
state band, we have assumed a free-electron-like final state for the photoelectron using a 
procedure that has been shown before to give reasonable results for similar alloys [1,31. 
The main problem in interpretation lies in the fact that photoemission probes an excited 
state of the electronic structure rather than the ground state [I]. The event creates a hole 
that will interact with surrounding electrons (depending on the level of screening) and so 
change the energetics of the measurement. This effect is more important where the hole is 
localized rather than delocalized and will differ in magnitude according to how the full d 
band is. A recent study of CmAu [I91 found that these self-energy effects were important 
in this material. These effects were accounted for by moving the (theoretically calculated) 
final state band by 2.5 eV in energy, resulting in a shift in the initial state band by around 
0.3 eV. Thus it must be born in mind that our results are for the excited state of Pt3Cr and 
that these may differ by a sizeable fraction of an electronvolt from the ground state. 
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Figure 2. (a)  The experimentally determined band structure of P t g 3  between the r and M 
points determined with the polarizatian vector in the [IlO] mirror plane: (b) the experimentally 
determined band structure of Pt3Cr between the r and M points determined with the polarization 
vector in the [OOI] mirror plane. The different symbols indicate points from different 
photoemission peaks. 

The perpendicular component of the k vector of the photoelectron is not conserved on 
crossing the surface of the alloy owing to the difference in potential energy zero inside and 
outside the crystal that leads to a deceleration of the electron. The final state momentum of 
the elechon (in .&-I) inside the crystal will be given by 

= 0 . 5 1 2 ( h ~  - Ei + V,)''' 



Where hu is the photon energy, Ej is the initial state binding energy and VO is the inner 
potential (all in eV). The estimation of Vo is the most problematic feature of the analysis. We 
selected Vo = 1237 1 eV, which is consistent with previous photoemission measurements on 
other similar metals. We have used this value to calculate the binding energy and momentum 
associated with each peak in the spectra between 18 and 45 eV photon energy, for both 
azimuthal orientations. 

In the photoemission process, the electron momentum can only he changed by multiples 
of hg where g is a reciprocal lattice vector. In the geometly we selected and for a simple 
cubic lattice, the appropriate reciprocal lattice vector is 2n( l /a ,  1 fa, 0) where a is the lattice 
parameter (3.87 A). Multiples of this were subtracted from the calculated k values to map all 
the data points into the first Brillouin zone. The experimentally determined hands are shown 
in figure 2(a) and (b). The normal takeoff direction from the (110) surface corresponds 
to the r Z M  symmeky line. Figure 2(a) shows the transitions excited with the electric 
vector in the [lIO] direction and figure 2(b) shows those excited in the [OOl] direction. 
The different symbols indicate the points obtained from different photoemission peaks. The 
bands disperse weakly in IC; this is a property characteristic of d bands. Most of the 
transitions appear to be excited by the polarization vector in both azimuthal directions. The 
notable differences between the two azimuths are the bands between 4 and 6 eV between 
0.3 and 0.8 of the way along r M  and the band between 1 and 2 eV in the middle of the 
zone. 

Clearly a fuller interpretation would require theoretical calculations of the band structure 
that are not available at present. The bands that are of most interest are those near the Fermi 
level which we believe to he associated with chromium. This is the element that carries the 
magnetic moment and these electrons will he responsible for the magnetic properties. 

4. Conclusion 

We have performed the first direct investigations of the electronic structure of the 
ferromagnetic alloy Pt3Cr. Normal take-off photoemission spectra from the (110) surface 
show valence structure extending to around 6 eV below the Fermi energy. We have 
determined the experimental dispersion of the Z states along the r Z M  symmetry line. 
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