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The theory of angle resolved photoemission for in general disordered complex 
lattices of semi-infinite solid systems is presented. An application of this 
theory to the He-I off-normal photoemission spectra from TiNo.s3 (100) reveal 
the same kind of vacancy-like related peaks observed for powder samples in 
angle integrated spectra in the UPS and XPS regime. 
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I. Introduction 

Photoemission is the most successful single experimental technique to map the 
electronic structure of surface near regions in solids. Because exactly these regions 
are of crucial importance for many material properties, it is absolutely necessary 
not only to describe the electronic structure of solids with surface properly, but 
also to calculate directly physical observables such as for example photoemission 
intensities. 

In the present paper the theory of angle resolved photoemission (ARPES) is 
formulated for in general complex, disordered lattices of semi-infinite solid 
systems. The present theory is applicable to calculations of the photocurrent for 
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ordered or disordered, stoichiometric or non-stoichiometric systems. The theoreti- 
cal description is based on Pendry's [1] inverse LEED formalism and its generaliz- 
ation to disordered simple lattices by Durham [2]. The actual computer codes 
made partially use of Larsson's [3] NEWPOOL-code for ARUPS of ordered 
complex lattices. 

The paper is organized as follows: Sect. 2 presents the theoretical approach 
involved, in Sect. 3 computational details are discussed briefly. Section 4 gives 
results for a very typical problem in dealing with "real" systems, namely the 
angle resolved photoemission from a single crystal non-stoichiometric refractory 
phase surface. For the example chosen, TiNo.83 (100), comparison is made also 
to experimental and theoretical angle integrated photoemission studies in the 
UPS and XPS regime. 

2. Theoretical approach 

For complex lattices the unit cell lli is a sum of subcells f~is corresponding to 
the sublattices s 

f~i = E  f~is. (1) 
s 

The non-cell diagonal scattering path operators t ~ are supermatrices (Klima et 
al. [8]), where each element is an angular momentum representative of a non-site 
diagonal scattering path operator corresponding to the one particle Green's 
functions in the following way, r =  r~ + Ri ,  r'= ri,+Rss, L= (/m), 

G(r, r ,  E)  E is is s~' , ' = {Zc(r,s, E)rss,,LL,(E)Zc,(ri~,, E) 
L,L' 

- 6cL,6is6ss,ZL(r~s, js ~s E)JL,(Ss,, E)} (2) 

JL(ris, E) are ZL(ris, E)  and the scattering solutions discussed in the whereby is is 
review article by Faulkner [4]. Z~(ris, E)  is regular at the origin, whereas 

is JL(ri ,  E)  is in general not regular at the origin. For translationally invariant 
materials (pure phases, effective lattices), the cell-diagonal operators can be 
evaluated easily by means of the following BZ integral 

1 
f [t -1-  ~(k)] -1 dk (3) 

~Bz 

where the g(k) are nothing but the usual KKR-type structure constants for 
complex lattices (Ham and Segall [5]). As will be shown later, the cell-diagonal 
scattering path operators are central quantities for a description of photoemission 
from disordered complex lattices. 

If  photons of energy to and a given polarisation are incident at a given angle to 
the crystal surface normal (taken to be the z-direction), the current of photoelec- 
trons with energy E + to and momentum kll parallel to the surface passing through 
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a plane z -- Zo (detector) is given in a one-electron approximation as (Hopkinson 
et al [6], Durham [2]) 

Ik~, = 1r-lIm I f  drdr',2(r,E+~o)a(r)G(r,r',E)A*(r')4,*(r',E+o~) (4) 

where G(r, r', E) is the one-electron Green's function at energy E (2), O2(r, E + 
w), the LEED state, is 

O2( r, E + oJ ) = I dr' 6 ( Z - Zo) e-ik~lrtI G( r, r ', E) (5) 

and the electron-photon interaction A(r) is 

A(r) --- 2ix/2 A- V V(r). (6) 
oJc 

In (6) .4 is the vector potential, V(r) the effective potential, corresponding to 
the Kohn-Sham equations of the system under consideration and c is the speed 
of light. 

In the following we want to restrict ourselves to complex lattices with two 
sublattices only. Extensions to more than 2 sublattices are straightforward using 
a supermatrix notation. 

For r = ris + Ris lying inside the i-th sphere of  the sublattice s, the LEED function 
can be written in terms of the usual multiple scattering expansions (see e.g. 
Durham [2]) 

O2(ris, E + w ) = E  E E {f~176 s2,L, L2(E+ i '~ 
J SI,S2 .LI,L2,L3 

x ( E +  is oJ)ZL3(ris, E + w)} (7) 

where ggs',Lv(E + w) is a free-electron real space propagator and f~ + w) is 
given by the following integral 

I - i k  " r , ,~ f~ d a s 3 ( z s - z  ~ e .... ijl( E~/-~--~[ros[)YL(ros)" (8)  

From (4) one can see that the photocurrent Ik~ can be written as follows 

Ikll = --Tr -1 Im Y tr {(~i)+IOMJ + 3ijDi~} (9) 
CJ 

where ~ is a supermatrix of  the form 

each block being a diagonal matrix of elements M~ 

is -- f M ~ -  aa,~,~(,.i~, E +~o)A,/,',,)Z~(,,~, E). (11) 
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According to the muffin-tin approximation applied, the isth contribution to the 
electron-photon interaction is 

A(r) = E Ais(rls) = 2ix/2 y, A" V V~s(r~s) (12) 
i , s  ( 9 C  i ,s  

The supermatrix B~a in (9) contains all the intra-atomic contributions to the 
photocurrent (see also Durham [2]) 

o) 
I,~, " (13) 

In (13) the blocks I,~ are diagonal matrices of elements I~a,c 

I i~ ,L=~r-l lmf fdri~dr ' is{O2(ris ,  E+o))Ais(ris) 

is E ) J c ( r i .  * ' * ' x Zc(r~s, ~s 'E)A~s(r~s )O2(r , s ,E+w)} .  (14) 

The t race in (9) impl ies  also a sum over subla t t ices  

r /  ~ . r i s x +  is ~ j s l  tr{(M~)+~~ ) %sin ~. (15) 
s 

Applying for disordered systems the same type of averaging as was suggested by 
Durham [2] for simple lattices, the restricted average for the triple product of 
matrices (Green's functions) in (15) is given by 

( r  r 4 A r i s x +  ij i m j s \  [ ~ A t i s ,  c ~ X + l  ij \ ~ A t j s ,  fl  tJvl ) %sin ~ , j s p - t ~ w  ) ~%~s~,~s~vl (16) 

whereby the suffices isa and jsfl mean that the sites is and js  are occupied by 
species a and fl, respectively. The restricted averages of the sublattice diagonal 
scattering path operators (%~) are given by Schadler et al. [7] 

0 (%s)is~,j~, = [D'~"i~DIs'JJ]~s (17) 

ii = [ D a ,  i i i i  

whereby ~ is the cell-diagonal effective scattering path operator built up by 
blocks r~,,,,. The supermatrix D ~'", sometimes also called "impurity matrix", is 
given by 

ot ii Ds,' ~ (19) ~ 

D ~ , , , /  

,o,,, r ''i O) (20, 
A s ' s '  

ct ii ot,ii  --1 c, ii - -1  Ass =(L~ ) - ( t , s )  �9 (21) 

In (21) t~f is the single site t-matrix of constituent a on the sth sublattice in 
the ith cell and t~f is the corresponding effective scattering t-matrix. 

Restricting the alloying process to one sublattice only (pseudobinary alloys) and 
denoting by s --- 1 the alloyed sublattice and by s = 2 the pure sublattice, A~f in 
(21) is reduced to 

o~ ii o~ ii 
Ass = Ass ~ls" (22) 
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For pseudobinary alloys with components A and B on sublattice s = 1 and 
component X on sublattice s = 2 (pure lattice), the average over the restricted 
averages in [17, 18) is given by Schadler et al. [7]. The triple product of matrices 
in (16) is therefore given by the following expression 

is + ij j s  ( (M ) ,rx~M ) 

s = l  x~ [ i n r i c z \ + r h o t ,  ii ij ~ f l , J J  ~AtJ~. 
2,~ CaCf lk l lg111)  1"Jl l  Tc ,11/J11 d!v111, 

: oqfl = A , B  
,: ~, AriX' ,+ ij ~Ar jX  "~ 
~ l~'122 ) "i" c,22dlgl'22 ; S "~" Z 

is + ii is ( ( M  ) ,r,~M ) 

f w C i M i C ~ + D C q U  ii M i a  
j L a t  11) 11 'Tc.11 11; s = 1 

l t ~ r i X \ +  ii ~AriX ,.~ 
~ iV1 22 ) q' c,22 j V I  22 ; S = Z 

(23) 

(24) 

Putting now all terms together, the photocurrent for a pseudobinary alloy is given 
by 

I~rj= - i t  - l l m  tr Uvl=)  "rc,221v~=-r ~ G ( M 1 0  D u  "tc, n M n  
o~ = A ,  B 

+ 2 tr ]Uvi2=)( Tc,22]VI'22 T ~ t'ct~/~k~'Jt 11] L r l l  "i'c,11LI11 ~, -n j  (25) 
i,j a ,~  = A , B  

i C j  

o o }] + ~ tr {(L:) + Lz ,x  
i 

i a a a (~,1) = CAI,~,A + CBI~lw. (26) 

It should be noted that the present theoretical result is not necessarily restricted 
to pseudobinary alloys, but can be readily extended to ternary systems etc. It is 
also clear that the total photocurrent (25) can be split up into coherent and 
incoherent contributions as suggested by Durham [2] for binary alloys. For a 
more detailed discussion of  the averaging procedure used in the case of disordered 
materials the reader is referred to Durham and Schadler et al. [7]. 

3. Computational details 

All spectra shown in the present paper are based on the KKR-CPA scattering 
amplitudes for the ground state (Klima et al. [8] and Marksteiner et al. [9]) and 
ATA-("averaged t-matrix approximation")-like scattering amplitudes for the 
excited state 

fCPAEE'~ = -x/Tto L(E) (27) c,L \ ] 

fATA(E) =Y X~ sin 6~(E)  e ia%E). (28) 
o~ 

In [27] tc, L(E)  is the Imth element of the selfconsistent effective t-matrix for the 
alloyed sublattice (see also Klima et al. [8]) and in (28) the 6~(E)  are the /-like 
phaseshifts for component a with concentration x~ on this sublattice. 
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It should be noted that this kind of setup for the excited states was already 
successfully used by Durham [2] for simple lattice substitutional alloys. 

In order to be compatible with the calculation by Johansson et al. [10] for 
stoichiometric TiN the same computational setup was used: Bulk lattice para- 
meters are assumed even for the surface layer, the surface potential barrier is 
located such that it touches the muffin-tin spheres in the surface layer. The height 
of the surface barrier was chosen to be 14.9 eV with respect to the muffin-tin zero 
and was the same for all vacancy concentrations. To ensure convergence 21 
reciprocal lattice vectors are included in the calculation. The electron and hole 
lifetime broadening parameters are chosen to be -2.0 eV and -0.14 eV for the 
high energy and low energy states, respectively. 

4. Results 

In Fig. 1 we compare our theoretical ARUPS for TiNo83(100) (Fig. lc) with 
calculated spectra [10] for stoichiometric TIN(100) (Fig. la) and with the experi- 
mental spectra [10, 11] for a nominal TiNo.83(100) single crystal (Fig. lb). The 
experimental and the two sets of calculated spectra correspond to unpolarised 
He-]  radiation incident along the (011) azimuth at an angle of 45 ~ relative to the 
surface normal. The escaping photoelectrons are detected at an angle Ot relative 

a b c 

1 

,4 

-6 -~ -2 0 - - - 
INITIAL ENERGY(eVI INITIAL ENERGY(eV) INITIAL ENEROYleV) 

Fig. 1. a Theore t ica l  A R U P S  spect ra  [10] for TiNl.o(100).  b Expe r imen ta l  A R U P S  spectra  [10, 11] 

for TiNo.83(100). c Present  theore t ica l  results  for TiN0.83(100). In Fig. l a - c  unpo l a r i z ed  H e - I  r ad ia t ion  
(21.2 eV) is inc iden t  a long  the (001) az imuth  at an  angle  of  45 ~ relat ive to the surface normal .  The 
angle  of  escape  of  the pho toe lec t rons  is deno ted  by  06. In  Figs l a - c  peak  a refers to a A~-like ini t ia l  

state, b to a As-like in i t ia l  state,  c to a surface state and  d to a vacancy  i nduced  state 
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to the surface normal. Using this particular geometry initial states in the FXULK 
plane ofthefcc Brillouin zone are probed, which means that in the case of normal 
emission (0r=0  ~ ) initial states along the F - X - d i r e c t i o n  are seen. Using 
unpolarised radiation implies that initial states of even and odd symmetry with 
respect to the plane of the incident He-I  radiation contribute to the photocurrent 
(e.g. A1 and As-like initial states in the case of normal emission). 

In all spectra shown in Fig. 1 three peaks are found: peak a and b are common 
to all three sets (Fig. la-c)  of spectra and originate from the A1 and As-like N-p 
initial states, respectively. Peak c is found only in the experimental spectra for 
TiNo.83(100) (Fig. lb) and the calculated spectra for stoichiometric TIN(100) 
(Fig. la). This peak was identified as a Tamm surface state [12, 13] separated 
from the As-like N-p states due to the different potential in the surface layer (as 
compared to the bulk layers). This feature is reproduced in the calculated spectra 
only, if proper  care is taken of the top layer potential, either by shifting the top 
layer N-potential by some constant, like in the spectra shown in Fig. la or by 
employing an ab-initio surface potential [14]. 

I n  the present calculated ARUPS for substoichiometric TiN0.83(100) no such 
modified top-layer potential was incorporated, since we wanted to emphasize the 
vacancy-induced changes. Consequently peak c is missing in the spectra of Fig. 
lc, however, another peak d appears for 0t > 10 ~ This new peak is due to vacancy 
induced changes in the electronic structure of TIN0.83. Experimentally, this 
vacancy induced structure is found in angle integrated He- I I  spectra [15], in 
XPS spectra [15, 16] and in XES spectra [17] of substoichiometric TiNx. These 
findings are summarised in Fig. 2. In fact, the respective calculated spectra [17, 18] 
which are based on the same KKR-CPA scattering amplitudes used in the present 
case, show very good agreement with the experimental XPS and XES data. 
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Fig. 2. a Experimental angle integrated valence UPS spectra [15] for TIN1. o (full line) and TiNo,80 
(dashed line), b Theoretical valence XPS spectrum (full line) for TiNo.83 [18] and experimental valence 
spectrum (circles) for TiN0.8o [15] 
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This vacancy induced state is not seen in the angle-integrated He-I  spectra of 
TiNo.83 [15] shown in Fig. 2a. This is similar to the theoretical findings in the 
case of normal emission spectra [ 19] for TiNo.83 (100). No vacancy-induced feature 
is seen for 21 eV photons (cf. Fig. lc) but the vacancy-state clearly appears for 
photon-energies higher than 36 eV. This notable difference was explained [19] 
by the localised nature of the initial vacancy states as opposed to the itinerant 
character of the N-p-like initial states. For He-I  energies the big multiple- 

scattering contributions due to these itinerant states buries the weak atomic-like 
emission from the localised vacancy-states in the "background".  However, if the 
N-p initial states are energetically well separated from the vacancy states, the 
vacancy states should also show up at this low photon energies. Exactly this 
situation is encountered in the off-normal spectra for TiNo.a3(100) shown in Fig. 
lc. A gap in the band structure of stoichiometric TiN opens in the FXULK plane 
as one moves away from the F - X  direction o'r in other words as soon as one 
goes to off-normal emission. This gap causes the very low photocurrent around 
- 2  eV seen in the calculated spectra for stoichiometric TIN(100) (Fig. la). This 
gap also favours the "formation" of the (initial) vacancy states as can be seen 
from the bulk band structure calculations for TIN0.75 [20], assuming an ordered 
defect structure or from Bloch spectral functions in the case of disordered TIN0.75 
[7]. The vacancy induced peak d in the calculated spectra from TIN0.83(100) (Fig. 
lc) is not present in the experimental spectra for "TiNo.83(100)" (Fig. lb), and 
we have to state that the experimental spectra show much better agreement with 
the calculated spectra for stoichiometric TIN(100) (Fig. la). However, in view 
of the very good agreement with other experimental spectra [17, 18] (cf. Fig. 2b) 
probing deeper into the bulk, we believe that the present disagreement is not due 
to our theoretical approach, but is rather caused by a few stoichiometric surface 
layers of the substoichiometric TiNo.83(100) single crystal employed in the angle- 
resolved experiments [11]. Indeed, in the most recent experimental studies for 
ZrNo.93(100) [21] and TIN083(100) [22] the theoretically predicted vacancy 
induced structures [19, 23] were found in normal emission geometry. Since no 
off-normal spectra were reported in the latte~ studies, the rather inconsistent 
experimental results shown in Figs. 1 and 2 have to serve for the purpose of a 
comparison between the theoretical results and presently available experimental 
data. 

5. Conclusion 

The present analysis of experimental and theoretical photoemission spectra for 
substoichiometric TiNo.83 clearly shows that vacancy related features in the 
electronic structure crucially depend on the actual concentration of vacancies at 
the surface or in surface near regions. If by sample preparation the bulk vacancy 
concentration is substantially decreased in the surface, UPS on single crystals 
maps "stoichiometric spectra", although the sample itself can be highly non- 
stoichiometric. This kind of experience, however, implies that stoichiometric 
surfaces can be "grown" systematically on top of non-stoichiometric systems by 
appropriate tempering methods. 
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