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Experimental analysis of valence-band photoemission intensities for @u11) and Cu(100
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Angle-resolved photoemission with-polarized He radiation has been used to study transition matrix
elements of bulk direct transitions in copper. From peak intensities as a function of light incidence angle the
direction and relative magnitude of the momentum matrix eler®grt(f|p|i) have been determined. At a
fixed point ink spaceP;; is independent of the special experimental geometry and depends only on the initial-
and final-state wave function. Therefore it is particularly suitable for comparison to theory. We present mea-
surements of the momentum matrix element for bulk transitions odt ahdsp-like bands. Selectekspace
points have been triangulated from @) and C{§100) surfaces. Within the error bars direction and absolute
value ofP; are found to be independent of the particular surface. This shows that the description of the matrix
element in terms of bulk direct interband transitions may be a reasonable approximation in many cases.
Moreover these results demonstrate that the macroscopic Fresnel equations are appropriate to describe the light
properties inside the sample under the experimental conditions of our experi®@b63-18208)07240-3

[. INTRODUCTION surface in order to obtain spectra that reflect the experimen-
tal resultst! The one-step-model calculations do not require
In the past two decades angle-resolved photoemission ha# artificial suppression of the vector potential normal to the
been used very successfully to measure solid state propertiggrface, and they sometimes are afalter an empirical ad-
with resolution in the reciprocal space. In particular the bindJustment of the potential in the outermost layer of the
ing energy of the electrons as a function of the wave vectopample, see Ref. 170 reproduce experimental spectra com-
Ei(k)1 i_e_, the band structure has been studi‘éadn addi- paratively well. However, in other cases the overall agree-
tion, the lifetime of the initial statéi) and the final stat¢f) ~ ment is not convincing at aff
involved in the photoemission process can be measured in We attempt to study photoemission intensities. Our hope
favorable cases by linewidth analy$i€.As a third quantity ~ t0 gain insight relies on a better experimental resolution than
the squared photoemission matrix element may be extractedPplied in the earlier studies, and, in particular, a larger da-
from experiment by analysis of line intensities. This quan-tabase of spectra collected at a much wider range of photon
tity, although very interesting for comparison to theoreticalincidence angles than used before. In fact the momentum
calculations, has been studied less than the others. MatriRatrix element is in general a complex vector and the ex-
elements are more sensitive to the involved wave functionerimental determination of its components requires many
than the energy eigenvalues and can be used to examine thBectra. We have chosen copper as a “standard test mate-
wave functions fromab initio band-structure calculations. ~ rial” of photoemission. Its surfaces may be prepared suffi-
However, the transition matrix element contains the vecciently well and its electronic properties are undersfd6éh
tor potential of the photon field and therefore it dependsconsiderable detail.
strongly on the polarization and incidence angle of the UV
light. For comparison to theory it is thus very helpful to
separate the light properties from the crystal properties. This
can be done by splitting the matrix element of the dipole The interaction Hamiltonian in photoemission can be
operator in a product of the vector potential and a “momen-written'=3in the nonrelativistic limit after neglecting a term
tum matrix element”Py;, which depends only on the initial- jn A2
and final-state wave functios®® The quantityP;; (for de-
tails see belowmay be investigated by measurements de-
pendent on light incidence and light polarization_angles, as Him:i (2A~p+ ﬁ div A
suggested already very edtlgnd attempted experimentally 2mc I
later®=*2 Earlier studies of matrix element effects and pho-
toemission intensities calculated electron energy distributiogyith the vector potentiaA and the momentum operatpr
curves based on either the three-step model of photoemissiorhe first term is responsible for direct transitidns, the
(see, e.g., Refs. 10, 11, 1451d on calculations using the other one results in surface emissidn®®In time-dependent
one-step modei’'® However, a really satisfying agreement perturbation theory the transition rate from initial stijeto
with experimental spectra was not obtained. In three-stepfinal statelf) is expressed by Fermi’s “golden rule”
model calculations the component of the vector potential
perpendicular to the surfades calculated using the macro-
scopic optical constanthave to be suppressed by an order
of magnitude(as compared to the components parallel to the
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with the initial- and final-state energi€s andE;, the pho-
ton energyiw, the density of final states(E;) and the ma-
trix element

M;¢ = © flA-pli e fldiv Ali 3
fi_m_c<| 'p|'>+m< |div Ali). 3

In our following consideration we will neglect surface emis-
sion, but come back to it in the conclusions. Furthermore, we
neglect the space dependencefogince the wavelength of
the UV light is large compared to atomic distances. This |

“dipole” approximation allows one to rewrite the matrix sample
element as a scalar product: FIG. 1. Geometry of experiments in a mirror plane of the bulk
lattice. The light polarization angley; is defined such thaty;
M _:i A- <f|p|i)= i A-P; (4) =90° when the vector potential is oriented along xhéirection.
I c 1
with the momentum matrix elemef; . sin l/ft_— sin y; %)

The final statdf) is not a superposition of all degenerate
states with energ¥;, as generally considered in the deriva-
tion of Fermi’'s “golden rule.” Due to the angle-resolved
detection of the electron in vacuum the final state is a lineal
combination of those states with eneigythat couple to the 2 cosy;

. . I
plane wave in vacuum, a so-called inverted LEED st&feé. Aj=
We must be aware of the fact that in this seRgés a special
momentum matrix element which describes a transition into
the detected photoemission final state. As a consequ@nce Al=—
is a complex vector in general. The aim of our experiments is COS ¢+ n COS ¢

to determine Fh.e _relative s_ize of it; real and imagi_nary paytswith the components of the vector potential parafieland
In the relativistic formalism the interaction Hamiltonian is perpendiculaA, to the plane of incidence. The three Carte-

with incidence angle); and the complex transmission angle
- The Fresnel equations read

Al ©

N COS s+ COS i

2 COS ¢ AL 10

; 9
given by sian components oA! are deduced to Bé
Hin=eaA. © 2 cosy;sin a;
I I
[In Egs. (5—(7) we use Coulomb gauge anh=#=c A;:cos b e—sita Al (13)
=1.] Within the dipole approximation and using Fermi’'s : :
“golden rule” formula the matrix element reads
d At_2\/e—sinz¢i COS ;;COS @ Al 12
Mii=e(f|a-Ali). (6) V" ecosyi+e—sity
After some further approximations similar to the nonrelativ- _
istic case this can be written in close analogy to &j.as Al 2 cosi;sin ;oS a; A (13
z— " ils
Mi=eA-(f|ali)=eA.P;. (7) € oSy + Ve~ simy,

where z is the surface normal directiolyz is the plane of
incidence, andy; is the polarization angléx;=0°: p polar-
ization; a;=90°: s polarization. The components oA' are

The three components of the vectmrare the (4<4) Dirac
matrices andf) and|i) are spinors with 4 components. As a
consequence, the three components of the végtare com- :
plex numbers in the relativistic case as well. complex due to phase shifts between them.
The photoemission process is governed by the transmitted In the Cartesian coordinates the transition matrix element
vector potentiaA! in the outerzrsnost few A of the solid. Up to I given by
now it is a matter of debale®® to which extgantAt may be M=ALP? +At P* +ALP? (14)
described correctly by the Fresnel equatiGhsyhich are
valid on a length scale given by the attenuation length of thevith the conjugate complex componef®§ , Py , andP; of
UV light (113 A in copper atiw=21.2 eVJ. Nevertheless, in  the vectorP;;. Since only|My;|2 is an observable one phase
the following we will use the Fresnel equations for our datafactor in the matrix element is undefined and we can choose,
analysis. Since all our experimental data are fully consistenfor example,P, to be real.
with this formulation, we conclude that for our experiments  For simplification we have used in our experiments a ge-
the use of the Fresnel equations is justified. ometry where the plane of light incidence, surface normal
Since the UV light is partially absorbed by the metal sur-direction, and electron emission direction coincide with a
face, the index of refraction becomes complex=\e  mirror plane of the bulk latticéFig. 1). In this geometry and
=.e;+ie;, wheree; and e, are the real and imaginary in the nonrelativistic limit the wave functions are odd or
parts of the dielectric function. The law of refraction remainseven with respect to the mirror plane and, as a consequence,
valid?® the vectorPy; is oriented either in planeR,=0) or perpen-
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dicular to it (P,=P,=0). For a measurement of an in-plane Ill. EXPERIMENTAL DETAILS

vector exclusivelyp-polarized light may be used angt The single-crystal copper samples have been polished me-

polarized light for a vector perpendicular to the plane. . : e
C . S T .___chanically and electrochemically, cleanedsitu by argon
In the relativistic case the spin orbit interaction intermixes. . .
. ; ion bombardment and subsequent annealing. During mea-
even and odd states, which may result ifPathat has all

vector components0. Due to mirror symmetry the experi- surements the sample has been cooled by liquid nitrogen to

mental intensity remains unchanged df is replaced b T=170K to reduce line broadening by electron-phonon
— o Usina E i(ll)—(lS) this resSIts in the idgntit Y andlor hole-phonon interactions. The azimuthal orientation
i - 9 Egs y of the crystal has been adjusted by using a LEED system.
The electron energy analyzer is operated at an energy
tp*x J Alp* L AtD* |12 | _ AtDp* L Atp* L Atp* |2
|AxPx+AyPy+Asz| = AxPx+AyPy+Asz| resolution of AE=25meV and an angular resolution of
(15 Af==*1.5° Itis equipped with a modified lens system that
even in the presence of spin-orbit coupling. As a Conse_allows one to collect electrons from an extended area

quence, the intensity can be written as an incoherent supef® MmM<6 mm) on the sample without loss of energy or an-
position of intensities excited with 100%polarized and 9ular resolution. The-polarized light has been produced by
100% p-polarized light, respectively: a self-built capillary discharge lamp equipped with an ar-
’ rangement of three gold-coated mirrors. The polarizer can be

loc|ALP* |24+ ALP* + ALP* |2, 16 turned around the sample, allowing Iight incidence angles
AP APy + AP (16 between—90° and+90°. The UV light is focused onto the
We have verified this experimentally by analyzing spectraS@mple in a way that even at grazing incidence angles up to

taken for many polarization angles keeping the light inci- #=*85° the light spot on the sample is elongated less than
dence anglel; constant. 6 mm. The degree of polarization is 93 % and the angular

In all other experiments we have used exclusivply —SPread of the incident light due to focusingi5°. Due to
polarized light to determine the vector componeR{sand the well tuned electron lens and polarizer there is no loss in
P,. For this purpose we have varied the light incidencelNtensity by geometrical effects whef is changed. Unfor-

angley; resulting in a rotation oA with respect tP; . The tunately,_ th.ere is_ an _angular r.angej‘)BO" around. the elec.-
intensity as a function of; is given by tron emission direction that is not yet accessible as light

incidence direction. We will change our construction to close
. LGP + AL )P |2, this gap for futur_e Wo_rk. The lens system and the polarizer
L)< | Ay () Py + A P | (17) have been described in more detail elsewtere.
From the best fit to the measured dependdiigg) we have
determinedP, andP,, which was chosen to be real. For the
actual fit of the experimental data other parameters are math- IV. RESULTS

ematically better adapted: We can express the components of \ye have collected a very large number of spectra for

the momentum matrix element different electron emission angleg and light incidence
anglesy; on Cu111) and C{100). For presentation of typi-
P,=|Pslcos B, (18 cal results we show in Fig. 2 spectra measured ofL Cl) in
the T'LUX mirror plane at fixed angled=40° and different
P,=Psllsin Be", (199  ¢;. The peaks labeled—E are direct transitions between

the bulk bands of copper, which have been well known for

with ||Pg]| = V]| Py|2+ |P,|%. Bis the angle betweer] R,.P,)  many years? We can clearly see that peak intensities change
and the surface normal direction,is a phase angle repre- considerably from one spectrum to another. Since the peaks
senting a phase shift betweBg andP, . The absolute value B-E are strongly overlapping, a fit procedure is required to
of Py cannot be measured very reliably, since the absolutdetermine peak intensities reliably. An assumption of simple
intensity in a photoemission experiment depends on manpeak shapes like Gaussian or Lorentzians for a fit is not
experimental parameters. In contrast, relative changes @dequate since the peak shapes are strongly dependent on the
| Psll as a function of wave vectdr as well as a comparison band dispersion%’ Therefore we have used a procedure that
of emission out of different bulk bands within one spectrumcalculates the line shape of every peak separately. It includes
is easily possible. However, both angles can be determinedoth the energy dispersion of the initial- and final-state bands
absolutely from the shape of the functibf;). Therefore8  (which is taken from the well-known band structure of cop-
and v are most reliable and relevant for a comparison ofper and the energy-dependent lifetime width of photohole
experimental and theoretical results. and excited electron. The calculational procedure is de-

This experimental determination &; is purely empiri- scribed in great detail in Sec. Ill of Ref. 7 and will not be
cal: Observed photoemission intensities contain the full intepeated here. These calculated peak shapes have been used
formation about the involved wave functions. For example, itto fit the whole spectrum together with a background given
should be possible to identify any changes in the character dfy a polynomial of second order. From this fit the peak in-
the final state as the wave vector crosses the zone boundatgnsities(areag have been taken and plottéfdled circles as
giving rise to a variation of the corresponding matrix ele-a function of light incidence angle in Fig. 3. These data are
mentsP;;. The concomitant appearance or disappearance afollected from a series of about 20 spectra taken—f@&5°
emission has often been used to identify components in  <#;<—75° and —5°<¢;<85°. The angular range be-
band-structure investigatiorf$Bragg plane method?). tween —75° and—5° is not accessible in our experimental
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T T T T TABLE |. Parameters used for the fitsolid lineg in Figs. 3 and
Cu(111) TLUX 0 = 400 4. From these parameters the components of the momentum matrix
20F Hel p-pol elementP;; are calculated with Eq$16) and(17).

T=170K

0 (deg Peak B(deg  y(deg [Py (a.u)
- 40 A 31 -12 29
& 40 B 16 -20 55
R 40 D 68 142 48
5 40 E 60 140 21
S 10 Ei=—3.86eV 10 86 53
A 10 E;=—3.50eV 20 ~56 29
) 45 Ei=—0.48eV 29 178 21
8 60 Ei=—153eV 10 -130 33

equations—is sufficiently convenient and accurate for a de-
termination of the photoemission matrix element in our ex-
periments. We have used the dielectric functef21.2 eV)
=0.63+i0.74 determined by reflectivity measuremefits.

In Fig. 4 we reproduce additional examples Iqfy;)
Initial state energy [eV] curves. We would like to emphasize that measurements re-
stricted to ;>0 are generally not sufficient for a reliable
determination oP;;. This experimental restriction, however,
was present in previous publications dealing with the
problem!212Even in our experimental setup the inaccessible

ap of 60° may result in large errors in the determination of
%and especially ofy. From our experience in fitting we can
say that intensitied(¢;) like the ones in Fig. 4 give an

setup. We have fitted the data with a function given by Eqéxcellent agreement if both maxima and the minimum are
(17) using the components of the vector potensilaccord- represented by data points. The fit is less reliable if one
ing to Egs.(12) and (13). The components oP; are then ~Maximum or minimum is not observed. The angigandy
obtained by adjusting the parameté®s||, 8, andy accord- &€ especially sensitive to the relative height and the position
ing to Eqs.(18) and(19). The results are collected in Table I. Of the maxima as well as to position and depth of the mini-
From Fig. 3 we clearly see that experimental data can bg'um. If functions are to be fitted of the type as shown in Fig.
fitted very well by this procedure. All other data we have 3 In the two lower panels, the position of the maximum and
collected on C(100) and Cy11) at different (@, ;) com- the shape around the maximum are of special interest. The

binations can be fitted with similar quality. We conclude that&T0" Of 8 in our fits is rather small and in most cases less
our formalism—based on the macroscopic Fresnef@n=5°. In contrast;y can be determined less reliably. This

FIG. 2. Electron energy distribution curves taken with 98%
polarized Ha radiation. Spectra are shown for different light inci-
dence angleg,; at fixed electron emission angte=40°. The peaks
are labeled from left to the right b&—E. Intensities are plotted as
measured, the spectra are shifted against each other by 5 units of t
ordinate scale.

Cu(111) TLUX 0=40° (Hel, p-pol) Cu(111) TLUX (Hel, p—pol)
T ) 1 20 L 1 1 1 . T T ¥ T 1 T

= 81 - = _ . _
E Peak A Peak B \e S 15k &=10° A 6k ©=10° |
s gl ¢ 4 15F 1 g E,=-3.86eV E;=-3.50eV
& koA
2 4t 4 1or 1 2> 10 / 4 4F/ .
0 W
5 g . o
T 2F 4 5rf . £ 5F 1 2r 7

0 ; } } 0 i I f 0 ; T } 0 f I ;
? 5 i ] 'z‘ o =]
g2 Peak D | Peak € E 4l =45 [ 6 0 =60° -
s oob 1 4T ] 8 £,=-0.48eV E=-1.53eV
koA &
2> 15F 1 °r ] > 2F {1 4T 7
Z | o 2
8o, N - LY 2} ]
S s5h 1 'F . = ¢ L

0 I 1 1 1 I | 0 1 L L 0 1 2, I

290 -45 0 45 90 -90 -45 0 45 90 290 -45 0 45 90 -90 -45 O 45 90

¥i [deg) ¥ [deg] ¥; [deg] ¥i [deg]
FIG. 3. Peak intensities of peaks B, D, andE in Fig. 2 as a FIG. 4. Other examples of peak intensitiesis a function of

function of light incidence angle);. Filled circles: Intensity as light incidence angle); . Filled circles: Intensity as extracted from
extracted from measured spectra. Solid line: Best fit to the data usedeasured spectra. Solid line: Best fit to the data used for determi-
for determination of;. nation of Py .
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T T T T Cu(111) Cu(100)
40 + - T T T T T T
Cu(111) TLUX 0 = 20° o O = 630 )
30 Peak B . > | E=-3.98ev >| E=-3.92ev
2 z
o @
— 20 . £ £
o
@
S
« 10| ] 1 1 | ! ! 1
1 1 i L] T T
0 = 60°
OfF N » E=-1.53eV >
B ‘@
10k i § E 0 =210
= * S E=-1.52eV
1 1 ! ] :
0 20 40 60 1 1 I ! ! 1

-90 -45 0 45 90 -90 -45 0 45 90
O [deg.
[deg] ¥; [deg] ¥; [deg]
FIG. 5. DirectionB of the momentum matrix elemeR; with

respect to the surface normal as function of electron emission angl

o n the I'LUX plane of Cu(l_ll)_for transitions out of th_e lowest Cu(100 (right column. Filled circles: Intensity as extracted from
d-like statescompare peal8 in Fig. 2). The data are obtained from measured spectra. Solid line: Best fit to the data used for determi-
an analysis as shown in Figs. 3 and 4. Filled circles: experimental P ) ’

data, solid line: linear fit. nation of Py .

FIG. 6. Peak intensities as a function of light incidence angle
aii. Triangulated transitions from Cill) (left column and

results from the fact that fop=0° (P,=0) and 8=90°  Bcy111y=26%6° and Bcyoo= —26+3°. This results in
(P,=0) v is completely undefined. For angles around thesg8¢(111= —28.7+6° and ﬂ(’:u(mo): —26=*3°, which agree
extremal case is sensitively dependent on small changesas well. These both peaks have been triangulated very reli-
in 1(y;) and therefore will have a large experimental error.ably by initial-state energy coincidence. Other examples of
Fit results obtained for thE ;) data of Fig. 4 are collected triangulated peaks show larger experimental errors in the de-
in the lower panel of Table I. termination of 8 either due to a less reliable triangulation

In a further step we can investigate how the quantitiegbecause of slow dispersion of peak positions with emission
[Psill, B, andy depend on the wave vectkr As an example, angle ) or due to larger errors in the determination @f
we have picked out a move througlspace by changing the from the measured dependeri¢e/;). From our data set we
electron emission angléin theI"LUX plane of C{111) and  cannot conclude tha®’ agrees in general.
have extracted the ang|e, which can be determined reli- There are indeed several arguments to expect disagree-
ably. In Fig. 5 the dependengg6) is shown for transitions ment ofP;; in a triangulation experiment. First, the superpo-
out of d-like states corresponding to peBlat 6=40° in Fig.  sition of final-state Bloch functions that couple to the plane
2. We observe an essentially linear dependence with a slopgave in vacuum may be different if emission from different
of about 0.43P is oriented along the surface normal direc- surfaces is investigated. Second, due to the finite lifetime of
tion at #=0° and it turns toB=26° with respect to the the final state its wave function is damped perpendicular to
surface normal for electron emission &t 60°. the surface. This damping may be different for different sur-

As mentioned in the Introduction the momentum matrixfaces. As a consequen&y is no pure bulk property. And
element depends only on the initial- and final-state wavehird, intensity modifications during transmission of the elec-
functions. If they are not influenced by the surfaBg,de-  tron through the surfacésurface Umklapp processes, gtc.
pends only ork and on the used photon energy. To check formay be relevant. In all these cases the final-state wave func-
this we have investigateB; for direct transitions occurring tion is altered. On the other hand, the initial state can be
at the same point of the three-dimensiokapace by observ- influenced by the presence of the surfairface reso-
ing them from differently oriented surfacé&riangulation” nances As another effect surface emission may be relevant
using the energy coincidence metfipdrigure 6 shows the resulting in a change of the measured intensities due to in-
corresponding (¢;) results. For example a particulddband  terference with bulk direct transitiof&g. (3) and Refs. 19—
emission occurring aE;=—3.98 eV is observed ai=20° 23].
on CyY1ll. The same direct transition is registered @t
=63° on C{100. Similar data were collected for a direct
sp-band transition registered &;=—1.53 eV and emitting
at #=60° andf=21° on Cy111) and C{100), respectively. We have demonstrated that photoemission intensities in
The intensities in the lower panels of Fig. 6 are fitted withbulk direct transitions for G111 and Cy100 exited with
the anglesBcy111y=14=2° and Beyoo= 74£4°. Both  fiw=21.2 eV are well described Hy«|A-(f|p|i}|? with the
angles are measured with respect to the surface normal diector potential calculated from Fresnel's equations and the
rection. For a comparison we tajge with respect to the bulk  complex momentum matrix element. Its components can be
lattice [100] direction and find Bc,;11=68.7-2° and  determined from measured intensities as a function of light
Bcu100=B=T74*=4°, which agree within the experimental incidence and polarization angle. Especially the direction of
error. The intensities in the upper panels are fitted with(f|p|i) can be measured reliably. It is particularly suitable

V. CONCLUSIONS
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for comparison to theory and can be used to verify the qualinteresting with respect to the question of surface emission
ity of wave functions. We will present a comparison of our since they offer the possibility to distinguish between bulk
experimental data with one-step calculations in a subsequermission and modifications induced by surface effects.
paper. Furthermore we have triangulated the momentum ma-
trix element from different copper surfaces, which is inter-
esting since the final-state wave function may be different on
these surfaces. In selected examples we have found that the We gratefully acknowledge continuous support from the
direction of(f|p|i) is independent from the surface on which Deutsche Forschungsgemeinschaft. We thank G. Meister for
it has been measured. These experiments are additionalstimulating discussions.
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