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Dielectric Properties of the Rubidium Halide Crystals

in the Extreme Ultraviclet up to 30 eV
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The reflectivity of freshly cleaved single crystals of RbCL, RbBr
and RbI and of an evapcrated EbF film was measured at room tempe-—
rature for photon energies between 10 and 30 eV using synchrotron
radiation. With a resclution of 2 A over the whole spectral range

coneiderable new spectral features were observed in the regiow,

.

where high energy valence band transitions occur and electrcns from
the first core level, the Rb 4p+ZeveZ, are excited. For all Rb

halides excitation of the Kb 4p+ZeveZ starts ot about 15 eV with an
exciton multiplet which can be explained as being due to spin orbit
splitting of the core level and to critical points at T and X in the

conduction band. The energies of the multiplet are compared to tran-
aition energies of the 4p electrons in the free Rt ion.The complex
dielectric constant, the absorption coefficient and the energy loss
function are derived from the reflectivity by means of a dispersion
analysis. The resulte are compared with absorpticr and eiectron

energy loss experiments cv evaporated polyerystaiiive L
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Die Reflektivitidt von frisch gespaltenen RbCl-, RbBr- und RbJ-
Einkristallen und einer RbF Aufdampfschicht wurden bei Zimmer-—
temperatur mit Synchrotronstrahlung fiir Photonenenergien zwischen
10 und 30 eV gemessen. Bel einer Aufldsung von 2 % tber den ganzen
Spektralbereich konnten zahlreiche neue elektronische Anregungen
vom Valenzband und dem ersten Rumpfniveau (Rb+4p Jgefunden werden.
Die Ubergdnge vom Rb+4p-Niveau beginnen fiir alle Rb-~Halogenide bei
etwa 16 eV mit einem Exzitonenmultiplett, das durch Spin-Bahn-
Aufspaltung des Rumpfniveaus und kritische Punkte bei T und X im
Leitungsband erklirt werden kann. Die Energien des Multipletts wer-
den mit Anregungsenergien der 4p Elektronen des freien Rb* Tons
verglichen. Aus der Reflektivitdt wurden mittels Dispersionsrelation
die komplexe Dielektrizit#tskonstante, der Absorptionskoeffizient
und die Energieverlustfunktion berechnet. Die Ergebnisse werden mit
Messungen der Absorption und des Energieverlustes von Elektronen an

aufgedampften polykristallinen Schichten verglichen.



1. Introduction

During the last decade the low lying electronic transitions of the rubidium
halides have extensively been studied for photon energies below 10 eV C}-E].
The spectra were interpreted in terms of excitons or interband transitions
from the valence band which is formed by the outermost p-electrons of the
halogen ion. Much effort has recently been spent on studying the optical
properties of these materials by extending research into the extreme ultra-
violet[g—y] . In this energy range electrons are excited from core states
which represent initial states with well defined energy, since the electron
bands are nearly flat. In comparison to the p-like valence band these states
may have different symmetry (s or d) and the influence of selection rules

can, therefore, be studied.

In the 10 to 30 eV range the optical properties of the Rb halides are partially

determined by high energy transitions from the valence band. Excitation of the

first core level (Rb+4p) is expected at about 16 eV since at this energy

the first electrons of the free Rg-ion are excited E]i]. In the past,

rubidium halides have been studied in this energy range by measuring the
optical absorption [},g] and electron energy 1oss|:l§1 for thin evaporated
films. The resolution in both kinds of experiments was limited to about 0.5 eV.
Line source were used in the optical investigations and in the energy loss
experiments the resolution was restricted by the energy width of the in-
cident electron beam. Thin film absorption with improved resolution (3 R)

has only recently been reported for RbCl [71.

. . +
The aim of this work was threefold: 1. We wanted to investigate the Rb 4p
excitation of all Rb halides with higher resoluticn than was nhtained before.

We have. therefore, used the continucus spectrum of svachrotron radiation.



Knowledse of all details in the exclitatlion spectra is necessary for a
thorough understanding of the nature of electronic excitation. It has not
been proved with certainty that the sharp lines found at the onset of
core excitations are due more to excitons of the Frenkel or Wannier type
or that these lines can simply be explained, as recently stated, by den-—
sity of states effects E?,l{]. 2. We wanted to determine the complex
dielectric constant, particularly its imaginary part €, which as yet
was not available above 10 eV. All theoretical calculations are intended
to yield this quantity. The shape and magnitude of €, gives moredirect
information about the physical nature of the excitation than a pure re-
[lection, absorption or energy loss measurement. 3. Spectra of single

crystals are expected to reveal best spectral fine structure as could be

shown at lower energies []5]. We have, therefore, examined freshly cleaved

single crystals, except for RbF, where we have studied thin film reflection.

2. Measurement of the Reflection Spectra

The reflection spectra of the Rb halides were measured at 15° angle of
incidence from 10 to 30 eV at room temperature by means of a normal inci-
dence monochromator {léj_and a reflectometer []%] already described
earlier. Using the synchrotron radiation of the Deutsches Elektronen—Syn-—
chrotron DESY as a light source [18,1%] a resolution of 2 & (i.e. 0.04 cV
at 16 eV) was easily obtained over the whole energy range. We have examined
single crystals, freshly cleaved before they were mounted into the sample
holder, except tor RbF which we have studied as thin film evaporated in
situ from a tungsten boat onto a glass slide. The reflected light was

detected by an open magnetic multiplier. The pressure before evaporation



and during the measurements was about 1077 Torr. The light falling on the
sample had a degree of polarization (I,~ Iy) (I  + I")'lof about 0.98. The
electric field vector of the main component (I;) was lying perpendicular
to the plane of incidence so that we could assume with good accuracy, that
for the subsequent dispersion analysis, the reflection measurements were

performed for perpendicular polarized light.

In Fig. 1 the reflection spectra of the Rb halides are presented. The
positions of the reflection maxima are listed in Table 1. In contrast to
the relative spectral shape the absolute value of the reflectance was not
determined with great accuracy since the reflected intensity and the inci-
dent intensity were not measured simultaneously. Therefore, in the case

of RbCl, RbBr and Rbl we preferred to normalize our measurements at 10 eV
to those of Baldini and Bosacchi [AI who have made reflection measurements

on the Rb halides up to this energy.

3. Dispersion Analysis

In order to obtain the complex dielectric comstant E(E) = € (E)+ig, (E) [éqj
as a function of energy E a Kramers-Kronig transformation was applied to the
reflectivity spectra R(E) of Fig. 1 [?il. The phase angle ©(E,) of the com-
plex reflection coefficient f(EO) = R(Eo)l/2 eie(Eo) can be exactly deter-
mined for any energy EO if the reflectivity R(E) is known over the entire

energy range from zero to infinity by the integral transform

£ f

o = _° 2 pey—l

O = = PJ (_*-E%)”! 1n R(E) dE (1)
O

where P denotes the principal value.



The phase Q(Eo) and the reflectivity R(ED) can be combined to calculate

€, and € Using TFresnel's equation for the reflection coefficient for per-—
pendicular polarized light, which was used in this work and is denoted by
the subscript s, the reflection coefficient for any angle of incidence¢>is

determined by

e . -
?s = Réjz el = (a—ib-cosd) (a~ib+cosp) ~* (2)

with a?-b’= Ql—sin2 ¢ and ab = E?/Z (2a)

Equation (2) can be solved for a and b with given Rs,@ and ¢

. _ _apl/f2 -1
a (1 Rs)cos¢(1+RS 2Rs cos@)

(3)

o
H

2 cost si® R;/E(HRS-QR;/2 cos@ !

Using Eq. (2a) and Eq. (3) £ and £, can be calculated together with the

2

complex index of refraction fi=m+ik by Maxwell's relation N°=£. The formulas

(1) - (3) have been used with ¢ = 159 in order to determine ., €, the ab-
A—1|

sorption coefficient Yy = 2 Eokfhc)_land the energy loss function glm;

= E?(Ei+€§)_1 for comparison with previous measurements on the Rb halides.

The difficulties and errors in determinating the dielectric constant arise
mainly from inaccurately measured absolute reflectivities and from uncer-
tainties in the extrapolation of the integrand of Eg. (1). The energy range
E1 to EQ’ for which the reflectivity has been studied, is limited by the
experimental arrangement. In our case, this range was 10 to 30 eV. Below

i

E, = 10 eV we have taken the data of Baldini and Bosacchi rﬁ] and have

extrapolated their values to lower energies by using the optical dielectric



constant €_ [?ﬁ] (Table 2) for calculating the reflectivity at zero energy.
Such an extrapolation to low energies only includes the electronic compo-

nent of the dielectric constant. At high energies, i.e. above E2 = 30 eV,

the reflectivity was extrapolated by

R(E) = cE (4)

where for x = 4 and c = E;/lé we obtain the asymptotic behaviour of the
normal incidence reflectivity of a free electron gas with plasma energy E
neglecting damping. The numerical calculation was performed by an IBM

360/75 computer. The contribution of the reflectivity up to E. was computed

2

by a polynom—integration-method (Simpson's rule). The contribution of the

extrapolation (4) above E2 was calculated in closed form:

E 2v-1

E,-E
I = (2v-1)72  (5)

‘E2+EOF T

1

1- o«
o X T
E o .
During the calculation of G(Eo) x was adjusted so that no unphysical negative
phases (or negative €, values) occurred. The following x values were used:

6.8 for RbF, 7.0 for RbCl, 5.2 for RbBr and 6.6 for RbI.

Because of errors in the absolute reflectivity and the extrapclation the
computed absolute values for €, and €, are not expected to be as accurate
as values cobtained by the multiangle reflection method, which, in the case
of alkali halides, has only been used for the potassium halides in the same
energy range [?i]. An inaccurate normalization of the reflectivity by the
same factor over the whole energy range does not affect the computed phase
but changes the absolute values for €, and €, when Eq. (3) is used. The po-
sition and shape of the peaks, however, as well as their relative heights

should be fairly correct.



4. Results and Comparison with Absorption and Energy Loss Measurements

Figures 2 - 5 show real and imaginary part of the dielectric constant com-—
puted from the reflection spectra of Fig. 1 by the procedure described in
Sec. 3. The prominent multiplet structurc which appears independent of the
halogen component at about 16 eV in the reflection spectra as well as In

the €,"spectra indicates the onset of transitiouns from the Rb+4p core level.
A detailed discussion of the multiplet is given in Sec. 5.

1

Figures 6 — 9 show the energy loss function |ImZ~ and the absorption

coefficient u as calculated from the values of Figs. 2 - 5. These values

-
13_[

L.

are compared with results on absorption [B-i] and electron energy loss
for thin evaporated films. In the latter experiments no absolute values
for Imé™'| and 1 could be determined; these values in Figs. 6-9 are, there-
fore, given iu arbitrary units only. The sharp maxima in £, and u are
shifted by 0.1 to 0.2 eV towards lower energy as compared to the position

~! | however, are shifted by

of the reflection maximum. The maxima of ImE
a maximum of 1.0 eV to higher energy. The observed shifts are of the order

of the half-width of the maxima. They were already expected from simple

oscillator model calculations.

The measurements recported here apparently show a greater number of spectral
details than previous work in this field. The reason for this is that Saito
and coworkers have used line sources with one exception [7], whereas
Creuzburg's data are obtained with a resolution of only about 0.5 eV, which
was insufficient to resolve the multiplet {ine structure. Therefore, the
energy loss spectra only show breoad and weak maxima. Apart from the fine
structure which is observed in the reflection spectra using syacarotron
radiation the positions of the main broad peaks, however, measured with

different techniques, agree fairly well in most cases.



5. Discussion and Interpretation

RbF is the Rb halide with the largest energy gap. Its first excitation, the
exciton, lies at 9.3 eV followed by the X3 exciton at 10.9 eV (Fig. 1).
Only a few further tramsitions from the valence band formed by halogen 2p
electrons are observed below 15 eV. The valence band excitations of the Rb
halides with heavier halogen ions, RbI for instance, show a greater variety,
Its first exciton lies at much lower energy (5.5 eV) as compared to that
of RbF. In Fig. | only the high energy part of the valence band transitions
of RbI is presented. The greater complexity of the RbI spectrum is attributed
to a broader valence band. The spin orbit splitting of the RbF valence band
is only 0.05 eV, whereas for RbI it is as large as 1.2 eV [i]. A definite
assignment of all the fine structure found between 10 and 16 eV has to wait
for further theoretical investigations concerning exciton formation and
density of states effects [ar beyond the threshold for valence band tran-

sitions.

The multiplet of sharp lines beginning at about 16 eV, which is approximately
independent of the halogen ion, indicates the onset of transitions from the
Rb+&p core level. This level is the first below the valence band and is

formed by the outermost 4p electrons of the alkali ion. The first transitions
of the free Rb+ ion are located at 15.68 eV (4p6+&d) and 16.72 eV (4p5+58) [ié].
Because of their small half-width (< 0.5 eV) the lines of the multiplet are
attributed to excitonic transitions. The multiplet structure can be explained
as caused by excitons coupled to the lower conduction band at [ and X in the
Brillouin zone, taking into account the large spin—orbit splitting of the Rb+4p
level. The spin-orbit splitting of the Rb+4p level for the free ion is

0.92 eV []2]. One can expect at least four prominent core exciton lines, a
quartet as sketched in Fig. 10. The energy difference between I, and X, in

the conduction band has been calculated by A.B. Kunz et al. [?4 - 2&]. The



values obtained lie between 1.0 and 1.8 eV}cf. Table 2. For RbI the L,
level was calculated to lie slightly below X, and is associated with a
Mo—type singularity [?%]. In this case one would expect the two high

energy members of the gquartet to be coupled to L. rather than to X,.

The expected quartet (Fig. 10) is clearly observed for RbF (Fig. 1).
Because of its magnitude the spin orbit splitting of the Rb+4p level can
easily be detected without cooling. For cbservation of the corresponding
smaller splitting of the Na+2p and K+3p level in Na halides [é7, Zé]

and K halides [?3, 2%] cooling is very useful. The individual interpre-
tation of the exciton multiplet is given in the last column of Table 1.
In the case of RbI only a triplet—-structure is resolved. This fact can

be explained by the almost equal energy differences associated with the
spin—orbit splitting of the 4p-level and the distance TI—X3 in the con-
duction band. Two excitations form the middle line which thus becomes

the strongest of the multiplet. From RbF to RbI the ratio of the intensity
of the spin orbit partners of the Rb+4p [—exciton, as derived from the
£,-spectra after subtracting the background, decreases more and more
starting with the value of about 2:1, which gives the ordinary degeneracy
of the spin orbit components. The decreasing intensity ratio could be

caused by increasing electron-hole exchange interaction [?@].

If one assumes that T and X excitons have ecual binding energies, one can
compute the actual spin-orbit splitting (0.9 eV) as well as the distance
T,~X,irom the energy positions of the lines. The latter value is listed
in Table 2 and compared to values from band calculations [?4 - 26]. If,

furthermore, the binding energy for the first valence band and core exciton



be the same, the energy distance between valence band and Rb+4p level

can be calculated, cf. Table 2.

In connection with the second strong core exciton I (1/2) at about 17.1 eV
a weak maximum or shoulder respectively is observed at its low energy side
for RbCl, RbBr and RbI. One could interprete this feature as the second
member of a Wannier series or the onset of interband absorption from the
Rb+4p level. With this interpretation an exciton binding energy of about

0.5 eV 1s estimated.

A different interpretation for the weak maximum can be given in terms of
localized transitions associated with the free Rb" ion. In this picture the
weak maximum may be attributed to a weak atomic-like tramnsition from the
Rb+4p level to the 44 [}/ilo, J=1 state which, for the free ion, is found
at 15.68 eVI:IZJ and is shifted to 16.7 eV in the solid state (j-1 coupling
notation of ref. 12 is used for classifying the excited states). A similar
correspondence has recently been suggested in the case of RbCll:7]. If we
consistently follow the picture of localized free ion transitions modified
by the crystal field we can reinterprete the strong lines of the quartet
denoted by I and X in Fig. 1 as follows: According to ref. 12 the first
line may be associated to the free ion state 5s (3/5]0, J=1 at 16.72 eV,
the second line to 5s' [}/%]O, J=1 at 17.78 eV, the third line to 4d [%/2]0,
J=1 at 17.43 eV and the fourth line to 4d'| 3/2]°, J=1 at 18.05 ev [ 12].
Together with the already discussed weak 4d ri/ilo, J=1 transition at

15.7 eV a qunitet correspondence between the solid and the free ion is
established (cf. Table 1). In order to understand the energy shifts ob-
served in the solid one has to assume that by the crystal field the s-
transitions are shifted to smaller energies by about 0.5 eV and the d-
transitions to higher energies by about 1 eV. A similar quintet structure

with similar energy shifts could recently be observed for the Cs halides at



the onset of transitions from the Cs+Sp level EBD . The excitations at
energies above 18 eV are due to transitions to higher conduction bands or
are associated with higher free ion levels respectively. As yet, no de-
tailed interpretation can be given for these transitioms. The decrease of
the reflectivity beyond about 27 eV may be correlated with the ionization

limit of the free Rb ion which is found at 27.5 eV and 28.4 eV respec—

tively [IZ] ;

Deeper lying core states of the RbCl have recently been studied, i.e. the

Cl 2p and Rb ' 3d level [é]. In analyzing their data the authors stated that
all observed structure can be understood in terms of interband transitions
(i.e. density of states) taking into account spin-orbit splitting. They
¢laimed that no excitons are necessary to understand the spectral features.
The width of the observed maxima of these core excitations is relatively
large (of the order of | eV), whereas the lines associated with the Rb+4p
level arc less than 0.5 eV wide. Such sharp structures can probably not be
explained simply byv density of states effects. If both statements are correct
one apparently has to assume that core excitons exist; for deeper core

states, however, the probability for exciton formation decreases.
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RbF RbC1 RbBr RbI

9.3
10, 2s
10.9 9.0
12.8 10.0 10.8
12.3 11.4 10.0
“15.4s  M13.7s 12,28 V10.9s 2
b
~15.3s ~l1L6s =
B
13.1 -
a
T
13.9 =
[V
Q
14.9 g
s
15.6 >
16. 1 16.1 16.2 16.2 4p(3/2)~T s5s [3/2]°
16.8  16.7  16.7 16.7 sa [1/2]°
17.0 17.1 17.0 4p(1/2)>T 55'[1_/2]"
17.2
17.8 17.5 17.4 4p(3/2)~K, 4sd [3/2]°
o]
18.7 18.3 18.3 18.1 4p(1/2)7%, sa’ [3/2]
"20.6s  "18.6s 19. 1
22.0  21.8  21.2 20.7
26.5 26.6 23.8 23.1

Table 1: Position of the reflection maxima (in eV, accuracy *0.05 eV
for the sharp peaks). Tentative correlation with the low

lying J=0—+1 transitions of the free Rb* ion (last column)



M

Energy distance [ -X, as calculated by A.B. Kunz et al. [?4-26] (1) and the
value (2) obtained by subtracting the energy of the I (3/2) Rb+4p-exciton from

that of the X(3/2) Rb+&p—exciton. E

band exciton, ERb

+
the band distance between the top of the valence band and the Rb 4p (3/2) level.

VB’

the position of the [ (3/2) valence

£ is the optical dielectric constant EZZ]

1% VB Rb Rb VB 0

1.7 eV (1) 9.3 eV 16.1 eV 6.8 eV 1.93
RbF

1.7 (2)

1,35 (1) 7.6 [ 1en 8.7 2.19
RbC1

1.4 (2)

113 () 6.4 [a] 16.2 9.8 2.33
RbBr

1.2 (2)

0.9 (1 5.5 4] 6.2 10.7 2.63
RbI

1.0 (2)
Table 2:

the position of the ['(3/2) Rb+4p-exciton. ERb_EVB represents



Figure Captions

Fig. | Reflectivity spectra of RbCl, RbBr and RbI single crystals

and of an evaporated RbF film.

Fig. 2 Dielectric constants € and €, of RbF

Fig. 3 Dielectric constants €, and €, of RbCl

Fig. 4 Dielectric constants €, and £, of RbBr

Fig. 5 Dielectric constants £_ and €, of RbI

Fig. 6 Energy loss function and absorption coefficient of RbF (@bsclute
scale, solid line) compared with the relative values obtained by

Creuzburg [13] and Saito et al.E’S', 6] respectively

Fig. 7 Energy loss function and absorption coefficient of RbCl (absclute
scale, solid line) compared with the relative values obtained by

Creuzburg E3] and Saito et al. [7] respectively

Fig, 8 Energy loss function and absorption coefficient of RbBr (absolute
scale, solid line) compared with the relative values obtained by

Creuzburg [13] and Saito et al, [5, Eﬂ respectively

Fig. 9 Energy loss function and absorption coefficient of RbI (absolute
scale, solid line) compared with the relative values obtained by

Creuzburg [13] and Saito et al. [5, EJ respectively

Fig. 10 The conduction and valence band for RbF as calculated by A.B. Kunz

o+
et al, [Eé]. The Rb 4p core level is added from experimental data.
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