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ABSTRACT

Reflection spectra of KE,KC1,KBr and KI single crystals have
been measurcd at photon cnerpgies of approximately Za eV with a
bandwidth of to meV using synchrotron radiation in order to
study fine structurc and temperature dependence of the
cxcitonic transitions associated with the K* 3p core level. The
crystals were cleaved under ultrahigh vacuum and cooled down to
20h. Information on energy positions, halfwidths and line
shapes for the k¥3p-corc excitons and their temperature
dependence has been obtained. A new exciton predicted by the
ligand field model was observed. For Kl we evaluatc an electron-
hole exchange energy of only 30(-7) meV.
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Absorption and reflection spectra for alkali-halides
exhibit a series of prominent peaks in the UV and vacuum-UV
which are associated with excitons from valence bands or deeper
electron shells. Two approaches have been proposed to
understand the specific features of these spectra: The excitons
were either attributed to critical points in a band structure
model {1,2,3,4) or more recently they were interpreted as ionic
transitions in a ligand field model (5,6). Previous reflection
and transmission cxperiments (2,3,4) have been performed on
potassiur halides in the region of the K*3p excitation with
rather limited spectral resolution in the range of the observed
line widths {loo-200 meV), some of them under poor experirental
conditions with repard to sample preparation. For a test of the
theoretical predictions more accurate experimental information
on enerpy positions, line profiles, halfwidths and their

temperature dependence was desirable.,

We therefore measured the reflectance for KF,ACl,KBr
and K1 around 20 eV at an angle of incidence of 13deg. We used
the 3m-monochromator for synchrotron radiation from the storage
ring DORIS (7) with a resolution of lo meV. This bandwidth 1is
hy an order of magnitude smaller than that in previous
measurcments and was finally found to be well below the
ohserved line widths. The potassium halide single crystals were
cleaved under ultrahigh vacuum in a helium flow cryostat at low
temperatures. The temperature at the surfaces of the samples
vas varied between approximately 20 K and room temperaturc (RT).
1t was monitored with a thermocouple calibrated by the

sublimation point of condensed films of various rare gases ,



Fig.1 shows the reflectivities for the four potassium
halides in the region of approximately 2o eV at RT (dashed line)
and at low temperatures (solid line). For all compounds we
observe thrce strong and sharp peaks (A1,A2,C) and a shoulder
(B) below peak C. The energy positions depend only weakly on
the halide ions indicating that thesc transitions are localized
at the potassium ion. Furthermore the first two coincide within
0,4 eV with the 3p-core excitations of the free potassium ion K
(8). For the free ion the ionization limit is split by 263 meV
due to spin-orbit interaction while the first two transitions
(3p to 4s and 3p to 4s'}) are separated by 4oo meV (8). For
solid potassium halides we ohserve for the corresponding
transitions 297(*2) meV for KF, 210(:=5) meV for KCl, 235(*4)
meV for KBr, and 260(=22) meV for KI.

The hars at the hottom of Fig.1 present the transitions
predicted by the ligand field model. They are attributed to p®-
p°s (A1,A2) and p™p>dy (V,B,C) transitions (5). As the ligand
field model yields only energy differences and splittings, the
absolute energy of the multiplet has been adjusted to the
ahsorption measurements of Ejiri et al. (9). The heights of the
lines give the relative oscillator strengths, In reflection we
find only the four strongest transitions (A1,AZ,B,C).
Lxperiment and theory agree fairly well, Structures assigned to
p,s- and p,d-transitions shift in the opposite direction with
varying temperatures. The halfwidth of the d-pecak € changes
much more with temperature than that of the s-peaks. Sign and
magnitude of thermal shifts are in rough apgreement with the

previously measured values {or potassium halides at two

_4-
temperatures (4,9,70). The accuracy of our cneryy positions is

hetter by a factor of ahout 1lo.

Far valence to conduction band transitions a thermal
shift between RT and 7ok of about o0.2-0.3 eV has been observed
{11). In the case of the h+3p core we find only approx. o.1 cV.
From these different shifts we are able to distinguish between
valence and core excitations. This lcads us to assign the two

peaks between 19 and 2¢ eV in kL1l to valence and the following

four structures to core excitations.

In detail we will discuss the case of KI., To compare
our results with theory we calculate the imaginary part of the
dielectric constant (EP52) by a Kramers-Kronig-transformation
(KKA) (32) using appropriate extrapolation procedures (see lig.
2). The extremely high signal to noise ratio allows the
calculation of the second numerical derivative of the spectra
as shown in Fig.2. As can be seen in Fig.Z the relative
intensities in reflectivity and EPS2-spectra differ. 1n LPSZ
the oscillator strenpth of peak Al is about a factor of 2
higher than that of peak AZ in contradiction to the predictions
of the ligand field model (5) (see Fig.1) and previous
measurcments (9,%0). In order to evaluate accurate intensity
ratios, the LPSZ-spectra have heen fitted with Lorentzians.
This fit is in very good agreement with the experimental
spectra when transformed into reflectivity. For all compounds -
especially in the case of KI - the splitting of these two peaks
is close to the spin-orhit splitting of the ionization limit of

the free K+3p levels, [rom the splitting and intensity ratio we
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expect a very small contribution of the electron-hole exchange
interaction (13). With the rodel of Onodera and Toyozawa (13),
the same spin-orbit splitting of the K*3p levels in KI as in
the frec ion and the observed splitting of the [irst two
transitions, we evaluate an clectron-hole cxchange interaction
of 30(-7) meV and an intensity ratic of 1.6{0.1}:1 for the
peaks A1:A2. This value is identical with the result from cur

fit of EPSZ.

It is important to note here that in the very sensitive
second de}ivative spectra (see Fig.2} we find a new fifth
structure with small oscillator strength at approximately Zo.5
eV, It shows the same temperature behavior as thc other p,d-
structures B and C. This is in excellent agreement with the
predictions of the ligand field model (5) with two p,s- and
three p,dv-transitions. Also the fit with Lorentzians requirte a

fifth structure at that energy position.

Looking at the minima of the second derivative spectra
we find the expected differences ijor the energy positions of
the reflectivity and LI'SI-structures hut both spectra yield the
same thermal shifts within experimental errors (sce Table 1).
So it is sufficient to discuss the temperaturc dependence for
the reflection spectra only. Fig.3 shows the tempecrature
dependence of the peaks for Al derived from the minima of the
second derivative reflection spectra {SDR)}. The error bars
indicate experimental uncertainty for energy position and
temperature. We interpotate the data points by a strauight line

although we expect a ctgh-1ike behavior at low temperatures,
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The averaged temperature coefficient for the p,s-transitions 1is
-0.29(*0.02) meV/K and for the p,d-transitions +0,24(10.05)
neV/K. The interpretation of magnitude and sign of the thermal
shifts is complicated. Generally the temperature shift results
from two terms: Lattice-expansion (L) and electron-phonon-

interaction (P) (14).

In a simple local picturc we may treat the shifts in
the point charge model for ionic crystals (15). Then the L-term
is the difference of the Madelung potential of the initial and
the final states varying with temperature. The shift due to the
Madelung potential has the same magnitude but opposite sign for
anion and cation. For the anion this value is ncgative and for
the cation positive with increasing temperature. ln the case of
the valence to conduction band transitions this L-term is
negative since these excitations are regarded as charge-
transfer transitions (15) from anion to cation. For this case,
a ratio of approximately 2:1 was found for the contribution of
the P= and L-term (11), For the lowest valence cxciton at T a
I'-contribution of approx. -o0.75 meV/k and a L-contribution of
approx. -0.30 meV/K has been determined (see Fig.5, ref.11). in
the case of the K*3p-core excitations initial and final states
are localized at the same ion. In this picture the L-term
vanishes, Therefore the experimental shift is attributable to
the P-term only. If this is true the different sign of the
tenperature coefficients for p,s- and p,d-transitions results
only from different electron-phonon coupling in s- and d=-final

states.



A more sophisticated local approach is the ligand field
model (5). From this model we may estimate the L-contribution
as follows: The term energies and splittings of ionic
transitions in the field of the nearest neighbors were
calculated as a function of the crystal ficld parameter. The
crystal field parameter varies with temperature because of the
changing lattice constant. Then from the calculated term energy
vs, crystal field parameter diagram (see Fig.l, ref 5) we

expect only nepgative shifts and these shifts should be stronger

for p,d- (approx. -0.08 meV/K) than for p,s-transitions (approx.

-0.01 meV/K). This estimate for the L-contribution does not
explain sign and magnitude of the observed temperature
coefficient for the p,d-transitions. Combining the above
estimated contribution duc to lattice expansion with the
experimental shifts we can derive a P-contribution of -0.28
(x0.05) meV/K for the p,s- and +0.32(x 0.06) meV/K for the p,d-
transitions. Again, the electron-phonon coupling apparently

differs for the s- and d-final states.
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Tahle 1
Enerpgy positions for KI at RU and Zoh f{rom the SDR- and the

LEPS2-data together with the total shift. All values are given

in ¢V,
1
1 Al A2 v\ B (
1
1
RT 1 19,946 20,202 20.62 20,77 21,108
ShR 1
=== 20k 1 2o0.021 20.284 20.55 Zn.72 21.036
1
uncertainty I t.olo s.olo t.o4 s 04 :.o0lo
1
1
total shift I -0.075 -0,082 +o0.07 +0.05 +0.,072
1 :.005 ©.o05 c.04d (.02 S .003
1

RT 19,93 20.17 20.65 20.77 21.03

:P'S2

i e

== FAIN 20.0]1 20,20 20,54 20,71 20.99

Rl

total shift -0.07 ~0.00 +0.11 +0.07 +0,05

1
1
I
1
1
uncertainty I .02 -.02 o -. 08 -.03
I
I
!
I .01 c.ot . 0b -, 05 c .02
i



Fig.1

Fig.2
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FIGURE CAPTIONS

Reflectivity spectra of the potassium halide single
crystals at room temperature (RT) (dashed line) and the
lowest temperature (sclid line) together with the
predictions of the ligand {field model (vertical bars at

bottom)

Reflectivity spectra and the imaginary part of the
dielectric constant (EPS2) for KI at the two extreme
temperatures together with the second numerical

derivative

Temperature dependence of the energy positions for the
five excitations A1,A2,V,B and € in KI., The straight
lines represent least-square fits. Yor V the
experimental points (which scatter more, see Table 1)

are not included.
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