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High-resolution and temperature-dependent photoabsorption measurements at the potassium
L, ; edges in KF, KCl, KBr, KI, and KMnF; are used to study the crystal-field splitting of potassi-
um 2p ~!3d core excitons. The direct observation of two split states allows one to explore the
dependence of the crystal-field potential and of the 3d orbital spatial extent on thermal expansion,
atomic vibrational motion, and the halide atom. Using the simple 10Dq theoretical model, we mea-
sured the size of the 3d orbitals and found that they collapse toward the potassium 2p core hole.
The dynamical character of this process is demonstrated by the correlation between the core-

exciton size and the optical dielectric constant.

I. INTRODUCTION

Empty or partially empty d states in cubic ionic crys-
tals are no longer degenerate. This energy-level splitting
is induced by the crystal-field potential. A simple
description of this effect is given by the 10Dgq crystal-field
theory!? in which the crystal-field potential is determined
by point charges at the positions of the atoms in the lat-
tice. In crystals with cubic symmetry, this potential
splits the d orbitals into two states belonging to the E,
and T, representations. Photoabsorption studies involv-
ing excitations of these two levels have been widely used
to determine the crystal-field splitting A, and to study
how the crystal-field potential depends on interatomic
distances, charge distribution, vibrational amplitudes,
and the ionic material.> Most of the previous work was
performed on transition-metal compounds, by monitor-
ing the quadrupole-allowed d-to-d optical transitions be-
tween filled and empty crystal-field-split states.? Dipole-
allowed excitations from highly dispersive p-like valence
bands or shallow p core levels were used to probe these
split states in materials with unfilled d orbitals. In these
studies, however, it was difficult to interpret the data be-
cause of the complicated coupling between the various
unoccupied states.>*

We present a study on potassium halides and KMnF;
where properties of the crystal-field-split potassium 3d
empty states are derived from photoabsorption measure-
ments of the potassium L, ; edges. As a consequence of
the 2p core hole being highly localized on the potassium
atom, the 2p ~!3d excitation has a strong core-excitonic
character and can be observed as a sharp resonance in the
core photoabsorption spectrum.>® We studied how the
crystal-field potential splits this 2p ~!3d resonance by
monitoring changes of the absorption spectra as a func-
tion of halide atom, crystal structure, and sample temper-
ature. We identify the crystal-field-split states, and we
show that they can be conveniently probed with the
present technique. Our data compare very well with the
predictions of the simple 10Dgq theoretical model, and in-
dicate that the spatial extent of the potassium 3d orbitals
depends on halide ion and on lattice size. The latter ob-
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servation can be explained by the dynamical screening of
the 2p hole.

II. EXPERIMENT

The potassium L, ; edge photoabsorption spectra of
KF, KCl, KBr, KI, and KMnF; were measured using
total-electron-yield detection. The KCIl, KBr, and
KMnF; samples were single crystals. KF and KI were
high-purity crystalline powders. The highly reactive KF
powder was deposited on a metal substrate and held with
a fine copper mesh (40 lines/cm). Previous attempts us-
ing methanol or other vacuum compatible adhesives re-
sulted in absorption spectra with broader features and re-
duced crystal-field splitting, indicating chemical reaction
of the KF compound. The samples were exposed to a to-
tal soft-x-ray radiation of 10'? photons/mm? in order to
accumulate a spectrum. No photon damaging was ob-
served in the data presented here. The experiments were
performed using the newly constructed AT&T Bell La-
boratories “Dragon” soft-x-ray beam line located on the
VUV synchrotron storage ring at Brookhaven National
Laboratory. This instrument, the spherical version of the
cylindrical elements monochromator theoretical design,
was operated with energy resolution 30 meV.”3

III. RESULTS AND DISCUSSION

In Fig. 1 we report the 300-K photoabsorption data of
the five crystals. The potassium halide spectra show two
well-resolved peaks A,B, and A4,'B,’ for each 2p spin-
orbit-split component, 2p;,, and 2p, ,,,>® but only one
peak is observed for each edge in the spectrum of
KMnF;. These features are due to excitations of the 2p
core electron into the potassium 3d empty orbitals. The
weak preedge shoulders, seen in all our samples, are like-
ly to be associated with transitions into empty states de-
rived from the potassium 4s orbitals. These shoulders
will not be further discussed in the present paper.

In the following we will use the simple 10Dg theory to
demonstrate that the two features observed in the potas-
sium halides, peaks 4 and B ( A’ and B’), are electronic
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FIG. 1. Potassium L, ;-edge photoabsorption spectra taken
at 300 K on KMnF;, KF, KCl, KBr, and KI. Peaks 4 and B
(A’ and B') are the excitations from the 2p;,, (2p,,,) core level
to the crystal-field-split 3d states. The energy scale refers to the
KCl spectrum. The other spectra have been arbitrarily shifted
to help visualize changes in the crystal-field splitting.

transitions from the 2p levels to the T,, and E, crystal-
field-split 3d states.? The presence of Mn?% ions in the
K™% second shell, however, renders the splitting A un-
measurable in KMnF;. .

The 10Dgq crystal-field theory considers the potential
arising from point charges being localized in the positions
of the atoms in the crystal. This approach is generally
valid in ionic compounds.? The crystal-field potential,
V,, due to point charges having cubic symmetry and be-

longing to the nth shell of the potassium ion, can be ex-
pressed around the potassium as?

Vo=Vou+D,(x*+yp*+zt—2r)4+ -+, 1

where the ellipsis indicates higher-order terms, and D, is
a geometrical factor depending upon the position, charge,
and number of ions in the nth shell. ¥V, is the constant
term in the potential. For the nth shell, D, is given by

35C, Ze?
D _

n 5
4a,

, 2)

where a, is the distance from the potassium, Ze is the
charge on each atom, and the constant C, is determined
by the number and position of the atoms. For example,
in KF, where there are six fluorine atoms around the po-
tassium, C; is equal to —1. In KMnF; there are 12
fluorine atoms and C; is equal to 0.5. The total crystal-
field splitting A of the d orbitals is given by

A=10Dgq . 3)

D is the summation of the D, factors from all the coordi-
nation shells. The quantity g =2(r*);,/105 is deter-
mined by the quantum average of the operator r* over
the potassium 3d wave functions. The separation A re-
sults from the energy shift of the T,, and E, states being
displaced, respectively, by —4Dq and +6Dgq from their
unsplit position. The relative energy position of the Ty
and E, levels is defined by the sign of D.

The a,”> dependence of D, in Eq. (3) implies that the
splitting is most sensitive to the ions constituting the
first-neighbor shell. For this reason, and for the different
geometric factors C, the absolute value of A should be
approximately 2 times larger in KF than in KMnF;, and
the two crystal-field-split doublets should be observed in
both samples. The contradictory results of Fig. 1 are ex-
plained by considering higher coordination shells. In
Table I we list the D, values and their accumulated
values, D], for the first five shells of KF and KMnF,.
The total D values are also given. All these quantities,
expressed in units of D, were calculated using Eq. (2) for
the two crystal structures. We observe that in KF D, is
already very close to the final value D. On the other
hand, in KMnF; the eight Mn?* ions in the second shell
give a D, comparable and opposite in sign to D,. Similar
important contributions also come from the other listed
shells. The special charge arrangement in KMnF, is

TABLE I. D values for different shells around a K% ion in KF and KMnF;.

KF KMnF,
Shell

n Ions D, /D, DI/D, Ions D,/D, DI/D,
1 6 F~ 1.000 1.000 12 F~ 1.000 1.000
2 12 K* 0.088 1.088 8 Mn*? —1.290 —0.290
3 8 F~ —0.057 1.031 6 K* 0.353 0.063
4 6 K+ —0.031 1.000 24 F~ 0.129 0.192
5 24 F~ 0.014 1.014 12 K* —0.032 0.160
P 1.022 0.133
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therefore responsible for the very small value of D. If we
assume similar values for the quantum average q in KF
and KMnF;, the absolute value of the crystal-field split-
ting is, in fact, reduced by a factor of 0.06, i.e., the ob-
served values of A~1 eV for the potassium halides are re-
duced to A=~60 meV for KMnF;. Since the intrinsic
linewidth of the potassium 2p core hole is ~0.2 eV, such
a small splitting cannot be observed in the KMnF; spec-
trum. These simple arguments enforce our peaks assign-
ment as due to excitation into crystal-field-split 3d orbit-
als® and allows for a direct determination of the splitting
A from the energy separation of peaks 4 and B (A’ and
B’).

In the following we will examine the dependence of the
crystal-field splitting from the lattice constant of the
different potassium halides. Table II summarizes the
photoabsorption energy position of the various peaks in
Fig. 1, and the experimental values of A obtained from
the energy separations between peaks 4 and B, and peaks
A’ and B’ in the potassium halide samples. Interestingly,
these values are approximately half of those derived from
3p3d ! shallow core-exciton measurements,* and agree
well with previous measurements of the potassium L, 3
edges.® We will show that this difference can be ex-
plained by the more localized character of the 2p hole.
Table II also lists the potassium halide bond distances a;.
The expected trend of A increasing with decreasing bond
distance is clearly observed. A more illustrative analysis
can be done by plotting the logarithm of A as a function
of the logarithm of a,. According to the 10Dq theory
and Eq. (2), the relation between these two quantities is
linear with a slope of —S5. As seen in Fig. 2, the solid
dots, representing our measured values, do not follow the
solid line, representing the predicted relation, but show a
variation with a smaller decreasing rate. This behavior
may indicate that, within the 10Dgq theory, differences in
chemical bonding and lattice size change the value of ¢,
i.e., the spatial extent of the unoccupied potassium 3d
wave functions [see Eq. (3)].

A study of the crystal-field splitting as a function of
temperature, in the same potassium halide, allows one to
derive the detailed dependence of A on lattice size
without involving differences in chemical bonding. Fig-
ure 3 shows the potassium L, ; absorption spectra of KCl
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FIG. 2. Relation between crystal-field splitting A and potas-
sium halide bond distance a,. Values for KF, KCl, KBr, and
KI measured at 300 K are shown by the solid dots, linked by a
dotted-dashed line. Values for KCl at 80 and 600 K are shown
by the open circles, linked by a dashed line through the 300-K
value. The a;* dependence of Eq. (2) is also shown by the solid
line.

taken at sample temperatures of 80, 300, and 600 K. It
can be seen that with increasing sample temperature the
energy positions of peaks 4 and B, as well as peaks A4’
and B’, shift toward each other, and the linewidths of all
the peaks are greatly increased. These features are deter-
mined by the lattice thermal expansion and the atomic vi-
brational motion. We will discuss the peak shifts first,
and then the broadening of the linewidth.

At the higher temperatures the lattice thermal expan-
sion increases the potassium-halide distance, and this, re-
ducing the crystal-field splitting A, explains the peak
shifts. Table III(a) lists the absolute energy of peaks A4,
B, A’, and B’. The splittings and the bond distances are
also given.!® The temperature-dependent full width at
half maximum values of KCl are reported in Table III(b).
The increase in linewidths is as large as 250 meV. This
unusual broadening is caused by the fact that the photo-
absorption process is much faster than the atomic
motion, so that the crystal-field potential experienced by

TABLE II. Summary of the photoabsorption energies for peaks 4,B, A’,B’, of the crystal-field split-
ting A and of the first-neighbor bond distance a, in the potassium halides and KMnF, samples. The ac-
curacy for our energy calibration is 50 meV. The precision between peaks of different spectra is +20
meV while it is better than +10 meV for peaks in the same spectrum. A is calculated by averaging the

separations between peaks 4, B and that of 4',B’.

A V) B (eV) A’ (V) B’ (eV) A (meV) a; (A)
KF 295.671 296.847 298.306 299.471 L171(7) 2.674
KCl 295.590 296.461 298.266 299.141 873(7) 3.146
KBr 295.620 296.379 298.287 299.041 757(7) 3.300
KI 295.570 296.236 298.243 298.897 660(7) 3.533
KMnF, 296.646 299.214 2.960
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FIG. 3. Potassium L, ; edge photoabsorption spectra of KCl
taken at 80 (dotted line), 300 (dashed line), and 600 K (solid
line). The energy scale refers to the 300-K spectrum. The 80-
and 600-K spectra have been arbitrarily shifted to help visualiz-
ing the changes.

the 2p ~!3d core exciton is different for each instantane-
ous arrangement of the atoms. The measured line shape,
therefore, results from averaging over all the excitation
energies, each being determined by the crystal-field split-
ting of a particular atomic configuration. The strong
dependence of this splitting on lattice size is also the
cause of the observed temperature induced linewidth
broadening being much larger than values comparable to
changes in k7. This can be directly seen using Eq. (2) to
derive

da
sa _ b _ 8T @
A a, T+a/a
where a and a,, are, respectively, the coefficient of linear
expansion and the intercept of the a,-versus-T linear rela-
tion at T7=0 K.!© This relation demonstrates that the
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relative variations of temperature and lattice size induce
an ~5-times-larger relative change of the splitting A.
Our measured A values and the independently known
values of the KCl a,’s at the respective temperatures are
in good quantitative agreement with Eq. (4). Finally, the
magnitude of these broadenings, being larger than that of
the peak shifts, is consistent with temperature-induced
variations of atomic relative root-mean-square displace-
ments, being typically much larger than the static
thermal expansion of the lattice.

The capability of the 10Dg theory in explaining the
KCl data can be further explored by considering again
the relation between the logarithm of A and the loga-
rithm of @, at the different temperatures: The values tak-
en from Table III(a) are shown as open circles in Fig. 2.
In this distance range the slope is steeper than the
theoretical value of —S5; it is also in clear contrast with
the trend observed among KF, KCl, KBr, and KI. The
different behavior of the data points in Fig. 2 can be
reconciled with the predictions of the 10Dg theory by al-
lowing ¢, and consequently the quantum average {r*),,,
to depend on halide atom and lattice size. The value of
(r*);,4 for the various potassium halides and for KCI at
different temperatures can be calculated using the follow-

ing expression, which was derived from Egs. (2) and (3):
Aaj
(r*)3,=0.587—;

(5)

e

Using the experimental values of A and the correspond-
ing values for a,, we obtain the quantity r=({r*),;)!"*.
This quantity is obviously larger than the average radius
(7 )34 of the potassium 3d orbitals. It can be shown that
(r),;, is proportional to r, and, in the case of an un-
screened Coulomb potential, it can be directly calculated
using the relation {r),;=0.8317.!" Ther, (r);,, and a,
values are summarized in Table IV, together with the
static and optical dielectric constants €,(0) and €,( ).
We note that indeed the potassium 3d orbitals are consid-
erably affected by both halide atom and lattice size. Most

TABLE III. (a) Summary of the photoabsorption energies of peaks A, B, A’, and B' in KCl at
different temperatures. The A values and the corresponding a,’s are also listed. Experimental accuracy
and precision are the same as in Table II. (b) Full widths at half maximum of peaks 4, B, 4’, and B’ in
KCl, at different temperatures. The 600-K values for peaks 4 and A’ are not shown because their
determination is affected by the overlap with the stronger peaks B and B’. See Fig. 3.

(a)

T (K) A (eV) B (eV) A’ (V) B’ (eV) A (meV) a; (A)
80 295.557 296.490 298.231 299.164 933(7) 3.123
300 295.590 296.461 298.266 299.141 873(7) 3.146
600 295.663 296.473 298.328 299.130 806(7) 3.185
(b)

T (K) A (meV) B (meV) A’ (meV) B' (meV)

80 256(10) 320(10) 333(10) 461(10)

300 363(10) 434(10) 399(10) 585(10)

600 561(10) 712(10)
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TABLE IV. 7, {r)s, a;, €(0), (), and {r )4 values for different potassium halides and for

KCl at different temperatures (Refs. 11 and 12).

r (A) (r)sa A) a ) €0 () (rYsae R)
KF (300 K) 1.598 1.328 2.674 5.46 1.85 1.549
KCl (300 K) 1.819 1.512 3.146 4.84 2.19 1.839
KBr (300 K) 1.864 1.549 3.300 4.90 2.34 1.916
KI (300 K) 1.962 1.630 3.533 5.10 2.62 2.074
KCl (80 K) 1.834 1.523 3.123 (4.94)* (2.24)* 1.863
KCl (300 K) 1.819 1.512 3.146 4.84 2.19 1.839
KCl (600 K) 1.811 1.505 3.185 (4.66)* (2.11 1.814
#*The KCIl values in parentheses are calculated using the experimental value = —0.93 and the relation

€=€[1+B(a;—ay)], where €5 and a,, are the 300-K values (Ref. 10). We assumed that 3, mea-

sured for €,(0), also applies to €;( o).

interestingly, we observe that the different behaviors of
the data points in Fig. 2 arise from the fact that the rela-
tion between (r);, and a, for the different potassium
halides is reversed compared to that for KCI at different
temperatures. This behavior can be understood by con-
sidering the relation between (r);, and the dielectric
screening of the 2p ~'3d core exciton. The Coulomb at-
tractive potential between the 2p core hole and the 3d
electron is reduced by the screening of the electrons in
the surrounding ions. The weakening of this attractive
potential, which is macroscopically described by the mag-
nitude of the dielectric constant, affects the spatial extent
of the 3d orbitals. For higher dielectric constants, i.e.,
better screening, the spatial extent is larger, i.e., {7 )34 is
also larger. Using the measured dielectric constants list-
ed in Table IV,'>!* we observe that {r),, and the static
dielectric constant €,(0) have the same trend from sample
to sample, except in the cases of KF at 300 K and KCl at
80 K. If instead of €,(0) we consider the optical dielec-
tric constant €,( ), this discrepancy is removed. The re-
lations between (r),; and the dielectric constants €,(0)
and €(o0) are illustrated in Fig. 4. We see that the
dependence of {r );, on €,( ) is not only monotonic, but
also quite linear, in agreement with the very simple model
of a hydrogenoid atom.!* We should emphasize, howev-
er, that this linearity is found only when considering the
optical dielectric constant, €,( ). This result, indicating
that only €,(o0) is appropriate to describe both the
screening of the core hole and the 3d-orbital spatial ex-
tent, is consistent with the short time scale of the photo-
absorption process.

This dielectric screening of the 2p core hole has further
implications in the use of the 10Dg theoretical model.
The calculated values for g and for (r),; were derived
using D values obtained from the unscreened Coulomb
potential of Eq. (1). We suggest that to approximately
take into account the dynamical screening effect, one
should use the optical dielectric constant €;( o ) to screen
the crystal-field potential. The D values are then
modified as

p.=—2_, (©)
61(00)

and the modified values for g and (7 );, can then be cal-
culated. For completeness, the new  values
(r)34s=[€1(0)]"*(r ), are listed in the last column of
Table IV. These new values for the 3d orbital spatial ex-
tent are slightly larger than the unscreened values. They
are, however, still much smaller then the first-neighbor
distance a,, contrary to what is well known from the po-
tassium halide ground-state band-structure calculation,!
where the potassium 3d orbitals are delocalized, and form
bands with wide energy dispersion. This demonstrates
that the 3d orbitals are collapsed toward the 2p core hole
and confirm the core-excitonic character of the 2p ~!3d
transition. The attraction of the 3d orbitals toward the
2p hole is also responsible for the A values being smaller
then those derived from 3p ~!3d shallow core excitons.*
In fact, in the present case, the stronger attraction of the
more localized 2p hole reduces more effectively the size of
the 3d orbitals, and this, by reducing g reduces the value
of A.

STATIC DIELECTRIC CONSTANT €4 (O)
4.9 5.4
T T

T T T

- KI

- KBr

S Kal

-KF

s L L L 1 X

|
2.0 25
OPTICAL DIELECTRIC CONSTANT e, ()

FIG. 4. Relation between the potassium 3d orbitals spatial
extent (7 )3, and the dielectric constants €,(0) and €;( ). The
data points are taken from Table IV. The 3d-orbital spatial ex-
tent of each sample is indicated by the arrow on the right-hand
vertical axis. The solid and dashed lines are a guide to the eye.
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TABLE V. Unsplit values for the 2p ~'3d transitions E and
E' and the corresponding optical dielectric constant €,( « ), for
different potassium halides and for KCl at different tempera-
tures. The E and E’ values are calculated according to Eq. (7)
using the numbers listed in Tables IT and III.

E (V) E' (eV) €(c0)
KF (300 K) 296.142 298.771 1.85
KCl (300 K) 295.938 298.615 2.19
KBr (300 K) 295.924 298.589 2.34
KI (300 K) 295.837 298.504 2.62
KCl (80 K) 295.930 298.604 2.24
KCl (300 K) 295.938 298.615 2.19
KCl (600 K) 295.987 298.648 2.11

Finally, the dynamical screening effect is also found to
modify the photoabsorption energy of peaks A, B, A’,
and B’ in these crystals. Using the energy positions of
the peaks 4 and B (A4’ and B’) listed in Tables II and III,
we can calculate the unsplit energy position of the
2p ~13d core exciton. According to the 10Dg model this
quantity E(E’) is given by

_64+4B
10

E (7)
The values for E and E’' are given in Table V together
with the optical dielectric constant €,( ). According to
the 10Dg theory the quantities E and E’, representing the
transition energies from the 2p level to the unsplit 3d lev-

F. SETTE, B. SINKOVIC, Y. J. MA, AND C. T. CHEN 39

el, should be unaffected by the crystal-field potential.? As
shown in Table V, there is a slight variation in the values
of E and E’ among different potassium halides and KCI
at different temperatures. The observed variation can be
related again to the optical dielectric constant €,( ). A
monotonic increase in E and E’ is observed for decreas-
ing values of €,( ). This behavior is consistent with the
fact that a less efficient dynamical screening of the core-
hole, i.e., a smaller €,( o ), is responsible for an increase in
the energy required for the excitation of the 2p ~!3d core
exciton.

IV. CONCLUSIONS

In conclusion, we used high-resolution soft-x-ray spec-
troscopy to study the crystal-field splitting of core exci-
tons in ionic crystal. We applied the simple 10Dgq theory
to explain the dependence of crystal-field splitting on
charge arrangements, thermal expansion, and atomic vi-
brational motion. A procedure for measuring the size of
the core exciton was presented. The use of it allowed for
studying the correlation between the orbital spatial extent
of the excited electron and the dynamical screening of the
core hole.
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