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Anisotropic reflectivity spectra of YAIO; single crystals at 297 K measured with the
light polarized parallel to each of the a, b and c axes are presented in the range from
~6.5eVto ~120eV. A comparison of the reflectivity spectra of YAIO; with those of
Y,0s, Y;Al;0y, and a-Al, O; single crystals reaffirms that the peaks at ~35¢eV are
mainly associated with the Y3¥4p® and the features beyond ~76 ¢V with the
Al3+L2,3. Anisotropic reflectivity spectra at 10 K are shown in the region from ~7 eV
to 15 eV. Effective optical dielectric constants calculated by the sum rule including the
imaginary part of the dielectric constant up to ~120 eV are seen to saturate at the
values corresponding to 98.0% ~99.7% of the literature values of the optical dielec-

tric constant.

anisotropic reflectivity spectra, YAP crystals, vuv region

Introduction

§1.

The advent of large, high quality single
crystals of YAIO; was only when Weber et al.
found in 1969, contrary to expectations based
upon the phase studies at that time, that such
single crystals could easily be grown by the
Czochralski technique.? YAIO; crystallizes in
a slightly distorted perovskite structure with
an orthorhombic unit cell and is called yttrium
aluminate perovskite (YAP). Optically, it is a
negative biaxial crystal. The determination of
refractive indices was accomplished by measur-
ing each refractive index for light polarized
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parallel to the a, b and c crystallographic axes
in the wavelength range from 1.06 um to
0.4046 um.? The absorption spectrum of Ce**
doped single crystals of YAP at 300 K was ex-
amined with natural light from 2600 nm to
186 nm:¥ A steeper rise of absorption was sug-
gested at ~6.5 ¢V, but no absorption tail in
the intrinsic region of YAIO; crystals was re-
vealed. Measurements by natural light in the
photon-energy range from 3.5e¢V to 14eV
were carried out at 300 K on reflectivity spec-
tra from a natural surface of YAP boule
grown by the Czochralski method;* a steep
rise of the absorption at 7.6 eV ~7.7 eV was
interpreted as the onset of the instrinsic
absorption.

Measurements in the VUV region by light
polarized parallel to the a, b and ¢ axes have
been made on single crystals of YAIO; mainly
by our group.’” A determination of the
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Urbach rule parameters describing photon-
energy and thermal dependence of the intrin-
sic absorption in the tail region of YAP was
achieved.” An interpretation in the famework
of the energy levels of the constituent atoms
was attempted on main features of the reflec-
tivity spectra in the region of 6.5 eV to 42 ¢V.”
Reference 7 will be referred to as I hereinafter.
Accuracy of the measurement in I was evaluat-
ed as high as ~15% because of a rather high
noise level of the apparatus. Owing to disturb-
ance originating from the short wavelength
limit of the monochromator employed, in ad-
dition, the reflectivity data were found to be
no longer accurate enough for detailed ana-
lyses in the region from ~35eVto ~42¢eV: A
shoulder or dull peak of the energy loss func-
tion was derived from the reflectivity data in
the region beyond ~36eV where a plasmon
resonance peak is expected to exist.

Recent improvement of the measurement
system remarkably reduced the noise level. We
have attempted reflectivity measurements once
again on YAIQ; single crystals in the VUV
region from ~ 6.5 eV. Use was made here addi-
tionally of another type of monochromator
for measurements in the region from 23 eV to
120 eV. This has yielded reflectivity data free
from the disturbance seen in I in the region
from ~35¢eV to ~42 eV and revealed the fea-
tures originating from the AI**L,; levels in
the region from ~76eV to ~120¢V.

Section 2 gives a brief account of experimen-
tal procedures. Section 3 describes the reflecti-
vity spectra of YAP at room temperature mea-
sured with light polarized parallel to each of
the crystallographic axes in the region from
~6.5eV to ~120eV. The reflectivity data at
10K in the energy region to 15¢eV are also
reported. Section 4 gives detailed descriptions
on the Kramers-Kronig analysis of the reflecti-
vity spectra measured over a wide range of
photon energies from ~6.5eV to ~120¢eV.
Estimate on accuracy of the absolute magni-
tude of each of the anisotropic spectra is
presented by use of the sum rule including the
dielectric constant as derived from the reflect-
ivity data by the Kramers-Kronig relations.

§2. Experimental Procedures
Samples of YAP single crystals used are the
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same as those in I; detailed description of the
samples were already given there.

Spectroscopic measurements were carried
out with the plane polarized light emitted
from the 2.5 GeV positron storage ring at
KEK (The National Laboratory for High
Energy Physics). The light in the photon-
energy range of 6eVsEs45eV was
monochromatized by a Seya-Namioka type
monochromator at Beam Line (BL) 11 C, ab-
breviated as SNM hereinafter, mounted with a
fresh, Au-coated concave grating of 1m
radius with 1200 lines/mm. Here E stands for
the photon energy. A spectral slit-width
AL =3.2 A was chosen. The data in the region of
23 eVsE=<120eV were obtained with a con-
stant deviation monochromator at BL-11D,
abbreviated as CDM hereinafter. This is
mounted with the gratings with 600 lines/mm
and with 1200 lines/mm. The former was ope-
rated in the region of 23 eV<E=<90 eV with a
spectral slit width AE~0.12¢eV at E=50¢€V,
and the latter in the range of 72eV<E <120
eV with AE~0.123eV at E~80¢V.

The data of reflectivity (or absorption) free
from the effect of the higher order diffraction
lights are obtainable in the region of 2100 A =
2=1050 A by adopting plates of LiF as a trans-
mission filter. Because no practical optical
filters are available at present over such a wide
range of photon energies as in the present ex-
periment, spectral measurements have been
carried out without filters in the region of
E=11.5¢V. Light in the CDM region has been
detected by a nude photomultiplier with CuBe
photocathode which has a prominent peak at
E =120 eV in the spectral response characteris-
tic. A pair of notches at E=39.90eV and
41.44 €V seen in the spectra of reflectivity (cf.
Fig. 1) arises from the photocathode response
peak in the third order diffraction. Another
weaker pair of notches is noticed on the reflec-
tivity spectra at 59.7eV and ~62¢eV; it is
caused by the effect of the photocathode
response peak in the second order diffraction.

Our reflectivity (and absorption) measure-
ments have been carried out with the plane
polarized light at an incident angle of ~10°.
The polarization characteristics has been de-
scribed by the electric field E of the incident
light in vacuum and by the crystallographic



1978 Tetsuhiko ToMmIKI et al.

direction in the working surface, e.g., <a>/E.
The notation <a) /# E denotes the incident light
in vacuum which has the the vibrating plane of
E paralle to the plane ab and the wave normal
making an angle of 10° with <b). For <b)/E
(Ke>/ E), the vibrating plane of E of the inci-
dent light is parallel to the plane bc (bc) and
the wave normal makes an angle of 10° with
{¢> (b)) in vacuum.

Reflectivity data R(E) have been obtained
by taking the ratio I.(E)/I,(E), here the in-
tensities for incident light I, (E) and reflected
light I, (E) were determined in sequence by
repeated scans of the monochromator over a
given photon-energy interval. Because detec-
tions of I, (E) and I, (E) are made on the radi-
ation from the source-ring at difference time,
the resultant data of R(E) may be distorted if
I, (E) differs from the incident light intensity
at the time of detection of I;(E). The distor-
tion can be eliminated to a certain extent by
selecting only those data which satisfy the con-
dition

I,(E)
I;(E)

I, (E) and I) (E) being the incident light inten-
sities just before and after the measurement of
1. (E), respectively. All the data in this paper
satisfy the condition (1), whereas no such
check of the data was made in I because of a
lack of a data processing capability at that
time.

To avoid the effect due to disturbance e.g.,
by stray light in the short wavelength limit
region of SNM, this paper deals with the reflec-
tivity spectra composed of the data by SNM in
the region up to E~25 eV and those by CDM
in the region of 25eV<E=<120eV. The ac-
curacy of the reflectivity data R is estimated by
repeated scans as

AR/R < +2.2%. (2a)

The reflectivity data R(E) for <a)/FE in the
region of E=76¢eV in Fig. 1 exceptionally
show a remarkable scattering of the data
points. The accuracy in this region is esti-
mated as

=const of E, @

AR/R~+4.5%. (2b)

Descriptions concerning the correction of
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the wavelength (photon energy) scale of the
monochromators used and others were given
in refs. 8-10.

§3. [Experimental Results

The reflectivity spectra for <a)/E, <b>/E
and {c)/E of YAP single crystals at 297 K are
shown in Fig. 1. Each frame of Fig. 1 contains
the reflectivity data measured in the present ex-
periment (full curve) and those calculated
from the refractive indices (broken curve)
given by a Sellmeir equation

ni=1 +-1—4LA—2— 3)

J 12—B ,2 ’

here, A is a wavelength in #m unit, and j=a, b
and c stand for <a)/E, <{b)/E and {c)/E,
respectively. The Sellmeir coefficients 4; and
B; were determined by the least-squares fit to
the refractive indices measured in the region
of 1.17eVsE=<3.064 eV.? They are listed in
Table I. The broken curves have been drawn
in Fig. 1 up to E~7 eV where no refractive in-
dex data are available. The spectral depen-
dence of the reflectivities in the region of 6 eV
to 7 eV was found to be in agreement with that
of the calculated ones.

One may notice by the magnitude of VB,
that the term of electronic vibration alone is
taken into account in eq. (3). Thus this equa-
tion yields

£o0,2a=3.7038
8oo,b:3.6717 > (4)
£w0,c=3.6196

here, €., stands for the optical dielectric cons-
tant with j=a, b and c.

An important difference between the data in
Fig. 1 and those in I, besides reduction of
noise in the present data, is manifested by the
reflectivity structures peaking at 34.5~35.0
eV: Their peak is more intense and the ratio of
the reflectivity at ~40 eV to that at the peak
position is smaller in the present work than in
1. This is admittedly due to the reflectivity data
by CDM adopted in the region of E=25¢V
which contain no stray light disturbance
peculiar to the short wavelength limit region
of SNM, 35 eV<sE=<42eV (cf. §2). In fact, as
will be reported separately, the energy loss
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Fig. 1. Reflectivity spectra of YAP single crystals at 297 K measured in the photon-energy range from 6.5 eV to

~120 eV with the light polarized parallel to each of the crystallographic axes. Full curves represent the mea-
sured data and broken curves the values calculated from the refractive indices, eq. (3).

functions —Ime~! derived from the spectra in
Fig. 1 are of asymmetric bell shape peaking at
the plasma resonance position at 36 eV ~37
eV. This is very contrasted to a dull peak or
shoulder of I in the same region.

Measurements of reflectivity spectra of
YAP in the region E>42 ¢V is made for the
first time by the present experiment. Each spec-
trum in this region consists of a continuum
characterized by a monotonic decrease with in-
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Table I. Sellmeir coefficients 4; and B; determined by
the dispersion experiment for undoped YAP single
crystals;? j=a, b and c stand for <a>#, {b)>/ and {c)
/ E, respectively.

Jj a b c

A, 2.70381 2.6717 2.61960

B [um’]  0.012903  0.012605  0.012338
VB; [um] 0.113591  0.112272  0.111077

creasing E and the structure beyond £~ 76 eV
superposed on the former.

The reflectivity spectra of single crystals of
a-Al,0;, Y,0; and thier pseudobinary com-
pounds, YAG (Y;Al;0y,;) and YAP, are sum-
marized in Fig. 2. One may notice at once that
the prominent reflectivity structures peaking
around 34.5~35.0 eV occur only for the com-
pounds including Y3* as the constituent atom

Tetsuhiko ToMIKI e? al.
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and the reflectivity features in E=76 eV only
for the compounds including AI** as the con-
stituent atom. Referring to the energy levels of
Y3* free ions,'Y we have interpreted the reflec-
tivity structures peaking around 34.5
eV ~35.0 eV as due to the inner core transitions
from the 4p°® level of Y in the single crystals
of Y,0;, YAP and YAG.37%1%1213 Figure 2 ex-
perimentally supports this interpretation. The
peak at 32.70 eV in a-Al, O3 occupies the posi-
tion distinct from the Y3*-peak position and
probably arises from the interband transitions
from 02~ 2s2- to Al**3p-bands.!¥ The reflec-
tivity features in the region E=76 ¢V in the sin-
gle crystals of a-Al,O; and YAG have been
identified with the interband transitions from
AT L, 5 levels®®*1 in view of the energy
levels of AlL!® Figure 2 confirms that the above
interpretation is valid for the optically

S I L D Y
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‘:_."' — 297K 1
o
L _J2O
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20
10/
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O | 1 | | | | [
0 20 40 60 80 100 120

Fig. 2. Reflectivity spectra of single crystals of a-Al,0s," Y, 0, and their pseudobinary compounds, Y; Al;O;,

PHOTON ENERGY E(eV)

(YAG)™ and YAIO;, at 297 K.
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Fig. 3. Reflectivity spectra for <a)>/ E (full curve), <b) 7/ E (broken curve) and {c) 7 E (dotted curve) of YAP sin-

gle crystals at 297 K exhibiting their optical anisotropy and main structures in the range from 5 eV to 39 eV.
The chain curves in the region of £<6.5 eV were calculated from eq. (3).

anisotropic spectra of YAP in the region
E=76¢V in Fig. 1.

Tables II-IV list the spectral positions of
main features in the spectra for <ay/#, <b>/
and <{c)/E in Fig. 1, respectively. In order to
clearly show an optical anisotropic behavior in
the ergion of 5 eV<sE=<39eV, the reflectivity
spectra for <a)>/E, <b>/E and {c)/E of
YAP at 297K are plotted in the identical
frame over an expanded photon-energy scale
in Fig. 3. This may also serve as an illustration
for the features listed in Tables II-IV. The
shoulder located at ~ 8.1 eV is most distinctly
discernible for <a)/E and feebly for {c)/E.
This tendency is the same as that noticed in I.
A tentative interpretation on the structures
peaking at 8.6 eV ~8.7¢eV and 18~18.2 eV as
well as on the shoulders stated above have
been given in I.

The reflectivity spectra measured at 297 K
(open circles) and 10K (dots) are shown for
<ay/#,<b>/ and {c)/E in the photon-energy
region from S eV to 15 eV in Fig. 4. The dots
for <a)/E, data at 10K, show a shift of the
main peak from 8.65 ¢V to 8.810 eV revealing
more clearly the shoulder at 8.12 eV. The spec-
trum for <b) / E has a flat top from 8.52 eV to
8.65 eV at 297 K which shifts in the region of
8.5eV~8.8¢eV at 10K suggesting a doublet
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vl ;" REFLECTIVITY SPECTRA|
EX] R
Ly .
30F< 1
A
Fo o 9Q7K ococococscoo 7
o 297K
Fse o . TOK seeeeereees -"_u
30 MRS 1x
R A
- Q' a K ° 1 e
.os e e, v
20r <a>/E v 2 s el
- L AN 130
j PR ‘h\.’ %,
’» ; L w,.,,‘% ‘\\ i
L20. * ’ AT 4’1, J
SN o T
L <b>zx ; A ., 1
o o % % R
op T R
Fo - 5 »;% °-5% e 20
" .;" <c>/E 4 Mo
L10 / ,’, ) ]
<,
o S
. 1 1 L 1 1 1 1 JI 0
5 1'5]

10
PHOTON ENERGY E(eV)

Fig. 4. Reflectivity spectra of YAP at 297 K (open cir-
cles) and 10K (dots) which display temperature de-
pendence in the range from 5 eV to 15 €V for <a)/E,
{b>/E and {c>/E. Dots in the region of Es7eV
stand for the reflectivity calculated from the refrac-
tive indices of eq. (3).
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Table II. Energy positions (in eV) of structures ob-
served in reflectivity spectra of YAP for <a)>/E; p, s,
ws and [ ] stand for peak, shoulder, weak shoulder
and uncertain, respectively.

(Vol. 63,

Table III. Energy positions (in eV) of structures ob-
served in reflectivity spectra of YAP for <b>/E; p, s,
ws and [ ] stand for peak, shoulder, weak shoulder
and uncertain, respectively.

R for <a>/E [eV] <a>’§/§°fe\,] R for <b>/E [eV] ) b>15/{«:°feV]
207K 10K 207K 207K 10K 207K

8.010+0.05 s 8.119 p 78514003 s 8.15 +0.05 s 8.226+0.05 s 78.55+0.03 s
8.647 p  8.810 p 78.97 p 8.567+0.05 s 78.97 p
9.664+0.075 s  9.859 P 8.586+0.05 p 8.810 p

10.35 +0.05 [ws] 80.2 £0.15 s 9.74 +0.08 p 9.781 p 803 0.1 s
1115 +0.10 s 82.0 +0.2 1031 +0.08 s 10.53 s 815 02 s
11.58 +0.06 ws 847 0.2 ws 1095 +0.1 s 101.19 0.1 s 845 £0.2 s
127 +0.1 ws 86.89 p 1215 £0.05 s 12.10 £0.05 s 86.69+0.05 p
134 +0.1 ws 89.7 0.2 s 15.19 +0.1 s 89.6 0.3 s
15.28 +0.10 ws 15.28 +£0.10 ws 95.6 £0.3 ws 167 +0.1 s 97.3 +04 s
1628 +0.10 s 16.28 +£0.10 s 99.0 p 1798 £0.06 p 99.30 p
18.18 p 18.18 p 101.1 £0.3 ws 18.6 =*=0.1 ws

18.89 +0.16 s 18.89 +0.16 s 109 =1.5 ws  20.25 £02 ws

21.66 +0.36 s 21.66 £0.36 s 203 +£02 ws

25.16 £0.25 s 22.65 0.2 ws

27.98 +0.30 s 25.94 p

30.55 +£0.30 s 30.40 +0.15 s

32.05 £0.30 s 32.05 0.3 s

34.75 p 34.45 p

36.25 +0.30 ws
37.45 +0.30 s
40.1 £0.3 [s]
47.65 £0.5 ws

structure. The shoulder at ~8.2 eV and three
shoulders in the region from 9.5eV to 12 eV
are discernible more distinctly at 10 K. The
low-energy peak for <{c)/E shifts, with
decreasing temperature, from ~8.74eV at
297 K to 8.810 eV at 10 K; at the same time the
line shape becomes sharper slightly. Subse-
quent two structures are recorded more dis-
tinctly at ~9.9¢V and ~11.2eV at 10K.
The spectra of YAP in the energy region
E=76 ¢V are shown on expanded scales in Fig.
5 for <a>/, <b>/# and {c)/E. The lowest-
energy sharp line measured with each pola-
rized light has a shoulder at ~78.5 eV on the
lower energy side of the peak at ~79 eV, the
energy separation being ~0.45 eV (cf. Tables
II-IV). The doublet structure arises from the
L; and L; levels of A1** which result from the
spin-orbit interaction in the L-levels, L, being
deeper. As shown in Fig. 2, the doublet lines
split most distinctly for «-Al,O; with an
energy separation of 0.44eV for <{c)/E®
which is in almost agreement with the above

3745 +0.3 ws
40.5 +£0.5 [ws]
47.4 0.7 ws

Table IV. Energy position (in eV) of structures ob-
served in reflectivity spectra of YAP for {c)/E; p, s,
ws and [ ] stand for peak, shoulder, weak shoulder
and uncertain, respectively.

R for {cO/E [eV] ¢ c>’} g’feV]
297K 10K 297K

8.14 +0.05 ws 8.23 +0.05 ws 78.54+0.03 s
8.739+0.03 p 8.810 p 78.96+0.01 p
9.883 p  9.937+0.07 p

1092 +0.10 s 11.20 p 803 402 s
13.32 40.15 s 13.3540.15 s 81.6 +02 s
15.19 p 84.6 +0.2 ws
17.93 D 86.89 p
18.73 +0.15 s 89.9 +0.4 s
21.29 s 9%.1 +02 s
242 402 ws 99.91+02 p
257 +03 ws 102.6 +0.4 ws
30.55 +0.3 s 10 +15 s
32.35 +0.3 ws

34.75 p

38.05 +0.3 ws

42.85 +0.3 [s]
49.15 +0.6 ws
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Fig. 5. Reflectivity spectra of YAP single crystals at 297 K for <a)/E, <b>/E and {c)#/E in the A** L, ; region.

values.

The main features listed in Tables II-IV
may be ascertained in the spectra in Fig. 5.
One notices on Fig. 2 that the spectral beha-
viour in the region E=76 eV depends on the
host lattice.

§4. Discussion

Our experiments permit the determination
of relative values of the reflectivity. As shown
in Fig. 1, absolute values of the reflectivity
R(E) (full curves) have been determined by
normalizing the measured relative values to
absolute values calculated from the refrac-
tive indices of eq. (3) (broken curves). It has
been noticed to be essential, in achieving the
Kramers-Kronig (abbreviated as K.K.) an-
alysis of the reflectivity spectrum, that the
reflectivity spectrum should be as free as
possible from two kinds of errors: They are
(i) errors introduced into the photon-energy
dependence of the reflectivity and (ii) errors in
the absolute magnitudes of the reflectivity
spectrum. Discussion on accuracies of the
present data is given in this section by describ-
ing difficulties encountered in the K.K. analysis
and by applying the sum rule involving & (E)
to the effective optical dielectric constant
&x (E), & (E) being the imaginary part of the
dielectric function &(E)=¢;(E)+i&(E).

In order to define the reflectivity function
over the entire region of 0<=E=<o0 for the

K.K. analysis, our reflectivity spectrum R(E)
measured in the region Ey <E<FE)y\ has been
supplemented by the function

E \~»
R(E):R(EM)<E_M> for Ey<E<®

&)

and by the reflectivities calculated from the
refractive indices of eq. (3) for O<E<E;.
Here, Ey and Ep are the highest and lowest
photon energies of the experimental region,
respectively. The parameter p has been select-
ed so that the absorption constant A(E)
=(@4nE/ch)k(E) derived from R(E) through
the K.K. relations reasonably well conforms
to the prediction by the Urbach rule. Here,
k(E) is defined by the complex index of refrac-
tion A(E)=n(E)+ik(E), and the Urbach
rule for A(E) of the absorption tail in the in-
trinsic region of YAP was given in I.

With the extension of Ey from ~40eV to
~120 eV, but with E; fixed at several eV, the
K.K. analysis of reflectivity spectra becomes
increasingly difficult to be performed: We
have often met with such a reflectivity spec-
trum from which the K.K. relation could not
derive the A(E) compatiable with the Urbach
rule for any positive value of p, or from which
the K.K. relations could for certain value of p
but the derived A (E£') changed sign to negative
at energies above several 10 eV. This is admit-
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tedly caused by errors (i) and/or (ii) involved  der the criterion of eq. (1). One may readily un-
in the reflectivity spectrum, because such a  derstand that it will not be an easy task, in
difficult situation in the K.K. analysis is avoida-  view of the K.K. relations, to find the absorp-
ble with the reflectivity spectra measured un- tion constants compatible with the Urbach

10 T ' T ’ T I T l T I T —[j l T I T l T ] T I T 5
ol YAP 297K <a>/E 1.
=T 3.704 1%,
| w
6 13
4 -2
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O P I AN SR U TR O W N ¥ —t——+ e b L] 0
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Ez(E) - _2
—lmew(E) ...............
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PHOTON ENERGY E(eV)
Fig. 6. A plotof &, (E) vs E (dotted curve) for each of <a)>/E, {b) #/ E and {c) / E. The spectra of &, (E) used as

the integrand of eq. (6) are shown by the full curves. The broken line segment stands for the optical dielectric
constant & ; as indicated by the numeral for each of j=a, b and c (cf. eq. (4)).
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rule in several eV region selecting the value of
pineq. (5) with R(Em)~0.1% at Ey~10%eV.
A reflectivity spectrum may be regarded as
reliable if the spectrum has been obtained un-
der the condition of eq. (1) and is transformed
through the K.K. relations into optical con-
stants acceptable from physical viewpoint
over the entire region of Ep < E<E),.
Estimate on the accuracy of the absolute
magnitude of the reflectivity spectrum R(E)
measured under the condition of eq. (1)* may

be obtained by the sum rule involving &:'”

L 2 [Fa(E)
soo(ls)—1+ﬂg0 E

Here, use is made of &, (£) which has been de-
rived from the R(E) in Fig. 1 through the
K.K. analysis with the selection of an appropri-
ate value of p in eq. (5). Our reflectivity func-
tion supplemented in the region of 0<E=<E;
contains no contribution from the lattice
vibration (cf. eq. (3)). The infinite range of in-
tegration of eq. (6) is hence to lead €. (E) to
the optical dielectric constant £«; € (E) is the
effective optical dielectric constnat.

A plot of e»x(E) (dotted curve) and & (FE)
(full curve) as derived from our reflectivity
spectrum in Fig. 1 is given as functions of E in
Fig. 6 for <a)/, <b)/#/ and {c)/E. The
broken-line segment and numeral represent
the value of &«,; derived from the independent
dispersion experiment, eq. (4); j=a, b and c.
The dotted curve of €« (E) for each frame of
Fig. 6 is seen to saturate towards a value corre-
sponding to &«,; as E tends to Ey. Following
values are obtained:

&w (EM)=3.629, Ey=116.1¢V for <a)/E

&w (Eyv)=3.64s, Ey=110.7 ¢V for <b)/E

&o (Ey)=3.60;,, Ey=118.4¢V for {c)/E
¥

£x,; 1S the greatest in magnitude for j=a and
diminishes in the alphabetic order as indicated
by eq. (4). On the contrary, &(Eym) is esti-
mated smaller for <a)/E than for <b)>/E in
eq. (7). In this respect, our &»(Ey) is not fully
in agreement with € ;. In spite of this, one
may notice &w(Ewm)/€x,;=0.98, 0.99; and

*  Otherwise, eq. (6) does not always guarantee the ab-

solute magnitude, e.g., cf. ref. 9.
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0.99; for <ay/ ,<by# and {c)/ E, respectively.
Hence the reflectivity spectra in the present ex-
periment are reliable within our experimental
errors.

The present work has been performed under
the approval of the Photon Factory Program
Advisory Committee, Proposal No. 86-070
and No. 88-191.
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