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Optical spectra of YAIO; (YAP) single crystals are measured for <a», <b)> and <{c)/
E in the region from 6.5 eV to 42 eV by use of a plane polarized synchrotron radia-
tion, E being the electric field of light. Anisotropic spectral behaviour of the intrinsic
absorption including the tail absorption is found, and a tentative interpretation of
spectral features is given in terms of the energy levels of the constituent atoms of
YAP. It is found that the principal factor determining the interband absorption onset
position is the bond length of Y>**~0?" in the compounds of Y,0;, YAP and YAG.
The steepness constants o, of these compounds are found to decrease in magnitude
with increasing deviation from the mean value of the Y**-O?" bond lengths par-

ticipated in the tail absorptions.

§1. Introduction

It is already about 20 years since the advent
of high quality single crystals of YAIO; (YAP)
employing the Czochralski technique.”
Greater part of spectroscopic studies have
been directed to investigations from view
point of development of YAP laser which may
be preferable to YAG laser. These studies
have accumulated a great deal of informations
on the spectra displayed in the transparent
region of YAP cither by 4f" electrons of rare
earth ions doped®® or by colour centres in-
duced with the irradiation of light from a Hg-
arc,” etc. On the contrary, only single paper
dealing with the electronic spectra of YAP in
the VUV? came to our attention. These spec-
tra were derived, however, from the reflec-
tivity spectrum which was measured on the
natural surface of YAIO; boule grown by the
Czochralski technique with the use of natural
light, in spite of the fact that YAP single
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crystals are classified into the optical biaxial
group. The information provided by ref. 5
was not sufficient for our own research on the
synthesis of fast decay phosphor YAP:Ce**,9
and this stimulated the present experimental
work to be carried out.

In this paper we report on anisotropic spec-
tra of YAP single crystals measured by a plane
polarized light from ~6.5eV to ~42eV and
interpret their features in terms of the energy
levels of the constituent atoms. Preliminary ac-
count of the results were reported previously
in brief notes.” More extensive descriptions
are given here on the tail absorptions and
several optical functions (refractive indices,
dielectric constants, loss functions, etc.). It is
found that the position of the interband ab-
sorption onset depends closely on the bond
length of Y**-O?" in a series of compounds of
Y203, YAlO3 and Y3A15 012 (YAG) The
steepness constants gy of the intrinsic tails of
these compounds are found to decrease in
magnitude with the increase of the deviation
from the mean value of the interionic
distances of Y*"-O?~ bonds participated in
the tail absorptions.
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§2. Experimental Procedures

Single crystals of YAP were purchased from
the Nippon Electric Corp. (NEC). The work-
ing planes of specimens were prepared by a
mechanical polish and subsequent chemical
etch in hot H; PO, to remove the polished sur-
face layers. The crystallographic directions of
specimens, <ay, <b) and <{c), were determined
before cutting and confirmed after the etching
by the X-ray diffraction pattern.

The anisotropic optical spectra of the
absorption in the tail region and of the reflec-
tivity were measured with the use of the plane
polarized synchrotron radiation monochroma-
tized by the Seya-Namioka type VUV mono-
chromator (1 m grating, 1200 lines/mm) at
the beam line 1 of SRL (the Synchrotron
Radiation Laboratory), ISSP (Institute for
Solid State Physics). The wavelength scale of
the monochromator was checked and cor-
rected by comparing the reflectivity profile in
the lowest energy exciton doublet region of
NaCl single crystal with that published in ref.
10 which was measured with the many-line
spectrum of the hydrogen discharge light
source, the wavelength of each line being
calibrated and given in the literature.'” The ac-
curacy of the wavelength scale thus corrected
was confirmed to be sufficiently good for the
present experimental purposes, as recognized
by inspecting the tail spectra (cf. Figs. 1 and 2).

The reflectivity spectra were measured with
the spectral slit width A4 of 3 A or 4 A; the
tail spectra were with 44=4 A at room tem-
perature and 2 or 3 A at 78 K and 10K. To
minimize the effects due to the synchrotron
radiation decay in intensity with time on ex-
perimental results, measurements of reflectiv-
ity (transmittance) spectra were carried out as
follows: 1) The incident light intensity Io(4)
and the output Iov (A) from a detector monitor-
ing a state of the source ring are simultane-
ously recorded on scanning the monochro-
mator in a spectral interval selected
beforehand; 2) subsequently to 1), the
reflected light intensity 7,(41) and the monitor-
ing output I;;(4) which means the monitoring
output when I.(1) is being measured, are
taken in the same way as in 1); 3) a reflectivity
in the selected region is deduced by taking the
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ratio
LAY/ Im(A)
LA/ Ima(A)

The source of troubles may enter in this stage
of the data processing because of the measure-
ments of I,(4) and I, (1) at different states of
light source, as detailed in ref. 12. The
transmittance spectra are similarly obtained
by measuring the transmittance signal /(1)
instead of I;(A1). The monitor detector was a
combination of a sheet of mesh sprayed with
sodium salicylate powder and photomultiplier
tube which was placed just behind the excit
slit.

§3. Results and Interpretations

3.1 Tuail spectra

The absorption constant A(E, T) in the tail
region of YAP crystals at room temperature,
T=78 K and 10 K is shown in Figs. 1 and 2, £
being the photon energy. Here, A(E, T) is de-
termined from the transmittance 7; and reflec-
tance R’ via

exp (—Ad)
—R%exp (—24d)°
R’'=R+RT,exp (—Ad),

T,=(1—-R) 1

R being the intensity reflectivity from a single
surface.

The thicknesses, d, of specimens employed
were 1 mm=d=0.04mm for <a)>/E and
{c)/E, while they were 1 mm=d=0.1 mm
for <b)>/E, E being the electric field of light.

Figure 1 shows the tail spectra measured for
the orientation of <b)/E at T=291K, 78 K
and 10K, the filled curves of A<10°cm™".
The spectral behaviour of the intrinsic tail, the
steeply rising part of the spectrum, is
represented by a broken line at each tempera-
ture which shifts to higher energies with
decreasing temperatures and converges to a
point, the open circle in the figure. The absorp-
tion lying in the lower energy side of the
broken line at each temperature is due to the
presence of impurities and/or imperfections
and tails down into the visible region as
reported previously in Fig. 1 of ref. 8. The tail
spectra measured for {a)/E and {c)/E at
T=296 K, 78 K and 10 K are similarly plotted
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Fig. 1. The absorption spectra A(E, T) in the tail
region of YAP single crystals for <b>/E (the full
curves A(E,T)<10°cm™"). The exponential
dependence on E of the intrinsic tails is shown by the
broken lines converging to a point (open circle). The
full curves A(E, T)=10* cm ™' have been transform-
ed from the reflectivities by the Kramers-Kronig rela-
tion.

with full curves of 4 1.6 x 10* cm ™! in Fig. 2.
Here, the intrinsic tail, a steeply rising part of
the spectrum, is also measured to shift
towards the higher energy side with the
decrease in temperature for each orientation
as for <b) /E in Fig. 1. The convergence point
of thinner lines representing the spectral
behaviour of the intrinsic tails for each orienta-
tion is shown by the open circle specified with
characters a and ¢ for {a)/E and {c)/E, re-
spectively. For comparison, the spectral
behaviour of the intrinsic tails for {b)>/E at
T=291K and 10K is shown by broken lines
together with the convergence point b. It is
found that the intrinsic tails for {a>/E and
{b)/E are located at nearly the same spectral
position for each temperature, while for {c¢)/
E they are in the higher energy region. A ten-
tative interpretation on this phenomenon will
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Fig. 2. The absorption spectra of YAP single crystals
for <a)/E and {c) # E shown respectively by the full
and dotted full curves of A(E, T)=<1.6x10°cm™.
The convergence point of the thinner lines represen-
ting the exponential behaviour of the intrinsic tails is
denoted by a for <a)/E and c for {c)/E. The ex-
ponential lines for <b)/E at 291K and 10K are
shown by the broken lines together with the con-
vergence point b. The full curves A(E, T)=10*cm™'
have been derived from the reflectivities by the
Kramers-Kronig relation.

be given in §3.3.2.
The tail spectra in the intrinsic region may
be expressed by the well-known Urbach rule

A(E, T)=Ao exp (—ﬂ),(f;—_m) )

2kT hw
gs(I")=ag4o—tanh (——) 2)

how 2kT)"
A set of the parameters (£, Ao) stands for the
coordinates of the convergence point of the in-
trinsic tails, and the steepness constant gy and
frequency Aw were determined by the pro-
cedure appended in ref. 13. The result is listed
in Table I. As seen in Fig. 3, the curves o,(7")
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Fig. 3. The temperature dependence of the steepness

parameter a,(T). The full curves are calculated by
eq. (2) with the use of the values of g, and Aw listed
in Table I for <a)/E, <b)/E and {c)/E. The
measured values of ¢,(T') are shown by O, X and @
for <a>/E, <bY/E and {c) /E, respectively.

Table I. The parameters Ey, Ao, g5 and Aw of the Ur-
bach rule determined by the tail spectra of YAP
single crystals.

E, A - ho

[eV] [em™ * [meV]
(D/E  8.056 10°¥=3.39x10° 0.552 33.5
(BY/E  8.018 10°7*=527x10° 0.479 325
(O/E  8.151  10°2=1.32x10° 0.448  35.8

calculated by eq. (2) employing the values of
oo and Aw in Table I well fit the steepness
parameters g5(7') as measured (O, X and @
for <a)/E, <b)/ E and {c) / E, respectively).
The steepness constant gy gives a measure of
the inverse of the electron-phonon coupling
coefficient in the process of a photocreation of
the exciton and Aw is the average energy of the
phonons participated.'¥

The infrared reflection spectrum, i.e., the
TO phonon spectrum, of YAP at 300 K and
the vibronic spectra associated with the
2F—*4, fluorescence of Cr’* and with the
2Fs;,—2F, fluorescence of Yb** of YAP at 77
K were reported in refs. 2 and 3. The vibronic
spectra and its intensity are a measure propor-
tional to a product of the mode density and
the coupling coefficient of the various
phonons. Since Yb* ions reside at Y** sites
and Cr’" ions at AI**, the coupling of vibra-
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tions to ions at the two sites may not be iden-
tical. Nevertheless, our phonons, 32.5 meV
[262.2cm | <shw=35.8meV [288.8cm™!],
can be located in the lower energy region of
the above two vibronic spectra extending from
~100cm™!to ~700 cm™".

Hole centres dealt with in ref. 4 were created
with the irradiation of a Hg-arc light which
covers the energy region probably up to 6.70
eV (185 nm) at highest. Thus it is to be noted
that these centres are products from
photochemical processes taken place in the ex-
trinsic region of YAP, since the onset of the in-
trinsic absorption is located in the region
E=7.0eV (see, Figs. 1 and 2).

3.2 Spectra of reflectivity and optical con-
stants
The anisotropic reflectivity spectra of YAP
single crystals at room temperature are shown
by full curves for {a)/E, <b>/E and {c)/E
in Fig. 4, where the broken curves stand for
the reflectivities calculated from the published
data of refractive indices’® and the dotted
curve represents the reflectivity spectrum at 10
K, dotts being data points. One notices three
main features there: The 1st lies in the region
of 7eV<E=<14¢V, and the 2nd and 3rd arc in
the regions of 14eV<FE=<25eV and E=25
eV, respectively. We will hereinafter refer to
these as features I, II and III, respectively.
The reflectivity spectra were transformed by
the Kramers-Kronig relation to the spectra of
optical constants. They are the refractive in-
dex n=n+ik, conductivity c=nkE [in eV],
dielectric constant &=g,+ig;, energy loss
—Im &7 ! and the effective number of electrons
per unit cell N which is defined by the rela-
tion
E
Neff(E)':S S(E)dE; 3)
0
4m Vo
f(E) =y (E),
m and V, being the electron mass and the unit
cell volume, respectively. In achieving the
Kramers-Kronig transformation, the reflecti-

vity function R(E) adopted in the region
E=Ey was

R(E)=R(EN)E/EN)", G
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Fig. 4. The reflectivity spectra R(E) of YAP single crystals for <a)/E, <b>/E and {c)/ E. Dotts stand for the

data points.

Ey being the highest energy of our experiment.
The phase angle 6 was selected in a way that
the absorption constant A(E) converted from
the reflectivity conforms reasonably well to
the trend of A(E') measured in the intrinsic tail
region. This is illustrated in Figs. 1 and 2 by
the full curves of A(E)=10*cm™! fitting the
broken or thinner lines. The resulting spectra
of Ai=n+ik and o are shown in Figs. 5~7 and
g, —Im &~ ! and N in Figs. 8 ~ 10.

3.3 Interpretation of the spectra
3.3.1 Features II and III

The features III is most likely identified with
the inner core transitions of Y** ions from the
4pSto 4p°(5s+4d) levels which are observed
in the region from 26.20eV to 34.84 eV on
Y}* free ions.'® This interpretation is sup-
ported by the fact that a similar feature can be
observed in the spectra of Y,Os and Y;Al; Oy,
(YAGQG) in the same spectral region.”®*1%:1

The R(F) spectrum of Y,O; single crystals
can also be divided into three parts each of
which is located in the energy region nearly the

same as YAP.'” The feature III is mentioned
just above. A prominent feature is observed in
the region I, while only a plateau of low inten-
sity of ~8% can be seen in the region II. The
feature I of Y,O; was interpreted, in a conven-
tional way, as arising from the transitions
from the O*> 2 p® valence bands to Y2* conduc-
tion bands consisting of 4p%4d+5s) levels.
The 4p°5d+6s) levels of Y** jon lie at
~10.8 eV above the ground 4 p®4d states. Con-
sequently, the transitions from the 2 p® valence
to 4pS(md+ns) conduction bands with m=5
and n=6 were assigned to the feature II,
because they are expected to yield absorptions
in the region E=17 eV where the region II is
placed.

Since a prominent feature II manifests itself
first in the spectra of YAP and YAG which are
pseudobinary compounds of Y,O; and Al,O;,
it is believed that the feature II in these com-
pounds is due to the absorption arising from
the transitions from the O®~2p® valence to
APt 3s, 3d,--- conduction bands which is
superposed with the absorption of the plateau
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points.

due to Y?" ions. This interpretation will not
conflict with the absorption spectrum of «-
Al Os single crystals whose main features are
located in the region from 9 eV to 26 €V."

02" 2s? levels lie at ~18eV below the
0?~2p°levels. Hence, the transitions from the
0%~ 2s2to Y2 4p®5p bands are expected to oc-
cur in the region E=26 ¢V, i.e., in the region
III.
3.3.2 Featurel

The feature I of YAP will be arised from the
transitions from the O?"2p® valence to
Y?**4p® (4d+5s) conduction bands, at least in
its lower energy part. Nevertheless, it may oc-
cur in the higher energy part of this feature

that the transitions from the same valence
bands to AI** 3s, 3d,--- conduction bands
participate in the photoabsorption processes.
The feature I in its lower energy region to 12
eV is shown by the spectra of the reflectivity
R(E) and & (E) for <a)/E in Fig. 11. The
curve Q(E) stands for the excitation spectrum
for Ce** emission at 360 nm of YAP:Ce**
powder phosphor.?2* A weak hump is seen

* The phosphor was prepared by a conventional

ceramic technique with the addition of an appropriate
flux® via a solid state reaction at the Matsushita Research In-
stitute Tokyo, Inc. The phosphor was chemically etched
in HNO; solution prior to the luminescence experiment to
minimize extrinsic effects such as those due to the flux.
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around 8.05 eV, as indicated by an arrow, on
the lower energy side of the peak of R(E)-spec-
trum at 8.70 eV. The &, (E)-spectrum similarly
carries a weak hump at the same position,
E=28.05 eV, which just corresponds to that of
the convergence point of the intrinsic tails (cf.
Table I). This observation is equally con-
firmed on the spectra of R(E) and &(E) for
{b)/E. The hump is further fainter on the
spectra for {c)/ E, but the shoulder structure
can be seen around E=8.0¢eV in the &(E)-
spectra at 296 K and 10 K as shown in Fig. 12
where the vertical lines indicate the spectral
position of the convergence point c.

The excitation spectrum Q(E) referring to
powder phosphor shows, of course, no optical
anisotropy. A steep rise of the Q(E) spectrum
occurs in the region E=7.5eV towards the
higher energies to E=8 eV in parallel with the
spectra of the intrinsic tails at room tempera-
ture for <a), <{b) and <{c)/E in Fig. 2. It will
be interesting to note that the Q(E) peak at 8
eV is located just in the spectral region where
the convergence points (a, b and ¢ in Fig. 2) oc-
cur and the humps of the R(E') and &, (E) spec-
tra are observed. Similar correlation was ob-
served on the spectra of the intrinsic tails,
&(E) and Q(E) of YAG, though the hump
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was hardly detectable, within accuracies of the
data, on the spectra of R(E) at the corre-
sponding spectral position, E=7.0¢eV."® The
hump of & (E) occurring at ~7.0 eV was inter-
preted by us as due to the excitonic absorption
because of missing the photocurrent there.?”
These observations appear to indicate that the
hump at ~8.05 eV is due to the excitonic ab-
sorption of YAP and its lower energy branch
constitutes the intrinsic tails. In this case,
however, there are no other data directly sup-
porting this interpretation, to our knowledge.
It is to be recalled that a description was also
given in ref. 5 on the presence of this reflectiv-

The spectra of A=n+ik and o =nkE [in eV] of YAP single crystals for {c) 7/ E. Dotts stand for the data

ity hump together with its sharp maximum of
the excitation spectra in this region for the
luminescences of YAP:Eu and YAP:Nd.

If the electronic transitions from the
0% 2pSvalence to the Y?* 4p5%(4d+5s) conduc-
tion bands play main roles in the absorption
processes in the lower energy region of the
feature I, as stated above, the spectral position
of the absorption onset will be expected to de-
pend on the interionic distance between Y**
and O? in lattices: To have a non-zero transi-
tion moment of the optical absorption, e.g.,
for {a)>/E, at a spectral position E, the wave
functions of the initial and final states for the
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transition should have their components along
the bond Y3"-0O?%" lying in parallel with <{a).
Since these wave functions and the difference
of their eigen energies, E, will be influenced
with the bond length of the Y3*-O?%", the
magnitude of the transition moment at a
photon energy £ must depend on the bond
length of Y3*-O? parallel to <a).

YAIO; crystallizes in a slightly distorted
perovskite structure. Neglecting the distor-
tion, the orthorhombic unit cell comprises
four perovskitelike pseudocells. Y** ion oc-
cupies each of the eight corners of the
pseudocell, O?~ each of six face centres and
AP** the body centre. <a) and <{b) of the unit

cell are parallel to <110) and <110) of the
pseudocell, respectively. The Y3*-0?%"
distance of the bond chain Y3*-O27-Y3*
parallel to <a) has two different values of
2.471 A and 2.797 A in the distorted or-
thorhombic unit cell; the mean value is 2.634
A with A==0.163 A, A being the deviation
from the mean value. These values are listed in
Table II. For the bond chain Y3*-O?"-Y3*
parallel to <b), the bond length Y3*-O?" has
also two different values as listed in Table II.
We have no bond chain Y**-0?"-Y?** lying in
parallel with {c). In this direction, there are
the bond chains AP*-0?"-APP* and - - --Y3"-
Y3*-Y3*-. ... It has been anticipated that the
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former could have little contribution to the ab-
sorption in the onset region of the feature I.
The optical absorptions for {c)/E in this
region are to be induced by those Y3*-O2~
bonds which are formed by Y** ion on this
Y3* chain and O?” ion surrounding the chain
with bond angles different from 90°. There are
four possible pairs of Y**-O>" bonds with
smallest distances as listed in Table II. This
contains also the bond lengths of Y3*-O?" in
Y,0; and YAG single crystals; here, each
numeral in parentheses stands for the site
number of Y3* in the unit cell.

The convergence point of the intrinsic tails
is usually located very near the spectral posi-

20 30
PHOTON ENERGY E

—Im &~" and N, of YAP single crystals for <b>/E.

40eV

Dotts stand for the data

tion of the lowest energy exciton peak in in-
sulators.'® Figure 1 confirms that this is valid
for YAP, too: the lowest-energy lying peak of
A(E) at 78 K is located just at the spectral posi-
tion of the convergence point. If we take the
spectral position of the convergence point as a
measure of the interband -absorption onset
position, the latter is found, in Table II, to
shift to higher energy side with the increase in
the bond length (average value) of Y**-O?".
The exception to this is seen only in the case of
the convergence point for b/ E of YAP. On
the other hand, while the bond lengths of
AP*-0% are 1.91 A for YAP and 1.97 A and
1.86 A (the mean value is 1.92 A) for a-Al, O3,
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Fig. 10. The spectra of e=¢,+ig,, —Im&~"' and N,; of YAP single crystals for {c)/ E. Dotts and open circles

stand for the data points.

the lowest energy exciton band of «-Al,O;
peaks at E=9eV." It can, thus, be said that
the principal factor which determines the inter-
band absorption onset position in a series of
compounds of Y,0;, Y;Al:0;2; (YAG) and
YAIO; (YAP) is the bond length of Y3*-02~
and is not the constituent mole number of
Y,0; of these pseudobinary compounds.
Alternatively, the steepness constant oy
decreases with the increase in the range of 4 in
which the interionic distances of the Y3"-02~
bonds participated in the tail absorption vary,
A being a deviation from the average value of
the relevant bond lengths. If 4 is compared to
a strain due to lattice vibrations, the above cor-

relation found between o and 4 seems to be
reasonable, because g, gives a measure of the
inverse the electron-phonon coupling during
optical absorption.

From the viewpoint of the interionic length .
of Y3*-0?" and the deviation 4, the spectral
behaviour of the tail absorption of YAP may
be stated as follows: Owing to the increase in
the photon energy of the convergence point
(= the interband absorption onset) in the
order of <@y and <{c) and because of the
decrease in magnitude of oy in the order of
{a), <b) and {c), the tails for {a)>/E have
been measured in the lowest energy region and
the tails for {c)/E in the highest energy
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Fig. 11. The spectra of R(E) and ¢&,(E") of YAP single
crystals for <a) /E in the lower energy region of the
feature I. Q(E)-curve represents the excitation spec-
trum for the Ce’* emission of YAP:Ce’* powder
phosphor. Dotts stand for the data points.

region for A(E)=10?cm™!. It happens to oc-
cur that the tails for A(E)=~10°~10'cm™' are
located nearly the same spectral position for

™~
o

YAP (YN E 291K
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20

0 9 11 eV 10
PHOTON ENERGY E
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{a), <b) and {c)/E, (see, Fig. 2).

Figure 13 shows the anisotropic spectra
& (E) of the feature I obtained with the plane
polarized light along <a), <b)> or <c¢). Suc-
ceeding to the main peak at 8.70~8.75¢V,
weak humps around ~9.8¢V and 11eV are
seen on the spectra for {a)/E and <{c)/E,
while the spectrum for <b) / E is on almost the
monotonous decrease in intensity with the in-
creasing photon energy. The excitation spec-
trum Q(E) for powder phosphor YAP:Ce**
carries also similar weak structures around
~9.8¢eV and 10.8 ¢V after the passage of the
dip around ~9 eV which just corresponds to
the spectral position of the main peak of R(E)
or &(E). The anisotropic optical spectra
& (E) centred on the feature II are shown in
Fig. 14. Anisotropic spectral behaviour well
elucidated in these figures is explicable at pre-
sent in terms neither of the interband transi-
tions nor of a primitive atomic level scheme.

3.3.3 The spectra of Nyy(E) and —Ime™!
One notices in Figs. 8 ~ 10 the free electron

like behaviour of ¢(E) spectra around 23 eV
and 37 eV, i.e., & and &, increase and decrease
monotonously with the increase in E, respec-
tively, and they are both less than unity in
magnitudes. The loss peaks occur just at these
two energy positions. The effective number of
electrons per unit cell, N, reaches the

T T T T 40
=| vap HIE 296K 2
\; ::‘ 1 0 K . :L'-J:
@ o

w
(@)

20

07 9 11eV 10
PHOTON ENERGY E

Fig. 12. The spectra of R(E) and &,(E) of YAP single crystals for <b)/E (left frame) and <{c)/ E (right frame)
in the lower energy region of the feature I. Dotts stand for the data points.
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Table II. The bond lengths of O -Y*" and tail parameters (convergence energy E, and steepness constant g,q)
in the compounds Y,0;, YAIO; (YAP) and Y;AL;O,, (YAG).

Bond length

Average value

Deviation Convergence

Compounds o -y’* (A] 4 point E, f::slz nzss
[A] [A] [eV] T
Y,0, Cy(8) 2.284 2.287 —0.003 6.080 0.688  Regular octahedron
C,(24)# 2.248 —0.039 Distorted
2.279 —0.008 Octahedron
2.336 +0.049
YAG D,(24) 2.293 2.369 +0.076 7.012 0.560  Dodecahedron
2.445
YAP* a 2.471 2.634 +0.163 8.056 0.552
2.797
b 2.213 2.689 +0.476 8.018 0.479
3.164
c 2.338 2.648 —0.310 8.151 0.448
2.339 —0.309
2.656 +0.008
3.259 +0.611
# The data are calculated from ref. 22.
* The data of the bond lengths of YAP taken from ref. 23.
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PHOTON ENERGY E(eV) PHOTON ENERGY E(eV)
Fig. 13. The anisotropic spectral behaviour of &,(£) Fig. 14. The anisotropic spectral behaviour of &,(E)
spectra of YAP single crystals in the region I. Dotts

stand for the data points.

spectra of YAP single crystals centred on the feature
11. Dotts stand for the data points.



1812 Tetsuhiko Tomik1 et al.

following values at the peak position of the
loss spectra:

N (E)=57.5 at E=23.22 ¢V for Ka)/E,

52.7 23.06 eV {b)/E,
55.0 23.04eV  <O/E;
and
Nus(E)=97.4 at E=37.34 ¢V for <a) / E,
94.7 36.82 eV {b)/E,
92.7 35.94 eV {c>/E.

In view of the spectral behaviour of &(F), it is
conceived that the peak at 23 eV is due to the
characteristic energy loss of the collective elec-
tron oscillation in the 02~ 2pS valence bands,
and that the peak at 37 eV is caused by the col-
lective oscillations of the electrons both in the
valence bands O? 2p® and in the Y3*4pS-
bands. The unit cell of YAIO; lattice includes
four formula units. Thus, the O? valence
bands contain 72 electrons and Y?** 4p®-bands
24 electrons per unit cell. It is indicated by
Nee(E)-curves in Figs. 8 ~ 10 that Ny=72 at
E~30eV and Ny=72+24=96 at ~37¢€V.
The position of the loss peak due to the
plasma oscillation is, in general, sensitively
affected by the presence of nearby interband
transitions. Taking this into account, the
above interpretation on the two loss peaks is
consequently justified.

The features seen on the energy loss spectra
for Es15¢eV is related to the one-electron
transitions in this region.

The peak of —Ime~! at E~23 €V is com-
posed of the substructures at 20eV, 22eV
(missing for <c)/E), 23 eV and 26 eV; never-
theless, their relative intensities vary as the
direction of crystallographic axes. Contrasting
to this, one cannot speak of the line shape of
the loss peak at 37 eV. This is because the
reflectivity spectra for E=35¢eV are not ac-
curate enough for this purpose owing to the
short-wave limit of the monochromator
employed: Reflectivity spectra in this region
show a tendency in general to increase in
height towards the short-wave limit and
measured with poor reproducibility. For exam-
ple, owing to the enhanced background
signals incorporated into the reflection signal,
the apparent reflectivities at 296 K were

(Vol. 60,

measured larger in the region E=34 eV than
those at 10 K as shown in a frame of {c¢) 7/ E of
Fig. 4. This affects severely the spectral
behaviour of —Im e~ !:

While a loss peak occurs at 10K at 36¢eV,
only a shoulder is suggested there at 296 K,
see, Fig. 10. This type of shoulder was simi-
larly converted around E=36¢eV from the
reflectvity spectrum of YAG at 297 K by the
Kramers-Kronig relation.'® It was directly con-
firmed for YAG by carrying out the electron
energy loss experiment that the loss peak ac-
tually occurred at 36 eV, see, Fig. 7.'9 It is,
therefore, believed that in the case of YAP the
spectral behaviour of —Im ¢! at 10 K is most
likely and that at 296 K is false for E=36 V.
It may be interesting to note that the curve of
N at these temperatures nearly overlap with
each other in the region £= 34 ¢V and are least
affected by the troubles mentioned above, as
clearly seen in Fig. 10.

The absorption onset due to the transitions
from O? 2s%-band to the conduction bands
made up of the Y**- and AI**-levels was esti-
mated as ~26 eV (cf. §3.3.1). The peak of the
plasma oscillation including the electrons in
the 0%~ 2s* band, Nes=24, is expected to oc-
cur around E~41 eV, in view of the spectral
position of the 23 eV loss peak that is apart by
15 eV from the absorption onset ~8¢eV. To
confirm this expectation, the reflectivity spec-
tra should be measured by employing a
monochromator of another type.

The present experiment had been performed
at BL-1 during the period of August
1981 ~May 1983 under the approval of the
Program Advisory Committee at the Syn-
chrotron Radiation Laboratory, ISSP. We are
grateful to Professor H. Kanzaki and Pro-
fessor S. Suga and their colleagues in the SRL
ISSP for supporting the present experiment.
One of the authors (T. T.) is very grateful to
Professor Koichi Kobayashi for allowing him
to use his cryostat equipped with evacuating
and detecting apparatus. He also thanks Dr.
T. Miyata and Dr. T. Takeda for their giving
him access to the experimental facilities in the
Matsushita Research Institute Tokyo, Inc.
and Dr. K. Shiroki and Dr. Y. Kuwano, Nip-
pon Electric Corp., for their helpful informa-
tion on the crystal growth and etching of
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YAP. The X-ray analysis on the crystal-
lographic axes of YAP has been carried out by
Dr. Y. Kuwano, NEC. He deeply appreciates
his kindness. He notes with thanks that advice
by Professor M. Hosoya, University of the
Ryukyus, on the crystal structure of Y,0; was
very helpful in calculating the Y**-O?~ bond
lengths of a distorted octahedron.
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