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Abstract

We have megsured photoemission from the valence band and outer core lzvele
of rare eqrth (Ce, Gd, La) penta-phosphkatee. Varying the photon energy
through the region of the giant resonance of the 4d cross seation

(hv = 100 eV - 200 eV), we find a dramatic enhancement of the rarc earth
derived states (4f, 5p, 5e) in the ELC's. This enhancement ie explainad
as being due to a strong interaction of the 1_1',1‘.5](:;‘*'T aonfrguration wilh

other configurations as e.g. 4d104fn_zs£ (autoionization).

The absorption spectra of the solids containing rare earth (RE) elements
are characterized by a large broad maximum in the energy region 10 - 20 eV
above the RE 4d ionization threshold.]_3 The energy position of this
maximum varies between "~ 120 and % 190 eV when following the series of RE
metals from La to Yb while it has completely disappeared in the spectrum of
Lu. Although 4d ionization is possible at these photon energies,4 the
excitation of this maximum, its correlation and systematic variation in
shape and strength with the availability of empty 4f séates lead to an

interpretation as a &dluéfn > hdg

9

+ e,
4f" ! transition. The extremely strong

multiplet splitting of the 4d an+] configuration due to the exchange
interaction of strongly overlapping wavefunctions of two incomplete shells

pushes the strongest lines of this multiplet to energies way above the

9, n+l

lowest ionization threshold. The autoionization decay of the &4d74f con—
figuration into the Adgéfnsf configuration is held responsible for the

hroadening of these multiplet 1ines.5-

Up to now, the region of these maxima was investigated by absorption
1-3 s 9

spectroscopy, and by fluorescence emisslon Spectroscopy. We present
here for the first time measurements using the technique of photoelectric
emission with variable photon energy. This method yields a better insight
into the mechanisms leading to these peaks. From cur results we conclude

. P 5
that in addition to the decay mode proposed by Dehmer et al.” a strong

n+15525p6 configuration into the following free

10 6

autoionization of the 4d9&[

electron configurations occurs: 4d Afnisl5p €f, Adlohfn5525psc£, and

- 2 ' . . .
lohfn 155“5p6El. We ohserve these configurations directly in photoemission

4d
by analyzing the ef electron and we can see a prencunced enhancement of

these states in the region of the 4d maximum.




In this paper we report on EDC measurements of RE penta-phosphates, namely

CeP .0

50140 Gd

. Thes s g d s firs
0.67La0_33P50]A These compounds have become famous by the first

high concentrated RE laser material Nd Psola’lo containing the Nd3+ ion
as a stoichiometric constituent. The existing spectroscopic investigations
of the RE PSOIA'S are restricted to transitions within the &4f-subshell,

as these transitions are of main interest when developing optical devices,
like solid state lasers. However, a deeper understanding of the nature of
4f-transition probability and of the interaction mechanisms between the
different icns in these crystals necessitates a precise knowledge of how
the RE 4f-levels are embedded within the other states. The measured

EDC's yield information in this context and our results may contribute to

understand some of the basic problems of stoichiomeiric laser materials.]l

Using synchrotron radiation in the range 60 to 200 eV we have studied the
photoemission of the valence band and outer core levels of CePSOlA and
GdLaP.0,,. Our investigations take special advantage of the yield
spectroscopy technique which gives information of the spectral dependence of
the optical absorption. We observe a strong resonance enhancement of the
rare earth derived states for photon energies in the region of the RE 4d

transitioms.

Experimental

The measurements were performed monochromatizing the synchrotron radiation
of the DORIS storage ring by the ILIPPLR—munochromator.l2 The photoelectrons
were excited with s-polarized light and analysed with a commercial double
pass cylindrical mirror analyzer operating at a fixed emergy resolution. An
overall resolution of about 0.5 eV was sufficient for resolving the
structures in the EDC's. The yield spectra were taken setting the energy

analyzer to a fixed kinetic emergy of 10 eV with a band pass of 0.12 eV,

The samples were crystals grown from the stoichiometric wmelt. They were
placed as grown with the (100) surface into the vacuum system evacuated
tu 10_8 Torr. Since our crystals are fairly good insulators

1
(Egap 7 - 8 eV 3J we have used a flood gun for charge compensation.

Results and Discussion

Fig. | shows a set of EDC's of CEPSOIA taken a different photon energies.
The spectra are plotted on a binding energy scale with the zero corresponding
to the top of the valence band. The positions of peaks in the EDC's of
insulators can be shifted by charging effects which prevent an absolute
determination of the binding energy. Nevertheless the relative peak

positions are hardly affected. Due to the high oxidation state of the P ion
(PS+) in this compound only RE- and O-states contribute to the EDC-spectra

in this energy range., The identified states are assigned in Fig. |

according to Refs. 4, l4. We emphasize the dramatic variation of the
intensity of the Ce3+ derived states (4f, Sp, 5s) with photon energy.

Especially at photon energies around 120 eV the Ce 4f peak shows a

significant enhancement.

. . " .
Analogously to Fig. 1,Fig. 2 b shows EDC's of Gd0.67L30.33p501é at different
photon energies. Again we observe a strong dependence of structures in the
spectra on the photon energy: (i) A photon enexgy of hv = 118 eV gives rise
to additional structures at binding energies around 16 eV and 35 eVv. (ii)

Around hv = 150 eV a dominant peak appears in the valence band region.



It is well-known that the Ce 4d transitions cause a giant resonance near
hv = 120 eV in the absorption spectra of Ce metal and Ce compounds. Fig. 3
shows the yield spectrum15 of cePSOIA' The strong increase of the yield
near 120 eV is due to the Ce 4d transitions. In Fig. 3 the measured photo-
yield is compared to the absorption coefficient of Ce metal.2 Cne has to
congsider that in the compound a flat background due to excitations from
the matrix contributes to the spectrum. In the energy range 110 - 135 eV
both spectra, yield and absorption, have a nearly identical shape, which
again prooves the atomic character of the 4d transitions in the RE solids.'

The features observed at about 138 eV in the yield spectrum are ascribed

. . 5+ ,
to 2p excitations of the P~ ion.

The results of our EDC measurements {Fig. 1) suggest a correlation between

3 and the 4d-

the observed ephancement of the 5s, 5p and 4f statgs of Ce
excitation. The intensities of the Ce 4f, 5p and 5s peaks as determined from
the EDC's are plotted in Fig. 3. From Fig. 3 it is evident that the strong
increase of the intensities of the RE-derived states is correlated with

the onset of the Ce giant resonance gbsorption. This resonance behaviour

. 9,.2. 2.6
can be interpreted by autoionization of the excited 4d"4f£ 5s"5p states

10, 1. 1.6
via 43'0%£%325p8 + en, 4a'%¢'5a%5p° + en, and 4d'%4f'5s'5p° + €2

configurations.

Similarly West et a1.17 have found an increase of the partial photo-ionization
cross sections for 5s- and Sp-excitations in Xe above the threshold of
4d-transitions due to intershell interactions. In theoretical calculations of

94f15s25p6 + £f configurations are assumed to

the Ce 4d-transitions the 4d
be the main autoionization channels. This process leads to free electrons

with low kinetic energy. These electrons cannot be identified in our EDC

megsurements because of the high background of scattered electrons and
the additional slow electrons emitted by the flood gun. We were able,
however, to estimate the relative contribution of the autoionization

channels observed in the EDC's,

Our evaluations are carried cut at a photon energy of hv = 121.6 eV at
which we cbtained maximum intensity for the Ce derived states in the
corresponding EDC (Fig. 1). It was demonstratedl5 for practically all
kinds of solids that the photoelectric yield y is proportional to the
absorption coefficient u and the escape depth L of the photoelectrons,

¥ v pL (if 1/L >> ). The yield at hv = 121.6 eV can be split into a
contribution due to the Ce 4d~excitatiom (b in Fig. 3) and amother part
due to the matrix excitation (a). From Fig., 3 follows a ratic of these
contributions R = b/a % I_5§§;T; = 2,2 at hv = 121.6 eV. The excitation
of matrix derived states is reflected in the integrated intensity M of
the valence band structure and the 02_25 peak in the EDC (Fig. 1). The
area F under the 4f peak represents those Ce 4d-excitations leading to
Adloafo552596 + ef final states, From Fig. | one obtains F/M = 0,3, In
order to determine the relative contribution BAf of the 4f-autoionization
channel one has to correct this wvalue by the ratio R, Thus it follows
Béf = F/M + 1/R = 0.13. An analogous procedure is applied to the 5p and
5s peaks in the EDC yielding Bog * BSs + BSp = 0.20, This means that the
three observed autoionization channels give a 20 % contribution to the

decay of the excited Adg4525525p6 states at hv = 121.6 eV, The

AdIOAEn_]eE autoionization can be described as a super Coster-Kronig
L. 18 L . . ,
tran91t10n] involving interacting electrons with the same main guantum

number. This may explain the particularly enhanced decay into this auto-

ionization channel.



When making this analysis we have completely neglected direct - not
resonance enhanced — 4L, 5p and 5s excitations of Ce. The comparison of

the yield spectrum of CeP with the absorption spectrum of metallic Ce

5014
(see Fig. 3) allows to estimate this contribution to the total crror of
the R-values Lo be 15 2. Considering the ambiguity of the background

substraction in the EDC (Fig. 1) we estimate the total error to be

+ 30 % of the B-values.

We emphasize that the maximum in the enhancement of the Ce derived states
in the EDC spectra does not coincide with the maximum of the 4d absorption
in Fig. 3. The strongest autoionization decay into these states occurs at
the low energy part of the giant resonance. We have fitted the shape of
these curves with a Fano autoionization profileI9 actually developed for
one single rescnance state overiapping ome continuum. The fit is not too
bad and the parameters obtained are given as following: E_ = 120.2 eV,

I =2,6 eV, q=2.4eV.

We have also measured the yield spectrum of GdLaP50]4 (Fig. 2 a). The
prominent features around 118 eV and 147 eV are correlated with the giant
resonances observed in the absorption spectra of La- and Gd—metal.] At
photon energies corresponding to the 4d excitations of L33+ there is an
obvious enhancement of the La Ss and Sp states in the EDC's (Fig. 2 b).
The 4d-excitations of Gd peak at hy = 147 eV (Fig. 2 a). Therefore the
strong structure rising in the valence band region at this photeon energy
is ascribed to Gd3+ 4f states. Xeeping in mind that the 4f subshell of Gd
is half-filled the position of the Gd 4f states with respect to the Ce 4f

state supports this interpretation.

Conclusion

We could demonstirate in tﬁesc measurements that the so called giant resonance
maxima in the RE spectra above the 4d ionization limit arise from resonance
like states of the 4d9AEn+l type. Not only the previously postulatecl'r’_8
Adgéfnef decay is responsible for the breoadening of these states but also
other autoionization decays mainly of the type hdlohfn-lzz occur with a
fairly high probability of up to 20 Z. Such a decay channel is only possible
for a well localized resonance like excitation for which it is a strong
indication. The investigation of RE compounds rather than pure metals was
very useful for establishing these effects, The phosphor and oxygen derived
matrix states which are unaffected by these processes served as a good

frame of reference for normalizing the intemsities of the Ce derived peaks

in the EDC spectra.

Moreover, the mechanism described above is very pronounced and easy to observe
when a tunable synchrotron radiatiom light source is available. Therefore

the RE derived states overlapping the valence band can be identified by this
enhancement. In our measurements this leads to a localization of the 4f
levels with respect to the valence band in CePAO]& and GdLaPSDlA' The

implications of these results will be discussed in detail in another paper.
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Figure Captions

Fig. 1:

Fig, 2: (a)

Fig. 3:

(b)

Photoelectron EDC's of the valence band region for CeP 0,
taken at differeant photon energies. The spectra are plotted
on a binding energy scale with the top of the valence band
E. = 0. The curves are normalized at E = 15 eV,

B B

Yield spectrum of GdLaP50M

Photoelectron EDC's of the valence band region for GcILaE’_,’()Hl
measured at different photon energies (as indicated in

Fig. 2 a), The spectra are plotted on a binding energy scale
with the top of the valence band EB = 0. The curves are
normalized at EB =12 eV.

Solid line: yield spectrum of CePSOIA’ dashed line:

5d absorption of Ce metal (from Ref. 2), marks: amplitudes
of Ce derived states from the EDC's in the vicinity of the
Ce 4d giant resonance, dash-dotted line: autoionization
profile according to Ref. 19 with the following parameters:

Eo = 120.2 eV, [ = 2,6 eV, q = 2.4 eV.
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