LBL-16326 ___

Preprint *-

Lawrence Berkeley Laboratory

UNIVERSITY OF CALIFORNIA

Materials & Molecular REC L,
Lav -
YITY BEmier. o ~MCr
Research Division ey
AUG!OI%@
i , . Do SERARY Any
Submitted to Physical Review B OCUMENTSSECTO
ION
SITE SELECTIVE EXCITATION OF U4+ DILUTED IN
INCOMMENSURATE ThBrg4
P. Delamoye, J.C. Krupa, J.G. Conway, and
N. Edelstein :
4 p
July 1983 TWO-WEEK LOAN COPY
\_ This is a Library Circulating Copy

which may be borrowed for two weeks.
For a personal retention copy, call
Tech. Info. Division, Ext. 6782.

_/

esa|— 147

c 2

Prepared for the U.S. Department of Energy under Contract DE-AC03-76SF00098 Q{



DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California.



LBL-16326

Site Selective Excitation of U4* Diluted
in Incommensurate ThBry

Pierre Delamoye, J. C. Krupa

Institute de Physique Nucléaire
Laboratoire de Radiochimie
Universite de Paris-Sud
Orsay 91406, France

John G. Conway, N. Edelstein

Materials and Molecular Research Division
Lawrence Berkeley Laboratory
University of California
Berkeley, California 94720



Abstract

Selective excitation experiments in the visible region are
| reported for the U4+:ThBr4 system. These permit the
classification of absorption and emission lines to the sites found in
the incommensurately modulated structure of ThBr4. The lines are
assigned to a DZd (B) site, a continudus distribution of D, (C)
sites, and to the limiting D2 (A) site. By application of the model
of Delamoye and Currat (J. Physique-Lettres 43, L655 (1982)), the
energy levels have been happed as a function of the phase angle, ¢2,
of the distortion. The agreement between the predictions of the model
and experiment is very good. It is shown that the incommensurate

structure of ThBr4 must be of higher order than qg/c* = 4/13.



Introduction

- Absorption and emission spectra of U4+ diluted in ThBr4 have
been reported previously. At room temperature ThBr4 (8 form) has a
tetragonal crystal structure with each Th atom (or impurity U atom)
located at a site of D2d symmetry. At liquid He temperatures, the
spectra consisted of many more lines than could be reasonably
attributed to zero pnonon electronic transitions of a 5f2
configuration. Also, no constant differences could be found in the
line list to suggest vibrational structure superimposed on electronic
transitions. Another puzzling feature of the low temperature optical
spectra was the presence of broad absorption bands with two edge
singularities in lieu of the sharp lines usually found for an £
system. The apparently continuous character of fluorescence lines
observed in selective excitation experiments suggested the existence

of a continuous distribution of U4+

sites in the host crystal. The
first evidence as to a possible explanation of these observations came
from Raman scattering results which indicated the existence of a phase
transition, Tc =95 K, in ThBr4.2 Subsequently, neutron powder
diffraction data showed additional powder lines below Tc’ which

could be indexed approximately by tripling the unit cell along the ¢

axis.3

More precise single crystal neutron diffraction measurements
indicated that below Tc’ ThBr4 has a "displacively modulated
structure”, i.e. the regular spatial arrangement has been disturbed by
small-amplitude static displacements of the atoms with a period

incommensurate with the underlying crystalline periodicity.4
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Delamoye and Currat™ have shown that the peculiar absorption

bands found in the optical spectra of U4'+

:ThBr4 can be explained

by the incommensurate structure of the host crystal at low
temperatures. The Th (U impurity) ions are situated at sites which
vary continuously from D2d to a limiting D2 symmetry. In this

paper we describe selective excitation experiments which permit the
classification of the absorption and emission lines according to site

 in the

symmetry. The following paper6 (II) fits the levels of U
D2d and limiting D2 sites to the parameters of an empirical

Hamiltonian.

Energy Levels in the ThBr4 Modulated Structure

Below Tc = 95 K, ThBr4 exists as an incommensurately
modulated structure due to transverse sinusoidal displacements of the
bromide ions perpendicular to the ¢ axis of the crystal. The bromide
ion displacements are diffefent in each unit cell and are a sinusoidal
function of the distance from their positions in the high temperature
unit cell which is taken as the origin. These displacements may be
described in terms of a local phase angle ¢, where ¢ is an index which
identifies the site. Thus §, = 0 for the D,y site and ¢, = % /2
for the limiting 02 site. For D2d symmetry, the energy levels of
an f2 system may be labelled by the representations of the D2d
“group as the singlets T] - T4, and the doublet Tg. Although in

the modulated structure of ThBr4, the site symmetry is lowered to
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D2’ we will use the Doy designation (i.e. F] (DZd)) in thg

following discussion.

5 th

Delamoye and Currat™ have shown that the energy of the j

energy level of a U4+ ion in the gth site in the modulated ThBr4
structure may be written as
j 2 . 2 i
Ed = Eg +n {aj + By sin bl} x vsn sin b, (1)

where aj, Bj and Y; are coefficients, and Y5 = 0 for the F]
- Ty (DZd) states. n is an amplitude factor which is assumed to
be small. At each site %, the possible e]ectronic transition

frequencies between two levels j and j' are given by5

v = Ej _.Ej'
v v

and the spectral density of the corresponding absorption band by

FIRAR }-1

The edge singularities correspond to

(3 (3)
de ] ) ae )

dﬁi ) dbl .

The resulting energy level diagram is sketched in Fig. 1. When

the phase angle bz = 0, the U4+ jon is in a D2d symmetry site.
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For other values of bk the symmetry is D2 with the limiting D2
site occurring at bz = * ¢/2. Edge singularities occur at ¢2 =0, £ /2
for non-degenerate (T>TC) excited states and ¢£ = = ¢/2 for the states
derived from the D,4—degenerate Tg states.

As p, goes from O to * /2, the F] - F4 (DZd) levels are
shifted in energy by an amount proportional to the square of the
modulation amplitude. The degenerate Ts (DZd) levels are split by

the Bg, Bg, Bg, Bg crystal field terms which occur

in 02 symmetry but not in D2d symmetry.6

In this case the band
width is proportional to n.

Thus the narrow = transitions must be between nondegenerate
states with energy shifts proportional to nz,'and o transitions must

correspond to those in which at least one of the levels is a F5

(DZd) level with the energy shift proportional to n.

Experimental

A. Equipment

The growth of the U4+:ThBr’4 crystals has been described
previous]y.7 For the studies described here, the crystals were
sealed in evacuated quartz tubes containing a sma]] amount of gaseous
helium, and then immersed in liquid helium at 4.2 K. . The luminescence

of the U4+

ions was excited by a pulsed Molectron DL tunable dye
laser pumped with a Molectron UV14 nitrogen laser. The nitrogen laser

generated a pulse of ~ 10 ns width with a peak power of 400 KW at a
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repetition rate of 10 Hz. The resolution of the dye laser was ~ .1 nm
at 600 nm.8 Fluorescence spectra were obtained photographically on
a 3.4 m Ebert spectrometer or analyzed with-a .5 m Jarrell-Ash
monochromator equipped with a Hamamatsu 928 photomultiplier. Zeeman
spectra were obtained with a magnetic field of 4.2 Tesla oriented
parallel to the ¢ crystal axis. All experiments described here were
performed in the visible region.

B. Absorption and Broéd Band Excitation Spectra

The absorption and broad band excitation spectra are
characterized by two distinct types of bands depending upon the
polarization of the electric vector of the incident radiation with
réspect to the ¢ axis. With o polarization the absorption spectra
(Fig. 2a) consist of broad bands with three peaks, two of which are
associated with edge singularities. With = polarization the
absorption bands (Fig. 2b) are narrower and have two peaks, which are
associated with singularities. Broad weak peaks which accompany some
bands are probably due to vibronic transitions. If fluorescence
spectra are obtained with a broad band excitation source, the
fluorescence bands exhibit a characteristic line shape with two edge
singularities. A typical band is shown in Fig. 3.

C. Selective Excitation Experiments

If a narrow band dye laser is set to a particular absorption
line, only those ions with the site symmetry of the absorbing ion will
be excited and show a fluorescence spectrum. If two sites have

overlapping absorption lines the fluorescence spectrum will consist of
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emission lines from both sites whose relative intensities will be
proportional to the relative number of ions from each site which are
excited. Part of the fluorescence spectra obtained by the laser
excitation of various absorption peaks at ~ 517 nm (see Fig. 2a) is

L .
4 ions 1n a

shown in Fig. 4. If an emission line due to U
particular site is monitored while the dye laser is scanned through an
absorption band, only those absorption 1fnes from ions in the same
site will excite the fluorescence. From these types of experiments
excitation spectra can be determined and the absorption and emission
lines can be correlated.

The lines observed for U4+:ThBr4 have been assigned to‘three
different sites: A,B, and C. These sites are sufficient to classify
all the major features of the absorption and emission spectra. Table
I lists the wavelengths and energies for the absorption and emission
spectra associated with the edge singularities (in both « and o
polarization) and also the third peak in the o polarization spectra
(See Figs 2 and 3). These spectra are labelled as arising from the A
and B sites. Later experiments showed the intensities of some of
these lines to be temperature dependent.9

Excitation spectra obtained by monitoring emission lines between
544.1 and 545.5 nm are shown in Fig. 5. The absorption intensity
between the edge singularities and the third peak (see Fig. 2al)
corresponds to many different sites. This range of sites results in

an emission spectrum which appears to vary continuously as the

exciting laser frequency is tuned through an absorption band.
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Examples of this effect, obtained by sweeping through the absorption
band of Fig. 2al, are shown in Fig. 6. The data shown in Fig. 6b were
obtained from the experiments illustrated in Fig. 5. Similar data
obtained by excitation of the absorption band at ~ 576 nm (Fig. 2a2)
are shown in Fig. 7. It has not been possible to resolve fluorescence
or excitation spectra from an individual site. The family of lines
arising from the excitation of an absorption band between the edge
singularities and, in the case of o polarization, the third peak in
the spectrum, have been assigned to the multiple C sites.

From Zeeman measurements it was found that two visible absorption
lines assigned to the B site were split into doublets. The splittings
were linear with the magnetic field strength. Values of the splitting

factor are given in the following paper (II).

Discussion

The selective excitation experiments show that one of the two
singularities (A site) in the » polarization spectra is associated
with two edge singularities in the o polarization spectra, while the
third peak in the o polarization spectra (B site) is correlated with
the second singularity in the » spectra. From the arguments of

Delamoye and Currat,5

the B site is assigned to the site of D2d
symmetry while the A site represents the limiting 02 siFe symmetry
found for the modulated phase of ThBr4. Implicit in these arguments
is the assignment of the ground state to a singlet in D2d symmetry.

This assignment is supported by the number of absorption lines found
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for the D2d symmetry site; if a degenerate g state were the
ground state, the selection rules would be much different (see II) and
many more lines would be observed with » polarization. Also Zeeman
experiments show only a splitting of the excited FS (DZd) states;
no splittings due to a degenerate ground state are observed.

The energy transfer by non-radiative transifions is strongly
dependent on the energy difference between the absorbing level and the

fluorescing level as shown by the relative intensities in Table I.

1

For example, for the A site, the line at 14354 cm  1is weak when

excited at 516.6 nm but is strong when excited at 576.3 nm. Because

1

the Tine at 14354 cm™ " is also seen in absorption but is temperature

dependent we conclude that there is an excited state at 10 cm'] for

the A site. This 10 cm'] level is verified by the energy difference

1

of the emission lines at 19302 and 19292 cm™ and the temperature

dependence in absorption of the latter. From this group of lines we

1 1 1

and 1010 cm~ " for the A

site. The temperature dependence of the line at 16996 cm‘] in

1

also find levels at 146 cm™ ', 967 cm™

absorption suggests that it arises from the level at 10 cm™ and

permits us to assign a level at 17006 cm']. The levels determined

by this analysis and the visible absorption lines are shown in Table

II.]O

Only two lines are seen in both absorption and emission for the B

sites and locate levels at 15206 and 14368 cm']. The emission line

1 1

at 14290 cm™ fixes an excited state at 78 cm~'. The selective

excitation experiments show that the 78 cm“] line is split into a
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doublet in 02 symmetry (see Fig. 6) so it must be of Fs symmetry.
We assign the termination of the emission lines at 16919 and

1

19233 cm~ ' to this state which locates levels at 16997 and

1 1

19311 ecm™ . The emission line at 18364 cm ' 1is excited by the

same absorption line as the 19233 cm'] line and locates an excited
state at'943'cm']. The assigned levels for the visible region
obtained from both absorption and emission experiments for the B site
are also shown in Table II.

According to tﬁe line shape analysis of Delamoye and Currat,5
the A sites correspond to the phase angle of ¢£ =% /2 while at the B
or D2d site, ¢2 = 0. For a particular band the measured energies at
these sites permit the empirical evaluation of the coefficients in Eq.
1. This equation can then be used to map out the energy levels as a
function of the phase angle bz. Fig. 8 shows some of these energy
levels. All levels have been measured relative to the ground state
and consequently the energy levels obtained from Eq. 1 as a function
of the modulation or phase angle bz are given relative to the ground
state. Three of the levels shown are F5 states in DZd symmetry.
The two higher FS states are obtained from absorption measurements
and the profiles of the absorption bands are sketched in Fig. 8. Note
that in one case the absorption from a B (DZd) site arises at an
edge singularity while for the highest energy level the absorption
from a B site is found between the two edge singularities. The energy

levels as a function of phase angle are quite different in the two

cases. Two states which are singlets in D2d symmetry are also
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shown. In these cases the energy shifts in going from D2d to the
limiting D2 site are not so pronounced. This is the reason for the
rather narrow absorption bands found in = polarization.

The validity of Eq. 1 can be checked by determining the phase
angle at a particular absorption frequency and then calculating the
fluorescence energy predicted from the difference of two energy 1eve]$
which are pumped via the absorption band at that phase angle. By this

+ .
4 ions at

type of analysis the fluorescence energies of the U
various C sites should be determined. The calculated fluorescence
energies for some bands are shown as dashed lines on Fig 6C and 7B.
The agreement is seen to be remarkably good and within experimental
error. |

Neutron diffraction experiments indicate a modulated structure
with a modulation wavevector qq given by

g = 0.310 £ 0.005 c*

where c* is one of the basis vectors of the reciprocal lattice of the

tetragonal unit cell. A high order commensurate structure

corresponding to

qS
— = 4/13 = 0.3077 or

= = 5/16 = 0.3125

512
w

cannot be excluded on the basis of neutron diffraction measurements
alone.

However, we have shown by the selective excitation experiments
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(see Figs 5 and 6) that it is impossible to resolve emission lines
from an isolated C site. The two edge singularities (516.6 and 517.6

nm) are separated by 34 cm‘]. The resolution of the dye laser was

1 which shows there must be > 17 different U4+ (or Th4+)

~2cm
sites. If ThBr4 does have a high order commensurate structure, it

must be of a higher order than qg/c* = 4/13.

Conclusion
The observation of peculiar line shapes found for absorption

spectra of U4+

:ThBr4 and of fluorescence lines which shift
continuously as the exciting laser frequency is swept through the
profile of an absorption band have led to the discovery of the
incommensurate phase 6f ThBr4 at TC = 95 K. Selective excitation
experiments have permitted the correlation of absorption and emission

lines with the site symmetry of the U4+

ion in ThBr4. The Tlines

have been classified as arising from a DZd (B) site with a

cdntinuous distfibution of sites (C) to the limiting 02 (A) site and
energy levels as a function of the phase angle have been mapped. This
continuous distribution of sites explains the unusual fluorescence
behavior. Our experiments have shown that a high order commensurate
structure of qS/c* = 4/13 is not possible. A higher resolution

laser is necessary to determine if a higher order commensurate phase

exists for ThBr4.
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assumption was not correct.



Table I.

Absorption and Emission Lines Assigned to the A and B Sites

A sites B sites
Excitationd Emissiond Excitationd Emissiond
nm ecm-!  Polarization nm en-!  Intensityd nm cw-! Polarization  nm cm-1 Intensityd
457.8 21838 o 518.2¢ 19292 s 457.7 21842 a 519.8 19233 s
545.3 18333 m 544.4 18364 5
546.5 18293 W
488.5 20460 v 518.2¢ 19292 s 488.5 20460 . 519.8 19233 s
545.3 18333 m 544.4 18364 s
546.5 18293 W
‘ 490.4 20382 - a 519.8 19233 m
516.6 19352 P 518.09 19302 W
518.2¢ 19292 Vs
522.0 19154 W
545.3 18333 m
546.5 18293 w
657.49 15207 m
696.5¢ 14354 W
517.5 19318 P 518.0d 19302 W 516.9 19341 o 519.8 19283 s
518.2¢ 19292 vs 544.4 18364 s
522.0 19154 W 657.59 15204 m
545.3 18333 m 699.6 14290 W
546.5 18293 W
657.44 15207 m
696.5¢ 14354 W
518.0 19302 o 545.3 18333 m
546.5 18293 W
657.49 15207 m
696.5C 14354 W
575.6 17368 P 588.2 16996 m
696.0d 14364 W
696.5C 14354 s 576.7 17335 o 590.9 16919 m
_ 695.8d 14368 w
576.3 17347 o 588,2 16996 m 699.6 14290 s
696.00 14364 W
696.5C 14354 s
670.3 14915 . 696.5¢ 14354 m 671.0 14899 x 699.6 14290 m
679.7 14709 a 696.5C 14354 m
684.2 14612 o 696.5C 14354 m 682.2 14654 a 699.6 14290 m

fstimated Errors £ 2 cm- ).
bs . strong, m = medium, w = weak, VS = very strong, vw = very weak.
CSeen also in absorption but temperature dependent.
dseen also in absorption.

-.9 l_
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Table I1.

Energy Levels Assigned to the A and B Sites

A sites B sites
Energy Polarization Energy Polarization
(cn™) (cn™)
222204 o 222209 s
21838 g 21842 g
20460 " 20460 T
20382 o
199422 o 199702 o
19352 ¢ 19341 g
19318 o
19302 T 19311 T
17368 o 17335 a
17347 g
17006 16997
160132 a 160032,b o
160038 o
154212 o 154122 g
153924 o
15207 T 15204 T
14915 ™ 14899 T
14709 g 14654 o
14612 G
14364 " 14368 T
1010 943
967
146 78
10
0 0

dDetermined from MCD experiments, see Ref. 9.
bThese levels split in a magnetic field.
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Captions

].

Energy level diagram obtained from Eq. 1: a) singlet state
8 > 0, b) doublet state 8 > 0, ¢) singlet state 8 < O.
Typical absorption bands in a) o polarization, b) «
polarization.

Typical emission band obtained by broad band excitation.
Fluorescence spectra obtained by pumping various absorption
peaks at ~ 517 nm; (See Fig. 2al). Laser wavelength set at
a) 516.6 nm, b) 516.9 nm, c) 517.5 nm.

Excitation spectra obtained by monitoring various
wavelengths in the 544-545 nm region. The absorption band
being swept by the narrow band dye laser is centered at 517
nm and is shown in Fig. 2al.

Change in fluorescence energies as the absorption band at ~
517 nm (19337 cm']) is swept by the narrow band dye laéer:

1 1

Emission band at 6a) ~ 19210 cm™', 6b) ~ 18350 cm™ ',

6c) ~ 14310 em~'. The horizontal lines represent the band
widths at particular monochromator settings.

Change in fluorescence energies as the absorption band at

~ 696 nm (14364 cm']) is swept by the dye laser: Emission

1 7b) ~ 14320 cm™'. The

band at 7a) ~ 16960 cm~
horizontal lines represent the band widths at particular

monochromator settings.
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Figure 8. Energy levels obtained as a function of bz by fitting the
parameters of Eq. 1 to the measured energies at the A and B

sites. The levels are relative to the energy level of the

ground state which is assumed to be O cm']. The dashed

lines represent the profiles of the absorption bands from

which the parameters were evaluated. The energy levels at

1 1

~ 19340 cm™', ~ 17340 cm™', and ~ 80 cm™! arise from

FS doublets in D2d symmetry while the levels at

1 1

~ 19310 cm™~" and 14360 cm™ ' are singlets in both Doy

and 02 symmetries.
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