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1. Introduction

Porter and Wright {1} have reported the excita-
tion and emission of CaO:Pr’*. The crystal was
shown to exhibit efficient up-conversion and with
the current interest in up-conversion for laser
applications it is worthwhile to identify the nature
of the active centre or centres. Porter and Wright
{1} have established that the centre giving the
up-conversion is the dominant centre in CaQ.
The spectroscopy of the centre has several inter-
esting features. In particular there are three exci-
tation lines in the region of the *H, — 3P, wave-
length region where, if it is a single Pr?* ion
centre, only one line is expected. From various
considerations such as the temperature depen-
-dence of the excitation and emission and the
concentration dependence of the energy transfer
between the 3P, and 'D, states, Porter and
Wright [1] concluded that the centre was associ-
ated with a single Pr’” ion. Thus the two addi-
.tional excitation lines are associated with excited
‘State levels adjacent to the *P, level. This paper
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Three Pr®* centres in two different crystal hosts have been studied by site selective laser spectroscopy and Zeeman
spectroscopy with attention directed at the B, 3PI and "1, crystal field level assignments. The H, - JP,J excitation lne is
readily identified in each case. For a tetragonai and a trigonal centre in Ca¥F, there is, in each case, a further weak excitation
line higher in energy which exhibits a large Zeeman splitting. The associated excited tevels are attributed to ‘Iﬁ states, For
the Pr®* centre in CaQ there are two lines adjacent to that associated with the 3P{, state and aithough they do not exhibit
linear Zeeman splittings, there are guadratic Zeeman shifts due to large off-dingonal terms. Again the related levels are
atiributed fo ‘16 states. The ceatre is shown to have orthorhombic symmetry and the energy levels for this centre are

is concerned primarily with the origin of these
lines and the geometric nature of the centre. The
Zeeman effect of the levels is investigated and
compared with that of two other Pr3* centres;
one of tetragonal symmetry and one of trigonal
symmetry in CaF,. The analysis of the Zeeman
splittings gives strong support for Porter and
Wright’s [1] conclusions both regarding the single
ion nature of the CaO:Pr?* centre and. their
model of the centre.

The two high symmetry centres investigated in
CaF, are both céntres where the Pr** ion substi-
tutes for Ca*” but charge compensation arises in
two different ways. One is by an interstitial F~
fon in an adjacent location along the (100} di-
rection forming the centre of C,, symmetry. This
is the predominant Pr®* centre in CaF,:Pr?*
and has been extensively discussed in the Htera-
ture including Zeeman measurements [2,.3], When
oxygen is present in the growth of the CaF,
crystal another common mechanism for charge
compensation is by the substitution of an O ion
for a nearest-neighbour ¥~ ion giving in this
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instance a centre with C;, symmetry. Some as-
pects of this centre have been given before by
Gustafson and Wright [4] and by Hasan and
Manson [3]. Masui and Ibuki [6] have also identi-
fied a trigonal centre in CaF,:Pr’" but the exci-
tation wavelengths are different from those re-
ported here or those given by Gustafson and
Wright [4] and, hence, involves a different centre.
Tt is not clear that their crystal was grown in the
presence of oxygen and, hence, may not involve
0%~ charge compensation.

2. Experimental

The crystals were all grown in the Laser Physics
Centre. The CaO was grown by the arc fusion
process and pieces ~2 mm® were cleaved from
the crystalline mass. The CaF,:Pr** was grown
by the Bridgman technique with the oxygen cen-
tres formed subsequently by heating crystals in
moist air at 800°C,
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Excitation spectra were performed using a
pumped dye laser and the emission was dispersed
by a monochromator and detected by a photg
multiplier. The samples were either cooled by (i
a flow of helium gas (10 K), or (i) a Oxforg
Instruments cryomagnetic dewar (4.2 K) which
included a split pair superconducting magnet (0-.$
T).

3. Excitation of CaQ:Pr3*

The Tow temperature ~ 4.2 K excitation
CaQ:Pr?®* in- the *H,—°P, spectral region
shows, as mentioned earlier, three lines at 4863
484.9 and 484.5 nm. The excitation spectrum o
tained by monitoring the emission at 486.2 am
which coincides with the lowest energy excitati
line, is shown in fig. 1(a). Non-selective excitati
gives the same spectrum with only weak addi
tional features indicating that the excitation spee.
trum is associated with the dominant centre in
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Fig, 1. (a) Low temperature (10 K) excitation spectrum of the *H, — *Py and *H, - *P, transitions of CaQ:Pr** chraine
monitoring fluorescence at 486.2 and 619.0 nm, respectively. (b} 31’3 -»¥H, fluorescence spectrum when exciting at 484.2 nm.
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Fig. 2. Energy level diagram for the principal Pe** centre in

CaQ. The energy of aine *H, levels have been established
some from 'D, emission and gome from - P, emission and
these are shown separately,.The positien of the lowest 112)2
tevel indicated by an asterisk has been determined from the
temperature dependence of the ' D, emission (fig. 3).

the crystal. Exciting any of the threc lines gives
the same emission as shown in fig. 1(b) with four
sharp lines and some broad features. The energy
levels associated with these transitions are sum-
marised in fig. 2. The strongest transition at 486.2
nm, observed in both excitation and emission, is
considered to be associated with the *P, excited
state,

The *H,—'D, excitation and emission has
also been recorded and is shown in fig. 3. In this
case there were no coincidences in the low tem-
perature spectrum between excitation and eIl
sion Hnes. However, by plotting the temperature
dependence of the emission from two emitting
levels the energy separation between the levels
was determined and hencc the relative position
of the levels of 'D, and ° Hd states (fig. 2) has
also been gstablished.

in addition, no excitation lines consistent with
the *P, state could be detected whereas the two
lines at 22101 and 22233 cm™!' are asmgncd to
the 3P, state (fig. 1{a)).
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Fig. 3. ‘D, =+ *H; emission spectra at 4.2, 19.8, 79.2 K, during
excitation at 607 nm and the “H, — 'D, excitation spectrum
at 4.2 ¥ observed by monitoring the emission at 619 nm. No
extra lines are seen in the excitation spectra recorded at
femperatures up (o roeom temperature,
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4. Excitatien of CaF,:Pr®* :¥ " and
CaF,: Pr3+:0%"

As the origin of the three lines i the
CaO :Pr?" excitation spectrum in the neighbour-
hood of the *H, —+ *P, transition is of some con-
cern, it is advantageous {0 Investigate the analo-
gous excitation of other centres. The excitation of
two such centres is shown in fig. 4. It is notewor-
thy that in both cases there are lines to the high
‘energy side of the *H, — *P, excitation line. The
lines in the three centres presumably have a
common physical origin and this can be substanti-
ated by the Zeeman data presented below.

In axial symmetry the P, state is split into a
doublet and a singlet and from a knowledge of
the free ion energies it can be anticipated that
there will be two levels ~ 550 cm ™! above the *P,
state. The flourine compensated centre is the
only one that gives such lines in the ‘appropriate

spectral region and Reeves [7] has made assign- -

ments of these lines based on a erystal field
analysis. The oxygen compensated centre has
spectral featutes to both lower and higher energy
but none that can be readily attributed to P,

states. As mentioned earlier there are no lines in :
this spectral region in CaQ: Pr+,

5. Maguoetic field measurements and discussion
5.1 CaF,:Pri* :F-

The CafF,:Pr’*:F~ centre has tetragonal.
symmelry and, thus, an external magnetic field -
along a {001) axis will be aligned along the
principal axis for one crystallographic orientation.
and at right angles for the other two orientations,
Now, since a non-Kramers ion in a crystal field of |
axial symmetry exhibits no transverse Zeeman
splitting (g, = 0), the transitions associated with
the centres whose axes are perpendicular to the *
ficld will be unaffected by the field. The shifted
lines in fig. 5, therefore, are all associated with
the axial centre,

The Zeeman splitting of the *H, — *P, transi-
ticn at 477.1 nm in a field of 5 T is consistent
with transitions from a ground state split by 8.8
em ™! to a nondegenerate excited state. At 4.2 K
one of the Zeeman components of the ground
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Fig. 4. Excitation spectra of the 3H4 - 3?0 transition for: (a) CaF, :Pri*:F obtained by monitoring the fluorescence at 642.3 nm.
{0) CaF,:Pr?* 107~ obtained by monitoring the Auorescence at 656.1 nm.
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Fig. 5. Zeeman splittings of CaF,:Pr¥* :F~ (C,) at 4.2 K'in
(a) zero magnetic field, (b} a magnetic feld of § T, H1
{001}, and {c) a schematic representation of the assignments
of the Zeeman spiittings for the *H, -1, and *H, -~ P,
transitions. The angle between the principal symmeiry axis of
a site and the magnetic field direction is given above the
corresponding Zeeman energy level diagram. Asterisks are
used to distinguish lines from different site orientations.

state is thermally depopulated causing loss in the
intensity of the Zeeman components displaced to
lower energy.

The 476.0 nm line likewise has uadisplaced
componenis associated with centres whose sym-
metry axis is transverse to the field. The magnetic
field in this case causes large spiittings of the
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aligned ceatres and the pattern corresponds to
that for an E - E transition-with an excited state
g-value of 11.9 + 0.3 and the ground state g-value
of 3.8 = 0.2. These values and the Zeeman pat-
terns are in agreement with previous measure-
ments on this Pr®* centre [2,3].

5.2, CaF,:Pri* 0%~

The excitation spectrum of the O~ compen-
sated site shows a strong sharp line at 475.9 pm
which is considered to be associated with the *P,
level. In addition, there are other lines 183, 257
and 407 cmi=! higher in encrgy (fizg. 4 and the
Zeeman splitting or shifts of all four lines have
been measured. ‘

The site symmetry of the CaF,:Pr?* 0%
centre i3 C,, and when the magnetic field is
along the {(100) direction the various trigonal
axes ali subtend the same angle (54.70%) with the
external magnetic field. The 475.9 nm line splits
into two components consistent with a transition
from an E ground state to a non-degenerate
excited state. The 471.8 nm line gives an entirely
different splitting pattern, indicating that the as-
sociated excited state must also be split, The lines
at 470.2 and 466.9 nm exhibii displacements to
higher energy in a field of 5 T consistent with
transitions to excited states of A symmetry. The
Zeeman shifts are less than the line widths (~4
cm™*) and, hence these assignments are not con-
clusive.

In C,, symmetry the g-values of the ground
and excited states for an B — F transition can be
determined directly by applying the magnetic field
along the {111 crystal direction. The observed
splittings shown in fig. 6(b) were obtained in a
field of 5 T. The field is along the axs of one
centre and it is this centre that gives the largest
splittings. The other centres all have their axis at
an angle of 70.5° to the field and the associated
Zeeman splittings will be subsequently 1 smaller
than those for the axial case. The Zeeman spec-
trum is then readily assigned as shown in fig. 6(c).
The ground state g-value is determined to be
5.9 + 0.2 whereas that of the excited state giving
rise to the 471.8 nm line is larger at 9.4 4 0.3
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Fig. 6. Zeeman splittings of CaF,:Pr®" :0%" (C,) at 42 K

in (a) zero magnetic field, (1) 2 magnetic field of S T, H|f

{111 and {c) a schematic representation of the assignments

of Zeeman splittings for the YH, -1, and *H, — 3P, transi-
tions. Notation is the same as for fig. 5.

5.3 CaO:pPri

Unlike the former two centres the nature of
the CaO:Pr3* centre has not been reliably estab.
lished.

As discussed earlier there are three excitation
Hnes in the blue spectral region. The lowest en-
ergy line at 486.2 nm has been assigned to the
*H, - 3P, transition and it exhibits no splitting
or shift in magnetic fields up to 5 T, Thus in this

case the ground state is not split by a magnetic
field. This behavior is consistent with optical
transitions of non-Kramers ions in low symmetry
sites where all degeneracy has been lifted. Sup-
porting this ¢laim is the obhservation that with the
exception of the two excitation lines at 484.5 and
484.9 nm none of the other excitation or emission
lines-shown in fig. 1 give splittings or shifts in a-
magnetic field of 5 T.
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Fig. 7. Zeeman splittings of CaO:Pri*{C,,) at 4.2 K (a) zero
magnetic field, {b} a magnetic field of 3T, H1| {110, and ()
a schematic representation of the assignments of the guadratic”
Zeeman shifts for the *H, —'1, and the *H, - P, transi-

tions. Notation is the same as for fig. 5.




atle t
;r,qagnctic splitting (g} factors for the lowest crystal field levels
of the *H, ground multiplet and the 1, multiplet, as deter-
mined from low temperature Zeeman measurements in a
magnetic field of 5 T.

3H4 IIE:
CaFy Pro7 iF° 318402 119+03

3.8% %

a7 11.87
CaFy Prit 0% 55402 $.4+03
CaQ:Pr?* g 103403

(effective)

a) Macfagiane et al. [2].
o Tissue and Wright {3].

As shown in fig. 7, however, the lines at 484.9
and 484.5 nm split in the presence of a magnetic
field. This can be readily understood as a conse-
quence of a shifting of the levels, rather than a
splitting of levels. It is observed that only the
fower energy transition has components displaced
to lower energy and the higher energy line com-
‘ponents to higher energy. In addition, the magni-
tude of the Zeeman shifts depended on the square
of the field strength. The pseudo-Zeeman split-
ting is a consequence of field mixing between the
two excited state levels separated by 18 cm ™ L,

For a field along the {100, direction, each
line splits into two components and, for a field
along the {110) direction, into three components
{two of which are not fully resolved}. In addition
for both lines a component remains unshifted.
The patterns are what would be expected for two
interacting lfevels of a centre with its axis along a
{110} direction. In C,, symmetry all irreducible
representations are non-degenerate and, hence,
two levels can only interact via a perturbation of
appropriate symmetry. Magnetic fields aligned
_along the separate axes of the C,, site each
transform according to a different irreducible
representation (A, B, or B,) and, hence, only
one can give rise to the interaction. The maxi-
mum shifts occur when the external magnetic
field is along a €110} directicn and this indicates
it 10 be the major axis of one of the C,, centres.
The equivalent axis of the other C,, centres will
correspond to the other {110) crystaliographic
directions and it is the component of the field
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along such axes that gives rise to the interaction
between levels. The Zeeman patterns can, there-
fore, be predicted and the strength of the interac-
tion determined from the experiment {(fig. 7). The
magnitude of the Zeeman interaction is found to
be equivalent to 2 Zuqeaive = 10.3.+£ 0.3 had the
two levels been degenerate.

6. Discussion

In each of the three Pr’* centres investigated,
the transition from the ground state to the P,
tevel has been wdentified and the magnetic field
measurements confirm that the excited state level
in all cases is, indeed, non-degenerate. To higher
energy there are additional levels and in all three
cases it has been shown that the first of these
levels has associated with it a large g-value. In
the axial centres the g-value is that associated
with a linear splitting of a two-fold degenerate
state. In CaO the states are non-degenerate and
the effective g-value was determined from the
repuision of two levels by an off-diagonal Zee-
man interaction. These two levels would be de-
generate in higher symmetry (cubic or axial} and
the distortion which produces the C,, symmetry
is what causes the splitting of 18 cm ™', Once the
magnetic field is large enough to make the Zee-
man interaction comparable with the zero feld
splitting the levels are repelled from one another
and the magnitude of the interaction can be
expressed in terms of an effective g-value that
would appropriate if there was no zero field
splitting.

The magnitude of the excited state g-value in
ail three centres (9.4, 119 and 103) is much
larger than that which is possible for a *P, level (3
in first order) but compatible with that expected
for a ', state. Spectroscopic g-values of sumilar
magnitude have been established for "Iy states in
LaCl,:Pr** [8]. The extra levels can, therefore,
be clearly assigned to crystal field '1, states. For
the CaF,:Pr'* :F~ ceatre this is consistent with
the assignment of Tissue and Wright {3].

Charge compensation for the trivalent ions in
the alkaline-earth oxides is generally achieved
through the incorporation of cation vacancies in
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the ratio one vacancy for every two trivalent
cations. There is, thercfore, a binding energy
between the ion substituting for the Ca®* ions in
the O, site and the vacancy. This encourages an
association between the species and results in
lower symmetry sites. With a nearest neighbour
vacancy the Pr** centre will have C,, symmetry
and the Zeeman measurements have established
that this is the symmetry of the dominant centre.
It is clear that this is the major centre in CaQ but
there also exists a significant number of non-com-
pensated cubic Pr*t jons {11,

7. Conclusions

In these studies it has been found that Pri*
doped crystals have crystal field energy level pat-
terns which frequently exhibit 'l, states lying
close in energy to the *P, state. This behaviour is
found for both six-fold and eight-fold co-ordinated
systerns. In particular, from the Zeeman mea-
surements, it is shown that the two levels at 54
and 72 cm™t above the *P, level in CaO are

- Jou
No

single Pr** site ion levels associated with the 'I
state, .
Porter and Wright [1] have proposed that the
predominant Pr** ion centre in CaQ is formed.
by a substitutional Pr** ion with an adjacent.
charge compensating Ca®* vacancy giving an or-
thorhombic site of C,, symmetry. An analysis of
the quadratic Zeeman cifect reported here gives
convincing support for this moedel of the centre.
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