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A detailed investigation has been made of the two trigonal Gd** ESR centers (T, and T) in alkaline-earth-
fluoride (CaF,, SrF,, and BaF,) crystals treated with water vapor at high temperatures. We have observed
both the T, and T, centers in all three fluoride crystals. Partially resolved superhyperfine structures have
been detected for the first time for the T, and T, centers. It is established that the charge-compensation
structures of the T, and T, trigonal Gd** centers are associated with the Gd** — F~02~ and

Gd** — F;0%" configurations, respectively.

1. INTRODUCTION

It was first observed by Sierro!? that heat treat-
ment of CaF, crystals with water vapor at high
temperatures resulted in the disappearance of the
original cubic®~" and tetragonal®®-!! Gd* ESR cen-
ters in the crystals and produced two new types of
trigonally symmetric Gd* centers. One of these
trigonal centers is associated with a relatively
small axial fine-structure splitting characterized
by b3~ —407x10™ cm™, and the other trigonal cen-
ter is associated with a rather large value of 53
=~ ~1667x10"* cm™. Throughout this paper, the
former center is referred to as the T;, and the
latter as the T, trigonal Gd* centers. Sierro®!?
also observed the T,~type center in treated SrF,
but not the Ty-type center; neither center was ob-
served in BaF,. Sierro® proposed that the 7; and
T, centers involved an OH" and an 0% jon, respec-
tively, each of which replaces one of the eight
nearest-neighbor F~ ions surrounding the Gd* ion
(Gd* - F3) in the fluorite lattice.

Sierro’s model for the 7y center was later dis-
puted by Gil’fanov, Livanova, and Stolov.!® They
pointed out that the substitution of an OH™ ion for
an F~ ion in the Gd* — F; configuration did not pro-
vide the extra negative charge necessary for com-
pensating the Gd® ion at the divalent Ca® site in
CaF,. They suggested instead that the OH™ ion
should be located at an interstitial positionalong the
[111] direction next to the Gd* ion. Vinokurov et
al.'* made further studies of the T,-type Gd* cen-
ter in CaF, and obtained improved values for the
spin-Hamiltonian constants for this center.

In this paper, we report the results of our ESR
investigations of a series of treated crystals of
CaF,, SrF,, and BaF, containing dilute amounts of
Gd* ions. We have observed for the first time the
Ty ~type center in SrF, and both the T,- and T,-type
centers in BaF,;, thus completing the observation
of these two trigonal Gd* centers in all three
alkaline-earth-fluoride systems.!* The observed

12

ESR fine-structure spectra have been quantitatively
analyzed, resulting in a complete determination of
their spin-Hamiltonian constants. We have also
detected partially resolved superhyperfine struc-
tures for the 7, and T, Gd* centers, from which
we have concluded that the charge-compensation
models for these two trigonal Gd* centers are sim-
ilar to those established previously!® ¢ for the two
trigonal Yb* and Ce* ESR centers produced in
treated CaF,.

II. EXPERIMENTAL
A. Sample preparation

The alkaline-earth-fluoride crystals investigated
in the present work were obtained from Optovac,
Inc. The crystals are designated according to
their nominal wt.% Gd* —ion concentrations as
CaF,:10™% Gd*, CaF,:107°%% Gd*, CaF,:5%1072%
Gd*, SrF,:1079% Gd*, SrF,:107°%% Gd*, SrF,:5
x1029 Gd*, BaF,:107% Gd*, BaF,:10739 Gd*,
and BaF,:5X107%9 Gd*.

Heat treatment of the samples was performed in
a vacuum system consisting of a glass bell jar with
a brass base plate, a fore pump, a diffusion pump,
and a liquid-nitrogen cold trap. Two semicircular
heating elements were used to form an oven capa-
ble of reaching 1200 °C. A glass vessel with a nar-
row neck containing a stop cock was connected
through the base plate for introducing water vapor
into the vacuum chamber. The water vapor pres-
sure inside the system was measured by a pressure
gauge covering the range from 1 to 1000 mTorr,
and the oven temperature was monitored by a - ’
chromel-alumel thermocouple near the sample.

Samples with a typical size of 0.3X0.3x0.6 cm®
were placed in a ceramic crucible which was com-
pletely filled with fine CaF, powders in order to
avoid excessive reaction of the water vapor with
the samples. This method was very effective in
retarding the hydrolysis reaction thus enabling us
to analyze systematically the production of the Ty
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and T, centers.

A typical sample-preparation experiment was
performed in the following manner. The bell jar
system was first outgassed at 1200 °C for 24 h to
remove any water vapor from the system. After
placing the sample, the system was again outgassed
at 400 °C for 10 h. The temperature was then
raised to the desired treatment temperature (usual-
1y near 1000 °C) over a period of several hours.
After the sample was isolated from the pumping
system, a given amount of water vapor (usually
several hundred mTorr) was introduced into the
bell jar. The sample was maintained at the treat-
ment temperature for a specific period of time
(usually several hours) before the oven was shut
off allowing the sample to ‘cool to room temperature
for ESR experiments.

B. Fine-structure investigations

The ESR experiments were performed using a
Varian V-4500 X-band ESR spectrometer operating
at a microwave frequency of approximately 9.5 GHz
at room temperature and 9.2 GHz at 77 °K. The
spectrometer system employs a 100-kHz field mod-
ulation and a Varian 12-in. electromagnet with a
field-regulated power supply.

Before treatment, the CaF,:1079% Gd* sample
exhibited primarily the tetragonal®®-! Gd* ESR
center and a trace of the cubic®™" Gd* center.
Treating the sample at 900 °C for 4 h at a water
vapor pressure of 400 mTorr resulted in a dis-
appearance of the original tetragonal and cubic
Gd* centers, and produced a different set of ESR
lines. These ESR lines were identified as those
arising from a trigonal Gd* center with an axial
fine-structure splitting constant 53~ — 1668x 10"
em™, which is the T,-type center observed in CaF,
by Sierro. When another CaF,:107% Gd* sample
was treated under the same conditions but at a dif-
ferent water vapor pressure of 1000 mTorr, the
original tetragonal and cubic Gd* centers were
found to be converted to another trigonal Gd* cen-
ter having b~ —409X10™ em™, which is the T,-
type center observed in CaF, by Sierro.

Although the observation of the 7y and T, trigonal
Gd* ESR centers in the heat-treated CaF,:107%9
Gd* sample as well as the fine-structure splittings
associated with these two centers were consistent
with the previous work by Sierro,!'? the sequence
of appearance for these two centers required fur-
ther studies. We thus performed a series of heat-
treatment experiments in the CaF, :1073% Gd* and
CaF,:5%X 1072} Gd* samples by fixing the treatment
temperature and water vapor pressure and studying
the production of the 7, and T, centers as a func-
tion of time. Because of the higher Gd* concentra-
tions in these crystals, the conversion of the origi-
nal G&* centers to the T; and 7, centers was slow-
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er and hence easier to examine. These experi-
ments revealed that the T, center was always pro-
duced in the initial stage of the hydrolysis reaction
just as the original tetragonal and cubic Gd* cen-
ters began to decrease in intensity. When the
same sample was further treated, the T; center
appeared. It should be pointed out that, although
the final amount of the 7; and T, centers produced
in a given treatment as well as their relative inten-
sities depended upon the treatment conditions, the
production sequence of these two centers was al-
ways the same; that is, T, followed by 7,. This
sequence was just the opposite of that suggested by
Sierro in treated CaFs,.

Heat treatment of SrF, was first performed in
the SrF,:107% Gd* sample. Prior to treatment,
this sample contained approximately 60% tetrag-
onal?¥? and 40% weak trigonal®* Gd* centers with
a trace of the cubic®!? Gd®* center. After treating
the sample at 900 °C for 5 h at a water vapor pres-
sure of 400 mTorr, the original Gd* ESR lines
disappeared completely, while a new set of ESR
lines arose. These ESR lines are shown in Fig. 1
for H parallel to the [111], [110], and [100] direc-
tions. The labelling S, D, T, or @ designates, re-
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FIG. 1. ESR fine-structure spectra of the T, trigonal
Gd** center in treated SrF,:10™* Gd3 at room tempera~-
ture.
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FIG. 2. ESR fine-structure spectra of the T; trigonal
Gd* center in treated SrF,:10"% Gd** at room tempera-
ture.

spectively, singlet, doublet, triplet, or quartet
line, referring to the number of transitions that
each fine-structure line contains.!” We have found
that these ESR lines arise from a trigonal Gd*
center with b3~ —1816x10"* cm™, which is consis-
tent with the T,-type center observed in SrF, by
Sierro. 21

When another SrF,:107% Gd* sample was
treated under the same conditions but at an in-
creased water vapor pressure of 1000 mTorr, the
resultant ESR spectra displayed an entirely new
set of trigonal Gd* ESR lines. The ESR spectra
are shown in Fig. 2 for the three crystallographic
axes. These ESR lines are characterized by an
axial fine-structure splitting constant 53 of roughly
-615X10™ cm™, indicating the first observation of
the T;-type Gd* center in SrF,.

Having successfully produced the T;-type center
in SrF,, we then attempted to produce the Ty~ and
T,-type centers in BaF,. Initially the BaF,:1079
Gd* sample contained primarily the weak trig-
onal?%:18:1% G4* center and some very weak signals
from the cubic?2:1%2 G4* center. Treatment of
the sample at 850 °C for 5 h at a water vapor pres-
sure of 300 mTorr completely removed the origi-
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nal Gd* ESR lines, and produced a new set of ESR
lines shown in Fig. 3. Analyses of these ESR lines
revealed that they were associated with a trigonal
Gd* center having b3~ —~1700X107* ecm™, corre-
sponding to the T, type trigonal Gd* center. The
production of the T,-type center in BaF, was
achieved by treating another BaF,:107%% Gd* sam-
ple under the same conditions but at a water vapor
pressure of 1000 mTorr. The resultant ESR spec-
tra are shown in Fig. 4. This center is character-
ized by b3~ —899%x107* cm™,

The production sequence of the 7, and T, centers
in the SrF, and BaF, crystals containing 10-3% and
5X107%% Gd™ ions was also examined. In all cases,
it was found that the T, center was produced before
the T; center in the heat-treatment experiments,
the same sequence as we observed in CaF,.

C. Superhyperfine-structure observations

No superhyperfine structure has been reported in
the previous investigations of the T, and T, cen-
ters.1:211-1421 Baged on our experience® in detect-
ing superhyperfine structures for the cubic Gd**
center in CaF,, SrF,, and BaF,, however, we have
observed some partially resolved superhyperfine
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FIG. 3. ESR fine-structure spectra of the T trigonal

Gd* center in treated BaF,:10"*% Gd** at room tempera-
ture.



4690 CHI-CHUNG YANG,

T T, Gd°' CENTER IN BaF,
T Hz[]
.
T %lq‘ ]
S S3) Se S7
| S
>4
b ® H#[10]
D D
DD o |
T
D
|
DC
e alae . Hz[100]
1“?9:3] I —
IR

H (kG)

FIG. 4. ESR fine-structure spectra of the T, trigonal
Gd* center in treated BaF,:10-4% Gd®* at room tempera-
ture.

structures for both the T; and T, centers in the
three fluoride crystals at 77 °K.

For the T, center in the SrF,:107%% Gd* sample,
when the external magnetic field H was applied
along the [111] direction of the crystal, each of the
seven singlet fine-structure lines indicated by S; to
Sy in Fig. 2 displayed a doublet superhyperfine

" structure with weak satellite lines. The struc-
ture is shown in Fig. 5. It is noted that each com-
ponent line in the doublet structure has a linewidth
of roughly 2 G for all seven fine-structure lines.
As the magnetic field i was rotated away from the
[111] direction, the doublet structure became less
resolved and eventually not detectable. No super-
hyperfine structure was observed for any other
fine-structure line when H was in the vicinity of the
[110]or [100] axis. A similar doublet structure
was also observed for the T; center in the
CaF, :1073% Gd** and BaF,:1073% Gd** samples,
except that the resolution of the doublet structure
was slightly poorer in CaF; and poorest in BaFs.
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A similar doublet superhyperfine structure was
observed for the 7y center in the CaF,, SrF,, and
BaF, crystals containing 1079 Gd* ions. On the
other hand, the samples containing 5X102%% Gd*
ions displayed the doublet structure with very poor
resolution.

For the T, center in SrF, :107°%% Gd* sample,
only one fine-structure line indicated by S; in Fig.
1 for HI[111] exhibited a partially resolved multi-
plet superhyperfine structure. The structure is
shown in Fig. 6. It is noted that this structure
has a central line and contains at least nine com-
ponents. The remaining fine-structure transitions
had linewidths of roughly 10 G and exhibited no re-
solved superhyperfine structure. In the
CaF, :107°% Gd* and BaF, :107% Gd* samples, a
similar superhyperfine structure with poorer res-
olution was observed for the S, fine~-structure
line. The CaF,;, SrF,, and BaF, crystals contain-
ing 5% 1072 Gd* ions showed no resolved super-
hyperfine structure for the T, center.

D. Treatment with D, O vapor

The alkaline-earth-fluoride crystals containing
1079, 10739, and 5x10°% Gd* ions were also
treated with D,O vapor. In these crystals, no dif-
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FIG. 5. Doublet superhyperfine structure observed for
the seven singlet (S) fine-structure lines of the 7y tri-
gonal Gd* center for H Il [111] in SrF, :10-%% Gd* at 77 °K.
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FIG. 6. Superhyperfine structure observed for the S,
singlet fine-structure line of the T, trigonal Gd** center
for f Il [111] in SrF,:10-3% Gd** at 77°K.

ference was observed for either the fine structure
or the superhyperfine structure as compared to
crystals treated with H,O vapor.

III. ANALYSES AND DISCUSSIONS

A general description has been given elsewhere!”
for the study of the ESR fine-structure properties
of the %S;,; ground state of Gd* under the influence
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of a trigonally symmetric crystalline environment.
It is convenient to characterize these ESR proper-
ties by the following spin Hamiltonian®':

se=gupHS +§5303+ & (5303 + 6303)

+ g (6303 + BI0F + B30Y). (1)

In order to determine the spin-Hamiltonian con-
stants for the T, and T, centers, we have employed
an iterative computer program'? to diagonalize
numerically the entire spin-Hamiltonian matrix
and fit the theoretical spectra to the experimental
data. The best-fit values obtained by least-
squares method are listed in Table I. It is noted
that our values for the Ty and T, centers in CaF,
and the T, center in SrF, are in agreement with
those obtained previously by Sierro® and by
Vinokurov et al.

Sierro’s assignment of an OH™ ion for the T; cen-
ter and an O®” ion for the 7, center was based on
the following considerations.! At the beginning of
the hydrolysis reaction, water molecules were
considered to be dissociated into H* and OH" ions.
The H* ion combined with F~ ions to form HF acid,
while the OH" ion took the place of the removed F~
ion in the first shell, resulting in the T; center.

As the hydrolysis treatment was continued, the
hydrogen was removed from the OH™ ion leaving an
O* ion in the first shell, resulting in the 7, cen-
ter. It is believed that Sierro’s models may have
been partly based on his observation that the T,
center was produced before the T, center in the
hydrolysis treatment. Gil’fanov et al.'® later pro-
posed that an OH" ion should be located at an inter-
stitial positionalong the [111] direction adjacent to
the Gd* ion in order to accomplish the required
charge compensation.

TABLE I. Spin-Hamiltonian constants for the T; and T, trigonal Gd®* centers
in CaF,, SrF,;, and BaF, at room temperature, where b} are given in units of

10 em.
g b3 b} b8 2! b3 b
T in CaFy 1.9910 —-409.3 ~13.9 -0.1 +230 -8 . =6
+0.0004 +0,2 +0.1 +0,1 +2 +3 +2
Ty in SrF, 1.9908 -614.7 ~13.2 -0.1 +216 -7 -5
+0.0004 £0,2 £0.1 +0.1 +2 +3 +2
Ty in BaF, 1.9906 —-898.7 -13.6 -0.1 +222 -4 -5
+0.0004 +0.2 +0.1 +0,1 +2 +3 +2
Ty in CaF, 1.9911 -—1668.6 +26.2 -0.3 -704 +2 -3
+0.0004 +0.4 +0.1 +0.2 +3 +4 +2
Ty in SrF, 1.9914 -1815.0 +22.4 -0.2 -575 -3 -1
+0.0004 +0.4 +0.1 +0,2 +3 +4 +2
T, in BaF, 1.9907 -=1700.4 +19.8 -0.1 —475 0 -2
+0,0004 +0.4 +0,1 +0.2 +3 +4 +2




4692 CHI-CHUNG YANG, SOOK LEE, AND ALBERT J. BEVOLO 12

As indicated in Sec. II, we observed no differ-
ence in the ESR properties between the crystals
treated with D,O and H,O vapor. If a deuteron had
replaced a proton in the immediate neighborhood
of the Gd* ion, the resolved superhyperfine struc-
tures would have been drastically altered, since
the deuteron has a nuclear spin I=1 in contrast to
that of the proton (/= 3) and a nuclear magnetic
moment about § the value of the proton. Particu-
larly in the case of the T, center, the doublet
structure should have been changed radically if an
OD" ion had replaced an OH™ ion. The fact that no
change was observed with D,O treatment justifies
eliminating the OH" ion from the immediate envi-
ronment of the Gd* ion.

We now consider the charge-compensation mod-
els for the Ty and T, centers involving other im-
portant negative ions in the crystal, namely the F~
and O%* ions. If one considers that the charge
compensator or compensators are in the first
shell, there are four possible combinations of F~
and O%* ions which would achieve charge neutrality:
F 0%, F;02°, F;0%, and F;0%°". The combination
F;0%" can be ruled out immediately, because it
cannot give rise to a trigonal symmetry. The
combination F;0% is expected to produce at least
a four-line (quartet) superhyperfine pattern when
H is parallel to the [111] direction, which is incon-
sistent with the observed doublet structure for the
T, center (see Fig. 5). Thus the F;0%" combina-
tion can be eliminated for the Ty center.

The F;0%" combination can also be rejected for

the T, center based on the following considerations.

In order to obtain a trigonal symmetry from this
combination, only one arrangement of the F~ and
O% ions is possible. The three F~ jons must lie

in the same (111) plane and the three O®" ions must
lie in the next parallel (111) plane, with the trigo-
nal symmetry axis being perpendicular to these
(111) planes. This implies that two of the eight
first-shell sites are empty and these sites lie
along the symmetry axis. When the magnetic field
is applied along the symmetry axis, the three fluo-
rine nuclei become equivalent in that each should
give rise to the same superhyperfine splittings.

If one considers that the allowed transitions® are
resolved, the resultant superhyperfine pattern
would not have a central component, even including
the forbidden transitions.? This is contrary to the

observed superhyperfine structure shown in Fig. 6.

On the other hand, if the allowed transitions are
not resolved, the corresponding structure should
contain at most seven components including all the
forbidden transitions, which is inconsistent with
the large number (at least nine) of component lines
contained in the observed structure. Hence, the
F;02" model can be ruled out for both the 7, and T,
‘centers.

Comparing the two remaining possibilities, F'02
and F;O?", it is reasonable to assume that the com-
bination F'O% is produced after the combination
F;0% during the hydrolysis reaction because of the
greater number of substitutional O%" ions involved
in the former combination. Since the T; center is
produced after the T, center, the combination F-O%
should be associated with the T, center and the
combination F;0% with the T, center.

Assuming the above models, it is readily seen
that the observed doublet superhyperfine structure
for the T, center can be explained as arising from
the single F~ion in the F 0% combination. Further-
more, the linewidth of roughly 2 G observed for
each component line in the doublet structure is
nearly identical to that of each of the resolved
superhyperfine lines in the cubic Gd* center® due
to the F nuclei outside the first shell. If there is
more than one !°F nucleus in the first shell, then
one would expect to observe either more super-
hyperfine component lines than two, or broader
linewidths for each component line. Thus we con-
clude that only one magnetic nucleus, namely the
9F  exists in the first shell surrounding the Gd*
ion for the 7y center. This implies that seven of
the eight nearest-neighbor F~ ions have been re-
moved by the hydrolysis treatment and that their
role as charge compensators has been taken over
by nonmagnetic O?" ions in the F~O%" configuration.
This model is illustrated in Fig. 7.

Since the F~ ion in the F'0%" model lies along the
trigonal symmetry axis, the superhyperfine inter-
action with its nucleus requires only two tensor
components 7, and 7,. We have found from the
doublet splitting with Hi [111] tbat 7, is approxi-
mately 2 G for all three host crystals. On the oth-
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FIG. 7. Charge-compensation structure determined
for the 7'y trigonal Gd* center in alkaline-earth fluorides.
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FIG, 8. Charge-compensation structure determined
for the T, trigonal Gd®* center in alkaline-earth fluorides.

er hand, it was not possible to accurately deter-
mine the value of 7, because of the poor resolution
of the doublet splitting when H was rotated away
from the [111] axis.

One might be tempted to attribute the weak satel-
lite lines observed along with the doublet structure
for the T, center to forbidden superhyperfine tran-
sitions associated with the °F nuclear spin in the
F 'O configuration. However, such forbidden
transitions are not even weakly allowed for H par-
allel to the symmetry axis. It is believed that
these weak lines arise from simultaneous spin flips
of the Gd* ion with the distant !°F nuclei which are
important for the dynamic nuclear polarization
(DNP) of the “solid effect” in the fluorite crystals.®

To completely characterize the superhyperfine
patterns expected for the F70%" configuration as-
signed to the T, center requires twelve tensor com-
ponents. The six *°F nuclei not along the trigonal
symmetry axis can be grouped into two sets of
three equivalent nuclei; each set requires five
(three diagonal and two off-diagonal) superhyper-
fine tensor components.? The remaining **F nu-
cleus, since it lies along the symmetry axis, re-
quires only two tensor components. Because of the
large number of tensor components involved in the
F;0?%" configuration, it has not been possible to
make a quantitative comparison between the super-
hyperfine pattern expected for this configuration
with the observed superhyperfine pattern. How=-
ever, there are several factors that mutually rein-
force the F;0?" model, namely, the relatively large
number of superhyperfine components observed,
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the over-all linewidth of each of the unresolved and
partially resolved fine-structure lines, and the
production sequence of the 7Ty and T, centers. The
F;0% model is illustrated in Fig. 8.

It should be pointed out that electron-nuclear
double-resonance (ENDOR) and ESR studies by oth-
er investigators of two trigonal Yb* and Ce® cen-
ters in heat-treated CaF, have provided important
guidelines in the construction of the T, and T, mod-
els in the present work. Reddy et al.'® observed
two types of trigonal Yb* centers in CaF, by treat-
ing the crystals at high temperatures with water
vapor containing 11% enriched 0. One of these
trigonal centers, which they denoted by 7,, oc-
curred before the other type, denoted by T;.

Based on their ENDOR results, they assigned a
Yb*-F 0% model for the 7, center and a Yb*-F;0%
model for the T, center. Subsequently, Chambers!®
reported the observation of two types of trigonal
Ce® ESR centers in treated CaF,, which were de-
noted by A and B according to their sequence of ap-
pearance. He suggested that the A and B centers
were associated with Ce¥-F;0% and Ce*-F 0% con-
figurations, respectively. He also found that the
B-type Ce™ center exhibited a doublet structure for
Hi[111]. This structure was concluded to origi-
nate from the superhyperfine interaction of the

Ce®* ion with the *F nucleus of the one remaining
F- ion in the first shell.

IV. CONCLUSIONS

A detailed investigation has been made of the T,
and 7, trigonal Gd®* ESR centers in single crystals
of CaF,, SrF,, and BaF, treated with water vapor
at high temperatures. We have successfully pro-
duced both the 7y and T, centers in all three alka-
line-earth-fluoride crystals. The spin-Hamiltoni-
an constants for the Gd®* centers have been deter-
mined by fitting the theoretical spectra obtained
from computer diagonalization to the experimental
data. A series of heat-treatment experiments has
revealed that the T, center is always produced be-
fore the Ty center, which is opposite to the se-
quence previously reported. We have also treated
the crystals with D,O vapor instead of with H,O va-
por, and found no difference in their ESR proper-
ties. These results along with the analyses of the
superhyperfine structures observed for the T, and
T, centers have enabled us to conclude that the
charge-compensation models for the 7, and 7, Gd*
centers are similar to those of the two trigonal
Yb** and Ce* ESR centers observed in treated
CaF,; that is, Gd*-F 0} for the 7, Gd* center
and Gd*-F;0% for the T, Gd* center.
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