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A comparison between the spin Hamiltonian parameters obtained from both experiments
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In this work a single-crystal ENDOR study of RbCl:O, is presented. The angular variation of two
sets of ®Rb and *’Rb ENDOR transitions is investigated. The corresponding superhyperfine (SHF) and
nuclear-quadrupole coupling tensors are determined. These ENDOR results can be explained only by
assuming a monovacancy model, i.e., O,  replacing a single C1~ ion. The linewidth of the EPR signals
is shown to be determined by the Rb SHF interaction. The corresponding powder ENDOR study of
RbClL:0," is also presented. The powder ENDOR spectra could be simulated using the single-crystal
data. Finally, from this simulation procedure a fitting program is derived to obtain information from

powder ENDOR spectra of analogous systems.

I. INTRODUCTION

In the past, it has been frequently shown that electron-
nuclear double resonance (ENDOR) studies of impurity
centers in single-crystal samples lead to the determina-
tion of the total defect structure. Often, however, no sin-
gle crystals are available. In such cases, powder ENDOR
may form an alternative method to obtain information
about the total structure of the defect. In this work, we
make a comparison between the information obtainable
for both powder and single-crystal ENDOR studies of
the O, defect in RbCl.

X, defects (X =0,S,Se) in alkali halide single crystals
have been studied extensively with electron paramagnetic
resonance (EPR).! 712 For some of these defects, the EPR
studies did not determine unambiguously the total defect
structure. The monovacancy model was sometimes ques-
tioned and a divacancy model, in which the X, mole-
cule is replacing two halide ions, was also considered.

From the work of Kénzig and co-workers,! ~% Vannotti
and Morton,*> and Callens and co-workers,® % it is
known that, depending on the lattice, the paramagnetic p
lobes of the X, defect may be oriented along a [110] or
a [001] direction. To explain the occurrence of a specific
type in an alkali halide single crystal, three effects should
be considered: Coulombic, covalency, and steric effects.
A full determination of the total defect structure is there-
fore necessary.

ENDOR investigations on a whole series of X, de-
fects (X =0,S,Se) in different alkali halide crystals were
started.!> Zeller and Kinzig? detected a well-resolved
superhyperfine (SHF) interaction in the EPR spectra of
the O, defect in KCl. From these data, a monovacancy
model was proposed for the KC1:O,  case. Although no
resolved SHF structure was found in the RbC1:0,” EPR
spectrum, Zeller and Kinzig? also assumed a monovacan-
cy model for this center.

In this article, the validity of this model is investigated
using single-crystal and powder ENDOR.
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II. EXPERIMENTAL TECHNIQUES

The single crystals were grown by the Bridgman
method. RbCl powder (Merck) was mixed with 1% KO,
(Merck). The crystals thus obtained were x-ray irradiated
at room temperature (RT) for typically + h with a
tungsten anticathode Philips x-ray tube, operated at 60
kV and 40 mA. Powder ENDOR was performed on
ground crystals. The powders were x-ray irradiated at
RT during 1 h.

The EPR spectra were recorded using a Bruker ESP
300 X-band spectrometer, with maximum microwave
power 200 mW. The detection conditions were 8 K and 1
mW microwave power.

The ENDOR spectra were recorded on the same spec-
trometer, equipped with a Bruker ESP 353E
ENDOR/Triple extension (EN 374 rf amplifier with a
maximum power of 200 W and an EN 525 Schomandl
synthesizer). The best detection conditions were 8 K and
200 mW microwave power at maximum rf power. The rf
was modulated at 12.5 kHz with a modulation depth of
100 kHz.

III. RESULTS AND DISCUSSION
A. EPR spectra
1. Single-crystal EPR spectra

Zeller and Kinzig? investigated the O, defect in RbCl
with EPR. The orthorhombic center has been found to
have the following g tensor: g,=1.9836, g,=1.9846,
and g,=2.2947 with corresponding axes parallel to
[T10], [001], and [110]. As shown by Shuey and Zeller,’
the paramagnetic p lobe corresponds to the x direction
(smallest g value) and the largest g value is found along
the molecular axis (z direction). The linewidth of the
EPR signals was ascribed to an unresolved
superhyperfine structure.
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FIG. 1. Powder spectrum of the O, defect in RbCl (taken at
8 K, with 1 mW microwave power).

2. Powder EPR spectra

The EPR powder spectrum is given in Fig. 1. The fact
that g, =g, is reflected in the EPR spectrum (signal typi-
cal for a system with an axial g tensor). In the spectrum
another EPR signal of an orthorhombic defect is seen
(defect X in Fig. 1). The defect X was found regardless of
whether the crystal was first irradiated and then ground
or vice versa. Since no indication of this defect was
found in the single-crystal EPR spectra, a surface defect
is proposed. This signal is found not to influence the
ENDOR results.

B. Single-crystal ENDOR spectra

1. General remarks

In the ENDOR spectra transitions belonging to 3°Rb
and ¥Rb are found. The interactions are labeled 1 and 2,

o ] 1‘o] [730]

v (MHz)

FIG. 2. ®Rb angular variation in plane 1 for interaction 1.
Rectangles: experimental points; lines: theoretical angular vari-
ation calculated using the values of Table I.
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FIG. 3. Experimental single-crystal ENDOR spectrum of
RbCLO,™ (By||[110], T=8 K). The ENDOR transitions due to
85Rb interaction 1 and interaction 2 (both isotopes) are marked.

because of the accordance with the Rb interactions ob-
served in the ENDOR spectra of RbCl:S, .13

2. ENDOR spectra corresponding to Rb interaction 1

The ENDOR angular variations for the Rb SHF in-
teraction (both isotopes) are measured in the g,-g, plane
(Bol[001]) and in the plane containing the g, axis

(ByL[100] or ByL[010]). The first plane is called plane 1,

the latter is labeled 2. One of the angular variations for
both isotopes is shown in Fig. 2. In Fig. 3 a typical
ENDOR spectrum is shown.

To analyze the spectra, the standard Hamiltonian for a
single nucleus (I > 1) coupled with an unpaired electron
(§'=1)is used:

H=pS"gB+1"AS —B,17gyB+1701 . (1)

The analysis of the ENDOR frequencies was done by
complete diagonalization of the spin Hamiltonian matrix.
In Table I, the principal values and corresponding axes of
the hyperfine ( 4) and nuclear quadrupole (Q) tensors are
given. In Fig. 2, the full lines correspond to the theoreti-
cal angular variations, calculated using Table I.

TABLE 1. Principal values (in MHz) and axes of the ®*Rb
and ¥’Rb superhyperfine and nuclear-quadrupole tensors for in-
teraction 1.

Angles with respect to

85Rb 87Rb gx gy 2
A, 11.49 38.95 39.8 90 129.8
A, 6.52 22.08 90 0 90
A, 6.30 21.36 —50.2 90 39.8
Q. 0.33 0.52 78.7 90 168.7
Q, —0.23 —0.36 90 0 90
0, —-0.10 —0.16 —113 90 78.7
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FIG. 4. ¥ Rb angular variation in plane 1 for interaction 2.
Rectangles: experimental points; lines: theoretical angular vari-
ation calculated using the values of Table II.

3. ENDOR spectra corresponding to Rb interaction 2

The ENDOR angular variations are measured in
planes 1 and 2. Figure 4 shows one of these angular vari-
ations.

The spectra were analyzed in the same way as before.
Table II shows the principal values and corresponding
axes of the A4 and Q tensors. The theoretical angular
variations calculated using Table II are shown in Fig. 4
(full lines).

Although ENDOR experiments give no direct infor-
mation about the sign of the A principal values, they are
taken all negative. This choice of signs will be discussed
later.

4. Discussion

As mentioned in the Introduction, Zeller and Kinzig?
assumed that the O, molecule was filling up a monova-
cancy, replacing a single Cl~ ion (Fig. 5). In what fol-
lows, this assumption will be confirmed and additional
evidence and information will be given. The observed Rb

TABLE II. Principal values (in MHz) and axes of the ®*Rb
and %’Rb superhyperfine and nuclear-quadrupole tensors for in-
teraction 2.

Angles with respect to

%Rb ¥Rb 8x g, g,
4, —153 —5.17 0 90 90
4, —1.16 —393 90 0 90
A, —1.63 —554 90 90 0
0. 0.09 0.14 0 90 90
0, 021 034 90 0 90
0, —030 —048 90 90 0
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FIG. 5. Monovacancy model of O, in RbCl. The Rb™" ions
labeled A1l are responsible for interaction 1, those labeled A2
are causing interaction 2.

interaction 1 will be shown to be due to the nearest-
neighboring Rb nuclei in the g, -g, plane (Fig. 5, A1). In-
teraction 2 is caused by the nearest Rb nuclei along the
[001] axis (Fig. 5, A2).

In what follows, the discussion will be held for the
8Rb interactions, unless mentioned otherwise. Analo-
gous derivations can be made for the 8’Rb interaction.

a. Superhyperfine interactions. Zeller and Kanzig
proved that, since the g value corresponding to the [110]
axis (g, ) is the smallest value, the unpaired electron re-
sides most of the time in a molecular orbital of the form
(Px1—Px2)/V'2 (the |T'J ) state), where 1 and 2 denote
the different oxygen atoms. Due to spin-orbit coupling,
admixture of [T’ ) and |T'{") should be considered. The
resulting ground state of the center can then be described
as follows:?

2

lY£) =cosa|T; Y +1)+tisina|T) )|+1)

A . -
iﬁ(cosa—s1na)|l“fr>|+%) , (2)

with tan(2a)=A/A,|+1) the eigenstates of §z, and in
which T'f", I'J, and ') are irreducible representations
of the D,, symmetry group.'* In Eq. (2), A and E are
crystal-field parameters and A denotes the positive spin-
orbit coupling constant. Zeller and Kinzig? found that,
for the RbCL:O,” case, A/A=0.1379, A/E =0.0006,
cosa=0.9977, and sina =0.068 46.

To explain the SHF components both covalency effects
and point dipolar contributions have to be taken into ac-
count.

Neglecting point dipolar contributions, Shuey and Zell-
er® derived expressions for the SHF components of the
four Rb nuclei Al (interaction 1). The wave function for
the unpaired electron in the neighborhood of alkali-metal
nucleus 1 is assumed to be as follows:
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|¢£) =cosalc,¢,+c,b,)|+1)Lisinac, ¢, |£L), ()
where
¢,=—(4p),cosd+(4p),sind ,
¢,=(4p), , 4)
¢, =(4s),

and 9§ is the angle between the g, axis and the ¢, lobe.
As a first approximation, this lobe is oriented along the
axis connecting the Rb nucleus and the nearest oxygen
nucleus. The O-O distance and the Rb-Cl distance along
a (100) axis are taken as 0.128 nm (Ref. 15) and 0.328
nm, respectively, which leads to a value for § of 36.0°.

Using wave function (3), the components of the SHF
matrix are given by

Ay, =A;—2A,— A,cosd,
AL, = A+ A, (L+cos28)+ 4 cosb ,

=A;+ A,(1—cos28)— L A4 cosb , (5)
A, =— A,sin26— A sind ,
A, =— A,sin286— L 4 sind ,

wherein the superscript ¢ denotes covalency and 4, 4,

and A, (in MHz) are defined in the following way:
A, =cos’ac S 1HO) 2y | 4o-gng BBy 107
A, =cos2ac3,%<71—> 4” "h gn8.BBy107¢ (6)
A, =sin2ac,c, 3 <—1—> 4.Uoh gng.BBN107°

On the other hand, the SHF components due to the point
dipolar contribution in a system with anisotropic g tensor
are given as follows:!®

Ho
d ay S
A —E g](3r v 8,1) (l,] X,y,Z) ’
with
J

cos§; 0 —sind;||4,, O A4, ||4, O A,
0 1 0 0 4, O 0 4, ©0
sind; O cosd; A, 0 A,||4, 0 A4,

wherein 8, corresponds to the experimentally found tilt
angle between the A, axis and the g, axis (39.8°) (see
Fig. 6). From Eq. (8) we are able to calculate values for 7,
A, A, and A,. With §=36.0°, it was not possible to
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FIG. 6. Direction of the principal axes of the Rb SHF and
nuclear-quadrupole tensors. 8 is the angle between the ¢, lobe
and the g, axis; §; is the angle between the A, axis and the g,
axis.

N
=Py

and
r, =cos@ysinfy ,

r, =singysinfy , (7)

r,=cosOy ,

the direction cosines of the nucleus with respect to the g
tensor axes. Oy and ¢, equal 45° and 180°, respectively
(see Fig. 6). ris the distance between the defect (assumed
to be a point) and the nucleus at which the contribution is
calculated.

By adding the corresponding components A and A,j,
a nonsymmetrical 4 matrix is obtained. The symmetrl-
cal tensor [ 4]7[ A] can easily be diagonalized and com-
pared with the experimental data in the following way:

cosd; O sinf,
0 1 0
—sind; 0 cosd,
(11.49 MHz)? 0 0
= 0 (6.52 MHz)? 0 , (8
0 0 (6.30 MHz)?

fit the hyperfine values exactly. However, when taking
the & value equal to 40.8°, an exact fit was possible. This
change of 8 can be expected, since ¢, was only taken
along the Rb-O direction in a first approach. Figure 6
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shows that the value of § is physically acceptable. The
values thus obtained for the coefficients c2, cZ, and c? are
given in Table III. The distance r between the center of
the O,  molecule and the Rb nucleus is found to be 0.328
nm, which is the expected value for a RbCl lattice.

Table III shows that the values of the coefficients in the
RbCI:0, " case are about three times smaller than for the
RbCL:S,™ case. This was expected, since the S, mole-
cule is larger than the O,  molecule. The effect of the
larger molecule is reflected especially in the cs2 and c?,
coefficients, because for both molecules the overlap be-
tween the X, T'," orbitals (X =0,S) and the Rb ¢ or-
bitals is larger than the overlap between the X, I',* or-
bitals and the Rb 7 orbitals. In this way, the change in
the X, molecule will mainly be noticed in the ¢ and c?
coefficients, rather than in the ¢2 coefficients.

For the magnetic point dipolar tensor, the diagonal ele-
ments are ASZO. 47 MHz, Af= —0.22 MHz, and
Af=—0.23 MHz. The axis corresponding to the largest
value is tilted 39.5° away from the g, axis. The deviation
of this tilt angle from 45° is due to the inclusion of the
anisotropic g tensor into Eq. (7).

As mentioned in the Introduction, Zeller and Kinzig?
ascribed the linewidth of the EPR signals to an un-
resolved SHF interaction with the Rb A1l nuclei. Up to
first order, the SHF splitting K for the B, field parallel to
one of the g-tensor axes can be related to the SHF matrix
elements 4,; (in MHz) in the following way:'®

VAL + A2
B axis: K (1074 T)= ——2= ~=%
ollgx Pe.
i —4 A,v.v
Byllg, axis: K (10 T)zﬁ , )
¥
V AL+ 42
Byllg, axis: K (1074 T)=— 22— |
Bg.

The specific values for the ®*Rb and *Rb splittings are
mentioned in Table IV.

To simulate the resulting EPR line, the presence of
both isotopes with natural abundance and the fact that
four equivalent Rb ions contribute to the observed in-
teraction have to taken into account. The linewidths of
the EPR signals thus obtained are given in Table V.
Comparison with the experiment? proves that the ob-
served linewidths of the EPR lines are indeed due to a
SHF interaction with the four nearest-neighboring Rb

TABLE III. Comparison between the calculated coefficients
c2, ¢, and c? obtained from the ENDOR results for RbCl:0,~
(a) and RbBCLS,” (b), taking into account that
[4(0)]3,=29.28X10* cm™>® and (r 3),,=20.24X10* cm™?
(Ref. 17).

c? c2 c2 CrCo
(a) 0.000651 0.003 30 0.000587 0.001 39
(b) 0.002 14 0.009 79 0.000 59 0.002 41
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TABLE IV. ¥Rb SHF splittings (in 10~* T) for some specific
directions of the magnetic field, calculated using the ENDOR
results.

B, || Rb ¥Rb
K [T10] 3.49 11.83
K [001] 2.35 7.96
K [110] 2.74 9.29
nuclei.

For interaction 2, the principal axes of both 4 and Q
tensors are parallel to the g-tensor axes. The only reason-
able possibility that does not lower the orthorhombic-I
symmetry of the A4 and Q tensors is that of the two
nearest-neighboring Rb* ions along the [001] axis (Fig. 5,
A2).

From symmetry considerations, it is found that no
atomic valence orbital of these Rb™ ions can interact
with the O, T'; orbitals and only the 4p, orbital mixes
with O, T'} orbitals (see Fig. 7).

As mentioned in Sec. III B 3, the sign of the principal
A values is taken negative. For this choice of signs, the
following considerations are taken into account. Since no
direct coupling occurs, the isotropic contribution must be
due to spin polarization and/or configuration interaction.
This isotropic part can be either positive or negative.

Now, considering a negative isotropic part
(A;,=—1.44 MHz in an approximation where orbital
contribution is neglected), the resulting anisotropic part
is (—0.09 MHz, 0.28 MHz, —0.19 MHz). Using Eq. (7)
with Oy and ¢, equal to 90° and 0°, respectively, and
R =0.328 nm, the following values are obtained for the
point dipole contribution: —0.21, 0.43, and —0.25
MHz. These are clearly too large in absolute values.
However, Eq. (7) does not account for the distribution in
space of the paramagnetic electron over the O,  ion.
Taking this distribution'® into account leads to the fol-
lowing results: A¢=—0.11 MHz, 47/=0.31 MHz, and
A2=—0.21 MHz. This is almost exactly the observed
anisotropic part. This justifies the choice of signs for the
A components.

b. The nuclear-quadrupole tensor. For both interac-
tions, the nuclear-quadrupole tensor has the same sym-
metry as the SHF tensor A4, as expected. For interaction
1, the axes of the Q tensor are not parallel to those of the
A tensor, although this was approximately the case for

TABLE V. Comparison between the EPR linewidths (in 10~*
T) obtained from the ENDOR results (a) and those obtained ex-
perimentally by Zeller and Kéanzig (Ref. 2) (b).

B, | AB (a) AB (b)
[T10] 32.1 31.8
[001] 22.0 21.3

[110] 25.1 26.0
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FIG. 7. Rb" ions responsible for interaction 2. (a) No in-
teraction between Rb highest valence orbitals and the O, TI'y
orbitals. (b) Interaction between the Rb p, orbitals and the O,
I’} orbitals.

the S, defect in RbCl.

To calculate the nuclear-quadrupole tensor, the field
gradient has to be determined. The elements of the field
gradient tensor?® are given by

e 0X1/r)

V"B:4‘rre0 309 (a,B=x,y,2) . (10)

In a point approximation (i.e., the defect is approximated
by an electron centered on a lattice position), the princi-
pal axes of the field gradient tensor are oriented along the
[100], [010], and [001] axes. If I =1, the nucleus has an

v (MHz)

v(MHz)

FIG. 8. Comparison between the experimental (full lines) and
theoretical (+ + + +) “angular variation” of the powder
ENDOR spectra in the 10-20 MHz region.
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axially symmetrical charge distribution. Hence, at the
nearest-neighboring cation sites, the Q tensor will be axi-
al, with its symmetry axis in the radial direction of the
defect (i.e., along a (100) axis). For an electron in an

(a)

— 85Rp(1)
«se 85Rp (2)
+e+s 87Rp (2)

EXPERIMENT
! 444+ SIMULATION
i

ENDOR signal (arb. units)

0.8 10.8
v(MHz)
(b) 4 85Rb (1)
c00e B7Rp (1)
: esss 85Rp (2)
++++ 87Rp (2)

EXPERIMENT
++++ SIMULATION

ENDOR signal (arb. units)

0.8 10.8

—
e

85Rb (1)
0oco 87Rp (1)

« 85Rb (2)
++++ 87Rp (2)

EXPERIMENT
++++ SIMULATION

ENDOR signal (arb. units)

10.8

v (MHz)

FIG. 9. For the angles 6=0° (a), 50° (b), and 90° (c) are given
(1) the simulated powder ENDOR spectra for each of the in-
teractions (both isotopes); (2) Comparison between the experi-
mental ENDOR spectrum and the simulation resulting from ad-
dition of the spectra shown in (1).
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atom or molecule, however, Eq. (14) must be integrated
over the wave function. For atomic orbitals the calcula-
tion parallels that of magnetic dipolar coupling. For
many-electron systems, a summation over all electrons
should be considered. This can break the axial symmetry
of the Q tensor.

Figure 5 shows that both oxygen atoms are at equal
distance from the Rb A2 nuclei but one of the oxygen
atoms is closer to Rb nucleus A1 than the other. This ex-
plains why the Q tensor of interaction 2 has an
orthorhombic-I symmetry, where the Q tensor of interac-
tion 1 is tilted in the (001) plane. This tilt is not neces-
sarily the same as that of the A tensor, since it depends
on the specific values of the tensor components.

¢. Remarks. The above analysis is based on the as-
sumption of the validity of the monovacancy model for
the O,  center in RbCl. However, the possibility of
finding a correspondence between the ENDOR charac-
teristics and the surrounding Rb nuclei of the defect
proves the validity of the model. All trials to fit other
models (e.g., the divacancy model) to our ENDOR results
have failed.

C. Powder ENDOR spectra

1. The ENDOR spectra

To determine the positions in the EPR powder spectra
to measure the ENDOR spectra, the g tensor is taken to
be axial. For an axial case, the following expression for
g?is known:

g2=g1sin’0+g}cos’0 (11)

where 6 denotes the angle between B, and the g axis.

For our specific case, g, =g, and g, is taken to be the
average of g, and g, (1.9841). The value of 6 was varied
from 0° to 90° in steps of 10°. For the corresponding res-
onance fields, the ENDOR spectra were measured (see
Fig. 1). In this way, a sort of “angular variation” is ob-
tained. Some of the experimental spectra are shown in
Figs. 8 and 9.

|

. Mg o -
[G(Ms)]"=I- —g"g'A_gNBNBoU :

[G(Mg)Pq(Mg)=1-

Tg'A_gNBNBOU

U is the unit matrix. Since the SHF interaction term is
larger than the nuclear Zeeman term, the latter term can
be neglected. This leads to

(16)

MS > - -~
—;A'g_BNgNBOU

Q- ?A'g_gNBNBOU
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2. Discussion

Our first goal was to simulate the powder ENDOR
spectra using the SHF and nuclear-quadrupole parame-
ters obtained from the single-crystal ENDOR study.
Once this objective can be successfully realized, a fitting
program can be constructed to get useful information
from other powder ENDOR studies.

Equation (1) is the starting point for a discussion on
the effects of quadrupole interactions on ESR and
ENDOR spectra. Since the electronic Zeeman energy is
by far the largest, the direction of quantization z’ for the
electron spin can be taken to be along I, (Ref. 20)

=18 (12)
g
where
g’=1-ggl.

The electron Zeeman energy is diagonalized if we refer
the electron spin to a set of axes whose z component lies
along this direction. This is obtained by replacing S by
1,.S,.. Equation (1) then becomes

A=gPBB,S, +17-A-1,8,—gyByBo1 -1 +17-Q-1
with

B=B,! . (13)
Combination of Egs. (12) and (13) gives us
A|Mg)=gBB,Ms|My)

~

M PR
+17 —g—sl-‘g"-A—gNBNBOI | M)
+17-Q-T|My) . (14)
Using (14) we find for the energy of state | Mg, M, )
E(MS,MI):gﬁBOMS+G(Ms)M1
+2q(Mg) [ M} —LI(I+1)] (15)

with

1,

-l

f

q (M) is now independent of M. For the energy of the
ESR transitions (AMg=1,AM;=0), there is up to first
order no contribution from the quadrupole interaction
[see Eq. (15)]. The magnetic resonance field B, is then
given by

hvgpr —M;[1- 8- A-A-g1]'7
B = EPR I gg gl] 17
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with

hVEPRzAEEPR (AMS:1 N AM1=0) .

The EPR spectrum of a ground material (powders)
reflects an average of all molecular orientations with
respect to the external magnetic field. Every value of the
magnetic field in the EPR spectrum corresponds with a
set of molecular orientations. When simulating powder
ENDOR spectra, we have to determine which orienta-
tions are selected when saturating the EPR signal. From
Eq. (17) the set of direction vectors I corresponding to a
particular value of B, can be determined. In this way, a
selection can be made in the molecular orientations that
contribute to an ENDOR powder spectrum. This is
called the “orientation selection” principle, introduced by
Rist and Hyde.2! =23

Once the molecular orientations are known, the
ENDOR transitions (also depending on I), can be calcu-
lated. Indeed, Eq. (16) leads to (AM¢=0,AM;=1)

vanar =[G (M) -+ 3¢(M5)(2M, £ 1)) (18)

with
M, |#I .

In practice, the simulation occurs as follows.?*?*> The
input consists of the g, 4, and Q tensor, the EPR line-
width Tgpg (in 107* T), the ENDOR linewidth T'gnpor
(in kHz), the gy value, and the resonance field B at
which the ENDOR spectra are measured. Using Eq. (17)
the B, values are calculated for each I direction in space.
[Note that for an I =3 (3) system four (six) B, values
correspond with one [ direction.] These values are stored
in the matrices BMAT1 to BMAT4 (BMAT6). With
Tgpr as full width at half maximum, a Gaussian is con-
structed with top B,. To every element of the matrices
BMATI1 to BMAT4 (BMATS6) a weight factor is assigned
corresponding to this Gaussian. All orientations I; for
which this weight factor is larger than 0.05 are held back.
For the selected molecular orientation [, the nuclear res-
onances [Eq. (18)] are calculated. A Lorentzian line
shape with linewidth T'gypog is centered on these nuclear
resonances. The final ENDOR powder spectrum is ob-
tained by adding all spectra corresponding with the
selected molecular orientations, taking into account the
appropriate weight factor.

In Fig. 8, the full “angular variation” of both the ex-
perimental spectra and the simulations is given in the
10-20 MHz region. In this region, the highest-frequency
line of ®’Rb interaction 1 is seen. For 6 ranging from 20°
to 90°, the simulations are very good, especially since the
ENDOR line intensities were not taken into account.
For the two other angles, there is a difference between ex-
periment and simulation. This difference is not due to an
error in the simulation procedure, but to an experimental
problem. Since 6=0° corresponds with the selection of
the g, direction, the powder and single-crystal ENDOR
spectra should resemble each other. This is the case for
the simulation, but not for the experimental powder EN-
DOR spectrum. Probably the detection conditions were
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not sufficient for that angle.

In Figs. 9(a)-9(c), the experimental powder ENDOR
spectra are compared with the simulations in the
0.8-10.8 MHz region, for 6=0°, 50°, and 90°. In this
low-frequency region, four interactions have to be con-
sidered: interactions 1 and 2 for both isotopes *Rb and
8Rb. In these spectra, the effect of not considering the
line intensities is clearly visible. Nevertheless, the simula-
tions are still very good. For 6=0°, we notice that 8Rb
interaction 2 is clearly visible. The ENDOR transitions
corresponding with 3°Rb interaction 1 are also detected,
but their intensity is a lot smaller than for the other an-
gles. The experimental detection conditions have ap-
parently changed in favor of interaction 2.

After finding that most information from the single-
crystal ENDOR spectra is also present in the ENDOR
powder spectra, the next step is to withdraw this infor-
mation from these spectra. There are two ways to con-
struct a fitting program. Either the total powder EN-
DOR spectra are simulated using some arbitrary starting
parameters and compared with the experimental spectra
or the positions of the ENDOR peaks in the simulated
powder ENDOR spectra are used to compare with the
experiment. Because our simulation procedure does not
take into account the ENDOR line intensities of each
peak, the second approach was used.

A lot of problems arose when trying to fit the powder
ENDOR results. When the starting values are taken very
different from the exact values, the fitting procedure gets
trapped in local minima. The local minima values will
not lead to a good simulation of the ENDOR spectra for
all angles. The only solution to this problem is an itera-
tive restart of the program with different starting values.

Secondly, due to the fact that the line intensities are
not taken into account, slight shifts of the line positions
can occur in the theoretical spectra with respect to the
experimental results. Clear examples are shown in Fig. 8.
The experimental and theoretical line positions some-
times differ due to the line shape. This has an effect on
the accuracy of the calculations. Finally, due to the large
amount of calculations done in each step of the iteration,
the program is rather slow.

These three problems imply that it is better to analyze
the ENDOR spectra visually before starting to fit. The
shape of the powder ‘“‘angular variation” reveals a lot of
details about the considered SHF interaction. Equation
(11) shows that the ENDOR spectrum corresponding
with 6=0° contains information about the [110] (g,)
orientation, whereas the spectrum corresponding to
0=90° includes information about the [110](g,) and
[001](g, ) directions. In Fig. 10, the “angular variations”
of two cases are considered:

(a) A and Q tensors have an orthorhombic-I symmetry;

(b) the 4 and Q tensors are tilted in the (001) plane,
with the tilting angles different for both tensors.

For both cases the g tensor is taken orthorhombic and
the interacting nucleus has a nuclear spin 3.

For the first case, all the lines of the angular variation
reach an extreme at 6=0° and 90°. In the 6=0° spectra,
two groups of three equidistant signals are found. The po-
sitions of the signals at 6=0° contain information about
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the absolute values of the 4 and Q components in the
[110] direction ( A, and Q,). In the ENDOR spectra cor-
responding with 6=90° four groups of equidistant signals
are found. This leads to two 4 and two Q components.
It is not immediately clear which set of components cor-
responds to which direction. Simulation of the spectra
for all angles solves this problem. Another interesting
feature is the crossing of the lines in the angular plot.
This indicates that the sign of @, and Q, will be different
from that of Q,. This could also be derived from the fact
that [Q.|+10,[=10.|.

In the second case [Fig. 10(b)], there are only in the
0=90° spectra two groups of three equidistant lines.
This means that either the [001] or [110] direction is a
principal axis for the 4 and Q tensors. The correspond-
ing SHF parameters can easily be found. Notice again
the crossing of the three lines, indicating that the sign of
the obtained Q component will be opposite to that of Q,.
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FIG. 10. The powder “angular” variation of two cases. (a) 4

and Q tensors have an orthorhombic-I symmetry.
A, ([T10])=12.17 MHz, 4,([001])=18.8 MHz,
A,([110])=13.5 MHz, 0,([110])=—0.34 MHz,

Q,([001])=—0.14 MHz, Q,([110])=0.48 MHz. (b) The 4
and Q tensors are tilted in the (001) plane over different angles.
A4,([T10]+a)=24.46 MHz, A4,([001])=13.8 MHz,
A,([110]+a)=13.54 MHz, a=35°, Q,([110]4+B8)=0.75
MHz, Q,([001])=—0.49 MHz, Q,([110]+B)=—0.26 MHz,
B=80°. The g tensor is taken orthorhombic, and the interac-
tion nucleus has a nuclear spin %
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It should be mentioned that sometimes the “angular
plot” of case (b) can resemble the one of case (a) (for in-
stance when the deviation of orthorhombic-I symmetry is
small). In such a case, however, the Q components de-
rived from the spectra for 6=0° and 90°, will never form
a traceless Q tensor, indicating that at least two axes of
the Q tensor must differ from the g-tensor axes.

To interpret our specific ENDOR spectra, the highest-
frequency lines of interaction 1 are considered first. The
angular variation is given in Fig. 11. This is an ideal
starting point, since the lines are isolated from the other
interactions. Based on the knowledge of the g, values of
the Rb isotopes, there is no doubt that a 8’Rb nucleus is
responsible for the interaction. Since the 6=90° spec-
trum shows three quidistant ENDOR signals (Fig. 8) and
since the considered lines clearly reach extremes at this
angle (Fig. 11), one of the 4 and Q principal axes is prob-
ably parallel to either the [001] or [110] axis. The corre-
sponding 4 component is about 22.2 MHz and the Q
component has an absolute value of 0.35 MHz. Its sign
will be opposite to that of the Q component along an axis
closest to the [110] direction.

To fit the powder spectra, both possibilities for the
principal axis were considered. Only when [001] was tak-
en as a principal axis could the fitting be done in a satisfy-
ing way. The results are presented in Table V1.

Table VI shows that the obtained SHF and nuclear-
quadrupole parameters differ somewhat from the single-
crystal parameters (the error is about 2.5%). These er-
rors can be ascribed to the shift of the line positions as
mentioned before.

The analysis of interaction 2 is difficult, due to the
overlap with the ENDOR signals of ¥Rb interaction 1 in
the 0—10 MHz region. Indications of the second interac-
tion are found in the ENDOR spectra for 6=0°-20°,
where interaction 1 is less detectable. The fact that for
6=0° three equidistant ENDOR signals are found means
that the [110] direction is a principal axis of the 4 and Q
tensors. A4,=5.5 MHz and |Q,| is 0.47 MHz. In the
0=90° spectrum the overlap with the signals of interac-
tion 1 is too large to conclude anything about the values

20

v(MHz)
“
2

(%)

FIG. 11. Experimental powder ENDOR “angular variation”
for interaction 1 (highest-frequency lines).
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TABLE VI. Principal values (in MHz) and axes for the *’Rb
SHF and nuclear-quadrupole tensor of interaction 1, obtained
from powder ENDOR analysis.

Difference with single-
crystal results

87Rb (Table 1)
Tilt 38° 1.8°
angle
A, 37.87 1.07
A, 22.16 0.08
A, 21.74 0.38
Tilt 80° 1.3°
angle
o, 0.60 0.08
o, —0.34 0.02
Q, —0.26 0.10

of the 4 and Q components. One ENDOR signal [the
line at highest frequency in Fig. 9(c)] is isolated from the
group of lines due to interaction 1. The angular variation
of this line reaches an extreme at 6=90°, which might in-
dicate that the [001] and consequently the [110] direc-
tions are principal axes of the 4 and Q tensors. This con-
clusion, however, is not absolute, since there is no proof
that two groups of three quidistant ENDOR lines are
present.

Analysis of the powder ENDOR spectra thus leads to
the conclusion that two Rb interactions are visible. For
interaction 1, the 4 and Q tensors are tilted in the (001)
plane. The corresponding principal values are given in
Table VI. The second interaction is found to have one
axis parallel to the molecular axis of O,”. The corre-
sponding 4 and Q components are smaller than those of
interaction 1.

For interaction 1, the same discussion can be made as
in the single-crystal case. Although the 4 and Q princi-
pal values are not as accurate as in the single-crystal case,
the conclusion is the same: the O,  defect is located in a
monovacancy. For interaction 2, the only conclusion
that can be made is that the interaction with the Rb A2
nuclei is one of the possible causes, since one of the 4
and Q tensor axes is parallel to the molecular axis.

Until now, one important feature has been omitted in
our discussion. From the powder EPR spectrum, the
orientation of the g-tensor axes cannot be determined
unambiguously. Consequently, ENDOR measurements
will only lead to determination of the A4- and Q-tensor
axes relative to the g-tensor axes. However, from the
knowledge of the host lattice, the number of possibilities
can be limited. Indeed, assuming a monoclinic or triclin-
ic g-tensor symmetry would lead to more than two ine-
quivalent interactions with neighboring Rb* ions, which
are not observed. Since g, is almost equal to g, an axial
symmetry around a [111] axis may be considered too. In
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this case however, the principal axes of the Rb SHF in-
teractions are all expected to be different from the g-
tensor axes. When taking an orthorhombic symmetry,
the g-tensor axes can either be along the crystal axes or
along the [110], [001], and [110] axes.

In the first case (the g-tensor axes parallel to the crystal
axes), symmetry considerations for the nearest-
neighboring Rb™ ions in a monovacancy model lead to
the following conclusions:

(a) the SHF and nuclear-quadrupole tensor axes should
be along the g-tensor axes;

(b) three sets of inequivalent interactions with the

nearest-neighboring Rb™ ions should be found.
Since only two inequivalent interactions are found and
since the SHF tensor axes do not parallel the g-tensor
axes, this hypothesis has to be rejected. Therefore the g-
tensor axes are along the [110], [001], and [110] axes.
The divacancy model can be rejected for the same reason
as mentioned in the discussion of the single-crystal
ENDOR spectra.

Although less accurate information could be derived
from the powder ENDOR analysis, the results are still
sufficient to explain the defect structure. Combination of
this technique and knowledge of the lattice structure may
be a valuable alternative to investigate defect structures
when no single crystals are available.

IV. CONCLUSION

The single-crystal ENDOR spectra of RbCl:O,~ al-
lowed a detailed analysis of two sets of **Rb and ®’Rb in-
teractions. The orientations of the principal axes of the
A and Q tensors of these interactions are in agreement
with the overall D,, symmetry of the O, ion in the crys-
tal.

The largest interaction is caused by the nearest-
neighboring Rb ions in the (001) plane. Some informa-
tion about the wave function of the unpaired electron in
the neighborhood of these Rb nuclei could be derived.
The linewidth of the EPR signals was found to be due to
this SHF interaction.

The Rb* ions responsible for the second interaction
are the two nearest-neighboring cations along the [001]
axis. The only model consistent with these ENDOR data
is that of an O,  molecular ion substituting for a CI™
ion.

Using the data obtained from the single-crystal
ENDOR study, the powder ENDOR spectra could be
simulated. From this simulation procedure a fit program
was constructed to retrieve information from powder
ENDOR spectra, when single crystals are not available.
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