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The optically detected magnetic resonance (ODMR) spectrum of phosphorus activated potassium chloride crystals 
obtained at 2 K in zero and weak applied external magnetic fields is reported and analyzed. A theoretical tit to the 
observed field and angular dependence of the ODMR spectrum is obtained using a phenomenological spin hamil- 
tonian, assuming the center to be the paramagnetic photoexcited 3B, state of the C,, ion PO;. The components of 
the phosphorus nuclear hypertine structure tensor are obtained from the theoretical analysis and compared with those 
of other ABz ions and radicals. Optical polarization measurements and wcnk field ODMR spectra are used to 
determine the orientation of the PO, chemical impurity center in the cubic KC1 lattice and the orientation is 
compared with those of other isostructural impurities in KCI. The PO, chemical impurity center exhibits a dramatic 

photo-orientation effect at 2 K and is shown to be in thermal equilibrium between twelve crystallo~rapi~ically 
equivalent orientations at temperatures above 45 K 

1. Introduction 

In a previous article [I] we reported the 
preliminary results of an optically detected magnetic 
resonance (ODMR) study of phosphorus activated 

potassium chloride crystals. It is the purpose of the 
present article to present the full details of that 
investigation. The spectroscopic results have been 

reported in part I of this work,+ and only such aspects 
of these as are required for an interpretation of the 

magnetic resonance data will be repeated here. 
This investigation was undertaken to further 

establish the chemical identity and crystallographic 
orientation of the center produced in alkali halide 

lattices by heating in phosphorus vapors. This 
center is of particular spectroscopic interest due 
to the details of the narrow line absorption and 
emission spectrum and also-for several aspects of the 

strong electron-phonon coupling evident in the 
spectrum. 
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2. Experiments 

The method of preparation of phosphorus 
activated potassium chloride has been described 
previously [24]. The optical arrangement and 

cryogenic apparatus used in the magnetic resonance 
experiments were the same, in large part, as those 
employed in the work described in part I. Only the 
aspects of the experimental apparatus which differ 

significantly from those previously described will be 

mentioned here. In the measurements to he 
described, the total sample emission was monitored 
using a sharp cut Corning 3-75 glass filter to 
separate the sample emission from the scattered 

excitation radiation which had been passed by a 
Ni/CoSO, solution lilter and a Corning 7-54 glass 
filter. In this manner, a significantly better signal/ 
noise ratio was obtained than if a dispersing mono- 
chromator was used. Additionally, a 3M Co. PL-40 
polarizing filter was inserted as a polarizer between. 
the excitation source and the sample, and as an 
analyzer between the sample and the RCA 1 P2S 

photomultiplier used to detect phosphorescence. 
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Crystals were cleaved parallel to the principal 
cleavage planes of the cubic lattice { lOO}, to 
approximate dimensions 2 mm x 2 mm x 3 mm 
and mounted in a slow wave microwave helix 
attached to the end of a three foot length of semi- 
rigid cryogenic coaxial cable. The rigid coaxial cable 
served both to support and orient the crystal in the 
field of a 1 inch diameter American Magnetics 
superconducting solenoid in the Helmholtz arrange- 
ment. Field homogeneity was about 0.01 oA over the 
volume of the crystal sample when placed between 
the Helmholtz windings on the solenoid axis. The 
split solenoid arrangement permitted large aperature 
optical excitation of the sample phosphorescence at 
right angles to the direction of observation. 

The orientation of the sample crystal with respect 
to the direction of the applied magnetic field could 
be controlled by rotation of the entire coaxial cable 
and helix assembly within the solenoid about one 
axis only. The accuracy of the angular measurements 

was limited principally by the mechanical linkage 
employed to transmit motion from the top of the 
cryostat to the liquid helium bath and was on the 
order of + 2”. 

The superconducting solenoid was powered by a 
current regulated Sorensen SRLlO-50 power supply 
and lield strengths were obtained frpm the magnet 
current using the manufacturer supplied field to 
current ratio. The estimated accuracy of the absolute 
lield strength was + I%_ 

3. Results 

Two types of optically detected magnetic 
resonance measurements were conducted. In the 
ftrst. the Zeeman splitting of the zero-lield resonance 
transitions was determined as a function of applied 
fteld strength for several orientations of the lield 
using unpolarized excitation and monitoring the 
total sample emission. Results typical of this type 
of measurement are shown in fig_ 1 for the 4580 

MHz zero-lield resonance with the magnetic lield 
parallel to the direction of observation and in fig. 2 
for both the 2930 MHz and 4580 MHz zero-lield 
resonances for the field parallel to the direction of 
excitation. Only the behavior of the four mo& 
intense Zeeman components is illustrated in fig. 2. 

FIELD DEENOENCE & 

WISSION FtXARIZAllON 

Fig. 1. The weak field splitting pattern of the 4580 MHz 
zero-lield ODMR obtained with the magnetic field 
parallel to the direction of observation of phosphorescence. 
The individual components are optically polarized in 
emission as indicated in the diagram. 
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Fig. 2. The weak field splitting pattern of the 2930 MHz 
and 4580 MHz zero-field ODMR spectra obtained with 
the magnetic field parallel to the direction of excitation of 
phosphorescence. The solid lines indicate the theoretical lit 
obtained using the spin hamiltonian of eq. (1). 

A linear dependence of the splitting upon applied 
field is observed at low field (< 50 G), while at high 
field the splitting varies approximately quadratically. 

The optical polarization of the individual Zeeman 
field componenis could be investigated by inserting a 
polarizer between the excitation source and the 
sample and an analyzer between the sample and the 
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Fig. 3. Optical polarization in emission of the individual 
components of the weak field splitting pattern of the 2930 
MHz zerodeld resonance. 

photomulriplier used to monitor total emission 
intensity. The polarization of the total Zeeman 
splitting pattern is illustrated in fig. 3. 

The second type of measurement involved the 
determination of the Zeeman splitting pattern as a 
function of the direction of the applied magnetic 
lield. Experiments were conducted in which the 
magnetic field was rotated through the { 100) and 
{ 110) planes. The angular dependence of the 
Zeeman field splitting pattern for the 2930 MHz 
zero-field resonance as the applied field was rotated 
through the { 100) plane is illustrated in fig. 4. The 
solid circles represent the data points and the 
continuous curves the theoretical fit obtained from 
the spin Hamiltonian of eq. (1) below. In order to 
simplify the diagram, the data has been separated 
vertically into two sets. The experimental measure- 
ments were performed by rotating the crystal, while 
maintaining the direction of the field fixed with 
respect to the direction of excitation. 
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Fig. 4. Angular dependence of the total splitting pattern of 
the 2930 MHz zero-field resonance for a field of 333 G 
parallel to the direction of excitation. Rotation is about the 
[IOO] axis which is perpendicular to both the magnetic 
field and the directions of excitation and observahon. 

4. Discussion 

4.1. The spin-hantilto;tia,t 

It will be shown that our ODMR spectra can be 
described by the following spin hamiltonian [5-J: 

H =/X-g-H +S-a-S+~I;-*ji-S. (1) 
L 

where /I is the Bohr magneton. H is the applied 
magnetic field, Sand I are the electron and nuclear 
spin operators: a, b and A are the fine structure 
tensor, the electron spin-spin dipolar couplicg 
tensor and the electron-nuclear hypertine coupling 
tensor, respectively. Nuclear Zeeman terms have 
been omitted from the hamiltonian since they are 
not appreciable at the low (< 1 kG) magnetic fields 
employed. Additionally, since it is anticipated that 
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the electron density is highly localized on the 
impurity center, the summation does not extend over 
lattice nuclear spins. 

The zero order wavefunctions for electron and 
phosphorus nuclear spin were the six functions 
1 M,, M,), with S = 1 and I = l/2. The resulting 
matrix elements of the hamiltonian (1) were obtained 
in terms of the spherical polar coordinate angles (p 
and 8, which define the direction of the applied 
magnetic field with respect to the molecular 
symmetry axes X, Y and 2 defined as in part I. 

At low applied magnetic field (H < 1 kG) the 
electronic Zeeman term is comparable to the spin- 
dipolar term. Additionally, since the phosphorus 
isotropic hyperfine term in eq. (1) may also be of 
magnitude comparable to the spin dipolar and 
Zeeman terms, fits to the experimental data were 
obtained by diagonalization of the full 6 x 6 
determinant for various choices of the angular 
variables Q and f3. For the purpose of the analysis 
of the hype&e structure, the g-tensor anisotropy 
was neglected. This is justified by the fact that only 
low fields were employed and the anisotropy was 
small compared to the hyperfine field. The axes of 
the g-tensor, fine structure and hyperline tensor 
must all be parallel to the molecular symmetry axes 
of the Czu ion PO;. 

Using the spin hamiltonian of eq. (l), the Zeeman 
field splitting pattern shown in lig. 2 could be fit to 
within experimental error in angular alignments. 
Moreover, the full angular dependence of the 

Zeeman field splitting could also be reproduced in 
all major features (see fig. 4). 

In all crystals studied the observed ODMR peaks 
could be ascribed to one of twelve crystallographi- 
tally equivalent-PO; orientations, and it is 
concluded that in low concentration in KC1 this 
orientation is present exclusively. The final values 
of the zero-field and phosphorus hyperfine coupling 
constants are given in fig. 2. 

Although angular measurements could not be 
made to an accuracy of better than f2”, this 
provided sufficient accuracy to ascertain the 
correctness of the spin hamiltonian and establish the 
orientation of the centers. However, it was not 
profitable.to attempt further refinement of the 
theoretical Iit in an attempt to determine the 
g-tensor anisotropy. 

Table 1 
Nuclear hyperfine structure parameters (in MHz) for some 
selected AB2 type radicals 

Molecule 
or ion 

Orbital B,, IS,.,. 
configu- 

ration 

c=o; [6] - 32.0 - 46.0 78 469 
;(I2 [7] 2 1 -g.8 I,$ 37 153 

0: 
NO; [S] C; :; 28 

40 880 
- 27 - 1 100 

so; [9] IT; 113 - 54 - 51 35 
NO:- [IO, II] xl 46.5 - 26 - 20.5 40.1 
CIOz 112,131 n; 161.5 - 86.3 - 75.1 43.2 
sea, [14] s: -l-277 -124 -153 393 

4.2. Hyperfine analysis 

The principal values of the hyperfine structure 
tensor (A,,, A, and A==) of an AR, type molecule 
or ion in which only the central atom possesses a 
nuclear spin are determined by the electron spin 
distribution about the central nucleus. The orbital 
configuration of the excited %, s&ate of PO, is 
c: ~4, where we have employed the symbolism used 
in part I. Therefore, the unpaired spin distribution is 
described by two molecular orbitals, one of which 
(az) has a node at the molecular plane and, there- 
fore, no appreciable electron density at the 
phosphorus nucleus. The other molecular orbital 
(ad lies in the plane of the molecule and has 
appreciable electron density at phosphorus. The 
electron distribution of c3 about the phosphorus 
nucleus may be approximately described by an sp2 
hybridization of the phosphorus valence orbitals. 

The hyperfine interaction may be divided into an 
isotropic part due to the spherically symmetric part 
of the electron distribution and specified by a scalar 
(A,,) and an anisotropic part specified .by a traceless 
tensor with components B,,, &., and B_=-_ Thus: 

0 = B,., + B,, -t B:,, @a) 

b&xl = I& + Bx.& (2b) 

IAn. = IA, + B,,l, (24 

IA;=I = IA, + B,;(. (24 

In the present instance, the isotropic hyperfine 
interaction is dominated by the Fermi contact 
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interaction due to s-electron density at the nucleus 
and given by : 

A 0 = $fl;r~A 1 $s(O) 1 2, (3) 

where yA is the gyromagnetic ratio of the central 
nucleus and ]&JO)]’ is the s-electron density at the 
central nucleus. The anisotropic hyperfine inter- 
action is due to the p-electron distribution on 

phosphorus. Referring to the molecular orbit& n2 
and (r3, it is apparent that to good approximation rt2 
contributes to the anisotropic hyperfme interaction 
only, while oj contributes to both the isotropic and 
anisotropic interactions. 

The relative signs of the principal values of the 
hyperfme structure tensor cannot, in general, be 
determined from the data obtained in the ODMR 
spectra, therefore, three possible choices of A, and 

Bii are compatible with eqs. (2). However, the large 
s-electron density at the phosphorus nucleus contri- 
buted by the rr3 orbital, combined with the very 
large isotropic hypertine interaction of phosphorus 
(10,178 MHz) assure that the components of the 
hypertine interaction will be dominated by the Fermi 
contact (isotropic) interaction and, therefore, all be 
positive_ With this assumption it is possible to 
determine the values of the principal components of 
the anisotropic interaction as well as the magnitude 
of the isotropic interaction from eqs. (2d)-(2d): 

A, = 880 MHz, B,, = 100 MHz, B, = -140 MHz, 

B;; = 40 MHz. 

The hyperfine coupling parameters for a small 
number oi ABa molecules and ions are collected in 
table 1 for comparison with the results obtained for 
PO; [1.5]. Included in the table are ions with I9 and 
17 valence electrons, one more and one less, 
respectively, than the 18 valence electrons of PO;. 
Thus, with the exception of NO, with 18 valence 
electrons, the species tabulated are radicals or 
radical ions in their electronic ground states and the 
data shown has been obtained from conventional 
ground state ESR measurements. 

The hyperfine coupling parameters obtained for 
PO; may be shown to be in quantitative agreement 
with the hyperfine parameters of other isostructural 
and isoelectronic ions. The 17-electron radical NO, 
and the radical ion CO; both have the unpaired 

electron in the ~~ molecular orbital. The electron 
distribution in LT~ at the central nucleus may be 
approximately described by an sp’ atomic hybrid 
orbital and, consistent with this distribution, the 
anisotropic hyperfine interaction is greatest along 
the two-fold (Z) molecular axis. The relatively large 
isotropic hyperfine interaction results from the 
considerable s-orbital character of c3 at the central 
nucleus. 

A rough estimate of the isotropic hyperline 
interaction for PO; may be obtained by scaling 
the isotropic hyperfine interaction of NO1 
by the ratio yr& = 5.61 where yp and yx are the 
gyromagnetic ratios of phosphorus and nitrogen, 
respectively. In this manner, the isotropic hyperfine 
interaction due to the oJ spin distribution is 
estimated to be 860 MHz, which is in excellent 
agreement with the experimentally observed value of 
880 MHz. 

The hyperline interaction due to the x2 spin 
distribution may be estimated by consideration of 
the nineteen electron radical ion SO;, which has 
one unpaired spin in the IL? orbital. The spin 
distribution at the central nucleus is approximately 
described by a px atomic orbital, and the anisotropic 
hyperfme interaction is greatest along the X axis, 

with approximate axial symmetry in the molecular _ 
plane. Only a very small admixture of s-orbital 
character is necessary to account for the ua distribu- 
tion in 19-electron radicals and radical ions. The 
amount of s-orbital character necessary to account 
for the observed isotropic hypertine interaction may 
be estimated using eq. (3) and the values of Itj,(O)l’ 
for carbon and nitrogen obtained from self- 
consistent-field calculations. A pure 3s eIectron on 
sulfur has an isotropic hypertine interaction of 
2715 MHz. Therefore, the s-electron character at the 
central nucleus is of the order of 1 y0 and the electron 
distribution of rr2 at the central nucleus is accurately 
described by an atomic px orbital. We conclude that 
there is negligible contribution to the isotropic 
hyperiine interaction by the rra distribution in PO;. 

4.3. Molecriiar orientation 

The C,, symmetry of the PO; ion requires that 
the molecular symmetry axes and the axes of the 
spin hamiltonian be parallel. Since the orientation of 
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the POE center is not initially known, the corres- 
pondence between the molecule fixed symmetry 
axes and the magnetic axes must be established by a 
series of magnetophotoselection experiments and 
theoretical argument. It has been previously argued 
(part I) that the direction of the electric dipole 
transition moment corresponding to the excitation 
‘B, + ‘A, is parallel to the molecular X axis. 
Additionally, the phosphorescence due to the 
transition ‘B,(L) 4 IA, is predominantly Y axis 
polarized. Thus, the absorption (excitation) and 

emission polarizations together define the XY plune 

ofrhe ion. 
When an external magnetic field is applied, the 

individual zero-field resonance lines are split into as 
many as forty-eight components for an arbitrary 
field orientation, each with a characteristic optical 
polarization behaviour. For example, the 4580 MHz 
resonance is split as illustrate! in lig. 1 by a 333 G 
field applied parallel to both [ 1001 and the direction 
of observation of the optical emission. The complex 
multi-line pattern is composed of separate quartets. 
each member of which is identical in its optical 
excitation and emission polarization characteristics. 
The polarization properties for this orientation of 
the sample may be distinguished as either exclusively 
vertical, exclusively horizomal or unpolarized. The 
most easily distinguished quartet in lig. 1 is that 
composed of the four most intense bands of the 
multi-line pattern. This set of lines which is 100 % 
vertically polarized in excitation is unpolarized in 
emission as shown in fig. 3. Therefore, this quartet 
belongs to a set of ions whose X Y plane is normal 
-to both the direction of observation and the external 
field. Moreover, since all orientations generated by 
the point operations of the cubic space group are 
equally probable, the X and Y molecular axes must 
lie parallel to [l IO] tetragonal axes. Illustrated in 
fig. 5 are the twelve crystallbgraphically equivalent 
orientations of the PO; ion in the cubic KC1 lattice. 
The molecular orientation is specified by a vector 
representing the direction of the absorption (X) or 
the emission (Y) transition dipole moment. The 
orientational degeneracy is sufficiently high that 
neither optical photo-selection methods nor low lield 
ODMR uniquely determine the orientation of the 
ion. However, a combination of the external 
magnetic lield and optical-photoselection reduced 

the orientational degeneracy sufliciently to permit 
unambiguous determination of the orientation of 
the PO; center. The several experimental orienta- 
tions of the crystallographic axes with respect to the 
external magnetic field and the directions of 
excitation and observation are illustrated in ligs. 5a, 
5b and 5c. For each orientation the twelve 
crystallographically equivalent orientations are 
separated into smaller groups of optically and 
magnetically equivalent ions. The individual sets of 
magnetically equivalent molecules in each figure can 
be distinguished in the optically detected magnetic 
resonance spectrum and the polarization properties 
of each set of lines investigated as a function of the 
polarization of the incident and emitted radiation. A 
series of photo-selected emission spectra for the 
different orientations of the cubic crystallographic 
axis system with respect to an applied magnetic field 
produced the results summarized in fig. 5. 

The interpretation of the polarization intensities 
is complicated by the fact that the PO; center 
undergoes rapid photo-reorientation which inter- 
converts optically inequivalent sets of ions. This 
behavior required making time resolved polarization 
measurements subsequent to equilibration of the 
sample. The details of the photo-reorientation 
process will be discussed in part III of this work. 

In order to correlate the magnetic and symmetry 
axes of the ion, the emission of the four crystallo- 
graphically and magnetically equivalent ions whose 
molecular XY planes were normal to both the 
applied magnetic lield and the direction of illumina- 
tion was selected for study (set I of fig. 5a). This was 
accomplished with horizontally polarized excitation 
and a vertical analyzer. All other orientations of the 
ions are either not optically excited or do not emit 
vertically polarized radiation and, therefore, cannot 
be observed. Under these conditions the magnetic 
field is perpendicular to the molecular XY plane of 
the photo-selected set and, therefore, parallel to the 
molecular Z(Cz) axis. The weak field splitting 
pattern for this set of ions is shown in fig. 2. The 
observation that all Zeeman components increase in 
frequency with increasing field is sufficient to 
establish 7, as the central spin-orbital state, in 
agreement with previous ccnclusions based on the 
PMDR spectra. The spin hamiltonian of eq. (1) was 
then used to obtain the solid line theoretical lit to 



373 S.J. Hunter et al./ODMR studies o/PO; in potassium chloride 

PREOICTEO ABSORPTItX 6 R.TE.!XW PUARI?!Am 

FOR omENTEo PO,- 

(P) 

JfFjf7J21B&scc&s 

SXll. - 

Atnmptim Polarization 

I - u-&arm.zd uvdarized UQdarlZed 

P - hori2an1al kanrontal vertical 

m + - vertical vertical does not abrrab 

Gnission Pokwirallon 

I F Vertical vertical uwarircd 

P - nar,ronta, nwizonto IloriLOrM 
m f- ~polarlred crgdarired vertical 

Fig. 5. The twelve crystallographically equivalent orientations of the impurity ion Y axis, indicated by vectors in ( 100) faces. 
The absorption and emission polarizations of the magnetically inequivalent sets are illustrated below each experimental 
orientation for which data was obtained. 

the Zeeman splitting pattern illustrated in fig. 2 with 
H parallel to 2. 

To establish the correlation of the magnetic and 
symmetry X and Y axes, the field and polarization 
orientation illustrated in lig. 5c was employed. The 
final line structure parameters and phosphorus 
hypertine coupling constants giverl in fig. 2 were 
used to obtain the solid line theoretical lit to the 
angular dependence of the Zeeman field splitting of 

all ion orientations which is shown in fig. 4. The 
agreement is sufficiently good to establish the 
correctness of the model for the phosphorus center. 

5. Conclusion 

A review of the pertinent literature suggests that 
the primary consideration governing impurity center 
formation in alkali halides is charge compensation. 
The majority of triatomic singly charged anion 
centers in alkali halides occupy a halide ion vacancy, 
and we shall assume that this is also the case for 
PO;. It is not possible to establish this unam- 
biguously, however, from the magnetic resonance 
measurements. since no attempt was made to 

observe and analyze either the potassium or the 
chloride ion nuclear hyperfine structure to determine 
the symmetry and character of the surrounding 
nuclear spins. The orientation of the symmetry axes 
established for triplet POT in KC1 is illustrated in 
figs. 6 and 7. The dimensions of the PO; ion have 
been estimated from standard P-O double bond 
lengths [16] and the bond angle determined from the 
valence force calculation in part 1. In lig. 7 the 
chloride ion vacancy volume is indicated by the 
spherical cavity into which the PO; has been drawn. 

Since phosphorus is considerably less 
electronegative than oxygen, the ion possesses a 
substantial dipole moment with the oxygens 
negative. In the orientation pictured the oxygen 
atoms are directed toward the positive potas- 
sium centers. The twelve equivalent orientations 
of the POE ion are obtained by directing the 
two-fold axis toward the six potassium centers 
illustrated in fig. 7 and rotating 90” about the 
molecular 2 axis. Evidently the potential barrier for 
reorientation of the 2 molecular axis is sufliciently 
low that rapid interconversion of the twelve equi- 
valent orientations occurs above about 45 IL We 
have observed the thermal reorientation by follow- 
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Fig. 6. The orientation established for the impurity ion PO; and several related ions in the (1 IO} plane of KCI. 

ing the loss of emission polarization from a photo- 
aligned sample. The effect of the rapid interconver- 
sion may also be observable in the IR or Raman 

bol 

Fig. 7. One of the twelve crystallographically equivalent 
orientations of the impurity ion in a chloride ion vacancy. 

spectra of the center at elevated temperatures 
[17, 181. 

Both the orientation and dynamical behavior of 
the ion PO; in KC1 are similar to those determined 
for the radical ions SO; and SeO; by conventional 
ground state ESR measurements [S]. The sulfur and 
selenium triatomic ions are formed in situ in alkali 
halides when crystals containing S; or Se; centers 
are heated in air. Rapid reorientation at elevated 
temperatures of the SO; and SeO; ions in chloride 
ion vacancies leads to a dramatic narrowing’of the 
ESR linewidths, due to averaging of the 33S and “Se 
anisotropic nuclear hypertine structure. 

The nitrite ion, NO;, has been extensively 
studied [17-221 as a chemical impurity center in 
KC1 where it is known to occupy a chloride ion 
vacancy. Like PO;, SO; and SeO;, the molecular 
plane of NO; coincides with { 110) crystal planes. 
However, unlike the first three.ions, the two-fold 
axis of NO; is directed along [l lo] rather than 
[RIO] crystal directions. The unique orientation and 
smaller size of the nitrite center evidently allows 
nearly free rotation at low temperatures, suggesting 
a significantly lower barrier to reorientation than 
that for the sulfur, selenium and phosphorus centers. 
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