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The Zeeman splitting of CI*® nuclear quadrupole resonance lines in a single crystal of sodium chlorate has
been studied in a magnetic field sufficiently large to permit detailed investigation of individual Zeeman com-
ponents for various orientations of the crystal in the applied magnetic field. The observed patterns are in
agreement with theoretical predictions based on a Hamiltonian involving an interaction of the nuclear
electric quadrupole moment with a crystalline field having axial symmetry and the interaction of the nuclear
magnetic moment with the applied magnetic field. The quadrupole interaction term ¢?Qq was found to be
58.806-£0.002 Mc/sec and the effective nuclear magnetic moment was found to be 0.8215--0.0001 nuclear
magnetons. An upper limit for the electric asymmetry parameter n was found to be 0.0012. The intensity
variations of individual Zeeman components for different orientations of the crystal relative to the magnetic
field were studied. The line width of individual Zeeman components was of the order of 900 cps.

I. INTRODUCTION

NEW field of radio-frequency spectroscopy was

opened by Dehmelt and Kruger! when they ob-
served direct transitions between nuclear quadrupole
levels in solids. Since this early work, investigations
of the subject have been made in many laboratories.?:?
Extensive studies of chlorine nuclear quadrupole reso-
nances in many crystals have been carried on and have
yielded exact determinations of the ratio (0*3/(Q% for the
nuclear quadrupole moments as well as precise measure-
ments of the quadrupole coupling constants €*Qq for
various crystals.

The quadrupole resonance line in sodium chlorate
NaClO; has been observed by Wang et al.4; this reso-
nance line is intense and relatively narrow at room
temperature. The effects of an external magnetic field
on this line have been studied by Livingston® and by
Manring,® who observed the Zeeman effect in a field of
approximately 50 gauss.

The purpose of the present study was the investiga-
tion of the Zeeman splitting of the CI®® line in NaClO;
in very strong magnetic fields. By applying strong mag-
netic fields it is possible to separate the Zeeman com-
ponents sufficiently to make accurate observations of
the behavior of individual components as the magnetic
field is varied and as the orientation of the crystal with
respect to the magnetic field is changed. Thus, it is
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possible to test more precisely existing theories of the
Zeeman effect.

II. THEORY

The problem of a nuclear quadrupole system coupled
to a crystalline electric field and further subjected to
an externally applied magnetic field has been discussed
by several authors. Pound?® and Volkoff” treated the case
in which the quadrupole interaction is smaller than the
magnetic interaction. The reverse case, in which the
magnetic interaction is smaller has been treated by
Kopfermann® and Bersohn.® A more general treatment
has been given by Dean,® whose notation will be
employed here.

The total Hamiltonian of a nucleus interacting with a
uniform magnetic field H and with the gradient tensor
of an electrostatic field is :
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where 6= —3¢%¢Q/[41 (2I—1)] is a measure of the elec-
tric quadrupole interaction; ¢é=gB8,H/26 is the ratio of
magnetic interaction to electric quadrupole interaction;
= (Vas— Vy)/ V.. is the asymmetry factor of the elec-
trostatic field; x, y, z are the principal axes of the
gradient tensor of the electrostatic field; and 9,.=4,
+1d,. It is assumed that # and £ are much smaller
than 1.

In the representation of eigenstates |m), the eigen-
states of 9,, the matrix elements of the Hamiltonian
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where 6, ¢ are the polar coordinates of H with respect
to «, ¥, 2, and where the constant term 1592 is discarded.
The eigenvalues E of this matrix, expressed in units of
(—4), will be given for the following cases:

(i) In the absence of an external magnetic field,

(Im]=%,%). ©)

The transition frequency between these two pure quad-
rupole levels is then

fo=Q2[8]/m) (14577}, )

where n may or may not be zero. If the electrostatic
field to which the nuclear quadrupole is coupled is a
crystalline field, fj is temperature-dependent.

(ii) For a nonzero magnetic field parallel to the z axis,

E= (1457
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These four levels, hereafter labeled as D, C, B, 4,
correspond to the four points at §,=0 in Fig. 1. The
zero magnetic field line is split into two components
with frequencies

frp,ac=(26/B)(1£§), (3=0,5>0) (6)
= fo(l==fu/ fo) = fok fr, (7a)

where fau=26¢/h=gB,H/h is the magnetic resonance
frequency for the nucleus in question. When 5320, the
two Zeeman components are slightly shifted to higher
frequencies:

I8, 0= fo[ 1= (fae/ fo) +3n*(fac/ fo)?
+higher powers of n and (fa/fo)]. (7b)
The expansion is possible because £, 5 are assumed much
smaller than 1.
(iii) For a nonzero magnetic field oriented at angle 6
(except 90°) to the symmetry axis of an electric field
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where the levels 4 and B, C and D are still grouped as
[3]and [$] levels because the magnetic energy is small
compared to the quadrupole interaction energy (i.e.,
£K1). The appearance of cosf in the denominator shows
that the last series diverges if =90°.

These four levels are plotted in Fig. 1 for §=0° to 90°
as the set of solutions as a whole is evidently symmetric
about 90°. When 65£0°, the four Zeeman components
A—D, A—C, B—D, B—C are allowed magnetic-dipole
transitions and their frequencies may be calculated from
Egs. (8a) and (8b). According to the original matrix
equation (2), there is a particular orientation at which
the two Zeeman components fgp, f4c coincide. For any
value of 5, this orientation is given by

2— 3 sin’0-}-* sin®) cos2¢=0. 9)

When =0, or when ¢=445° =+135° coincidence
occurs at f=sin"1(y/%)=54.7°.

(iv) For an external magnetlc field perpendlcular to
the electric symmetry axis or §=90° (=0),

Empma=— (1F2+48) k= — Az, (80)
Epip,me= (1F25+48) 4 E= Az, (8d)

where
Ar= (1F26+48)" (8e)
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Fic. 1. Energy level diagram showing splitting of the nuclear
quadrupole levels in a strong magnetic field for various angles 64
between H field and the axis of electric symmetry. The separation
between the [3] and [£] levels in the absence of a perturbing H
field is 29.903 Mc/sec.

For £K1, the spacing between levels 4, B is approxi-
mately 4£6=2fy, while that between levels C, D, is
very small, approximately 3£%. When 770, a term
linear in magnetic field strength, that is, ==7£, appears
in the solutions of E(y. A comparison of level spacing
C to D, as deduced from the frequencies of observed
Zeeman components fsp, fpe, fap, fac at 6=90°
with 3£ therefore should yield an estimation of the
asymmetry factor 7.

The sodium chlorate crystal is a cubic crystal with
four NaClO; molecules per unit cell.! The chlorine
nucleus in each molecule is subject to a nonuniform
intramolecular electric field with axial symmetry along
the Nat—ClO;  axis. Thus, for each Cl nucleus in the
unit cell there is a different axis of electric symmetry.
The arrangement of the NaClO; molecules in the unit
cell is such that the axis of electric symmetry for each
Cl nucleus is parallel to a body diagonal of the unit cell
(i.e., perpendicular to the 111 plane).

Thus, for a single crystal in a magnetic field there are
usually four Zeeman patterns corresponding to the four
symmetry axes. Each pattern may contain four Zeeman
components fae, fap, fBc, and fpp in the vicinity of
the zero field line f, as indicated in Fig. 1. Thus, for
weak magnetic fields, it is usually difficult to distinguish

IR, W. G. Wyckoff, The Structure of Crystals (Chemical
Catalogue Company, New York, 1931), p. 276.
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the lines of a given pattern from overlapping lines
belonging to other patterns. For a few orientations,
clear interpretations can be obtained®® but it is not
possible to follow unambiguously the detailed behavior
of a given pattern as § and H are varied. By employing
strong magnetic fields, detailed studies of a given
pattern were made possible.

III. EXPERIMENTAL WORK

The NaClOj; crystal employed in the present study
was grown from a saturated aqueous solution. By cool-
ing the solution at a rate of approximately 0.5°C per
day, it was possible to obtain transparent cubic crystals
measuring one inch on an edge in a period of two weeks.
Newly prepared crystals were dried and then coated
with a protective film of polystyrene. The crystal was
mounted in a holder in such a way that one of the body
diagonals could be rotated in a horizontal plane. The
magnetic field H was horizontal. Since the diagonal of
the crystal is along the axis of electric symmetry for one
set of Cl nuclei, rotation of the crystal holder provided
a method of obtaining all values of 6 from 0° to 180°
for this set of Cl nuclei. This angle 8 will hereafter be
denoted by 64. For every value of 64, there are also
three other values of 6 belonging to other sets of Cl
nuclei; in strong H fields the Zeeman patterns belonging
to these other sets of Cl nuclei are easily distinguishable
from the pattern being investigated systematically.

The radio-frequency spectrograph utilized an oscil-
lating detector and is similar in essentials to those em-
ployed in earlier studies.? The detector could be
operated either as a super-regenerative detector with
external quench or as a regenerative detector with audio
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Fi1c. 2. Observed and calculated splitting of the zero-field quad-
rupole line as a function of magnetic field for 64=0.

2 R. E. Sheriff and D. Williams, Phys. Rev. 82, 651 (1951).
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feedback.’® The frequency range covered by the spec-
trograph was 25 to 35 Mc/sec and a scanning rate as
low as 1 kc/sec per minute was employed.

In most of the work, sinusoidal magnetic field modu-
lation at 45 cps was used. However, for certain values
of 04 in the vicinity of 54.7°, frequency modulation of
the detector was employed, since for fac and fzp
components Zeeman modulation produces only second-
order effects at this value of 8, ; this may be seen from
Eqgs. (8a) and (8b).

Frequency measurements were made by means of a
frequency standard calibrated by signals from WWYV.
When the super-regenerative detector was employed,
the central frequency was determined by means of the
frequency standard and an auxiliary receiver, which
was used to “track” the central frequency. Under
widely different quench conditions, the line frequency
measurements were reproducible to within 41 kc/sec.

Magnetic field measurements were made in terms of
the magnetic resonance frequencies of H! in water and
Li” in aqueous LiCl solution. In these measurements the
following effective g-values were assumed: g(HY)
=5.58536 and g(Li")=2.17063. The resonance fre-
quency values were reproducible to one part in 20 000.
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F1G. 3. Observed and calculated frequencies of Zeeman com-
ponents of a field of 6049 gauss at various orientations 64.

13T, C. Wang, Doctoral dissertation, Columbia University, 1953
(unpublished).
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ZEEMAN COMPONENTS FOR 6,=54.7°
H=6 Kilogauss

F16. 4. Observed Zeeman components f4¢ and fpp in the vicinity
of 04=>54.7°. Super-regenerative sideband peaks spaced at 24-
kc/sec intervals are useful for direct measurement of small fre-
quency differences.

Values for angle 64 could be determined from a
divided circle mounted on the shaft of the crystal
holder. From the divided circle, 8.4 could be measured to
+0.1°. Near angles of special interest such as 54.7° and
90°, angle measurements with an auxiliary tangent-
drive micrometer were used to measure A4 to #0.01°.
The exact divided circle reading corresponding to
64=0° was determined by observing the crystal orien-
tation at which fs¢ had its minimum value and fgzp
had its maximum for a given strong H field.

All spectra were obtained with the sample at room
temperature, which varied from 36°C to 25°C over a
period of several months. As the quadrupole transition
frequencies in a given sample show a slight variation
with sample temperature, it was necessary to reduce all
observed frequencies to the values corresponding to a
sample at some arbitrary ‘‘standard” temperature. A
temperature of 30°C was chosen for this purpose and a
temperature coefficient of —4 kc/sec per °C was
employed. This coefficient, which was actually obtained
with the single crystal employed in most of the work,
is in excellent agreement with that obtained in earlier
studies.®'

IV. RESULTS

The results of the present work for the case of zero
external magnetic field give a value of f,=29.903
+0.001 Mc/sec for a single NaClO; crystal at 30°C.
This value is in agreement with earlier work®! and
yields a value of [8]|=14.952 Mc/sec in Eq. (4), or a
value of |e?Qq| =59.806 Mc/sec on the assumption that
7=0.

The results obtained for a crystal with orientation
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F16. 5. Intensity variations of Zeeman components fac, f4p, fB¢®
and fgp in the vicinity of 64=90° in a field of 6 kilogauss.

64=0° in a magnetic field are summarized in Fig. 2.
The solid curves give the frequencies predicted from
Eq. (7a) when the value 6=14.952 Mc/sec is used and
when the magnetic moment uc;#=0.820896-0.000050
n.m. obtained in measurements of LiCl solutions is em-
ployed without diamagnetic correction.!* The circles in
Fig. 2 represent the frequencies of the observed Zeeman
components. The agreement between observed and pre-
dicted values is excellent and indicates that <0.08 in
Eq. (7b). Precise measurements at two widely dif-
ferent values of the H field suggests that agreement
between observed and predicted values can further be
improved by using a value puc1%=0.82154-0.0001 n.m.
This value of ucy is closer to the diamagnetically cor-

AND WILLIAMS

rected value uc;»=0.821804-0.00005 n.m. than to the
uncorrected value obtained in LiCl solutions."

The frequencies of the Zeeman components obtained
for various angles 6,4 in a magnetic field of approxi-
mately 6 kilogauss are shown in Fig. 3. The solid curves
represent frequencies calculated from Egs. (8a) to (8d)
with the same values for electric quadrupole and mag-
netic dipole interactions used to obtain the solid curves
in Fig. 2. The circles represent observed frequencies.
The agreement between observed and calculated fre-
quencies is excellent without introducing an asymmetry
factor.

It will be noted from Fig. 3 that f4¢ and fp converge
in the vicinity of 54.7°. The behavior of the Zeeman
components in the vicinity of 54.7° is illustrated in
Fig. 4, which shows recorder tracings for three angles
near 54.7°. This convergence indicates that n=0 in Eq.
(9) or ¢==45° or £135°. It seems very likely that 7
is extremely small or indeed zero, since the actual
frequency as calculated for 6,4=54.7° is 30.116 Mc/sec
if =0 and the observed value is 30.1154-0.001 Mc/sec.

The Zeeman components f4p and fge were observed
between 6,=280° and 90°; for 6,=0, these components
are forbidden transitions for magnetic dipole radiation
but become very intense as 64 approaches 90°. The
intensities of Zeeman components f4¢ and fgp decrease
as 04 approaches 90°. The behavior of the various
Zeeman components is shown in Fig. 5 in which there
are reproduced recorder tracings obtained for various
values of 64 in the vicinity of 90°. The behavior of all
lines is symmetric about 8, =90° and in Fig. 3, predicted
frequencies are given only for the region from 0° to 90°.
However, Fig. 5 includes one tracing for 6,=90.3° to
demonstrate that symmetry does exist. It will be noted
that Zeeman components f4¢ and fpp disappear in the
noise at 6,4=90° and that components f4p and fpc have
maximum intensity at 6,4=90°,

The variation in the intensities of the Zeeman com-
ponents can be understood from a consideration of
transition probabilities at 8,=90°. The transformation
matrix which diagonalizes the Hamiltonian matrix of
Eq. (2) at 8,4=90° and for n=0 can be obtained in
closed form. If the arbitrary angle ¢4 (arbitrary because
n=0), is chosen to be zero (i.e., H along the x axis), the
transformation matrix is

(1] (1) @
(Ep, 5— &)} (Ep,z— 1)} £t (Ba,ct8)H(Eac—1)? el @
ilm=2t. e e (10
2 E—1 1—-E L
B B (=%
L 1 Jos L=1Jac | (=9
D) (B) (4) ©

14 Yy Ting and D. Williams, Phys. Rev. 89, 595 (1953).
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_ Tasre L Frequencies (kc/sec) of Zeeman components in the neighborhood of 54.7°. H=6049 gauss.

Observed frequency Calculated frequency Deviation (Obs.-Calc.)

04 fBD fac Diff. Mean fBD fac Diff. Mean fBD fac Diff. Mean
54.60° 30 126 30 108 18 30117 30125 30 106 19 30 115 1 2 -1 2
54.66° 30118 30111 7 30115 30 120 30112 8 30116 -2 -1 -1 -1
54.70° 30 115 30115 0 30 115 30 116 30116 0 30116 -1 —1 0 -1
54.85° 30107 30125 —18 30115 30108 30125 —17 30117 —1 0 -1 —2
55.20° 30 082 30153 —-71 30118 30 085 30152 —67 30119 -3 1 —4 -1

where |i)=|4), | B), |C), | D) are eigenstates belonging to the energy levels given in Eqs. (8c) and (8d). By the
choice of ¢4=0, the radio-frequency magnetic field is then along the y axis. Hence the matrix elements which
determine the probability of magnetic-dipole transitions between the states | B) and |C), | B) and | D), |4) and

|C), |4) and | D) are

1
;(C |I,| By=%[(Ec+§) (Ep—§) (Ec—1) (Ep— 1) T} 3¢(Ec— Ep)+2(Ec—1)(1— Ep) ]

V3 1
= (et -)=E[(C|I,,|A):]M=o(1—l—g-|—. ),

1<BIIulD)=%E(ED——5)(13‘3—2) (ED—1)(EB—1)]—*[§§(ED—1—ED+1)+(EB—EB—-1+1)(ED~1—?5)]
i 2 2

=0’

1 3 3 11
—.<C|I,,IA>=%[(EC+£)(EA+£)(EC—1)(EA—1)]—%[—$(EC~1—Ec+1)+(Ec—1+1—EC)(EC~1~_E)] (1D
7 2 2

=O’

1
~A|1,| Dy=3[ (Ep— &) (Ea+8) (Ep— 1) (Ea— 1) T} [3:(Ep— E4)—2(Ep—1) (1—E4)]
1

V3 1
=?(1“€+' : ')='1£[<Bllu|D>]9A=0(1“ &

This shows that the intensities of the two Zeeman
components fzp and fac at 6,=90° should indeed be
zero.

Moreover this equation, together with considerations
of the frequency values, shows that the other two
Zeeman components at 6, =90°, fg¢ and f4p, should be
equal in intensity (up to the second power of £) to the
two allowed Zeeman components at 04=0, fzp, and
fac, respectively. For a field of 6 kilogauss, £=8 per-
cent, the fze component should be 16 percent stronger
than the fsp component. The recorded trace at 90°
shows that they are of the same order of magnitude.

An attempt to measure the line widths of fs4c and
fap at 64=0 in fields of 3 and 6 kilogauss was made by
means of a regenerative detector. The results obtained
indicate that the frequency interval between points
of maximum and minimum slope as shown on recorder

frequencies and frequencies calculated from theory on
the assumption of complete axial symmetry with €Qq
obtained from zero field measurements and u from
resonance experiments on LiCl solutions. In order to
investigate possible differences between observed and
calculated frequencies and to obtain an upper limit for
the asymmetry factor 7, details of the observations at
two values of 4 were given special attention.

Table I gives a comparison of observed and predicted
frequencies near §,=>54.7°. The column headed “Diff.”
in the table of observed values gives precise frequency
differences as obtained from the spacing of super-

TasLE II. Splitting of the [$] level in 90°
neighborhood (kc/sec).

Observed splitting Calculated splitting

tracings was 9004100 cps at room temperature. No fa fap—fac fsp—fz0 Ec—Ep
difference in line width was noted when the field was (H=6049 gauss)
changed from 3 to 6 kilogauss. This result suggests that §S'§2o 93% 93? 933
a major part of the line width may be due to small g97p° 48 47 47
e : le.  89.80° 37 36 37
variations in crystalline field throughout the sample 50500 (~30) (~30) 3 (=3m)
90.30° 48 48 47
V. DISCUSSION OF RESULTS 90.88° 117 119 118
. . . (H=3024 gauss)
From the data presented in Figs. 2 and 3 it can be gg gg° (~5.5) (~6.0) 3.5 (=38%)

seen that there is excellent agreement between observed
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regenerative sideband resonances as displayed on the
recorder tape. The part of Table I labeled ‘“Deviation”
shows that the average deviation between observed and
calculated frequency was 1.2 kc/sec. This close agree-
ment near 6,=>54.7° is to be expected from Egs. (8a)
and (8b), since the calculated frequencies f4¢ and fzp
depend quadratically on £ and hence are not influenced
strongly by the choice of u. An even closer agreement
between observed and calculated frequencies is ob-
tained if one compares the observed and calculated
splitting of [£] level near 90°, since in Egs. (8d) and
(8b) this splitting involves only £. Table II gives this
comparison.

The splitting of the [3] level near 90° depends
linearly on £ Hence, a comparison of observed and
calculated splitting provides a means of checking the
value of u obtained at 6,=0. Table III gives the com-
parison when the value of u obtained with LiCl solutions
is used in obtaining the calculated values. It will be
noted that the observed splitting is consistently higher
than the calculated splitting by approximately 5 kc/sec
at 6049 gauss and 2.5 kc/sec at 3024 gauss. In order to
bring the observed and calculated values into agree-
ment, it is necessary to set u=0.8216 nm. This value is
in essential agreement with the value x=0.82154-0.0001
nm obtained for 64=0.

In connection with Eq. (8d), which was derived for
=0, it was pointed out that the calculated separation
between levels C and D is 3£%6 for 6,=90°. If =0,
there should be a significant difference between observed
splitting, given by (fap— fac) and (fap— frc), and

TasLE IIL. Splitting of the [$] level in 90°
neighborhood (kc/sec).

Observed splitting %ﬂﬁg&?&zd
04 fap—fBD fac—fac Es—Es Deviation
(H=06049 gauss)
82.50° 4994 4995 4990 S
89.32° 5029 5028 5022.5 6
89.70° 5027 5026 5022 5
89.80° 5026 5025 5022 4
90.00° cee cee 5022 cee
90.30° 5026 5028 5022 6
90.88° 5026 5028 5022 5
(H=23024 gauss)
90.00° 2523.2 2523.5 2521.0 2.5
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calculated splitting at 90°. Unfortunately, the com-
ponents f4c and fpp disappear at 6,=90°; however, an
extrapolation beyond 6,=289.8° is possible. This extra-
polation gives a value slightly less than 30 kc/sec for
the splitting, as shown in Table II for H=6049 gauss.
This splitting is to be compared with 3£3=27 kc/sec.
This deviation gives an upper limit of 0.0012 for 5. The
corresponding comparison for H=23024 gauss gives an
upper limit of 0.0018 for n. In view of the fact that
extrapolation was necessary, 7 may in fact be zero.

It might be noted from Tables II and III that the
agreement between four independent frequency meas-
urements as recorded in the columns giving observed
splitting for energy levels is within 41 kc/sec. This
more than justifies the initial estimation of accuracy in
spectral line measurements.

VI. SUMMARY

The results obtained in the present study may be
summarized as follows: The total Hamiltonian given in
Eq. (1) has proved adequate to account for all observed
frequencies to approximately =1 kc/sec in 30 000
kc/sec and for the observed intensity variations of the
various Zeeman components. Three parameters §, &,
and n were employed; these parameters involve the
following constants:

| 2Qg| = 59.806-£0.002 Mc/sec,

u(CI%)=0.821540.0001 n.m.,
1<0.0012.

In reducing all experimental data to a single tempera-
ture, a temperature coefficient of —4 (kc/sec) per °C
was employed.
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