TEMPERATURE DEPENDENCE OF NUCLEAR QUADRUPOLE RESONANCE IN K C2 O3

by

Jacques Vanier

A thesis submitted to the Faculty of Graduate Studies
and Research of McGill University in partial fulfillment

of the requirements for the Degree of Master of Science.

The Eaton Electronics Research Laboratory,
Department of FPhysics,
MeGill University,
Montreal, Quebec.

April, 1960.



IABLE _OF CONTENTS

ACKNOWLEDGEMENTS
ABSTRACT
INTRODUCTION

PURE N.Q.R. THECRY
(a) Electrostatic interaction.
(o) Hamiltonian operator and energy eigenvalues.
(c) Zeeman splitting..

THE THEORY OF TEMPERATURE DEPENDENCE IN N.Q.R.

APPARATUS
(2) General consideratioms.
(b) The oscillator.
(¢) The probe.
(d) Modulation.
(e) Detection and recording of the signals.
(f) Frequency measurements.
(g) The low temperature Dewer vessel.

(h) Temperature measurements.

EXPERIMENT AND RESULTS
(a) Purity of the sample.
(b) Line centre determination versus temperature.

(¢c) Results and theory.
N.Q.R. THERMOMETER
SUMMARY AND CONCLUSIONS
APPENDIX

REFERENCES

Page
(1)
(i1)

10
13
16
23
23
R4
26
28

33
34
36

38

43
43

46
60
63
64
68



(1)

ACKNO NT

The writer wishes to express his sincere thanks to Professor
G. A. Woonton for his kind guidance during the course of the work.

He also wishes to express his gratitude to Dr. Ross A. McFarlane
for his active help in building the spectrometer, and to Dr. R. Stevenson
who kindly lent a calibrated thermocouple.

Thanks are also due to Dr. E. J. Stansbury and Dr. C. R. Crowell
for many stimulating discussions on lattice vibrations and the interpreta-
tion of the experimental data.

The writer also wishes to thank Mr. V. Avarlaid and his staff
who made many parts of the spectrometer.

" He finally wishes to acknowledge his indebtedness to the National

Research Council whose grant made possible the present work.



(11)

ABSTRACT

The resonant frequency of the 0&35 Muclear Quadrupole in
K QG 93 has been measured as a function of temperature in the range
16.5% to 273.2°%K.  Comparison has been made with Bayer!s theory based
on lattice vibrations, and agreement is excellent below 80°%K. It has
been found that the result obtained by Kushida, using an equation of
state of the solid, is not exact. The possibility of using this tem-

perature dependence as the basis of a sensitive thermameter also has

been studied.



INTRCDUCTION

Long before the discovery of Pure Nuclear Quadrupole Resonance
in solids by H. G. Dehmelt and H. Kruger (1) in 1951, many nuclei were
known to possess & quadrupole moment. Nuclear quadrupole effects were
observed in optical spectra by H. Schuler and T. Schmidt (2) as early as
1935. Kellogg and his co-workers (3), in the years 1939, 1940, observed
also the effects for free molecules in molscular beam resonance sxperi-
ments. Later, in 1946, D. K. Coles and W. E. Good (4) reported quadru-~
pole interactions in rotational absorption spectra in the microwave region.

These interactions were subsequently observed in nuclear magnetic
resonance. The nuclear quadrupole maments introduced a splitting of
the nuclear magnetic energy levels and led to & fine structure of the
resonance lines. By investigation of the spectra, useful information
was obtained concerning nuclear spins and molecular structures.

R. V. Pound (5), in 1950, announced that it should be possible
to excite transitions between the nuclear quadrupole energy levels exist-
ing in certain types of molecules in the solid state, without any applied
external field. He gave the essential feature of the theory and of the
experimental difficulties that could be met, For technical reasons he
did not observe any resonances experimentally. At about the same time,
H. G. Dehmelt and H. Kruger (1) observed the phencmena in the solid state
in trans-dichloroethylene using a super-regenerstive oscillator.

Since that time, pure N.Q.R. has been observed for many nuclei
in different types of molecules. Fram the observed spectra, valuable

information can be obtained concerning crystal stmmctures, the symmetry
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of molecules and the ratio of quadrupole moments. In some cases, where
the electric field can be calculated from approximate wave functions, the
absolute value of the nuclear quadrupole moments can be determined. When
the nuclear quadrupole moment is known from another experiment, the
principal value of the field gradient tensor can be obtained.

While workers were investigating the characteristics of the
new type of resonance, a strong temperature dependence of the resonance
frequency was observed. He Bayer (6) gave a theoretical explanation
of this temperature effect. The theory, based on lattice vibrations,
was later generalized by Kushida (7). It failed, however, to give
detailed agreement with experiment (8, 9). KXushida, Benedek and
Bloembergen (8) have shown that the disagreement was mainly due to a
shortcoming in the theory, to account for the thermal expansion of the
lattice as temperature increases. The theory should agree with experi-
ment below a given temperature where lattice expansion can be neglected.

Considering the phenomena, C. Dean and Re Ve Pound suggested
the idea that NeQeRe could be used as a sensitive thermometer. A first
investigation of this possibility has been made by Benedek and Kushida;
their measurements extended from 350°K to 77°K. The range below this
last temperature is important in physics. It is also a difficult range
as long as accurate temperature measurements are concerned, since very
few types of thermometers are available at these low temperatures; a
gas thermometer or a special thermocouple is used in mest cases.

The purpose of this thesis is primarily an experimental investi-
gation of the nuclear quadrupole resonance frequency as a function of
temperature below 80°Ke A review of the theory of NeQeRe is also given
as well as a generalized Bayerts theory of the temperature dependence

of the resonance frequency.



-3

Finally, the data obtained in the present experiment is compared
with this last theory, and the possibility of using the phenomena as the

basis for a sensitive thermometer is investigated.
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1. PURE N. Q. R. Theory

Muclear Quadrupole Resonance, henceforth abbreviated N.Q.R.
is very similar to nuclear magnetic resonance, because both are con-
cerned with the detection of radio frequency magnetic absorption. In
nuclear magnetic resonance, however, transitions are excited between
levels corresponding to different orientations of the nuclear magnetic
moments against an applied external field., No such field is needed in
N.Q.R.; the energy levels are created by the interaction of a non-
spherical nucleus with a non-homogeneous, axially symmetric, electric.
field existing in certain types of molecules. In that way, the N.Q.R.
frequency is a fundamental property of matter.

Starting with the electrostatic interaction between the mucleus
and the neighbouring, electric, field, a theory can be developed, giving
the energy levels of the quadrupole system. The theory given below will
follow very closely that given by H. G. Dehmelt in a recent review

article (12).

(a) Electrostatic Interaction.

Consider a mucleus of total charge Ze and charge densitylfyh
represented on figure l.l by an enlarged ellipsoid. A system of co-
ordinates (x', y', z') is attached to it; the z' axis coincides with
the nuclear axis. Another system (x, y, z), fixed in space, is intro-
duced; an angle O exists between z and z'. The z axis coincides with
the symmetry axis of the molecular electric field produced by the neigh-
bouring ions or electrons. Both origins as well as x and x' axis
coincide also. In the following classical treatment the nucleus is

assumed to be an ellipsoid of revolution around the nuclear spin. The
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electrostatic energy of interaction W of such a system can be written

as:

W = //’n v(x'y, v', 2') av' (1)
where V(x', y', 2') is the potential at the position (x', y', z') and
dv' is an element of volume. The integral must be taken over the whole
nuclear charge distribution. Expanding V (x', y', 2') in a McLaurints

series near the origin, the energy of interaction takes the form:

'/))n V(o) av’

/)" xV(o)+yV(o)+zV(o)}

+2//) V-'(°)+Y2Vy .(0)+Z'2Vz.z,(o)

+ 2x'y’ vx'y‘ (o) + 2x'z Vg (o) + 2y'z' Vy'z' (o)} av'  (2)

where V(o) is the potential at the origin and where V,followed by a sub-
script must be understood as the partial derivative of V in respect to

that subscript.

FI1G. Il SYSTEMS OF AXIS
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The first integral gives a constant value Z e Vo which is of no interest,
since it does not depend on the relative orientation of the two axis
(zy 2') neither on the size and shape of the nucleus. For the assumed
symmetry of the nucleus it can be shown that each term of the second
integral vanishes. ©Each term forms the components of an electric dipole
moment and calculation shows that no dipole moment can be associated with
an ellipsoidal distribution of charges. This statement is verified ex-
perimentally, since no dipole moment has been observed for any nucleus.
We are left with the third integral and terms of higher order which are
neglected here. It will be shown later that these terms are well neg-
ligible. The energy is thus reduced to

W= 12-3 Ty goo Qg (3)
where i' and j' hold for any x'y, y'y z' and e d+icj|forms the components
of a symmetrical tensor called the "electric quadrupole moment tensor."
By tensor analysis, it is seen that,for the case where the principal axis
of the quadric representing thg tensor coincide with the axis of the chosen
system of co-ordinates,all mixed terms (those where i’ # j') vanish. It

could also be shown by direct integration that all mixed integrals

fx' y'av' ; jx' z' dv' ; jy‘ z' av'
vanish for the assumed symmetry of the nucleus. The expression for the
energy is again simplified to
W= =V e q (4)
1 iy irit

The asterisk on top of Q is to remind us that it is evaluated in respect
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to the figure axis of the nucleus.

The other terms Vi. j ,are also the components of a tensor called
the "electric field gradient tensor". In the system of axis chosen, this
tensor is symmetrical,since the order of differentiation is meaningless,
and is not diagonal. Evidently, from equation (4) one needs only con-
sider the diagonal terms. In its principal axis system (x, y, z) this
tensor will be diagonal.

We now make use of Laplace equation, which holds at the site

of the nucleus since the field is produced by external charges,

+V, ., +V., = 0 (5)

Vi ' '
x'x Yy 2'z

and of the fact that
+ _ +
Qxlxl - Qy‘y‘ (6)

because of the assumed symmetry (ellipsoid of revolution), to transform

equation (4) to

i+

W = Zevz‘z'iq‘;z'— Q;'x‘} (7)

© We want now to express {Q:, 7 Q;'x'} as a function of only one quantity.

Using
2 _ .2 R R + _ Y '
rr=x +y"+23"; eQz‘z‘_j})nz dv

we obtalin

2 ' ! 2 1R , R '
'/fn'x av’ = /On(r -~y 5 -2%) av

e QxTx‘ =//Jn' (r2 -z 2) dv' - e Q;'y’ .

From equation (6) we can write

eQ;,x,z %/}D; (r2-z‘2) dav'’

or
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and replacing the last expression in equation (7) we finally obtain

W = % Vz.z./ f)n' (3 2% - rz) dv’ (8)
The integral defines an inherent property of the nucleus and is called
e Q+, the "nuclear quadrupole moment". It measures the departure from
spherical symmetry. An ellipsoidal distribution of charges elongated in
respect to its symmetry axis has a positive quadrupole moment. If the
ellipsoid is flattened, its quadrupole moment is negative. This last

case applies to the chlorine nucleus.

A | A
."'\/SYMME'TRY AXIS <~

+eQ —eQ

FIG. |.2 Q.MOMENT SIGN OF SPECIAL DISTRIBUTION
OF CHARGES

We can then write:

W:%ed'..g%z ‘ ' . (9)

We see that the quadrupole moment interacts only with the gradient of an
electric field.

Before going any further with the discussion, it is worthwhile
meking a few comments about the order of magnitude of the successive

terms appearing in the expansion (2). The ratio of the hexadecapole
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term, the next non-vanishing term, to the quadrupole term is of the order

of
e? rnz/ 3 5
.—_._rﬂ_ = En ) ~ 10"8
e* rne/ 5 Te
T
e

where r), the nuclear radius, has been taken to be of the order of

-12 cm and ro, an atomic dimension, of the order of lO—8 cm. Hence,

10
we are well justified in the neglect of ferms following the quadrupole
interaction.

The second derivative of the potential in equation (9) has
now to be expressed in terms of the co-ordinates of the fixed system
which is identical to the system of axis fixed with the molecule. Vz‘z‘
is the component of a tensor and a transformation from one system to

another must follow all the rules of tensor analysis. This is done in

Appendix 1 and the result obtained is
= & 29 -
Vot 5V, ., (3 cos” 0 - 1). (10)

Replacing in equation (9), one obtains:

W= 17, Geosfo-Ded. (11)

Z 2

This is entirely different from Zeeman effect in which the rate of pre-
cession of the nuclear magnetic moment is independent of the angle @

between the applied magnetic field and the nuclear axis:

@ = YH .
where @ is the Larmor angular frequency and Yy is the magnetogyric ratio.
In the quadrupole system, the interaction gives rise to a torque that

tends to align the nuclear and the molecular axis. The angular momentum
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VI (I + 1) 4 of the nucleus,where I is the spin,will respond to the
torque by a precession, the rate of which will depend on © in the follow-
ing way. The rate of change of the angular momentum p of the preces-

sing nucleus is given by the two following fundamental equations:

%‘%= wWXPp
%_%= r =-§JQI= -1% szeQ+cosesin9

where r is the torque. Combining these two equations one obtains:

- _2 e__Q+

w = 4 D szcose.

Since p is a constant not depending on 8, we see that the precession is
a maximum at € = o slows down as © increases, comes to a standstill at
© =T/, and reverses its sign to increase between 6 = 7/, and 6 = .
Quantum mechanically this is reflected by different spacings between
the energy levels.

It can be seen from figure 1.3, that the nuclear magnetic
moment E associated with the nucleus is precessing at the seame rate
than the quadrupole moment. In making an absorption experiment, it
is obvious that appreciable coupling with a rotating magnetic field
will take place only with the magnetic moment; while the quadrupole

moment will not be subject to any appreciable interaction.

(b) Hamiltonian Operator and Quantum Mechenical Energy Eigenvalues.

The hamiltonian of the quadrupole system is formed by replac-
ing in equation (1l) cos © by its quantum mechanical operator Iz/ I
obtained from figure 1.3. Then

31 -1
Bp = §e 0 sz('—ﬁ-‘r— (12)
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FIG.I'3 PRECESSION OF I,~ AND eQ.
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Since the projection of the angular momentum on an axis of quantisation
is a constant of motion, and since its square is also a constant of motion,
we can substitute directly the eigenvalues m, and I(I + 1) for the opera-

tors Iz and 12 in equation (12). The energy eigenvalues are thus

2
_ + 3 -I(I+1)
B, = § °Q sz<ﬁ1(1+1) ) (13)

In this equation, as said previously, e Q+ has been evaluated in respect

to the figure axis of the nucleus. That differs from the usual defini-
tion of e Q which is to be taken for the aligned state m = I, even if
quantum mechanical complete alignment is not possible. In that state

Vm = I) ié axially symmetric in respect to the axis of symmetry 2z of

the electric field. For 6 = o, z coincides with z and equation (8) be-

comes:

_ 1 2 2 _ 1 ,
Bz %7%, /Dn(Bz —r)dv-AVZZeQ. )

Equating this with the energy eigenvalue for the state m = I given by

(13), one obtains:

+_ {(I+1)
Finally, the energy levels are:
1 3m° - I(I + 1)
= L ¢ RV, ( I(2I - 1) (26)

For I =0 the charge distribution is spherically symmetric and from
equations (14) and (15) the quadrupole moment vanishes. TFor I = %
equation (16) vanishes. For I = 1 we have energy levels which are de-
generate in respect to the sign of m. The energy levels are shown in
figure (4) for I = 3 (integer) and for the special case of the chlorine
3

5 .

nucleus where I =



m
+ 3
T m
5 +3/2
| hv=1/2 eQV,,
te % +
| * /2
) 3
+ —i
o Ve
I-INTEGER ' I=3/2(Cl.NUCLEUS)

FIG. 1.4 N.Q. ENERGY LEVELS

In this figure, for I integer, the spacings are multiplesof
the unit of energy 3 e QV, z/4 I(21 - 1). From the known experimental
absorption frequency it is seen that,from a knowledge of g, the gradient
of the electric field, Vz 528D be evaluated. TFor the case where the
symmetry of the electric field is only approximate an asymmetry parameter

may be defined:

The asymmetry can be determined from the observed zero field
(magnetic) spectrum except for I = %. Since this is the case of interest
here,.and since Y] 1is rather small in potassium chlorate which is the

studied sample, the effect will not be considered further.

(¢) Zeeman Splitting.
If the quadrupole system is subjected to a small magnetic field,

a Zeeman splitting of the energy levels is obtained and the + m degeneracy
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is affected. Two cases must be considered.

e sta
If the magnetic field is parallel to the electric field axis,
the magnetic contribution to the energy levels can be written down at

once since Iz'is still diagonal. Hence

E=E-lﬂiz'm (17)

The + m degeneracy is thus removed (see figure 1.5).
When the magnetic field makes an angle © with the electric field axis a
perturbation calculation (13) shows that the field mixes both states

nm= i,% creating two new states 1, 2, given by

B, .= i% %Ll H \/(I + %)2 sin® 6 + cos0 (18)

1, 2
For @ = 90°, the new contribution is reduced to

_ i KI L
By, o = 13 7T H(I+3). (19)

Figure 1.6 represents this other extreme case where © is the

angle between the magnetic field and the molecular axis.

2. Powder
If the sample is in the form of a powder, the relative orienta-

tion of the electric field axis and the magnetic field will be random,
and a band of closely spaced energy levels will be obtained. The reson-
ance frequency will then be spread out over a wide range. This spread,
as it will be seen later, is found to be very convenient. I{ provides

a means of modulating the absorption line by the application of a square-
wave, magnetic,field (on-off) on a sample composed of a great quantity

of small crystals.
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2. s Q. R TE DEPENDENCE THEOR

Soon after N.Q.R. has been discovered in solids (1), a strong
temperature dependence of the resonance frequency was observed. A theory
whose objective would be an accurate explanation of the phenomena, would
have to consider many factors, because a change in temperature will be
accompanied by the following effects:

(i) The amplitude of the lattice vibrations increases with
increasing temperature, decreasing subsequently the average
value of the maximum principal axis of the field gradient tensor.

(ii) The accompanying increase in volume affects the lattice

' dimensions, changing the field at the nucleus.

(ii1) Due to the precedent change in the lattice dimensions, the
constants of the lattice, like the restoring forces on each
molecule, are modified. The frequency spectrum of the lat-
tice vibrations is then changed and the first effect is altered.

The effect (i) investigated first by Bayer (6) for a special mode of vibra-
tion and later generalized by Kushida (7) for all lattice and molecular
modes, answers for the general form of the temperature dependence. The
increase in volume which accompanies an increase in temperature is mostly
effective only at intermediate and high temperatures, as will be seen from
the results of the present experiment. This seems reasonable since the
thermal expansion is not expected to be constant at all temperatures, but
should decrease in the same manner as specific heat at low temperatures
(14, 23). The effect has been studied by Kushida Benedek and Bloembergen
for K C& O, and similar substances, at temperatures above 77°K (liquid

3
nitrogen). Since from their data the effects (ii) and (iii) seem to
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decrease quite rapidly with temperature, and since the present experiment
has been done, mostly below 80°K, only the first effect will be considered.
The theory given here will follow closely the one given by Kushida (7),
except that no approximation for high temperatures will be made.

In this theory it is assumed that the field gradient tensor is
caused to fluctuate by the vibrations of the lattice. These vibrations,
as given by Raman spectroscopy, are of the order of 1012 sec_l; the
N.Q.R. frequency being of the order of 106 sec-l, we are allowed to con-
sider only their average over time. Let us consider a general mode of
oscillation of the molecules, say @, . The principal axis of the field
gradient along the 2z direction, which is the only one effective on the
energy levels,when the asymmetry parameter is zero, will then vibrate at
that frequency. In K C% 03, the asymmetry parameter is not zero, but
is small and its variation will be neglected here. Let us call Voo,
the maximum value of the principal axis of the field gradient tensor.

A (x'y'z') system of axis is fixed to the principal axis of the tensor,
and follows it in its motion due to thermal vibrations. Another system
called (x, y, z) is also fixed with the principal axis of the tensor at
its equilibrium value. It is clear that V°° is always equal to Vz'z'
if this last one is not affected in length by the vibrations; We can

then use equation (10), transforming it for these two new systems (see

Appendix 2).

Vaz™ Q’z' z> (% <0082 9> - %) (20)

where © is the angle between 2z and z' and the brackets mean that we
must average over time. Vz‘z‘ is also put into brackets, since it is
fairly obvious that a distortion of the molecule due to the lattice vibra-

tions will also be effective on its magnitude. For small amplitude
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"FIG. 2.1 FIELD GRADIENT TENSOR ELLIPSOID

cos 9 =1 - and equation (20) becomes:

v, z=<vz‘z‘> (1 _%<92> )

Replacing in equation (16)

P
o= o @ Bl (1, 50 - 36)

2 2

Assuming Mm=+ 1 and I= % for the chlorine nucleus,
V= i%&l’) - 3.(92)) (21)

We can now expand 6 and Vz‘ 2" in terms of the normel co-ordinates of the

lattice vibrations ?i

9=2(§_§i)o€1 +3 Z(ag’i?&) 6163 oo

i

Assuming harmonic lattice vibrations, we can write
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?i = ?io sin (@, t + )

where ¢iis & phase angle; the averagesof 92 and Vz. 5 are then easily

(- 2 ue 6.6,

where & stands for (.a-g'k> and higher terms are neglected, being con-

calculated:

00
sistant with the approximation that © is small. Hence
' 0R
<92>= 2 % (11:2 ?io + cross terms (22)
i

For non-degenerate modes (a)i 7 coj) the cross terms vanish,when they are
averaged over time. For degenerate modes (o.)i = a)j) the cross terms are

of the form
o 60 §.° <sin (ot + d)i) sin (coiﬁ + ¢'j‘)>
loa £ ? Ceon ;- b)) >

Owing to random fluctuations (lifetime of a mode being 10-11

sec) (7)
(¢i - %) will be completely averaged out over a Larmor frequency of the

mucleus, and we can put:

<°°S (¢’1 - ¢J)>

With similar considerations on<Vz. z> s one obtains

_ 1 € o2
where 811 stands for (B‘-%g% . The resonance frequency is then re-
t Voo
placing equations (22) and (23) in equation (21):

_ 3 2 |
u_yo<1-42i€'i° i) (24)
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where 2

and Uo =e QR voo/2h is the resonant frequency at zero amplitude lattice

2
vibrations. The amplitude§$ is then obtained by assuming that the
mean energy of each normal mode is equal to the mean energy of the corres-

ponding Planck!s oscillator:

2 R 1
% W g’io = fa (% + —’F“—;——_l ) (25)
P

2
Replacing gi in (24)

44
_ 35
V=y a-322 (%: ) (26)
Pt

The physical meaning of Ai is not simple in the general case of molecular
vibrations. But for special modes, like a torsion of the molecule around

an axls perpendicular to the z axis we can write (see Appendix 3)

A, = @.'l

1 1

where @i—l represents (moment of inertia)—l. In K C& O3 the field

gradient at the position of the nucleus is produced primarily by ionic
and covalency bonding in the C% 03" group with a few percent ionic con-
tribution from the K ion (8). The K" vibrations should then contribute
very little to the temperature dependence of the resonance frequency.

The K Q& 03 Raman spectrum can be divided into a high and a

low frequency group. The former corresponds to internal vibrations of

the C% 03- ion. Kushida (7) has shown that these internal oscillations
do not contribute much to the change in the resonance frequency. Further-
more, owing to the appearance of w; in the denominator and the exponen-

tial term of equation (26), the contribution from the high frequency vib-

rations is much smaller than that from low frequency.
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We can then reduce the summation to one over modes correspond-
ing to a torsion or a tilting of the C& 03_ group as & whole, and write
(:é—l the moment of inertia associated with these types of motion instead

of A,. Thus, we have:

i
- 2 S b 1, L1
V=V, Q-3 254 G+ T ) (27)

The rate of variation of M with T can be obtained directly by differentia-

Tz‘%

tion of (27)

sl_*_)) - .3 b i e
(dTT- 2"/012k@i T2 1_% - 28)
(e ¥ - 1)%
Ty
From this, we see that, at low temperatures, the important term is e .

So,the rate of change of YV with temperature should decrease in the same
manner as that given by Einstein for the specific heat of a solid. If
an experiment could be worked out at sufficiently low temperatures, it
would be possible to verify this last equation, and by the same fact the
consistency of the whole theory. Unfortunately, as will be explained
later, resonances are difficult to obtain below 15°K, and equation (28)
cannot be verified accurately.

From these lattice vibration effects one can see also the
possibility of determining with what type of motion of the molecule, one
mode, observed in Raman spectroscopyscan be associated. This is due to
the fact that, as will be seen later, only two normal modes out of three
of the C& 93_ group vibrations, are effective in modifying the N.Q.R.
frequency. These normal modes are approximately of the same frequency;

the same moment of inertia can be associated with them. From an analysis

of the experimental data one can find the Qﬁlthat gives the best fit and
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compare it to the closer value in the Raman spectrum; then, in the case

of K Q& O3 s Na C& 03 or similar substances, this frequency can be associated

to a tilting motion of the Gt 03_ group as a whole.



(a) Geperal Considerations.

Among the various ways of detection of nuclear resonance in
solids, the simplest is the marginal oscillator method described here
and used in the experiment. 1In that type of detector the sample is made
the core of a redio-frequency coil which is paralleled by a variable air
capacitor. The cambination forms a resonant circuit to which energy
is supplied by a vacuum tube circuit incorporating positive feedback.

The amplitude of oscillation is maintained at a very low level. The
purpose of this is twofold: first, a small field applied to the semple
will not lead to an equalization of the population of the energy levels,
i.e. saturation, with a subsequent decrease in signal strength; secondly,
any small change in the @ of the coil, due to nuclear absorption, will

be reflected by a relatively great change in the level of oscillation.

The absorption line is obtained by either frequency or magnetic
field modulation of several times its width, and is observed on an oscil-
lograph. It can be displayed, also, by recording techniques like that
used hers.

Although the marginal oscillator method is one of the most
sensitive in nuclear magnetic resonance, the same statement is not true
for nuclear quadrupole resonance. In this last experiment, short re-
laxation times permit the use of a rather large sample and a large amount
of power. It is found that noise increases with the r.f. level in a
marginal oscillator; in practice most workers use & super-regenerative
oscillator which can operate at high r.f., level without a proportional
increase in noise. The marginal oscillator was used here because of its
greater frequency stability, even if poorer signal to noise ratios were

obtained.



(b) The Oscillator.

The oscillator employed in this experiment was a version of
the Pound-Knight-Watkins, marginel oscillator (15, 16) suggested by
Cowen and Tantilla (1g8). 1In this circuit, the oscillator made use of
a 6-J-6 double triode, and the signal was detected directly at the plate
by an appropriate bias on the cathode. The r.f. was by-passed at the
same point. The audio signal was then amplified by a double triode
(12 AX7). The level of oscillation was controlled by the application
of a negative d.c. voltage on the second grid of the 6-J-6 oscillator
tube. Some modifications were made in the suggested circuit. First,
the capacitors of the audio amplifier were found to be too small and
introduced phase lags. Since phase detection was used in a later stage,
these had to be avoided, and the coupling capacitors were increased.
Furthermore, & motor-driven condenser with different sweep rates was
introduced. This last device permitted a very convenient way of sweeping
" the oscillator frequency through the resonance line at different speeds.

In building such an oscillator one must take care of many
factors. One of its qualities is a good frequency stability, as was
said previously. This is very important in the experiment, since great
accuracy is needed in the determination of the frequency of the line
centre. The stability was further improved by using a chassis made of
3/8" brass plate, and by keeping all leads as short as possible. The
filament current was teken from a 6 volts d.c. accumulator, and a charger
was always clipped across its terminals. For the E+ a A regulated power
supply preceeded by aSorensen line voltage regulator was used. The
frequency stability obtained with this arrangement and the probe des-
cribed below was better than 1 part in 106 when frequency was swept at

a rate of 3 ke per minute. The present system has been preferred to
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the usual detector incorporating an r.f. amplifier for its simplicity.
The signals observed were strong enough, and good determination of the

frequency of the line centre could be made.

(¢) The_ Probe.

The purpose of the present experiment being a study of the
N.Q.R. frequency at low temperatures, the design of a probe must take
care of many technical details. The most important of these are as
follows:

(1) In order to avoid heat conduction to the refrigerant, the
coaxial cable connecting the coil to the chassis must be of
low thermal conductivity.

(2) At temperatures below 77°K air liquefaction may take place
between the inner and outer conductors of the coaxial cable.

Due to the air condensation, changes in the dielectric constant
may occur between the two conductors with subsequent change in
the oscillator frequency. Hence, the space between the two
conductors must be filled with an insulating material.

(3) For reason of frequency stability the cable must be rigid.

(4) Finally, the r.f. coil must be shielded fram external effects
and still have a high @ for greatest sensitivity. This part
should also form a big mass, so that variations in temperature
for relatively long periods of time would be small.

A probe which fulfils in great part the preceeding requirements has been
built. The outer conductor of the coaxial cable was made of a monel

tube, which has small thermal conductivity and relatively good electrical
conductivity. The inner conductor consisted of a small capillary copper

tube; the space between them was filled almost entirely with a glass
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cylinder, and both ends were sealed with plastic. The r.f. coil was
soldered at the end of the coaxial cable, and was shielded by a 1 mm
thick, 4 cm long brass tube, forming the potassium chlorate container,

and giving a filling factor near unity. As seen in (b), the probe gave
good result with respect to frequency stability. The thermal conduc-
tion was very smsll. |Nevertheless, the Q of the coil was not found to

be very high, but the signals were strong enough to make accurate measure-
ments. The reduction of the Q was mainly due to a loss of energy to

the brass shield.

(d) Modulation.

The onset of nuclear resonance causes the oscillation level
to decrease by reason that energy is absorbed fram the r.f. coil. A
d.c. technique could be used to detect the change of the oscillation
amplitude. Nevertheless, it has a serious inconvenience since d.c.
amplifiers are not stable and drift. The nuclear signals are small
and could be masked by these drifts. In N.M.R., where a magnetic field
of several thousands of oersteds is applied, the absorption signal is
easily observable: an a.c. component of several oersteds is superimposed
on the steady magnetic field. The nmuclear absorption then appears as
a modulation of the radio frequency kept fixed, while the Larmor fre-
quency of the nuclei is swept by the a.c. camponent of the magnetic
field. After detection, the signal can be amplified by an a.c. techni-
que and observed on a scope. The magnetic field modulation is easily
done in practice: a pair of Helmotz coils are wound around the two poles
of the magnet. The necessary current is small, and no serious problems

are encountered.

In N.Q.R. a magnetic field is not applied except in the special
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case where Zeeman splitting of the energy levels is observed in a single
crystal. A special technique had to be employed in the experiment since a
powder was used.

A simple method to detect the N.Q.R. signal is a frequency modula-
tion less than the line width. The derivative of the absorption line is
observed on the recorder chart. That method has a serious drawback: it
is rather difficult to determine the centre frequency at any instant since
the r.f. is modulated. Because the frequency is counted with an electronic
counter, the time at which the gate of the counter opens or closes may take
place anywhere in the modulating cycle. An uncertainty of the width of
the modulation should then be expected on the frequency.

The first resonances, however, were observed in the laboratory
with two different methods of frequency modulation: a vibrating reed (17)
and a "hypersensitive voltage variable capacitor diode"(19), The first made
use of a relay switch; a d.c. current was superimposed on the modulation
for the following reason. The magnetic force exerted by an a.c. current
on an iron reed has no polarity, and always acts in the same direction
whatever the sense of the current; a modulation of twice the applied a.c.
frequency is thus obtained, and cannot be detected by the phase sensitive
detector. When a d.c. component was superimposed to the a.c. field, the
effect disappeared, since the magnetic force was no longer exerted in the
same direction for the positive and negative parts of the cycle. The
vibrating reed was placed across the tank circuit of the oscillator, and
frequency modulation was obtained. The second frequency modulator was
essentially made of a diode whose capacity is sensitive to the applied
voltage. When it was comnected in parallel with the main capacitor of
the oscillator and an audio voltage was applied to it, frequency modula-

tion appeared. Besides the inaccuracy in the frequency determination,
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ancther defect was inherent in the described systems: a strong leakage
signal output was observed and saturated the following amplifiers unless
the modulation was reduced to a minimum.

The method deseribed below has been used extensively by other
workers (8, 11, 12, 15) and has proved best in the present experiment.
Zero based magnetic field pulses, also called "on-off" field modulation,
were applied to the sample. On the "on" part of the cycle, the reson-
ance line was spread out over several kilocycles for the reason given in
section 1(c); on the "off" part, transitions were excited between the
nuclear energy levels by the r.f. field, and absorption was taking place.
The resonance line was then displayed by sweeping the radio frequency
across it: in most experiments the sweep rate was 3 kilocycles per
minute.

The on-off field was created by two Helmotz coils of 1000 turns
of No. 30 copper wire each. The current necessary to obtain pulses of
20 ocersteds was about 100 m.a. supplied by a Tektronic Square Wave Generator
No. 105. The experimental rise-time observed for such an arrangement was
approximately 2 milliseconds, which is relatively short campared to the
duration of half the 35 cycles modulation which is 14 milliseconds. A
rotation of 360 degrees could be made around the r.f. cail, reducing the
leakage signal to a minimum, when this r.f. coil was at right angles with

the Helmotz coils.

(¢) Detection and Recording of the Signal.
Since the N.Q.R. signals are not strong and are camparable to

the noise of the oscillator tube, a special technique for an accurate
determination of the frequency of the line centre had to be used. The

reduction of the noise was first accamplished by a selective amplifier
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that rejected all but the modulating frequency. This was done by in-
carporating a twin tee network in the feedback circuit of an ordinary
audio amplifier. This amplifier was followed by a phase sensitive
detector whose synchronous signel was taken from the squere-wave generatoar
supplying the on~off field to the sample. A de.c. output proportional

to the amplitude and phase of the input signal was obtained. The noise
was reduced by the use of long time-comstants in the phase sensitive
circuit, and strong absorption lines were observed. In most experiments
a time-constant of about 5 seconds was used. The whole unit, often called
"lock=in amplifier", was available since it already had been built in the

laboratary.(20)

(f) Freguency Measurements.
The frequency was measured with a Hewlet Packard 524B electronic

counter. A coil was placed inside the oscillator chassis and interacted
very little with the spectrameter. A small r.f. signal was induced in
this coil, and after sufficient amplification the frequency was counted.

A dicde and a micrcammeter were also incorporated to indicate the oscillator
level.

While the frequency was swept slowly through the resonance line
and the recorder was tracing the line shape, the gate of the counter was
opened manually at certain characteristic points of the chart. The
gate closed autmatically after 1/10 of a second. If linear frequency
sweep is assumed, the reading was an average of the frequencies at the
start and at the end of counting. Hence, a period of time Al existed
between the time the needle of the recorder crossed a characteristic point
on the chart and the time at which the frequency would have been read if

it bad been counted instantaneously. The frequency error was (Ul - ))m)
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or %—6 AV where AV was the change in frequency per second. When the
line centre was determined while the frequency increased,/(T) plus an

error
L AVt av
20 L

was read directly on the chart. AUL was the frequency error introduced
by the time-constant of the phase sensitive detector. The apparent

line centre uai read on the chart was thus

— 1
V= J(T) + =5 AV + Ay
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When frequency was decreased the apparent line centre was

Vg =V - 21—0Az/- Ay

The true line centre was then simply

JJ(T) :V&i ; Vad

Hence, two measurements, one while the oscillator frequency was increased
and ancther while it was decreased, gave the true line centre.

Due to an error in the time of opening the gate of the counter,
fluctuations arose in V(T). By repeating the line 8 times at 0°C the
r.m.S. deviation from the mean was + 11 c.p.s. which is 1 part in 3 x 106.
The temperature of the bath, howsver, was not known to better than
+ O.5°K. This corresponds to a possible variation of + 1000 c¢.p.s. of
the resonance frequency at 60°K, because the N.Q.R. change of frequency with

temperaturs is about 2 x lO2 c.p.s.per degree kelvin at that temperature.

(¢) Low Temperature Dewar Vesgel.

For temperatures near that of liquid air, no problems are en-
countered in practice. A simple Dewar vessel is sufficient to keep an
appreciable amount of liquid for several hours.

An important part of the temperature dependence of the N.Q.R.
frequency occurs in the range 10%K to 70%. At these low temperatures
a double Dewar vessel must be used. The inner vessel containing the
sample is first cooled down by filling the ocuter vessel with liquid air.
Then being sufficiently cold, its walls are evacuated and it can be filled
with liquid He.

Many devices are described in the literature for the purpose

of obtaining intermediate temperatures between 10° and 50°K. One of
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the simplest is a desorption system in which the sample is kept at a

low temperature by cold helium vapour.ll) This vapour is desorbed from

sane activated charcoal placed at the bottam of a Dewar vessel and saturated
with helium. The temperature of the sample is then stabilized at a fixed
value by controlling the rate of flow of the helium gas; this is done

by reducing the pressure over the charcoal.

The system had been built, but difficulties were met concerning
the rate of pumping to be used. Nevertheless, since the sample tempera-
ture was increasing at a rate less than 0.3°% per minute, measurements
could be made while the sample was heating up.

Liquid nitrogen was used to obtain temperatures between 58°K
and 77°K. By reducing the pressure over the liquid, any temperatures

could be obtained between these two limits.

(h) Temperature Measurements.

The temperature of the sample below and above 77%k was measured
with a thermocouple Au-Co, Au-Ag. calibrated at M.I.T. against a gas
thermometer. It has the advantage of being rather sensitive in the
range below 77°K (still 4 uv per degree at 4°K). Its accuracy is ex-
pected to be better than + O.SOK. The e.m.f. was measured with a Leeds
and Northrup K2 potenticmeter, on which readings could be made to + 0.25 uv
assuming enough semnsitivity froam the galvanometer (null indicator).

The thermocouple junction was soldered to the brass shield of
the coil containing the sample and was also covered by a brass plate:
hence, the temperature read was the true temperature of the sample and
not of the neighbouring gas or liquid. The reference function was placed
in a liquid nitrogen bath. When the inner Dewar vessel was filled with

liquid Np, an e.m.f. of about 12 uv was observed, whose polarity was such
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that it meant that the sample was at a higher temperature than liquid Né.
After 5 minutes the e.m.f. was reduced to 10 uv, and after an hour it

was less than 2uv. In general we can thus say that the sample was not

at the temperature of the neighbouring liquid, and that the thermocouple
was reading the temperature of the sample and not of the liguid. The
same effect observed at liquid helium temperature was far more marked.

The thermocouple read 8%k a few minutes after the vessel had been filled
with helium., After half an hour it read 7°K. The thermocouple leads
were not cut at any places; thet way no spuriocus e.m.f. should have been
obtained. The liquid N2 experiment is verifying this statement. The
fact that it took a long time for the sample to cool down may be explained

by the presence of a big mass of charcoal and a heavy sample container

having large heat capacities.
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4. BXPERIMENT AND RESULTS

(a) Purity of the sample.

The N.Q.R. frequency, as said previously, is a fundamental
property of matter, depending only on temperature. This statement is
true within certain limits. Other workers (11) have found that the
impurity content of the sample was broadening the resonance line and was
accanpanied by a shift in the resonance frequency. Fortunately, the
effect was negligible 6ver a certaih purity of the sample.

The purity of the substance is easily determined in practice
by the width of the resonance line. The line width depends on three
main factors:

1) presence of chemical impurities,
2) presence of mechanical strains,
3) effect of the earthts magnetic field.

When the line width is less than 1000 c.p.s. after effects 2. and 3. have
been eliminated, Benedek and Kushida (11) have verified that the first
effect was negligible as far as shifts in frequency were concerned.

The sample used in the present experiment was a:powder made of
very small crystals, taken from an E. + A. tested Purity Reageht lot
No. 443, 121 which contained less than 0.01% of impurities.

The observed line width was 950 c;p.s. at room temperature
without elimination of the third effect; sufficient purity could be
assumed and the resonance frequencies observed should be the fundamental
ce3°

nucleus in K C2 0Q,.

3

The resonance frequency was determined at 0°C as another veri-

frequency of the

fication of the quality of the sample. The frequency was

V(%) = 28, 213, 270 + 11 c.p.s.
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This figure does not agree exactly with the value given by Benedek and

Kushida for a sample obtained by double recrystallisation. They found

V(0%C) = 28, 213, 345 + 10 c.p.s.

The disagreement can be explained: the temperature of a bath made with
ice and water is not reproducible with great accuracy. The difference
between the two resonance frequencies corresponds to a difference of

0.016%K between the two baths; this is certainly better than expected.

(b) Line centre determination versus temperature.
The low temperature experiment was carried out in two parts

‘for two different ranges of temperatures.
1. Fram liquid air to solid nitrogen temperatures.

The resonance frequency was first determined at liquid air
temperature. The thermocouple indicated &R.4 + O.5°K. This is reason-
able since liquid air is a mixture of liquid oxygen at 90°K and liquid
nitrogen at 77°K. Liquid nitrogen evaporates faster than liquid oxygen,
and any temperatures between these two limits can be expected from a
liquid air bath.

A measurement was also made with a liquid nitrogen bath. The
thermocouple e.m.f. was less than 3 uv with the reference junction in
liquid nitrogen. This corresponds to a difference of 0.1%K between the
two baths.

anally, four messurements were made between 77.4 and 58°K;
these temperatures were obtained by pumping over liquid nitrogen. The
accuracy obtained by repetition of the line is given in table 4.l. The
72,8%K and 73.2°K measurements were made while the temperature was drift-

ing; hence, less accuracy should be expected from these last readings.
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The temperature difference between two measurements necessary to determine
a line centre was less than 0.15°K. This difference corresponds to a
change of 270 c.p.s. in resonance frequency at these temperatures. The
possible accuracy on the determination of the resonance frequency at
these two temperatures is thus assumed to be + 270 c.p.s.

The lowest temperature obtained by pumping over nitrogen was
58°K + 0.5°K. At this temperature the nitrogen was solid. In that
state the temperature was not as steady as it was in the liquid state

under stmospheric pressure.

2. From liquid helium to solid nitrogen temperatures.

No resonance has been observed at liquid helium temperature;
resonence appeared only alt arocund 15°K. The fast increase in spin-
lattice relaxation time at temperatures below 20°K explains this phenomena.
Theory predicts a spin-lattice relaxation time of more than two hours at
liquid helium temperature. Dautreppe and Dreyfus (9) have found a re-
laxation time of 100 sec at l5°K for a sample made of para-dichlorobenzene. .
Absorption lines were observed above 16.5°K up to 53.401{ while the sample
was slowly heating in an atmosphere of cold helium vapour desorbed from
the activated charcoal. The rate of increase of the temperature was
around O.3°K per minute in the whole range covered. Because of this slow
increase in temperature, one can assume that thermal equilibrium existed
within good limits between the thermocouple junction and the sample.
Temperature gradients would have existed in the sample if thermal equili-
brium had not been obtained. These gradients would have been reflected
by & relatively large broadening of the absorption lines. A line broaden-
ing was observed. It is difficult, however, to separate a natural broaden-

ing at low temperatures, as observed by Wang (22) for similar substances,
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from a broadening due to a gradient of temperature. At roam temperature
the line width was 950 c.p.s.; in liquid eir where no temperature grad-
ients should exist, it was 1.4 kec; in the helium vapour, it did not
much exceed 1.6 ke. One can conclude that temperature gradients, if they
existed, were small and that the.'thermocouple, soldered to the r.f. coil
shield, was giving the temperature of the sample to an accuracy of % 1%K.

Another observation in favour of the accuracy of the measurements
can be made: the experimental curve of the resonance frequency as a func-
tion of the temperature is smooth (see fig 4.3). If a large error in the
temperature measurements had existed the curve would be broken at the point
of junction of the two separate parts, one being obtained while tempera-
ture decreased and the other while temperature increased.

The difference in temperature between two measurements necessary
to determineAa line centre, except in a few cases, did not exceed half a
degree. In each case, this difference corresponded to a change in the
resonance frequency. This change is the figure given in table 4.1 as the

accuracy of the measurements.

(e) sults and theory.

The equation of the resonance frequency of 0%35 in KCRO, as a

3
function of temperature has been obtained in the theoretical section:

) °{ 2Zicoi®i @t =)

It has been suggested that only a motion of the C&OB_ group as & whole

should be effective on the change of the resonance frequency with tempera-

ture. Following this consideration, the constant Ai was replaced by
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rimental Results

Y(T)

CePeS.

29,038, 530
29,038,376
29,037,699
29, 036, 905
29,036,588
29,035,368
29, 034, 590
29,033,688
29,031,702
29,031,112
29, 029, 440
29, 027,781
29, 026, 416
29, 020, 580
29, 015,622
29,011, 853
29,005,497
28,995,306
28,981,333
28,963, 849
28,962, 555
28, 952,763
28, 939, 838

28,213,270

+ OV(max)

C.p.S.

200
200
200
125
200
200
500
300
125
250
400
200
400
600
800
300

120
120
270
270
36
25

11



0
IONIC + COV.
0
cl \O
0
1IONIC —t
. -
K CIO3

FIG. 4.1 KCIO, MOLECULE

®- ::IL' » the reciprocal of the mament of inertia of the CGRO “ion. The

3
K & 03 molecule is shown on figure 4.1. The arrangement of the molecules
in the crystals is such that they form a lattice very similar to Na C¢ O

3
extensively discussed by Kushida, with the only difference being that the

crystal structure is monoclinic rather than cubic.

The 0%03- group forms a trigonal pyramid whose figure axis coin-
cides with the principael z-axls of the field gradient temnsor. Three
normal modes can be associated with the motion of this ion. These are
ahindered rotation about the symmetry axis of the molecule and two torsions
arcound two orthogonal axis both perpendicular to the z-axis.

It seems obvious that the hindered rotation about the symmetry
axis of the molecule will not affect the gradient of the field at the 0%3 5
nucleus, since the field is very nearly symmetric (Y)= 0.006) (24). We
are left with the two other modes corresponding to a rocking motion of the
ion. These are shown on figure 4.2.

Kushida has calculated the mament of inertia of such a pyramid

for each mode. He has found, for three magnitudes of r (see fig 4.2),
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values between 83 and 89 x 10747 kg e,

Since the mament of inertia is almost the same for the two modes
and since the restoring forces in the solid state should be approximately
equal for these two modes, equation (27) can be written with the sum over

i (f) replaced by a multiplying factor two:
- R ; N § 1 '

®m is the mean value of the two maments of inertia around the two axds
and W is the mean of the two possible vibration frequencies consistent

with the.previous remark on restoring forces.

FIG. 4.2. TWO NORMAL MODES OF VIBRATION
OF THE CIO; GROUP
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Negligible variation of the volume should be expected for the
range of temperature covered. In consequence, we can assume that wy is

a constant and write

V(z) - Jo) = - 2— (29)
ekT -1
where
£
Y(oy= 1 - %wm@m ) (30)
2o 8 (31)

Transforming equation (29), writing g, for % and taking logarithms on

each side, one gets
%nAMr (l-e-eﬂ‘/T)zzna_%

where AVT has been written for Y(o) - J(T). The last equation is recti-
fied when the left side is plotted against 1/T. The slope of the line
is "g) and its intercept is "&n a". The exponential term is a function
of gy but is rather small for the usual Raman frequency. Purthermore, at
85°K, an error of 10% on an assumed trial value for this g;will be reflected
by an error less than 0.1% on the logarithm; this error should decrease
as T decreases since the exponential term becomes smaller. The procedure
to follow for an evaluation of €y is the following: one assumes a first
trial value for 6y obtained fram the results of other workers; the straight
line then gives a new Gm which must be nearer the true value than the pre-
vious e assumed.

Kushida has found that his data was in agreement with an approxi-
mate equation good for T2, when a value of 27 x 3.08::10']'2 C.p.8. was chosen

for o The closest line in the Raman spectrum is 27 x 2,94 x 101'2 CePeSe
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Inserting this value for W one gets

e = 11%.

m

Evaluating e-e/T

for each temperature considered, the correction to Al&
can be worked out. The only uncertainty is reduced to the extrapolation
to 0°K, to obtain V(o). At temperatures above 45°K, AVT is already more
than 20 Kc. Hence, an error of a few hundred cycles in V(o) do not affect
much the logerithm,and all the high temperature points should coincide with
a straigﬁx line. The error in V(o) may be more effective at low tempera-
tures where Abé is reduced to a few kilocycles or less. By a first graph
with a trial V(o) one will find at low temperatures,marked deviations from
a straight line coineiding with high temperatures points. The deviatioms,
however, will have all the same sign and all the points may be made to
coincide with a straight line by a correction on V(o).

The procedure has been used for interpolated values of V(T) at
every 5 degrees fram 15°K to 85°%K. The best value of V(o) found for a

straight line fit for all these points is
V(o) = 29,038,270 c.p.s.

The slope is § = 141°%K coinciding with the assumed Reman line. The inter-

cept is
tna=6.1 = a=I,545,80c.p.s.

This last figure should not be expected to be very accurate since an error
of 2% on ‘in a'is reflected by a relative error of 13% on“as It will be
seen below that a better accuracy can be obtained with a least square analy-
sis of all the points.

Having found the Qm which gives the best fit to the observed curve,

this value can be used to make a least square analysis of the experimental
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points. Equation (29) can be written simply as

VU (T) =J(0) - ax

where 1

This is again a straight line whose slope is "a" and whose intercept is
V (o). Evaluating X for each experimental temperature, one gets from a

least squere analysis (assuming T exactly kmown)
(o) = 29,037,800 c.p.s.

The figure differs by less than 0.002% from the value assumed to obtain
ém. It is only 0.0R5% lower than the last measurement at 16.5°K. The
slope of the line is
a = 440.903 c.p.s.

This last value is expected to be more accurate than the one found by
the first method, since it is obtained directly from a slope and not fram
a logarithm. The two values do not differ by much more than 1%.

The value of 4/0 can be obtained in the following way. From (30)

and (31) we can write

- 8obs
V= V(o) e + 3
It gives
)Jo = 29,258,321 c.p.s.

This value would be the resonance frequency obtained at 0°K if the model
used in equation (25) had been classical instead of quantum-mechanical.,
In other words, it would be the resonance frequency observed at 0%K if atomic

vitrations obeyed classical rather than quantum mechanical laws.
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The accuracy on z/o is rather difficult to calculate, but it
should be high: (o) is known to approximately 0.003%, and "a" being
obtained from a slope should be as much accurate. This slope, however,
depends on -Qm; an error of 1% on this last one is reflected by an error
of more than 1% on the slope. 9, is thus the determining factor, but
the precision on this parameter should be high since it 1s also obtained
fran a slope. From (34) it can also be seen that an error of 1% on "a®
is reflected by an error of only 0.008% on UO.

The moment of inertia of the CR0, group can be calculated fram

3
(30) and (31).

- 3b (Y(o)obs . i
®, = 5 G +3)
It gives _
@, = 112 21077 ki1 o

which is far fram the calculated value. The calculation made by Kushida,
however, is spplicable to a free 0&03- ion. In the situation encountered
in a real crystal, the ion is bound to other atams. For instance, in

the Na Gt 03 crystal, which is similar to K Gt O,, Kushida suggests that
each "0" of the G0, group is coupled ionically to two neighbouring sodium

3

atans., With this picture it is then difficult to give an exact meaning
to the moment of inertia.

Knowing the value of "a'" and uo’ one can extrapolate to find
what would be the resonance frequency at higher temperatures if lattice
expansion was absent. Evidently the theoretical and the experimental
values will not coincide since lattice expansion is not negligible at high
temperatures. For example, at 0°C the difference between theory and experi-

ment is already 20% of the whole change in resonance frequency from 0%k.
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Kushida, Benedek and Bloembergen have studied this lattice expansion effect
at temperatures higher than 77%K. They have measured the resonance fre-
quency as a function of pressure and temperature in that range. Construct-
ing an equation of state and knowing the thermal expansion of the substance,
they have transformed their isotherms V(T) versus P to isotherms J(T) versus
V. They could then calculate what would be the resonance frequency, if no
thermal expansion was taking place. These are shown in table 4.2, compared
with the theoretical extrapolated values, calculated with )/(o) and "a" ob-
tained from the present experiment.

It 1s seen that the theory and experiment are in excellent agree-
ment below 80°K. Except in one case the difference does not exceed 1 ke
which corresponds to 0.003%. Marked differences exist at high temperatures
between the values obtained by Kushida and the values obtained here. On
the basis of the excellent fit at low temperatures, it could be believed
that a transformation through an equation of state of the solid, not being
absolutely wrong, is not as accurate as one would expect. The disagree-
ment explains the difference between Kushidats @ e.nd@n and the figures
found in the present experiment. (Kushida (8) has celculated « and @m

to be respectively 2m x 3.08 x 1012

and & x 10747 kg m°. A calculation
done by the present writer with his data gave 95 x 10747 kg n° for @
the lattice vibration frequency was found to be in agreement with the pub-
lished value.) ,
Figure 4.6 is an overall view of the resonance frequency of 0%3 5
in K & O3 as a function of temperature. The curve called Dehmelt approxi-
mation is the temperature dependence that would be observed if the Planck!s
oscillator mean energy in (25) was replaced by the' mean classical energy

‘21‘ kT associated with every mode. At 0% the resonance frequency would be
V.
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TABLE 4.2: Comparison between theory and experiment

T J(T) /(1) J(T)
c.p.s' c.p.s. Cons.
(observed) corrected by Kushida calculated with

Diffeerence between
V(T) calculated
and V/(T) observed

for lattice expansion Bayer!s equation c.p.s. %

16.5 29,038,530 29,037, 714 + 86 0.0028
17.9 29,038,376 29,037,649 + 727 0.0R5
20.8 29,037,699 29,037,299 + 400 0.0014
22.2 29,036,905 29, 037, 026 - 121 0.0004
23.7 29,036,588 29, 036,650 - 62 0.00®R
26.5 29,035,368 29, 035, 974 - 606  0.0021
28.8 29,034,5% 29,034,475 + 115 0.0004
30.4 29,033,688 29,033,798 - 110 0.0004
31.9 29,031,702 29,032,430 =728  0.0025
32.4 29,031,112 29,032, 046 - B4 0.0032
34.9 29, R9,440 29, 029, 904 - 464  0.0016
36.6 29,027,781 29,028,234 - 453 0.0016
38.0 29,R6,416 29, 026,738 - 322 0.0011
43.3 29,020,580 29, 020,120 + 460 0.00L6
46.6 29,015,622 29, 015,314 + 308 0.0010
49.5 29,011,853 29, 010,667 +,186  0.0040
*53.4 29,005,497 29,004, 913 + 58, 0.0020
58.0 28,995,306 28,995,184 + 122  0.0004
64.9 28,981,333 28,981,188 + 145 0.0005
72.8 28,963,849 28,963,508 + 341 0.0012
73.2 28,962,555 28,062,582 - 27 0.0001
7.4 28,952,763 28, 960, 000 28,952,750 + 13 0.0001
82.4 28,939,838 28, 940,581 - 743  0.0026
196.0 28,550,000 28,610,000 28,618,678 -8678

297.6 28,090, 000 28,280, 000 28,310,310 -0,310

357.7 27,750,000 28, 080,000 28,123,367 40,367
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Owing to the observed temperature dependence of the N.Q.R.
frequency of 0%3 > in K & 03, it is seen that, following the suggestion
made by C. Dean and R. V. Pound (10), an accurate thermameter can be built
using the effect. As mentioned in the theory, this is due to the fact
that, if sufficient purity is attained, the resonance frequency is a func-
tion only of the temperature, insensitive to variationsin the atmospheric
pressure.

This possibility has been studied by Benedek and Kushida for
temperatures higher than 77°%. Tt is studied here for lower temperatures.

Froam the experimental curve U(T) versus T a sensitivity curve
has been derived and is shown in figure 4.7 for the range 15°K to 140°K.
For higher temperatures the sensitivity increases almost linearly. The
numbers written on the right hand side of the graph are figures represent-
ing the accuracy with which the temperature could be determined, assuming
a line centre determination of + 10 c.p.s. It is seen that below 60°K
the sensitivity drops very rapidly, being only 200 c.p.s. per degree at
20%. This would correspond to a temperature determination of + 0.05°K.

It could be added that if the thermameter does not seem to be
very practical to measure temperatures, it could be used, after accurate
calibration has been done, as a laboratory secondary standard. Its

characteristics would be:

l. Good sensitivity over 20°%k.

2. Preclse reproducibility since below a definite inpurity cont-
ent, the resonance frequency is a fundamental property of matter.
Purity is easily determined by the line width.

3. Absence of hysteresis.
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The last two statements have been verified by Benedek and Kushida, and

the first one is deduced fram figure 4.7.
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6. SUMMARY AND CONCLUSIONS

nucleus in

Nuclear Quadrupole Resonance frequency of the 0%3 >

K G O3 has been measured as a function of temperature fram 16.5° to
273.2%. Estimated accuracy of the temperature measurements made with
a thermocouple was + 1°K for temperatures lower than 50°K and better than
+ O.5°K for higher temperatures. The accuracy on the resonance frequency
determination was in most cases better than + 300 c.p.s. At 0°C it was
measured to + 1l c.p.s.

Below 80°K agreement between theory and experiment was found to
be better than 0.004%. Above this temperature whsre thermal expansion is
no longer negligible the agreement is not as good: near 1% at room tempera-
ture. The transformation through an equation of state made by Kushida to
account for the thermal expansion, was found to be not as accurate as it was
expected, and deviations are observed fram the high temperature, extrapolated,
theoretical values.

With the accuracy obtained, a very good value for the gradient
of the electric field at the 0%3 5 nucleus can be calculated. Knowing this
value, a comparison could be made with the theoretical one obtained fram
approximate wave~functions.

Finally, it has been seen that a useful thermameter can be built
using the temperature dependence of the resonance frequency. Its accursacy

would be + 0.003°K at 120°K and still + 0.05°K at 20°K.
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1. Tensor Transformation

The fundamental relation for a tensor transformation is

v = a,, a.a,V AQD)

itjt ii i 'ij
where the a(s) are the directional cosines of the primed system of axis
in respect to the system fixed with the molecule. In that notatiom it

should be understood that a subscript appearing twice must be summed;

i'j' and i j hold for any x', y', z' and Xy ¥y %Z. Hence, fram

figure 1.1
a_, a_, a_, 1 0 0
x'x x'y x'z
e’y'x ay'y ay'z = 0 cos © -sin 6 | A(R)
a_, a_, a_, 0 sin © cos 6
z'x z'y 2 z

From A(l) one obtains the component Vi

Vot 5! = 8y Bhy vij
= a'z'xaz‘j vxj+az'yaz‘jvyj+az'zaz‘jvzj
= 8y 8'z'xvz;:x"'az'ya‘zyvyy""a'z'zB‘z'zvzz'

A1l vi;] = 0 when i # j for the assumed symmetry of the field. Thus

Vg = sin°0 L 086 Ve A(3)

Using Laplace equation and the fact that

Vex=Vyy
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one obtains

V0= % v,, G cos® @ ~ 1) A(4)

which is relation (L0) written without proof.

2 In the discussion of the theary of temperature dependence it has been
stated that the relation A(4) was symmetrical. This is easily seen here
since all the directional cosines hold, whatever the "new" or "old" system

is. Hence, & relation can be written at once

2
Vg = Vgl 04V, 24

The tensor ellipsoid is now fixed with the primed system of axis and we

have

One can write 2

VZ' z! (3 cos & - 1)

<}
I
O

which is relation (R0).

3. Special mode of vibratiom.
In figure 2.2 is shown a special mode of vibration of a molecule.
In that case it can be' shown easily that Ai can be interpreted as a (mauent
of inertia)”t. The displacement of the atams in a molecule or in a crystal
can be expressed by the superposition of the displacement of all normal co-

ordinates. Call X V5 340 the displacement co-ordinates of the ith atam.

FIG. 2.2 SPECIAL MODE OF VIBRATION: BENDING



Then we can write

x:L = all€l+8'12€2+&13€3+ o o o
bll?l+ blz?2+ a13§3 Foee .

3, = cll€l+012?2+013€3+ o o e

o
It

Zy = °N1€l+cN2€2+cN3§3+ o o o

vwhere the coefficients must satisfy the normalization condition imposed

on the kth normal co-ordinate

2 2 2,
%mi(aik toby Foey) =1

The a; in Ai is simply

- 28
Cli —agi

and 6 is a function of all the displacements
6 = @ (x., Y 2, e o o ZN).

Following these considerations one can write

_ S92 9% _ 5 2
% %bxj 08, PRCT? 854

For the special type of motion shown in figure 2.2 corresponding to a

tilting motion of the molecule

B—Q = A since x, < r. 6.

bxj" r 3T

For j = 1 and using the normalization condition we have

— i 1
X3 =8 -
"1 Vay 'y
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or " 2_ 1
1 C)l

The term Bii which is related to a stretching motion of the molecule,

can be shown in a similar way to have the order of magnitude of a (mament

of inertia)-l. In K C¢ O, this stretching motion would take place between

3
K" and o 0,7 Since the contribution of K' to the field gradient is not
expected to be greater than a few percent (8), its variation should have a
negligible effect and we may neglect that type of contribution in the case

of interest here. Hence

a, = ®1
1

i

which is the wanted relation.
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