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This paper describes the observed temperature dependence of the pyroelectric effect in a hexagonal
cadmium sulfide crystal between 78 and 345°K. The methods used to obtain the response and evaluate the
results are described. The error is evaluated at each of the ambient temperatures. The measurements were
made along the crystal’s axis of symmetry. Most of the polarization appears to be due to the dipole expan-
sion of interatomic bonds which are principally covalent.

1. INTRODUCTION AND EXPERIMENTAL
PROCEDURES

HEN certain types of crystals are heated, they
develop a spontaneous polarization along a
unique axis. This phenomenon is known as the pyroelec-
tric effect, and the ratio between the amount of polariza-
tion produced and the temperature rise of the crystal is
known as the pyroelectric constant. The object of the
experimental phase of the study was to measure the
pyroelectric constant of a hexagonal cadmium sulfide
crystal at certain temperatures between 78 and 345°K.
The apparatus used in this measurement is shown in
Fig. 1. As indicated, the specimen was mounted in a
holder which was immersed in a constant-temperature
bath. When the crystal was heated a small amount
above the ambient, its pyroelectric response was ampli-
fied and recorded, and its temperature rise was measured.
The main features of the crystal holder are indicated
in Fig. 2. Because cadmium sulfide is photoconductive,
the holder had to be designed to maintain the crystal in
a light-tight environment. In order to obtain an ade-
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quate response level from the small amount of pyroelec-
tric charge, it was required to have an extremely high
level of electrical insulation and a low capacitance.
Sufficient thermal insulation had to be provided so that
the crystal could be heated a small but controllable
amount above the ambient temperature.

As indicated in Fig. 2, the crystal holder consisted of
the inner holder, the heating coil, the cover, and the
connector units. The inner holder was 70 cm in length
and constructed almost entirely of thin-walled Monel
tubing of 15-mm diameter. The crystal was mounted in
the lower portion of the unit and connected between two
probes set at opposite ends of its axis of symmetry, the
optical axis. The bottom probe was connected to the
grounded walls of the unit, and the upper probe was
connected to an insulated post at the top of the holder.
The thick layer of silver paste used in connecting each
end of the specimen to its probe provided a cushion into
which it could expand when heated. A heating coil was
wound on a brass cylinder and centered about the
specimen. A thermocouple was embedded in the cylinder
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with a junction set at an opening in its wall just
opposite the crystal.

The inner holder and heating coil units were placed in
a brass cylinder of 30-mm diameter that served as a
cover. This unit enabled the holder to be immersed in
the fluids that provided the constant ambient tempera-
tures. The output of the holder was coupled to an
amplifier through a shielded connector that also served
as a light-tight lid. To prevent the insulation of the
device from being deteriorated by moisture, a supply of
a dehydrant was maintained in an annular region in the
connector. As an additional precaution, a small amount
of dry nitrogen was flushed through the holder when it
was cooled or otherwise subject to condensation. With-
out the crystal in place and with its insulation intact,
the conductance and capacitance measured at the out-
put of the crystal holder were about 6.6X 10~*¢ mho and
21 puF.

The lower four-fifths of the crystal holder was im-
mersed in a hot-water bath, room-temperature air, a
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melting-ice solution, a mixture of ice and salt, a mixture
of dry ice and a special antifreeze, and liquid nitrogen.
These provided the constant ambient temperatures of
345, 300, 273, 253, 195, and 78°K, respectively. The
pyroelectric response was obtained by heating the
crystal about 2.5 deg above the ambient. To heat the
specimen quickly, a current of about 1.5 A was used for
the first 4 to 5 sec, after which a current of 90 to 130 mA
was used to maintain the crystal at a constant elevated
temperature. A Rubicon thermocouple bridge was used
to measure the ambient and the temperature rise of the
specimen. One junction of the thermocouple was placed
near the crystal, as indicated above, and the other was
placed in a melting-ice solution. The current-switching
and thermocouple circuits are shown in Fig. 1.

The crystal holder was connected to the input of a
Keithley electrometer in parallel with a 1.01X102+19,
resistor. The electrometer output was connected to a
Sanborn recorder, where the pyroelectric response was
recorded as a function of time. This combination served
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as a dc amplifier and pen recorder with an exceptionally
high and accurately known input resistance. The charac-
teristics of the system were more than adequate for the
relatively slow response presented to it. A typical
recording made at room temperature is indicated in
Fig. 3.

2. COMPUTING THE VALUES OF THE
PYROELECTRIC CONSTANT

The parallel circuit representing the crystal, its holder,
the 1.01X102-Q shunt, and the electrometer input will
be referred to as the input circuit in the discussion
which follows. When the crystal is heated, the charge
that is produced is stored by the capacitance of this
circuit and leaks off through its conductance. The
amount of charge that is produced is equal to the
product of the time integral of the voltage appearing
across the input circuit and its total conductance. The
pyroelectric constant is obtained by dividing this
amount by the effective cross-sectional area of the
crystal and its temperature rise. It can be computed
from the area of the recorded response curve as follows:

P=AG)\1>\2/BAT, 1)

where p is the pyroelectric constant, 4 is the area of the
response curve, G is the total conductance of the input
circuit, A, is the deflection of the recorder per volt input
at the electrometer, A, is the number of seconds per unit
length along the time base of the recording, B is the
effective cross section of the specimen, and AT is its
temperature rise.

Because the capacitance of the input circuit did not
change significantly during the study, variations in the
conductance G could be determined from time-constant
measurements. In these tests a voltage source was
placed across the electrometer input and the time con-
stant was determined from the decay curve produced on
the recorder when the source was removed. The con-
ductance of the crystal varied in an exponential manner
with temperature but, except at the 300 and 345°K
ambients, it was insignificant compared with that of the
shunt. When the insulation of the crystal holder was
unimpaired by moisture, its conductance was also in-
significant compared to that of the shunt. Under this
condition and at the lower ambients, the conductance
of the input circuit was the 9.90X 10~ mho value of the
shunt. The time constant measured here was 36.0 sec.
Under other conditions a smaller time constant r was
measured, and the conductance was determined as
follows:

G=9.90X 10-1X36.0/. @)

The conductivity of a cadmium sulfide crystal was
investigated between 298 and 373°K and found to obey
the following law!:

g=0.17 exp— (0.67/kT), ©)

1R. Frerichs, Phys. Rev. 76, 1869 (1949).
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Fic. 3. Reproduction of a typical pyroelectric-response curve
recorded at room temperature (300°K).

where g is the conductivity in mho meter™, k is
Boltzmann’s constant, and 7 is the absolute tempera-
ture. The effect of this temperature dependence was
significant only at the 345°K ambient. Here the crystal
contributes about half the total conductance of the
input circuit, and when heated produces a small but
noticeable increase in its value. The input conductance
values that were determined from Eq. (2) had to be
adjusted for this increase. The average adjustment in
input conductance was 5.29,.

A few of the response curves were affected by
electrometer drift. Instead of giving to zero at the end of
the measurement, as indicated by the curve of Fig. 3,
they settled to a level that was slightly above or below
it. A correction was made for this effect.

3. THE RESULTS OF THE MEASUREMENTS

The values which were determined for the pyroelectric
constant at each ambient temperature are indicated in
Fig. 4. There were two general types of errors which
affected the results. One type affected all the pyroelec-
tric-constant values by the same percentage, while the
other influenced them in an individual manner. The
effect of the first of these was to shift the entire mean-
pyroelectric-constant characteristic of Fig. 4 vertically
without altering its shape. The absolute sum of errors of
this type was 26%,. The main contributor to this sum,
and by far the largest source of error encountered in the
study, was the 209, allowed for determining the effec-
tive cross-sectional area of the crystal. It occurred be-
cause the fragile condition of the specimen did not
permit this area to be determined too accurately from
its varying width and thickness dimensions.

This second type of error caused the individual values
to deviate from their mean. Its effect can be expressed
as a probable error by which the actual mean could
deviate from its computed value. At each temperature,
this error was computed as a rms-type average of the
deviations of the individual values from their mean, and
as a rms-type average of the errors affecting each factor
in Eq. (1), from which the values of the pyroelectric
constant were computed. The final magnitude of the
probable error at each ambient is taken as the average
of the corresponding values of the two computations.
These values are indicated in Table I, where the result
of the first computation is referred to as E,; and that of
the second as E,;. The probable limits between which
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the mean pyroelectric constant can vary are indicated
in Table I and shown by the pair of dashed lines in
Fig. 4. The narrow limits of this probable error verify
that the trend indicated by the mean characteristic of
this figure is substantially correct.

4. THE RELATIONSHIP OF THE PYROELECTRIC
EFFECT TO THE CRYSTAL’S STRUCTURE
AND THE TYPE OF BINDING BETWEEN

ITS ATOMS

A molecular group is defined as the smallest re-
peatable array of atoms from which a crystal can be
constructed. The groups are simply oriented with re-
spect to each other and have identical physical prop-
erties throughout the specimen. Since a pyroelectric
crystal cannot have a center of symmetry, its molecular

TasLE I. Mean values of the pyroelectric constant and their
probable experimental errors.

Mean Average
Mean probable pyroelectric-

ambient Probable Probable experi- constant value
temper-  experi- experi- mental p and its

ature mental mental error probable limits

T,°K  error Ep error Eps  (Epi+Ep2)/2 1076 C/°K m?
345 +4.2%, +5.0% +4.69, 2.33+0.11
300 +1.59 +2.7% +2.19, 2.20£0.05
273 +3.3% +3.09, +3.2% 2.2840.07
253 +2.49, +3.3% +2.8% 2.57+0.07
195 +3.19%, +2.5% +2.8%, 2.524+0.07
78 +3.29 +2.3% +2.8% 1.864-0.05

group must be tetrahedral if it is to be a regular poly-
hedron. This is because “the tetrahedron is the only
regular polyhedron involving nearest neighbors that has
no center of symmetry.”? The configuration of a tetra-
hedral group is indicated in Fig. 5. The atom located at
the central portion of the figure is of the opposite
electrovalence to those situated at the corners and forms
a dipole with each of them. There is effectively only one
atom of each type in the structure, as each of the corner
atoms is shared with three other groups. In more
complicated compounds the single atoms are replaced by
assemblies of atoms.

One of the dipoles of the group lies along the sym-
metry axis of the crystal and has a dipole moment which
is directed opposite to the net amount of the three which
are obliquely positioned with respect to it. The molecu-
lar groups of a pyroelectric crystal are oriented with
respect to each other so that atoms (or assemblies) of
opposite electrovalence lie directly above each other
along the symmetry axis. The electrostatic forces that
result flatten the group in this direction, so that the net
moment of the obliquely oriented dipoles no longer
balances that of the dipole situated along the axis. The
electrostatic forces also produce a reorientation of the
obliquely positioned dipoles in the presence of thermal
expansion. When an unclamped crystal is heated the
change in the configuration of the molecular group, and

2 A. Von Hippel, Dielectrics and W aves (John Wiley & Sons, Inc.,
New York, 1954), p. 201.
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the polarization generated by this change, can be repre-
sented as a superposition of that due to an equal ex-
pansion of all the dipoles and that due to this reorienta-
tion. The dipole reorientation manifests itself in the
anisotropic expansion pattern of the crystal, as well as
in its pyroelectric effect.

The pyroelectric effect also depends on the shape of
the moment versus length characteristic applicable to
the elementary dipole of the substance. For a substance
whose interatomic binding is completely ionic, the
characteristic is a straight ascending line, as indicated
by curve I of Fig. 6. This is an ideal characteristic, as the
binding of no substance is completely ionic. The binding
can be regarded as being partially ionic and partially
covalent. When there is a small amount of covalency
present, the curve drops slightly below this line at first
but returns to it with further increases in dipole length. 24
This deviation increases with the proportion of covalent
binding present, but until a certain limit is reached, the
curve returns to the ascending line; as in curves IT, ITI,
and IV of Fig. 6. Beyond this limit the curve rises to a
maximum but falls gradually to zero with increasing
dipole length,5 as the atoms take back the electrons
entering into the interatomic bond. This situation is
indicated by curves V and VI, and corresponds to the
behavior of a substance in which the covalent type bond
predominates. The curves become flatter with increasing

!
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NET DIPOLE
MOMENT OF
THE GROUP

Fi1c. 5. Tetrahedral arrangement and dipole moments of the
molecular group of hexagonal cadmium sulfide.

3 E. Bartholome, Z. Physik. Chem. 23, 131 (1933).
4 A. Eucken and A. Biichner, Z. Physik. Chem. 27, 321 (1934).
5 See Ref. 2, p. 210.
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Fi1G. 6. Dipole moment versus dipole-length characteristics.

covalency, the abscissa being the characteristic of a
completely homopolar substance.

5. EXPLAINING THE EXPERIMENTAL RESULTS

In the derivation that follows it will be assumed that
the crystal is uniformly heated and that there are no
external fields across it. It can be shown that errors that
occur because of deviations from these conditions are
negligible. If it is assumed that the interatomic binding
between dipole pairs that produce the dominant con-
tribution of polarization is principally covalent, the
dipole moment versus- dipole length characteristic is
similar to curve V of Fig. 6. This curve is reproduced in
Fig. 7 and will be used in the analysis.

At the beginning of the measurement, the crystal is
at the ambient temperature T and is electrically neutral
at its surface. The molecular group has a net dipole
moment which is the difference between the moment of
the dipole aligned along the crystal’s symmetry (and
optical) axis and the net moment of the three dipoles
which are obliquely oriented with respect to it. Re-
ferring to Figs. 5 and 7, this can be expressed as follows:

M j0=Mo(1—3 cospo) =koDo(1—3 coseo),  (4)

where M 0 is the dipole moment of the group, M is the
moment of each dipole, Dj is the dipole length, ¢ is the
angle between the symmetry axis and each obliquely
oriented dipole, and ko= M/D,.

When the temperature of the crystal changes by a
small amount AT, the dipole moment of the molecular
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group changes to M ,;, where

M01=D0(k0+8dkd)[1—3 COS(<P0+5r<Po):|
=M jo+kadaDo(1—3 cospo) —3koDod¢o sineo,
for 6,001, (5)

where 84 and §, are the proportional changes in Dy and
@0, respectively, and k4 is the slope of the dipole moment
versus dipole length characteristic.

As a first order approximation the electrical polariza-
tion of the atom is independent of temperature.® This
means that the dipole length and the distance between
the nuclei of the dipole partners change by the same
amount when the temperature is changed. This relation-
ship can be expressed as follows:

6dD0=6al)a, (6)

where D, is the internuclear distance and 4, is its pro-
portional change. On letting k,=M/D,, we also have
that

koDo=FkoD,. (7)

8. obeys a linear expansion law. For such a condition
it has a temperature dependence similar to that of the
specific heat at constant volume (except near 0°K).?
This permits the following relation to be written

8a(T)=ATauC(T), @)

where 8,(T) is 8, evaluated at temperature T, o, is the
value of 8, per degree temperature change at tempera-
ture Ty, and C(T) is the ratio of the specific heat at

8Y. K. Syrkin and M. E. Dyatkina, Structure of Molecules and

the Chemical Bond, translated and revised by M. A. Partridge and
D. O. Jordan (Interscience Publishers, Inc., New York, 1950),

p. 193.
7 C. Zwikker, Physical Properties of Solid Materials (Interscience
Publishers, Inc., New York, 1954), pp. 153-157.

constant volume at temperature T to that at To. The
specific heat was evaluated from a handbook.® The
Debye characteristic temperature of zinc sulfide, 300°K,
was used as an approximation in this evaluation. The
value of Ty was set equal to 345°K, the highest ambient
used in the study. This made C(T) a normalized quan-
tity. The values of C(T") that were determined are indi-
cated in Table II, which follows. @, is evaluated in
Appendix A.

The total polarization produced by the heated crystal
is equal to the product of the change in the dipole
moment of each molecular group and the number of
such groups per unit volume of the crystal. Denoting the
latter quantity as N, and using Egs. (5), (6), (7),
and (8), the following expression is obtained for the
total polarization, AP(T):

AP(T) =N0(M01_M00)
=N ATD0.C(T)ka(T)(1—3 coseo)
—3ko(T)(8:/84) posinge]. (9)

The quantities which are temperature-dependent in
Eq. (9) are indicated by the functional notation. The
proportional changes in D, and ¢ are so small over the
entire temperature range of the study, that they are
regarded as constants here. As will be shown in Ap-
pendix A, this same situation applies to the ratio
(8,/8,). Since the pyroelectric constant is defined as the
polarization produced per degree temperature change of
the crystal, its expression is obtained by dividing Eq. (9)
by AT. The result is

p(T)=AP(T)/AT= N .Da0.C(T)
X [ka(T) (1—3 cosgo) —3ka(T)epo singo], (10)

8 American Institute of Physics Handbook (McGraw-Hill Book
Company, Inc., New York, 1957), p. 4-44.
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TasLE II. Values computed for temperature-dependent parameters.

21(T) p1(T) (1)
M(T) ka(T) ko (T) C C C
T AD.(T) 10-% 1018 10— 10— 10-¢ 10~
°K c() 10 m Cm C C °K m? °K m? °K m?
345 1.00 34.72 4.63 3.55 1.83 1.64 0.596 2.24
300 0.990 28.36 4.40 3.61 1.74 1.66 0.561 2.22
273 0.979 24.59 423 3.84 1.67 1.75 0.534 2.28
253 0.970 21.82 412 4,57 1.63 2.05 0.516 2.57
195 0.927 14,01 3.76 4.82 1.48 2.07 0.448 2.52
78 0.759 0 3.23 4.38 1.28 1,54 0.315 1.86

where p(T) is the pyroelectric constant, and e= (3,/0.), The values of k,(T) and %24(T) are determined by the

a constant.

method indicated in Appendix B. The method of de-

The constants of Eq. (10) are evaluated in Appendix  termining M (7), the moment of the elementary cad-
A. Using these values, the final result is expressed as ium sulfide dipole, is also presented here; as is the

follows:

P(T)=4.64X 101C (T)[Ea(T)+70.2k4(T)].

F16. 8. Values of the moment and
the slope of the moment versus length
characteristic as computed for the
elementary cadmium sulfide dipole.
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is increased from its lowest value of 78°K. The values
that were determined for these quantities at each
ambient are indicated in Table IT, and the character-
istics of k4(T) and M (T) versus AD,(T) are presented
in Fig. 8. Since, as is indicated in Eq. (6), the change in
dipole length is equal to the change in internuclear dis-
tance, the curves of Fig. 8 are also presented as a
function of this quantity.

The first and second right-hand terms of Eq. (11)
represent, respectively, the polarization produced per
degree temperature rise due to dipole expansion, P1(T);
and that due to dipole reorientation, Py (7). The values
which were determined for these components and that
of their sum, the pyroelectric constant, are added to
Table IT and indicated in Fig. 9. Figure 9 shows that,
throughout the temperature range of this study, the
dominant contribution of polarization is produced by
dipole expansion. From 78 to 300°K the shape of the
pyroelectric constant versus temperature characteristic
is almost entirely determined by it. Above 300°K the
polarization due to dipole reorientation starts to become
significant. It is responsible for the rise in the value of
the pyroelectric constant that occurs between 300
and 345°K.

6. SUMMARY

The values of the pyroelectric constant that were
obtained at each of the ambient temperatures are
indicated in Fig. 4. The probable limits in which the
mean values lie are shown here and indicated in Table I.
These limits are narrow enough so that the shape of the

mean characteristic of Fig. 4 can be assumed to be
substantially correct.

The dipole moment versus dipole length characteristic
changes from an ascending curve to one that rises to a
maximum and then falls to zero as the interatomic
binding of the pair producing the polarization changes
from being predominantly ionic to predominantly
covalent. The slope of the characteristic applicable to
cadmium sulfide has been computed over the dipole
lengths corresponding to the temperature range of the
measurements and is shown in Fig. 8. It is seen that
these slopes correspond to those that would be found
about the inflection point of a dipole moment versus
dipole length characteristic associated with predomi-
nantly covalent binding.

The simplest array of atoms from which the crystal
can be constructed is termed the molecular group. For
the group of a pyroelectric crystal to be of geometric
regularity requires that it be of tetrahedral configura-
tion. Electrostatic forces acting along the symmetry
axis of the crystal flatten the configuration, causing the
group to have a net dipole moment in this direction.
When the crystal is heated this net moment changes.
The polarization that is produced is considered to be due
to an equal expansion of all the dipoles and to a reorien-
tation of those which are obliquely positioned with
respect to the symmetry axis. The amount produced by
the expansion is proportional to k4(T), the slope of the
dipole moment versus dipole length characteristic; while
that due to the reorientation is proportional to k,(7),
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which depends on the height of this curve. This is
clearly indicated in Eq. (11), where it is also shown that
both of these components are proportional to C(T), the
normalized specific heat at constant volume. The
amounts of polarization contributed by these two effects
were computed over the temperature range of the study.
These results are presented in Table IT. They show that
over this range the dominant amount of polarization is
due to dipole expansion.
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APPENDIXES

The constants of Eq. (10) are evaluated in Appendix
A, and the methods for determining the values of its
temperature dependent parameters are indicated in
Appendix B. Except for the few which will be described
here, the symbols which are used have been defined in
the discussion associated with the development of Eqgs.
(4) through (10).

Appendix A

The projection of the tetrahedral structure of a
molecular group and two of its nearest neighbors on a
plane perpendicular to the symmetry (and the optical)
axis of the crystal is indicated in Fig. 10. It is seen that
the projected area of a molecular group is an equilateral
triangle whose side length is equal to the crystallographic
dimension “a,” and that the projected area between two
adjacent groups is equal to that of a group. With the
height of the group perpendicular to the projection
plane equal to the crystallographic dimension “c,” the
volume required by each group in the crystal, including
the space between groups, is 1/N,, where

1/N .= (¢/2)(a? c0s30°). (A1)

The crystallographic dimensions ¢ and ¢ have been
evaluated as 4.142X 107 and 6.724X 107 m, respec-
tively.? Using these values yields

N.=2.002X 10® groups/m®.
From Figs. 5 and 10 it is seen that
Hy=D,(14cospg)=¢/2=3.362X10" m
Jo=D, singy= (a/2) sec30°=2.391X 100 m,

(A2)
(A3)
where Hy is the height of the molecular group perpen-
dicular to the projection plane, and J, is the projection

on the plane of the distance D, of an obliquely oriented
pair of dipole partners.

9 P. P. Ewald and C. Hermann, Zeitschrift fiir Kristallographie,
Erginzungsband, Strukturbericht, (1913-1928), Vol. 1, p. 129.
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Fic. 10. Projection of three neighboring molecular groups of
hexagonal cadmium sulfide on a plane perpendicular to the axis of
symmetry of the crystal.

Dividing Eq. (A2) by (A3) and solving for ¢, yields
©o="70°51.5"=1.237 rad.
Using this value in Eq. (A3) yields
Dy=2.531X10"m

When the temperature changes by a small amount
AT, H, changes to Hy, where

H1=Da(1+aa)[1+cos(¢0+6r¢0)]
i_HO_l_Daaa(l'i—COSﬂaO)_Daarﬂoﬂ Sinﬁ"o:

for 8,001, (A4)

Using Egs. (A2) and (A4), the following expression
is obtained for the coefficient of thermal expansion
parallel to the symmetry axis, aj;:

ATa”= (Hl'—HO)/HO
iﬁa— (B,QO() Sil’l(po)/(l‘f‘COSgOo) . (AS)

Using this same procedure for the change in Jy with

AT, the following expression is obtained for the coeffi-

cient of thermal expansion perpendicular to the sym-
metry axis, a;:
ATaLﬁBa-!—&,qoo COth(). (AG)

Dividing Eq. (A6) by (AS), simplifying, and solving
for €=46,/8, yields
(Cll/a“— 1) tan(ao

L1 (a/an) (secoo— 1)

Subtracting Eq. (AS5) from (A6), simplifying, and
solving for (6,/AT) yields

(6,/AT) = [(Ou—au) Sin%]/@o-

(A7)

(A8)
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The change in ¢ is so small over the temperature
range of this study that it can be regarded as a constant
equal to the value computed above. o; and o, have been
measured between 290 and 960°K." The results indi-
cated that, for practical purposes, ; and a;; are constant
at about 6.4X10-¢ and 4.0X 10~ per degree, respec-
tively, between 290 and 510°K ; and that the ratio be-
tween them is constant over the entire range. It is
interesting to note that where oy and a; have been
measured more extensively, as they have been for
quartz, the ratio between them appears to be nearly
constant.11:12 If it is assumed, for computational pur-
poses, that a; and a;; are exactly equal to the indicated
values at the temperature T9o=345°K and that a,/ay, is
exactly equal to 1.6 at all temperatures, then, using the
computed value of ¢o, Eqs. (A7) and (A8) can be
evaluated as follows:

€=0.327, for all temperatures,

(8./AT)Ty=1.83X 1076 per degree, for Tp=345°K..
As a,= (80/ AT )To (1/¢€)(8,/AT) 1, we also have that
=35.60X 1076 per degree.
Appendix B

Equation (6) indicates that D, and D, change by the
same amount when the temperature is varied. Using
this fact and referring to Fig. 7, the following expression
is obtained for the differential change in the moment of
an elementary dipole:

d[M (T)]=ka(T)d[Do(T)1=ka(T)d[Da(T)]. (B1)
With the aid of the definition of k,(7") indicated at
Eq. (7) and that of o, indicated at Eq. (8), it is seen
that
dlka(T)]=d[M (T)/Do(T)]=d[M (T)1/Da(T),
for d[Da]/Da<<d[M:|/M y (B2)

C(T)aaDo(T)dT=4[D.(T)]. (B3)

Using Egs. (B1), (B2), (B3), the following expression

is obtained:
d[ka(T)]=auka(T)C(T)AT . (B4)

@, is a constant. The temperature variations in C (7))
and k4(T) are such that they can be approximated as
linear functions between adjacent ambients. Desig-
nating the ambient temperatures as T', where T <T'n_1
and To=345°K, the following expression is obtained
from Eq. (B4):

/ " dLko(T)]= (@/2)
Tn-1 Tn

Tn—1

VR, Seiwert, Ann. Physik 6, 241 (1949).
ucC, L. Lmdermann Z. Phy51k 13, 737 (1912).
12 A, H. Jay, Proc. Roy Soc. (London) A142, 237 (1933).
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From which

ka(Tn)=ka(Tn-1)— (ta/2)[ka(Ta)C(Ts)
+kd(Tn—l)C(Tn-—l):|[:Tn—l_ Tn] .
Using the T, notation in Eq. (11), and substituting
Eq. (BS) into it yields
P(T0)=4.64X10"C(T,) {ka(T 1)+ 70.2k 4 (T n1)
—35.1a.[%a(TA)C(T)
+kd(Tn—1)C(Tn—-1)][Tn—1“ Tn]} .

(BS)

(B6)
Letting

Q(Tn)=p(Tw)/[4.64X101C (Ta)],
K(Tn) = 35.1C¥akd(Tn_1)C(Tn_1)ETn_1— Tn] ’
L(T,)=35.10,C(To)[Tn-1—"Tn],

the following expression is obtained from Eq. (B6):

kd(Tn) = EQ(Tn)+K(Tn)— 70-2ka(Tn—1)]/
EI—L(Tn)] ’

and the following expression is obtained from Eq. (11):

ka(T2)=[Q(Tn)—ka(T,)]/70.2.

The value of a,, required in the above equations, is
indicated in Appendix A. Except at T,=345°K and
T1=300°K, p(T,) is evaluated at the mean wvalues
indicated in Table I. p(T) is evaluated at its mean
minus (9/11)ths of its probable error, as shown in
Table I; and p(T:) is evaluated at its mean plus
(2/5)ths of its probable error. The values of C(T,) are
determined using the procedure indicated in the dis-
cussion following Eq. (8). The values of p(T,) and
C(T,) are indicated in Table II. If a value of either
ka(T,) or ko(T,.) were known at one temperature, it
would be possible to compute their values at the other
ambients used in the study by using Egs. (B7) and
(B8). To find this one value is the next step of the
calculation procedure.

The dipole moments and internuclear distances of
carbon fluoride, carbon chloride, carbon bromide, and
carbon iodide have been determined.’® Although the
number of electrons entering into each of these carbon
halogen bonds is twice that of cadmium sulfide, the
covalency and internuclear distance of these bonds are
similar to those of the cadmium sulfide bond. As an
approximation, the value of k,(7) is set equal to the
average ratio of the dipole moment to the internuclear
distance of these compounds. The evaluation is made at
To=345°K for convenience of calculation. The value of
ka(Ty) is evaluated from Eq. (BS8), and the values of
ka(T,) and kq(T,) at the other ambient temperatures
are then alternately computed using Egs. (B7) and (B8).

(B7)

(B8)

13 See Ref. 6, p. 215.
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The internuclear distance between dipole partners
expands as the temperature is increased. By approxi-
mating C(T,) as a linear function between adjacent
ambients, AD,(T,), the change that occurs in this
distance as the ambient is increased from its lowest value
of 78°K to T, can be expressed as follows:

ADUT)=(@e/2) 3 [T+ CTi) L],

forn=0,1,2,3,4 and Tp1<Twm. (BI)
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The results of Eq. (B9) show that the change in the
internuclear distance D, is so small over the entire
temperature range of the study that it can be regarded
as a constant. Using the value of D, computed in
Appendix A, the moment of an elementary cadmium
sulfide dipole at temperature T', can be expressed as
follows:

M(T1)=Daka(T). (B10)

The values that were obtained for %24(T,), k. (T,),
AD,(T,), and M (T,) are indicated in Table II.
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Optically Induced Magnetization in Ruby*
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The magnetization of ruby in a magnetic field at 300°K is changed when the ruby is optically pumped with
linearly polarized radiation from a Q-switched ruby laser. With a magnetic field parallel to the trigonal axis,
laser light polarized parallel to this axis induces transitions from the spin =4 levels of the 44, ground state
to the levels of the £ (2E) excited state. The change in M, is linearly proportional to H except near the
anticrossing points of the 44, spin levels at 2.07 and 4.14 kG. At these field strengths, there is an enhancement
of the magnetization caused by state mixing of the 4, wave functions. When H has a small component
perpendicular to the z axis, a magnetization is detected parallel to this component in the vicinity of 4.14 kG.
The effect requires a long ground-state relaxation time. In a separate experiment, the relaxation of M, was
found to vary from 0.13 usec in zero magnetic field to a constant value of 0.57 usec for fields above 60 G.

1. INTRODUCTION

INEARLY polarized radiation from a Q-switched
ruby laser has been used to optically pump a ruby
crystal. When the crystal is in a magnetic field, the
changes in population of the energy levels 4., E, and
24 of the chromium ions cause a change in the mag-
netization. Expressions for the field dependence of the
magnetization are obtained in Sec. 2 for the case that
both the laser polarization and the magnetic field are
parallel to the optic axis. The experimental results dis-
cussed in Sec. 3 show the solid-state analog of anti-
crossing-state mixing experiments in gases and indicate
that the relaxation time of the ground state is long
compared to the laser pulse length. Quantitative
measurements of the relaxation rate in small magnetic
fields, using circularly polarized laser radiation, are
reported in Sec. 4.

* This work was supported in part by the Joint Services Elec-
tronics Program under Contract Nonr-1866(16), and by the
Division of Engineering and Applied Physics, Harvard University.

tOn leave from Harvard University, Cambridge, Massa-
chusetts.

2. THEORY

The splitting of the ‘4., E, and 24 energy levels of
ruby in a magnetic field parallel to the optic axis is
shown Fig. 1. The ground state, with an effective spin
of 3, is described by the spin Hamiltonian!
3= gu(*42)BH cosS.—D[S2—%S(S+1)]

+38.(*42)BH sinf[e~¢S,+etieS_]. (1)
The g values are given in Table I, and the zero field
splitting 2D is 0.3824 cm™. The magnetic field makes

TaAsBLE I. The g values of Cr3* in Al;O;.

Energy

level gn g1

44, 1.98404-0.0006* 1.9867-4-0.0006*
E(2E) —2.445 +0.001> <0.2¢
24 CE) 1.48 £0.084 .-

» Reference 1, b Reference 4. ©References 4 and 5. 9 Reference 6.

'A. A. Manenkov and A. M. Prokhorov, Zh. Eksperim. i Teor.
Fiz. 28, 762 (1955) [English transl.: Soviet Phys.—JETP 1, 611
(1955)1; J. E. Geusic, Phys. Rev. 102, 1252 (1956).



