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ABSTRACT

This report summarizes the electron-spin resonance properties of sapphires
with various iron group impurities, of certain AyyByr compounds, and of calcite.
A block diagram of a molecular electronic material, such as pink ruby, is given,

to indicate possible directions for future investigations. Extensive references
are glven.






INTRODUCTION

Since the spring of 1956, when the first draft of the proposal for this
contract was in preparation, dramatic developments have taken place in the field
of electron spin resonance. At that time, this technique was considered to be
merely a refined tool for baslc research; accordingly, the essence of the pro-
posed technical program was to use the electron as a microscopic and electric
probe to ferret out microscopic details of solids that cannot be obtailned by
other methods. However, by the end of the same year, Bloem.bergen'sl suggestion
of the solid-state maser became widely known, and its feasibility was demon-
strated shortly afterwards by Scovil, Feher, and Seidel.2 By this time maser
research and development programs were in progress in several physical lab-
oratories; at the Lincoln Laboratory, McWhorter and Meyer5 discovered maser ac-
tion in chrome cyanide about the middle of 1957, and this was followed by the
demonstration of maser action in ruby on December 20, 1957, by the workers at
The University of Michigan Willow Run Laboratories.

It is significant that the very class of materials proposed for basic
studies under the present contract was found to have, and is being investigated
for, technological applications. Before 1956, much of the efforts in electron
spin resonance was concerned with the study of paramagnetic salts. About this
time, a few investigators began the study of metal oxides and sulfides and
other compounds. Of particular inspiration to the writer have been the papers
by Hershberger and Leifer,5 by Van Wieringen,6 and by Hurd, Sachs, and Hersh-
berger.7 These papers led to the study of Mo*t 1in zine blende by Matarrese
and Kikuchi;“ about the same time, the work on MgO was being carried out inde-
pendently by Low and Wertz.9

Consequently, when the problem arose of selecting an appropriate material
for maser action, materials such as those mentioned above were considered. It
was reasoned that a good maser material should have a large zero-field split-
ting, low nuclear magnetic moment density, high chemical stability, and a small
number of nonequivalent sites. 1In the meantime, the measurements on ruby by
GeusiclO came to the author's attention. A brief examination indicated that
ruby has a number of desirable characteristics, and subsequently a program di-
rected towards the determination of maser action in ruby was started early in

1957.

The chronological developments mentioned above serve to illustrate haw
basic research opens up new avenues of thinking and at the same time develops
technical capabilities at an advanced level. For example, the paper by the
workers at the Bell Telephone Laboratories, known for its tradition of re-
search, was received in the Physical Review office on December 3, 1956, a
little over a month after the publication of the paper by Bloembergen. At
the Willow Run Laboratories, a few days after maser action in ruby had been




established, the writer prepared and submitted a proposal to Project MICHIGAN
for the construction of & ruby maser for The University of Michigan 85-foot
radiotelescope which had then not yet been completed. The above examples show
that today the time scale from the conception of an idea to the demonstration
of feasibility to the development of a device is very short, so that it is al-
most impossible, if not undesirable, to separate basic from applied research.

A list of publications resulting from this contract is given in Appendix
A. A few general comments will be made about the results of our investigations
and will be related to those reported from other physical laborstories.



I. RUBY (Alx0g:Cr**, s = 3/2)

At the time maser action in ruby was demonstrated by Makhov, Kikuchi, Lambe,
and Terhune,LL and confirmed three months later by the Russian workers, Zerev,
Kornienko, Manenkov, and Prokhorov,ll ruby as a material had been studied to a
very limited extent. The paramagnetism was apparently first noted by Rao and
Lielal? from static susceptibility measurements. The electron spin resonance
studies were made by Manenkov and Prokhorov,l5 by Zaripov and Shamonin,lu and
Geusic.10

This paucity of information on ruby prior to 1957 is in sharp contrast to
the wealth of information now available as the result of intensive investiga-
tions carried out in different physical laboratories. A partial list of ref-
erences to ruby and other sapphires is given in Appendixes B and C.

The electron spin resonance (ESR) measurements of ruby show that the spin
Hamiltonian of Cr*** in corundum (@ - Alps0g) is given by

N = g8z + g (HxSx + HySy) - D(S7 - 5/4)

in which the axis of quantization z is taken along the crystal c-axis. Because
the spin is 3/2, all crttt ions occupying the MY sybstitutional sites are
magnetically equivalent and the crystalline eleetric field has axial (or strict-
ly speaking, trigonal) symmetry. Schulz-DuBoisl® indicates that the best val-
ues for the parameters in the Spin Hamiltonian at room temperature are

2D = -0.38%31 % .0002 em~1 = -11.493 £ .006 kMc/sec
g = 1.9840 + .0006
gl 1.9867 + .0006

The negative sign for D was deduced first by Geusic from the relation

2D = Mg, - g))

and from g < g, and A > 0 for Cr™™*, in which the d-shell is less than half
full. The sign and magitude of D are in agreement with the low-temperature
static susceptibility measurements by Daunt and Brugger.l6 In addition, the
sign of D has been confirmed by Schulz-DuBois by making relative intenéity
measurements of the two fine structure satellites at T7°K and 4.2°K.



The zero-field splitting quoted above is in very good agreement with the
measurements by Cross and Terhunel | made at zero magnetic field. The following
values have been reported:

Temp. (°K) 2D (kMc/sec)
L 11. 447
7 11.460
300 11.495

The indicated error is *0.005 kMc/sec.

It is interesting to note that the nuclear quadrupole resonance splitting
also decreases with decreasing temperature. According to Spence,18 the split-
tings are 180.1 and 178.5 kc/sec at room and liguid helium temperatures, in the
ratio of 1.009. The corresponding ratio of the zero-field splittings is 1.00k,

Spin-lattice relaxation times have been reported sporadically by a number
of investigators such as Pashinin and Prokhorov, 19 Kikuchi et al.,” and others.
The most notable, however, are the series of systematic measurements being made
by Pace, Sampson, and Thorp.20 For example, the following values are reported
for the 5/2 &> 1/2 transition in pink ruby at 90° for 34.6 ko/sec.

T(°K) T, (milliseconds)
1.4 59
b2 22.5
10.1 10.0
20.3 6.0
51 0.10
1T 0.0k
90 0.017

Unpublished measurements at Willow Run indicate that T; is strongly orienta-
tion dependent, being longest at 0°. Systematic measurements are needed for
this angle, particularly in view of the fact that Mattuck and Strandberggl have
suggested spin phonon processes are of the quadrupole type.

Strandberg22 also points out that the line width in ruby cannot be ac-
counted for by any simple phenomena such as the static fleld inhomogeneities,
small changes in the orientation of the c-axis throughout the crystal, or the
fluctuation in the crystalline electric field. Rather, it is suggested that
the residual line width of approximately 42 Mc/sec is due to the clustering of
chromium, possibly along lattice dislocations.

It should be noted that inhomogeneities arising from uneven distribution
of chromium can be easily detected optically. These appear as light and dark
striations spreading out in directions normal to the length of the ruby boule.



These inhomogeneities arise because the Al03-Cro0Oz powder is tapped into the
region where crystal growth is taking place. It seems that much research is
needed for the development of a process to grow good single crystals of ruby
and other sapphires.

The crystal structure of corundum can be visualized as rhombohedral
arrangement of Al,05 molecules, each cell containing two molecules. When chro-
mium is introduced into this lattice, it i1s reasonable to suppose that chromium
ilons occupy MY lattice sites at random if the chromium concentration 1s suf-
ficiently low. However, at higher concentrations pairs of chromiums can occur.
The optical evidence was first pointed out by Schawlow, Wood, and Clogston,25
who suggested that the concentration-dependent lines lying on the long wave-
length side of the fluorescence spectrum of ruby are dueto ettt pairs. The
ESR evidence has been reported in a series of papers by the Raytheon workers
at T»Tz';ﬁl.tlflaln.2)+

Recently, investigations have been carried out in different laboratories
to determine the effect of the nuclear magnetic moment of A127 upon the ESR
spectrum, and the consequent effect upon maser action. The study of the ef-
fect of the saturating microwave power upon the nuclear resonance of A127 was
reported by Abraham, McCausland, and Robinson25 at Oxford, and by Cowen, Scha-
fer, and Spence2 at Michigan State University. In the experiment of the lat-
ter group, one end of a ruby rod is thrust into a microwave cavity resonating
at 9300 Mc/sec, and the other end is in the rf coil of a nuclear resonance
spectrometer. With this arrangement, they examined the nuclear quadrupole
resonance of Al27 ag a function of microwave pumping. When the magnetic field
was adjusted so that the chromium spin resonance occurred at the low field end
of the magnetic field sweep, all components of the aluminum quadrupole res-
onance lines showed increased absorption, whereas emission resulted when ad-
Justed to the high-field side.

The inverse of this effect, i.e., the effect of nuclear resonance transi-
tions upon ESR has been reported by Terhune, Lambe, Makhov, and Cross.27 In
this experiment, I.F. power is applied to a crystal of ruby located inside of
a cavity by means of loops of wire wound around it. The wire is wound to per-
mit frequency scanning from a few to over one hundred megacycles. A saturating
microwave power 1s then applied to one edge of the chromium ESR line, say,

-1/2 «> 1/2, by holding the magnetic field and microwave frequency constant,
and then the I.F. is varied. At the nuclear quadrupole resonance frequencies,
sharp changes 1in the resonance at microwave frequency takes place.

The effect of this I.F, upon maser action has been reported by Makhov,
Cross, Terhune, and Lambe. In one instance, the maser gain increased from
15 db to 35 db by merely turning on the I.F.

Natural chromium consists predominantly of even-even isotopes, but about
1.5% of the odd neutron isotope Crs3 is present. This nuclide has spin I =
5/2, and so that hyperfine resonance is anticipated. The effect was first re-



ported by Terhune, Lambe, Makhov, and Cross.2! ZLater in a paper by Terhune,
Kikuchi, Lambe, and Baker,29 it was indicated that the double resonance tech-
nique mey be useful for the measurement of nuclear quadrupole moments. The
hyperfine resonance of the group of states for S = 1/2 and 3/2 occur near 25
and 75 Mc/sec, respectively. An analysis of the spectrum gives A = 418.5 Mc/sec,
in good agreement with Manenkov and Prokhorov's value 51 Mc/sec estimated from
the hyperfine structure of ruby enriched with Cr83. Further study showed that
the nuclear spin triplets associated with the different electron spin states
cannot be accounted for completely by the proximity of the states M = 1/2 and
3/2. The inclusion of the nuclear quadrupole interaction leads to an estimate
of 0.05 x 10-2%.-cm? for the quadrupole moment of CrsS3.

The work on ruby has stimulated the study of a number of maser action
schemes that can perhaps best be called four-level masers. The first was the
push-pull scheme (seé, for example, Kikuchi, Makhov, Lambe and Terhune) which
mekes use of the fact that the energy levels are symmetric at 54° L4'. Later
this scheme was used by Ditchfield and Forrester30 and by MaimanBl to obtaln
maser action in ruby near liquid nitrogen temperatures. Furthermore, Minkowski2
has applied this scheme to chrome cyanide to obtain microwave emission at fre-
quencies higher than the pump frequency. Other pumping schemes such as push-
push, parallel pumping, harmonic pumping have been studied. For details the
reader is referred to the unpublished notes by Makhov.55

To date much of the maser research and development efforts have been made
for angles such as 54° L4', 90° and others to meet the technical requirements
of pump and signal frequencies. However, very little attention, if any, has
been directed to the study of maser modes at 0°. For this reason a few comments
will be made to point out some of the possibilities and also to point out how
the 0° maser can be used for polarization studies.

Let us examine the precession of a classlcal spinning magnetic top, to see
how the effects of polarization come about.

->
In Figure 1, let the angular momentum A of the magnetic top be represented

by the vector OP, and let the magnetic field H be along the positive z-axis.
Furthermore, assume that the magnetic moment M is along Z. We can then write

> >
M = yA (1)

-+ >
If d is positive, M 1s parallel to K, but if y 1is negative, M is antiparallel
to A. The motion of the point P is given by



A
H
P
dAa
A
-y
X
Figure 1.
or
-> - -
dA = yAxH dt (2)

+
Consequently, for example, at the instant A as in the plane of the paper, d K
will be out from or into the plane of the paper, depending upon the sign of y.
By tracing out the vector d K, it 1s easy to see that the Larmor precession



will be either anti-clockwise or clockwise (when viewed from below the x y-plane),
for positive or negative magnetic moments, respectively. Therefore an anti-
clockwise rotating magnetic field will cause the flipping of bar magnet with
positive magnetic moment, and a clockwise rotating magnetic field will bring
about the same effect for a bar magnet with negative magnetic moment.

In quantum mechanics, the polarization relations can be derived from the
fundamental equation

m =l = v (3)

Here we have separated the Hamiltonian.%[inio the static part,ﬂb and the time-
dependent part Q}. The static part is given by

> >
Wy = -M-E (4)
> >
= -y A+ H = - gBS;H
in which
7y = gB/n (5)
The eigenvalues then are
EM = -gBHM

The ordering of the levels will depend upon the sign of g. The two cases are:

g >0 g <o
M-1 M+ 1
M M
M+ 1 M -1

i.e., for positive magnetic moment, higher-energy states have smaller angular
momentum, ete. For the electron, the magnetic moment is known to be negative,
and so most frequently, the energy level diagram is as given as in the right
column. Consequently, instead of (4) we shall write



Yo = eBs.H (4)

by teking the sign of g into account.

The time-dependent part is similar to (4'), i.e.,
N = es 8- H(s)

It will be our purpose to show how the two counter-rotating fields will affect
the transitions - among the electron levels.
Consider first the case of anti-clockwise rotation. Such a field can be

represented by

Hax(t) = HQ cos at (6)

Hay(t) - H3 sin wt

in which Hé is the amplitude of the anti-clockwise magnetic field lying in the
X y plane. Equation (6) then becomes

W (+)

it

gﬁHé(SXcos wt - Sysin wt ) (7)

11

Bg&' (546" 4 5_e710%)
Here

Si = SxiiS

N

and are the well-known spin operators that increase or decrease the angular
momentum by unity. Further, let Yy be the spin functions that satisfy

Uo M = Ey ¥u (8)



To find the solution of (3) we shall put
Vo= T ay(t) e Bt/ (9)

in which aM(t) is the probability amplitude that the electron is in state M at
time t. The substitution of (9 ) into (3) gives

a (t) = g%é §: < M[84 M! > ays(t)exp |L(Ey-Ey: +‘Ha))t/'l'£| (10)

+ G 2 <Mls_ M > ey (t)ex |[1(Ey-Bys -m)t/fE]

o

If at + = O the spin 4is in state M,, then

aMO(O) =1 (11)

with all other a's equal to zero. Then the probability amplitudes will increase
initially as

o) - o L g, s SR LB eya]

2 (12)

exp E..(EM~EMO -hm)t/‘h;l -1
Eyq-Eyy, <o

Inspection of the above equatlion shows that the first part on the right~hand
side will give rise to an increase in angular momentum upon emission of radia-
tion, and the second part to absorption accompanied by decrease in anguler mo-
mentum, i.e.,

1
- %8 s>

[

Mo > M
Mo > M

M, +1 By = By, - %o (13)
Mo“l EM‘:EMO-'.M

i

On the other hand, for a clockwise rotating field

Hly(t) Hicos wt

(14)

1, (%)

U

1
Hcsin wt

10



so that

H’ . s
N—'(t) _ 852c E_ela)t + 8,0 1(1)’5] (15)

Note that the sign of the exponent for the above expression is the reverse of
that of (7). The result corresponding to (12) is

! i -FEy <hw)t ] -
ay(t) = -g_.BI;.C_<M|S+|MO > FP EL(EMEMO )/ﬁ. !
Ey-Eye =Tl
MM,

exp E.(EM—EMO+M)t/'h] -1
EM'EMO'Ph(D

- B < mls. g >

This result shows that the angular momentum and energy will increase or decrease
together, i.e.,

My, +1 Em

&
v
=

EMo + fw
(17)

=
¥
=
fl

5 Mo-l EM:EMO'M

Let us now apply these results to ruby. At 0°, i.e., when the magnetic
field is along the c-axis

1+

Eysjp = *3/2 gl -D

I
I+

Ey/2 1/2 gBH + D

The plot of these levels gives Fig. 2.

Inspection shows that the diagram can be divided into three regions with
the ordering of energy levels as follows:

I II IIT
1/2 1/2 3/2
-1/2 3/2 1/2
5/2 -1/2 -1/2
-3/2 -3/2 -3/2

11
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In region IIT, M increases with increasing energy, so that a clockwise field
will induce an upward or downward transition between two adjacent levels. Con-
sider next the top three levels in region II.

3 1/2
2 3/2
1 -1/2

These have been labeled 1, 2, and 3 in accordance with the usual maser notation.
We note, however, that M increases by 1 in going from level 1 to 3, and decreases
by 1 in going from 2 to 3. Therefore, from the conclusions reached above, Hé
will induce the 1-3 transition, and Hé the 2-3 transition. These transitions
can be used for the pump and signal of a 0° maser, provided thermal relaxation
takes place between levels 1 and 2. Since Mattuck and Strandberg indicate that
for s > 1/2, spin-phonon processes obey the quadrupole selection rule, a scheme
such as suggested here should be studied for maser action.

Finally, the study of the interaction of electromagnetic radiation at micro-
wave frequencies with those at optical frequencies being carried out by Wieder,El
by Geschwind, Collins, and Schawlow,35 and by Maiman3® should be mentioned. Much
of these investigations were inspired by the thorough theoretical and experi-
mental studies of the optical spectrum of ruby by Sugano57 and his associates.

It appears that the story of mdecular electronic properties of ruby is just
beginning to unfold.

13






II. VANADIUM SAPPHIRE (S = 1/2, 1, 3/2)

The study of this material was prompted by the need to have additional in-
formation about chromium in sapphire. The result has been the publication by
Lambe and Kikuchi58 on the different oxidation states of vanadium in sapphire,
and furthermore, ideas such as the use of the ESR technique in radiation solid-
state chemistry and the application of high-energy radiation for the production
of new solid-state electronic materials are being developed.

The theory of maser action in ruby is based on the assumption that chromium
ions in sapphire are all isolated and are trivalent. However, at the time our
investigations on vanadium sapphire were started, very little definitive infor-
mation on the chemical condition of chromium was available. The effects of X-
rays on ruby had been studied by Mathews and Lambe,39 but attempts to correlate
these measurements with ESR were rather disappointing. A quick survey seemed
to show that the presence of certain paramagnetic impurities reduces the inten-
sity of the chromium lines in sapphire, but it did not seem possible to probe
further.

The basic difficulty is that chromium does not have a well-recognizable
signature. Natural chromium consists of over 90% of the even-even isotopes
Cr59, Cr52, and Cr54, but only 9.5% of the odd-neutron isotope Cr53. The nu-
clear spin of the last nuclide is 3/2, but being an odd-neutron isotope, the
h.f.s. splitting is small, so that the weak hyperfine structure components
are almost obscured by the strong and relatively wlde central component due to
the even isotopes. It seemed then that it might be better to bracket the prop-
erties of chromium by first examining the ESR properties of other paramasgnetic
ions with readily recognizable signature. The obvious ones are vanadium ( V -
51, I =7/2, 99.75%) and manganese (Mn - 55, I = 5/2, 100%) flanking chromium
to the left and right in the periodic table. Molybdenum, consisting of Mo-95
(I =5/2, 15.7%) and Mo-97(I = 5/2, 9.5%) offers another possibility; this el-
ement occurs directly beneath chromium in the periodic table and ESR studies
in paramagnetic salts have shown that molybdenum behaves very much like chro-
mium. However, our attempts to observe its resonance absorption spectrum have
been so far unsuccessful.

The optical spectrum of vanadium spectrum appears to have been first in-
vestigated by Low, O and later in great detail by Pryce and Runciman,ul who
have indicated 8 cm-1 as the value for the ground state splitting v+, The
ESR examination of this valence state of vanadium was observed first by Zverev
and Prokhorov.l“2

In addition, Kikuchi and Lambe have shown that the "raw" vanadium sapphire
)

yields an ESR spectrum that can be ascribed to V4*. The spectrum can be seen
only under very high gain, is isotropic, and consists of 8 components with

15



separation 140 gauss in contrast to the value of 110 gauss for V3+. Moreover,
the spectrum for v*¥ can be seen at room temperature, whereas the Ve can be
observed only near 4.2°K. As indlcated already, the spectrum due to V4t ig
very weak, and attempts to increase its intensity have been so far unsuccessful.

If the sample 1s subjected to lonizing radiation such as gamme or X-rays,
a fraction of the V3t ions is converted to V' ions, as evidenced by the room
temperature ESR spectrum. The most readily interpretable results cen be ob-
tained with the K-band ESR spectrometer. At this fregueney, hv > 2D, so the
complications arising from cross-overs do not occur. At K-band frequency, the
chromium lines, which oceurs as an Impurity in the vanedium sapphire, moves
along the group of 8 lines of vanadium. This fact shows that the spin of vana-
dium is 3/2 and that the zero field splitting is comparable to that of crt'™,
For V'*, D = 0.163 em~1, in comparison to D = 0.1917 em-1 for Crttt. Further-
more, the h.f.s. coupling constant is isotropic with A(V'T) = .0083 cm-1. These
values for V't in sapphire are very close to the values of this ilon 1n the
Tutton salt. For the latter material, Bleaney, Ingram, and Scovil43 reported
the values A = B = .0088 em-1 and D = 0.158 em~2.

The source of the electron for the process
vt s e >yt
is not yet known. The process
o3t , ytt 4 oyt

was considered, but no evidence for the increase of V*¥ spectrum with irradia-
tion was found. Furthermore, the spectrum for V" has been reported only for
0°. At other angles, for the samples investigated, the spectrum at K-band fre-
quency was very complicated. It is possible that the axial symmetry of the
crystalline electric is destroyed by the presence of the compensating electric
charge in the vieinity of the V' ion.

The investigation of these points will be resumed in the near future.

Although the comments in this section have been confined to the study of
the oxidation states of vanadium in sapphire, it is clear that the techniques
of ESR can be used to study changes in the oxidation states brought about
radliations. These other aspects of radiation solid-state chemistry will be
commented upon later in this report.

16



TII. IRON AND MANGANESE SAPPHIRE (S = 5/2)

The ESR properties of iron sapphire were first reported by Kornienkc and
Prokhorov,“u and later in greater detall by Bogle and Symmons. 5 The latter
investigators reported

T(°K) 4.2 T7 299
g 2.00% * .001 2.00%5 * .00L 2.005 % .00
D 1719 + 1 1716 £ 1 1679 £ 1
la| ok o+ b 236 + L 241 = L
a-F +339 + 2 +337 £ 2 +%329 £ 2

The values of D, a, and a-F are in units of 10~4 cm-*. These are to be compared
with g = 2.00% +,001, D = 1684 + 3, |a| = 262 + 20, a-F = 334 * 2 reported by
Kornienko and Prokhorov. The cggresponding parameters for Mn*t in a~Alo03 re-
ported recently by Low and Suss = are

g, = 2.0017 % .001
g 2.0000 * .002
+208.3 = 1 gauss
23.4 = .6 gauss
= =85.0 £ 0.5 gauss
= -84.3 £ 0.8 gauss

I

D
a-F
A
B

oM M M

It appears that the use of iron sapphire for zero-field maser occurred
independently to three groups about the same time. Bogle and Symmons 7 sug-
gested the idea in their paper on iron sapphire. The experimental work was re-
ported almost simultaneously by Kormienko and Prokhorovu9 and by King and Ter-
huneoSO The latter authors carried out the work upon the suggestion of the
author, who had been considering the possibility of a zero-field maser since
the fall of 1958. More extensive analysis of iron sapphire as a maser material
and the measurements of the spin-lattice relaxation times have been given in a
series of reports by the workers at the Royal Radar Establishment.

Significant result in the spectrum of Fett and untt spectra in sapphire
is the splitting of the lines due to the paramagnetic ions occupying AT
sites in the two inequlvalemt Al-05 molecules Iin sapphire. This splitting
comes about because S = 5/2, In 1954, Hurd, Sachs, and Hershberger7 noted that
the Mn* lines in calecite are split into doublet and the correct explanation
for the strueture was provided independently by Kikuchi’d and McConnellu52 The
details have been published by Kikuchi and Matarrese 2D

17






IV. OTHER SAPPHIRES
Limited studies have been made of sapphires containing other paramagnetic
impurities. The ones that have come to the author's attention are:
1. co™ (Ref. 5k4).

This spectrum was observed in the commercially available green sapphire
at 1.6°K. The spin Hamiltonian parameters are:

st = 1/2
g, = 2.316 £ .005, g} = L.98t .01
A/gyB = 31.0 £ 0.5 gauss, = B/g/p = L2.0 + 0.5 gauss.

2. Ni*F (Ref. 55).

The spin of it s 1, and Marshall reports the following values for
the parameters:

T(°K) 300 I
g, 2.196 2.156
D 1.375 em~* 1.312 cm~1
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V. A7rByy COMPOUNDS

As mentioned already, one source of inspiration to the author is the work
by Van Wieringen on Mn** in ZnS, which is one of the AryByy compounds. Sub-
sequently, this material was studied in detall by Matarrese and Kikuchi, and
the properties of Mn™* ion in other cubie crystals have been reported by many
investigators of which the most recent is the study of CdTe:Mn, by Lambe and
Kikuchi. It should be noted that much of the theoretical interest in these
materials was stimulated by Watanabe .’

From the standpoint of molecular electronics is the effect of optical
radiation on the ESR spectrum of CdS, reported by Lambe, Baker, and Kikuchi.dT

One of the surprising results58 in CdTe:Mn is the unexpectedly large value
of the cubilc field splitting 3a. The following table gives a summary of the
properties of Mn in CaF, MgO, ZnS, and CdTe, all of which are cubie.

Material g 3a(cm") Condination Reference
CaFs 1.998 .00019 8 Baker, Bleaney, and Hayes’9
MgO 2.0014 .00558 6 Low
ZnS 2.0025 .00233 4 Matarrese and Kikuchi®l
CdTe 2.010 . 0084 n Lambe and Kikuchi

Baker, Bleaney, and Hayes have pointed out that the ionic assumption and the
known anlon-cation distances in CaFs, and MgO lead to a ratio of cubie field
splittings in reasonable agreement with the experimental values. However, they
noted that there 1s a sharp disagreement between the calculated and the exper-
imental values for CaFo and ZnS. The results by Lambe and Kikuchi on CdTe show
that the discrepancy 1s even more pronounced. The calculated ratio of a(ZnS):-
a(CdTe) is 2.3; the measured ratio is 0.28. A systematic study of materials
such as ZnTe 1s needed.

The study of ESR properties of paramagnetic lons in cubic crystals, com-
bined with investigation of effects produced by ionizing radiation, has led to
the idea of using polyerystalline cubic materials for the measurement of nu-
clear spins. That ESR technique 1s useful for nuclear spin measurements has
been shown abundantly, particularly when appreciable quantities of the nuclear
specie is available. For example, in the nuclear spin measurement of V-50 by
Kikuchi, Sirvetz, and Cohen, 2 samples enriched in V-50 were available in a-
mounts sufficient to grow single crystals of the vanadium Tutton salt.
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The situatlion is otherwise with radioactive isotopes such as V-49. To
avoild the problem of growlng single crystals, Weiss, Walter, and Gilliam, and
Cohen®3 resorted to the study of a xylene solution of vanadium (IV) - cupferron
chelate. The criticism of this procedure is that, besides taxing one's ability
in organic chemistry, the ESR lines are in general quite broad and so the de-
sired structure can be obscured by the presence of other impurities. In the
case of the work just quoted, V-49 was prepared from a sheet of titanium metal
by bombardment, but the small concentration of V-51 impurity present in the
titanium metal was as much as 200 times that of V-49 after titanium had been
removed.

To avold some of the chemical procedures and also to reduce the line width,
the author, in the summer of 1959 as a guest at the Brookhaven Nationsl Lab-
oratory, undertook a search for a suiltable solid diluent which would not require
the growth of a single crystal. A little reflection showed that polyerystalline
Mg0O, and CaO, and other cubic materials might be useful. Preliminary study in-
dicates that the characteristics of vanadium in Ca0 are similar to those in MgO.
In this report, comments will be confined to vanadium MgO. As is well known,
vt in single crystals of MgO has been studied by Low and Wertz.

The followlng recipe was used to diffuse vanadium into MgO powder. Baker
reagent grade MgO welghing about 4 grams was moistened with 2 ce of 0.02 molar
solution of vanadyl chloride in HCl. Additional water was supplied to insure
uniform wetting. The sample was then dried over a hot plate, and later fired
in a muffle oven at T00°C for about 8 hours.

When the dried sample was studied, i1t exhibited a rather complex ESR spec-
trum which perhaps can be aseribed to the vanadyl ion vot*. The fired sample
showed no paramagnetic resonance other than a weak but sharp line near g = 2
due possibly to chromium or iron impurities. However, after irradiation by
X~ or gamms rays, a spectrum characteristic of V-51 was produced. Measurements
indicated that the component separations are identical to those of V'* in a
single crystal of Mg0O. Furthermore, the line is very narrow, about 2 gauss,
and calculations indicate that quantities of V-49 of the order of a few micro-
grams can give excellent signals. Also, because the spectrum 1s "clean" and
the lines narrow, the lines of V-49 can be resolved from those of V-51 for a
range of a magnetic moment ratio from 1.2 to 0.8. Work on certain chemical as-
pects of this problem 1s in progress, and the work will be reported in collsbora-
tion with Dr. Coher of the Brookhaven National Laboratory.

An optlcal-microwave effect discovered by Lambe, Baker, and Kikuchi” T in
CdS, another AryByy compound, may ultimately become of considerable technological
importance. The effect briefly is the appearance of ESR absorptlon of CdS at
4.2°K under irradiation of green light and its disappearance under infrared
irradiation.

The structure and the angular dependence of the observed ESR signal indi-
cate that the spln of the photosensitive center is 5/2. When the c-axis is
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parallel to the magnetic field, a simple 5-line spectrum with the weak satel-
lites outside the strong ones is obtained. At 90°, the weak satellites lie
inside of the strong ones. The analysis of the spectra for these angles show
that D/ao = -0.5 with |D| = 30 x 1074 cm-!. For intermediate angles, the sat-
ellites split into doublets, as to be expected for paramagnetic ions of spin

S = 5/2 occupying inequivalent sites. In addition, the central component

-l/? <> 1/2 line also shows angle-dependent splitting, due to second-order ef-
fects. Since spectroscopic analysis indicated the presence of iron, the photo-
sensitive center is assigned tentatively to Fett,

The following tentative explanation of the effect has been given. When
free electrons and holes are produced by irradiation, Fett traps a hole, there-
by becoming Fe™*. The action of the 2-micron infrared radiastion is to restore
the electron to the iron center, making it Fett,

Similar effects in SrS:Eu, Sm and ZnS:Gd have been reported by Title.&F In
the second materials the gadolinium resonance signal is observed to increase
under irradiation of 5850ﬁ light. Title showed that this resonance is cor-
related with the onset of photo conductivity. The effect is observed at room
temperature.

These investigations and others on ruby indicate that an extensive program

on the study of the interaction of optical and microwave radiations will no
doubt be started in a number of physical laboratories.
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VI. CALCITE (CaCOsz:Mn)

The potentlalities of calcite as a maser material have been studied by
Burkhardt.65 However, here we shall be concerned primarily with ESR properties
of Mn** that have led to the clarification of the effects of the crystalline
electric field upon paramagnetic ions.

As mentioned earlier, the first study of Mntt in CaCOz was carried out by
Hurd, Sachs, aml Hershberger. In particular, they noted that, for angles other
than 0° and 90°, the fine structure satellites are split into doublets. Ex-
planation of the experimental results were given independently by Kikuchidl and
McConnell.52 Additional results were presented by Kikuchi, Ager, and Matarrese66
and the details have been presented in a recent paper by Kikuchi and Matarrese.?>

For a crystal having an axls or 3-fold symmetry, the crystalline electric
field effective for an iron-group ion is given by

Veryst = 8z2oYz0
t a40Y40 + 843 Ya3 t+ 84-3Y4-3
By general arguments, it can be shown that if S is less or equal to 5/2,
only the term in the first line need be taken into account. However, for S
greater than 2, such as Mn™t for which § = 5/2, the terms in the second line
also have to be considered. An important point to note is that the nonaxial

harmonics Ygta must be included in additions to the axial harmonic Y;,. Further-
more, since the potential function must be real, it follows that

4.3 = -~ aga¥

Thus, the most general form for the crystalline field of 3-fold symmetry is
given by

Vcryst = azp¥z0

+ 840 E%o + ba¥sz - ba* Yé;;]
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Now, the crystalline electric field at the crystallographically nonequiv-
alent sites can be different. For example, in the case of CaCOz there are two
Catt crystallographic sites, and an analysis of the crystalline electric field
shows that the two crystalline fields are related to each other by a reflection
in a plane containing the c-axis. If the two sites are represented by P and Q,
the electric field at the two sites are given by

P (P) (P)x
Vér;st = azoY20 t+ 840 {%40 + bz Ya3 - b3 Y43

and

(Q)
Vcryst

1]

Q) *
az20Y20 * 840 &40 + b:(a Ya3 - ng) Y4-e]

The two coefficients agg and aso are equal, for the two sites have a common
3-fold axis of symmetry. Because of the symmetry relation between the P and Q
site, it can be shown readily that

RGN GT

Further analysis shows that the ratio of the splittings of the strong and
weak doublets is 5:4; as observed by Hurd et al., the angular dependence of
the doublet splitting is given by

sin30 cos @ cos 3y

and the magnitude of the maximum doublet splitting is calculated to be 24 gauss.
These points have been investigated and confirmed by Kikuchi and Matarrese.

Although the O-dependence of the doublet splitting is valid only to the
first-order perturhbation calculation the dependence on the azimuthal angle is
expected on very general symmetry arguments. This means that 1f the magnetic
field is varied on a cone-making angle constant @ with the c-axls, the doublet
separation should exhibit the cos 3y dependence.

This point was demonstrated for both Mntt caleite and Fe™™ in sapphire
by the following experiment. A crystal was placed in a TE;pe mode cavity in
such a way as to make the c-axis and the microwave field horizontal and par-
allel to each cther. The magnet on a rotating mount was swung into an appro-
priate position, say 70°, with respect to the c-axis. The crystal itself was
attached to a graduated dial so that the azimuthal angle coulld be read ac-
curately. Figure 3 shows the azimuthal dependence of a doublet in iron sap-
phire.
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Figure 3.

To the first order, the central components - 1/2 ¢~1/2 do not split. How-
ever, these components can be split to the second order. For Mn'™™ in calcite,
the spectrum is extremely complex due to the hyperfine structure, so that to
date a structure due to the second-order splitting has not been found. However,
for Fe™" in CdS, the nuclear spin I is zero, the line is very narrow, so that
evidence for the second-order splitting has been detected. Detailed measure-
ments, however, have yet to be taken.
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CONCLUSION

From the short survey presented above, it is clear that there are con-
siderable gaps in our knowledge of such materials as sapphires and the A11Byr
compounds. In particular, more information on the effect of eélectromagnetic
radiation of one frequency upon another is very much needed.

The types of experiments discussed in this report can be summarized in
Fig. 4. In the conventional ESR experiments, one is concerned with the flux
of energy from the microwave pump field, to the electron-spin system, then to
the lattice, and ultimately to the thermal bath. In the maser experiments,
however, one is concerned with the return of energy to the electromagnetic
field but at a different frequency. The experiments by the Oxford and Michigan
State groups show how the microwave pump can affect the direction of flow of
energy between the I.F. electromagnetic field, and the nuclear spin system.
Furthermore, some of the experiments by Jacobson, Shiren, and Tucker®T show how
microwave power flow can be gated by micro-acoustic radiation.

As indicated in the present report, very promising beginnings have been
made in the study of the effects of optical radiations on the electron-spin
system. It seems, however, that less attentlon has been paid to the lattice.
By a combination of techniques, such as electron-spin resonance, Mossbauer ef-
fect, and neutron scattering, it would be possible to get a better understanding
of the nature of the lattice and phonons.

Also, the above diagram is suggestive of molecular electronic systems; fur-
ther baslec investigations may very well lead to development which will be to
the ruby maser as modern electronic systems are to the first triode by Lee
deForest.
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