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r. Introduction

This report summarizes the research performed under DAAG-29-

81-K-0175. The objectives of the research were to assess the

merits of resonant freguency doubling in paramagnetic spin systems

in the near millimeter (NMM) region. The motivation for this
occurs because the efficiency of conventional solid state d,evices

-)fa1ls as o - so that a doubler with a conversion efficiency of
> 252 would have a higher system efficiency at 2u than a primed

power source.

In Sections II and III we review the main characteristics of

resonant frequency doubling from an optical standpoint in a three-

level system. In Section IV we consider the characteristics of

available spin j-ons in candidate host materials and show that
the approach does not seem promj-sing because of inordj-nately long

crystal lengths. In Section V we comment on resonant frequency

tripling in a three-Ievel system and in Section VI we coflrment on

the possibilities which might exist in heterostructure sLlper-

lattices.
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II. Overview

In an earlier p.p"rl a semiclassical treatment of second har-

monlc generation in a three-level system was considered, motj.vated

by recent experimental observatior,s of doubling in iron doped rutile

in the *i.ror.rr.. 2 A d.ensity matrix description of three-wave

parametric interactions was used to obtain analytj-cal nonperturba-

tive solutions for the nonlj-near polarization within the limits of

the rotating wave approximation, RWA. In Fig. 1 the perturbation

results are presented for the second harmonj-c polarization in a

three-Ievel system with and without the RWA. Clearly, thls !s an

excellent approximation for the nearly resonant and resonant cases.

The nonlinear polarizations were next coupled with Maxwell's

equations and solved numerically. For a strongly saturating pump

and for certain matrix elements, large conversion efficiencj-es

(> 50t) were predicted. These results were ascribed to the large

nonlinear polarization associated with a resonant system and to

minimizes absorption of the harmonic. Additionally the pump decay

is linear with distance.

In this report we first expand on the results presented

earlier for harmonj-c aeneration in a three-level system and then

we apply these results to magnetic resonance systems. Clogston3

was the first to treat this problem albeit in the limit of a

strong pump and a weak harmonic" Related are calculations of

frequency conversion in a fotrr-1evel system again in the strongf



t)
.r{
JJ
(d

+J
o
t{

0)

+J

+J

o
{J.r{
B

(d

+J
.r.t

F

o
...{
+J
d
NN
!(,
6
Fto
Otn
CI

ilu
TE CO(nc\l
l+i
oll
CN
O r-{

+J
(d
r{
oo

Fl 'Fl
(u+J
od
g'.{
OX...t o
{Jl{
rJ Or
.Q O.
t{(6
+j c)t{>
ofd
O{3

N
-F
-(5

o
2,
ul3
a
ul
&
IL
g

=-JG

q
o
to

q
ot
q
o
(',

q
o
6l

q
o
F

q
oto(o

lroo
t!

tt
Io
F

(,
Io3L i

Notrvzluvlod eHs

F{

o
H

tr
.r{
F{



4

A
pwnp limit,' and calculations of harmonic Aeneration in two leve1

sp3-n systems5'6 and in fuIly nonresonant systems. 7

In addition, many authors have reported experimental obser-

vation of nonlinear effects in paramagnetic materials. xellingtonS

was the first to observe second harmonic generation from ruby

crystals at room temperature. Boscaino, €t al.5'6'9 extended this
work to include low temperatures and saturation effects. A number

of other experiments have been reported in resonantlo ,LL,2 and

either nonresonant or two-photon resonant systems.L2'L3 th" best

conversion efficiency (fO-4) was obtained by Yngvesson and

Kollberg2 in Fe+3/rutile at liquid helium temperature for the

fu1ly resonant case. Encouraged by these results, we calculate

the practical limits of resonant second harmonic in this system.
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III. General Considerations

a) Basic Equations

In this section some definitions and results presented

in an earlier p"p"rl and relevant to the following are reviewed.

The init.ial growth of the harmonic intensity accompanying

the linear decay of a saturating pump was shown to be

.H

where R = k^,* ,2,. r-+ ,2 . -' Z i0/217
y rlu13's3i /KIiulr'e1l t ''L2 = l1-2'"L '6 is a dimen-

sionless space variable and Orl is the parametric contribution to
the second harmonic intensity. The latter, again in the strong

pump limit,can be written as a functj-on of the saturated. population

dj.fferences,which may be positive, negative or even zeror or

I
I

[Rrlpr3lq \'
1--1;(ol-/

^ a - 
LtzLz3 [torr-orr)"I3- ,a I -a -
"r3 L 'Lz

n2 'l
"L2 I

*ry1

(1)2
X

(o rr- o r3l
,au23

(2)

r
lr
L

^2,,23

t&ta
"r 2"13

where gl1, eZZ, p33 represent level populati-ons and f,rl = Q13 + c.;3

i/'rrr, ,rZ = 0I2 * ,t i/tr2, and trl = fi23 + u2 t/-cr' are the

complex detunings. 1, the space variable, is related to an actual
propagation distance by the line center Beerrs coefficient, d,2,
for the 11, * l2> transition. e\2 = oL2 z/2 therefore, if the



Rabi frequencies are expressed in units of Tr, 6 measures the

distance in units of field. Beer's coefficient. The harmonic

intensi-ty is normalized to the pump intensity by defining

_ z I t*r3(6) l2l lirtrr l2
'* = \ L--rffl-l 

=f 
ntrru

(3)

b) Temperature Dependence

A particularly s

when T. =T^ and all matrix elLZ

is arrived at

Then

I
"il i")

imple

ement

r

t'o'

limit,

s are

6A

i- pzi)

-aror at:
-1equa1.

6

\P22-P
aln=--

"13 8
(4)

which implies an interference effect as lZ, is populated and hence

a decrease in the value of Orl with an increase in temperature.

Therefore, from Eq. (1) the initial growth of the harmonic int,en-

slty requires a l.arger conversion distance. No signlficant change

in the peak conversion effi-ciency is predicted in a three-Ievel

system, however, if other nearby levels are populated a reduction

in the harmonic intensity would be expected. In Fig. 3 the peak

conversion effi.ciency and distance are plotted for Tr=T, and T1 =

conversion distance is observed to increase sharply with tempera-

ture. No significant change in the peak efficiency is predicted.

c) T, +T^
The effect

from the T, dependenceI

\l*TZ can be qualitatJ-vely predicted

the population t"r*=. 14

of

of
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(1 + 2T1B-T1)(orr-orr) = - I + 2r1 (A+B-a) + :rl to"-"21

( or3-or1) =

%12i* ylt

)T-- 1a

1 a 1s2+1)Al2

.'r2
zR'ulL;(1 + RuL12

I + 2rt (A+B-a) * r*f (AB-a2)

u ='*3n'2 =r* tni*rtnr3.

^->
- 

Et'H23
R=4u^-)er'u12

( 5a)

( sb)

and

where A =

.D r + t*fi*rtnrtr

These equations are derived by considering the population equa-

tions for a resonant field and a negligible Atl. With an increase

in T, the population differences decrease and therefore satura-

tion occurs more quickly, the pump decay is slower and from Eq.

(1) the build up of the harmonic is slower and more spread out.

Figures 4 and 5 are plots of maximum conversion efficiency and

distance for several TJA2 ratios and a variety of matrix ele-
ment ratios. The conversion dj-stance is predicted to increase

sharply while lit.tle change in peak conversion efficiency is
expected. Previously, for Tl=T2 a resonance was observed for
*u = L//2. A similar resonance is not calculated when TL*T2.

d) Variation of Individual Transi-tion Probabilities
?ransition probabilities between different pairs can

differ significantly depend.ing on the forbj-ddance of the transi-
tion between states and on the degree of mixing of states. The
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general form of the population equations can be written3

i:i = [H',p] jj + I toouokj-piirir<)
k

where o,-. is a per unit tj-me transition probabifity subject toKl
the constraints of detailed balancing. A relaxation time can be

d.efined as T-. = T.:.. = * p...,. In Figs. 5 and 7 we show thelr 1l *ij Il
effect on the conversion Cistance of decreasing respectively T*
and Tra from 100xT2 to Tr. All other T' are set equal to 100x

12. In each case as Ta, or T* approach T, the conversion dis-
tance approaches t,hat calculated for a decrease in the overall
Tl. However, a decrease in T* does not significantly affect
the conversion distance as is expected considering the interfer-
ence effect associated with populating lZr.

e) Effect of Detuninq

In Figs. 8, 9, and 10 the conversion effj-ciency and

conversion distance are plotted versus LTZTZ for a system where

the pump is detuned by 10 linewidths and the harmonic is resonant

and for the case where the pump is detuned by 10 linewidths and

the harmonic is detuned by 20 linewidths. In each case a decrease

in the conversi-on efficiency is predicted as well as i-n increase

in the conversion distance. Both the conversion efficiency and

conversion distance converge t.o the resonant case as the line is
power-broadened.

?hese results are consistent with the non-zexo absorption which

is observed when the system is not on one and two-photon resonance.

(6)
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f) Effect of Inhomogeneous Line Broadeninq

A treatment of inhomogeneous line broadening follows

directly from the consideration of detuning in the previous sec-

tion. If we consider a system with a Gaussian distribution of

detunings, for examPle, the velocity distribution in a Doppler

broad.ened. line, then the total nonlinear polarization is the sum

of the nonlinear polarization associated with each velocity point

(detuning). In Figs. 11 a) and b) peak conversion efficiencies

and conversion d,istances are plotted for several fL/TZ ratios and

a variety of inhomogeneous lj-newidths. AS expected for inhomo-

geneous linewidths which are larger than T, the loss in conver-

sion efficiency is significant ( > 252') as is the increase in con-

version distance. Again the results converge to the homogeneous

case as the line is power broadened. In general, as for the homo-

geneous case, the larger matrix elements result in the best con-

version efficiencies.
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IV.. Application to Magneti-c Resonance Systems

Encouraged by the report of yngvesson and Korlberg2 of ef-
ficient second harmonic generation j-n iron doped rutile we have

calculated the practical limits of conversion efficiency in this
and simi-lar paramagneti-c materials. Materials which exhibit nuc-

lear magnetic resonance are not considered since the moments are

a thousand times less and the energy level splitting are much
I5smarrer.

Iron doped rutile is a convenient system to use as a model

since much is known about its magnetic resonance and material
properties due to an earlier interest in maser material=.16 '17-L9

rn addition it is representative of a large group of paramagnetic

compounds the transitlon metals and the loss tangent is relatively
sma1l (: to-5). rn rutile, the Fe+3 ion is situated at two magnet-

ica11y ineguivalent sites of D2h sYmmetry whi-ch are related to
each other and to the optic axis by a rotation of 90o. The spin

Hamiltonian is characteristic of an 1on (s=5/2) at a site of
tetragonal slanmetry .20 '21 The spin Hamlltonian parameters have

been shown Lo ber22

P = 20.35 Gllz

a = l.I to 0.5 GHz

E = 2.2Lt0.07 GHz

F = -0.510.3 GHz

Inasmuch as the zero field splitting is large, substantial energy

leveI splittings are obtainable with small magnetic fields. Spectra

of the two inequivarent sites coincide in a plane defined by the

c-axis. Figure 2 is an energy level diagram for Fe+3 in rutile at
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an angle 45o from an a-axis and 32.Sofrom the a-a plane. A possi-

b1e parametric interaction i-s indicated.. In this system at a con-

centration of 1*1020 .*-3 and an estimated T, of 1x10-B """, the

scale factor , dL2/2, is approximately 15 "*-l at a frequency of
^-r3 cm It should be noted that concentrati-ons of this order of

magnitude are unrealistic in ruti-1e23 although realizable in hosts

(spinels, corundum, etc.) where problems with chargre compensation

do not occur.

The longitudinal, T1, relaxatj-on properties of Fe+3 d.oped rutile
are well characterized.24-28'29 '30 Above 10"K T1 is d.omi-nated by

Raman-type processes and at room temperatures the relaxation time

is controlled by direct processes and is on the order of a few

mj-llisecond=. 25 This is roughly f our to f ive orders of magnitude

larger than Tr. Neglecting for the moment inhomogeneous line
broadening and assuming only the ground state to be populated,

Fig. 4 d) is representative of Fe+3/rutile at liquid helium tem-

peratures. From tJ:is plot and considering a scale factor of 15

.*-I *u see that for conversion efficiencies on the order of 252

or better the crystal would need to be roughly a thousand centi-

meters in length. From Fig. 3 we see that a further increase in

conversion distance is expected if we consider that AE/kT tu 1

and therefore approximately one-third of the total population is
not in the ground state.

Apparently, in order to achieve reali-stic conversion distances,

T, must be decreased relative to Tr. At room tempeature T,
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approaches T2 but alL levels become almost equally populated.

Referring again to Fig. 3 for AE/kT = .01 and Tr=T, a hundred

centimeter crystal would be required. Another possibility is to

exploit nonresonant and resonant cross-relaxation processes between

Fe+3 and faster relaxing ions. Cross-relaxation has been exten-

sively investigated in ruby and is attributed Lo magnetie dipole

and virtual phonon interactions as well as quadrapole electric

field effects.3l-33 of course, the maximum d,ecrease in T, is

observed for resonant processes where an impurity would. contribute

pump absorpti"on. T, can also be decreased by increasing the con-

centration of ions in the host.27 This is probably related to
an increase j-n exchange interactions. The conversion distance

can also be decreased by i.ncreasing ?2. rt has been =ho*.r34 '5'6'9'
that when the oscillating magnetic field is much larger than the

local field seen by each ion, T2 can be effectively reduced for

the pump transition. This has been demonstrated in ruby and

DPPH, 5'6'36 and more recently for an optj-caI transitlon in

'Pr:LaFr.52 rn the former case, T1 was reduced to r0-7 sec. rt
is limited, by 1ocal fields with a finite correlation time.35 rn

ruby the upper limit on T, is d.etermined by surroundj-ng 27 Xt

ionsS (I=5/2) of the host lattice. In rutile roughly 90A of the

titanium sites are occupied by isotopes with r=0. Therefore, a

somewhat longer T, might be realized. In addition an anomolously

low T, has been observed for transitions close to the zero field
spritting.3T '38 rt is arso important to remember that increasing
t2 also increases the scale factor hence further reducing the

actual material length.

35
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If, in fact T, can be made roughly equal to T, and T2 can be

reduced to tO-6-tO-7 sec substant,ial conversion efficiencies at

moderate conversion distance might be feasible. As an example,

for Tr=Tl=I*10-7 sec the scale factor, assuming a concentration

of 1,.1020 "*-3 is 150 "*-1. For LtzTz = l0 the conversion distance

is on the order of 0.2 cm and for certain combinations of matrix

elements will approach I008.

Of course random crystal defects and impurities will result in
loca1 field, variations from sj.te to site in the host.39 Therefore,

the li.newidths of magnetj-c resonance systems are usually inhomo-

geneously broadened with tl varyinq from 10-7-10-9 sec. This

effect enters into the calculation in two ways. First, the scale

factor is now calculated trom rf, the inhomogeneous linewidth.
Second, a spin system must rro* i" consid.ered where each individual
spin packet is not on resonance but rather a Gaussian distribution
about fu1l resonance is assumed.

Linewidths observed for iron-doped rutile at high concentrations
't o -?(lxl0*- cm ") are very broad, several hundred Gauss at x-band

,? * -ofreguenci-es'-corresponding to a f, of <Ixl0-' =e" and hence a

scale factor of <.15.*-I. With Tl=T2 and only the ground level
populated a crystal 30 cm long would still be required.

Unusually narrolt, Iinewid.t,hs as well as short relaxation times

generally characterize lanthanide ion spectra but energy level
splittings usually range from 10-100 .*-1.40 Some notable excep-

tions ar" Dy+3 and Er+3 j-n nearly cubic hosts like yAso4 where
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energy leve1 splittings can be on the order of 1 cm. unfortun-
ately, observed 1j-newidths are very broad.

Non-Kramers ions for example, F"+2 (Tr=2 us) 41 and. ions which

exhibit Jahn-Teller coupling to the lattice, v*3, (Tr=l*10-5 
=.")42

might be considered but again the inhomogeneous linewidths are very

wide. rn general, for good conversion efficiencies at moderate

conversion distances it is necessary that r, be of the same order
of magnitude as T, and neither T, nor tl should be faster than

1o-7 or 10-8 sec. rn additi-on, the bulk of the equilibrium popu-

lation must be in the ground state implying for NMM wave fre-
quencies liquid helium temperatures. Some other candidate magne-

tic resonance systems might be Mn+2 in cawon co-doped with a fast
relaxer like Fe+2 or Ho+3 doped yLiF4.43
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V. Resonant Tripling
Because of the material parameter limitations, the param-

agnetic spins systems do not appear favorable for efficient (>252)

second harmonic aeneration. However, the tunability and choice

of energy spacing does not preclude higher order harmonic situa-
tions such as resonant frequency tripling.

We have studied this problem also in a manner analogrous to
the resonant doubling system just outlined. The equations and

resulti-ng solutions are totally opaque and will not be listed
for this reason.

Our findings on the dependence of the third harmonic conver-

sion efficiency versus various material parameters and pump in-
tensity suggest that unlike the case of second harmonic generation

in a three-level system for which the harmonic absorption is split
out of resonance by the pump, harmonic absorption is split out of
resonance by the pump, harmonic absorption is always present and

limj-ts the conversion efficiency to about "u 25eo. Eurther, under

conditions of strongr conversion into the third harmonic, there

is a non-negligible gain for the second harmonic which places

some severe restraints on the phase matching system to act as a

filter for this work. Because of these features, resonant tripling
in general does not appear to be a vj-able aoproach if high effici-
ency is sought.
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VI. Nonlinear Semiconductors

In an effort to find materials more suitable for efficient
doubling, some thought was given to semiconductor systems. ft is
well known that the r-V curves of a diode are highly nonlinear

with the forward biased situation used in mixer technology and

the reverse biased situaLion used in varactor technology. rn

the latter case, the nonlinearity arises because of the dependence

of the depletion width and hence depletion layer dipore on the

applied potential. The nonlinearity is enormous by optical stan-

dards but is more distributed and reguires conduction paths to
transform free space or guided waves into the devices. out of
necessi-ty, this introduces losses so that the best reported, doubl-

ing efficiency in the NMMW was ^, l0?.44 oah"r schemes involving
modulation doped heterostructures might be anticipatec to be no

better although still worthy of investigation.45

The primary origi-n of the opticar nonlinearity in bulk semi-

conductors is the non-parabolicity of the bands. While of mod.est

size in the infrared, the nonrinear coefficients become very

rarge a NMMW frequencies. Even with this increase, the required
power for efficient conversion is still large, * MW/cm2 for a com-

version n" 50? in 1 cm.

Highly nonparabolic bands are known to exist in heterostructure
systems compri-sed of, for example, GaAs-A1*Gaa_*As superlattices.
Tsu and esaki46 were the first to consider optical nonlinearities
in a symmetric periodic superlatti-ce. They showed that with a
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slryunetry breaking DC field, the AC current has a component at
2u corresponding to doubling wherei-n the nonlinearity is due to
an r-v nonlinearity. More recentry Bloss and Fried*.rr47 and

4BYuen -" have both considered third order optical nonlinearities
in superlattices and showed. that these may be large under suit-
abre condi-tions, some 100 ti-mes J-arger than in the bulk.

The above three theoretical studies were all based on non-

linear transport properties of carrj-ers located in the lowest sub-
band wi-thin the conduction bands. rt is also possibre to have

radiative transitions between subbands and to have optical non-

ri-nearities in analogy with what is seen i-n normal situations.
Orlov has considered a synrnetric superlattice and conclud.ed that
the third order optical-Iike nonlj-nearity may be some six orders
of magnitude larger than in the equivalent burk crystal. 49 The

origi-n of the nonlinearity is in the large optical matrix elements
associated with the envelope wave functions of the confined car-
ri-ers. This is analogous to the situation in the nonli_near

trr)
Polymer MNA.'"

For symmetry reasons, the lowest order nonlinearity associated
with a periodic symmetric potentiar is restricted to odd har-
monic. We have recently shown that asymmetric potentials may be

achieved in suoerrattices with the use of compositional grading
and that the lowest order quadratic nonlinearity is estimated to
be some two orders of magnitude larqer than in burk s.*pl"=.51
Because of practical difficulties in growing very low compositional
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gradients, this approach will be most useful in the infrared

region and is expected to yield nonlinearities j-n the NMM region

comparable to existing materials.

There are other possibllties for the superlattice case in-

volving charge rearrangement within a potential region, analogous

to the varactor case,45 which have not yet been explained in any

detail. These are not radiative transiti-ons based nor nonli-near

I-V in nature but rather "loose" dJ-poles. In the NMM region some

power dissipation must occur out of necessity but the magnitude

of the loss and the magnitude of the nonlinearity remain to be

determined. Clearly, there are other possibilities for efficient

doubling in the NMII{ range and some of these approaches seem

worthy of further study.



29

References

1. T. A. DeTemple, L. A. Bahler, J. Osmundsen, "semiclassicai
Theory of Resonant Three-Wave Parametric Interactions:
Second Harmonic Generation", Phys. Rev. A. 24, 1950-1964
(198r).

2. K. S. Yngivesson and E. L. Kol1berg, Efficient Microwave Sec-
ond Harmonic Generation and Frequency Conversion in fe+3-
Tio2", Appl. Phys. Lett. 36, 104-106 (1980).

3. A. M. Clogston, "Susceptibility of the Three-Level Maser",
J. Chem. Phys. 4, 27L-277 (f958).

4. A. Jglenski, "The Resonance Conversion of Frequency in Para-
magnetic Crystals", Electron. Tech. 3, L27 (1970).

5. R. Boscaino, I. Cj-ccarillo, C. Cusumano, and M.W.P. Strandberg,
"Second-Harmonic Generation and Spin Decoupling in Resonant
Two-Level Spln Systems", Phys. Rev. B. 3, 2675-2682 (1971).

6. R. Boscaino, B. Brai, I, Ciccarello, "Spectral Spin Diffusion
in Dilute Ruby", Phys. Rev. B. 13, 2798-2804 (L9751.

7. K.-H. Stelner, "Interactions Between Electromagneti-c Fields
and Matter, Pergamon Press & Vieweg, L973.

B. C. M. Kellington, "Resonant harmonic Generation in Ruby",
Phys. Rev. Lett. 9, 57-58 (19621.

9. R. Boscaino, B. Braj-, I. Ciccarello and M.W.P. Strandberg,
"Effect on Strong Radio-Frequency Field on the Transverse
Relaxation Time in Paramagnetic Solids", Phys. Rev. B. '7 ,
50-53 (1973).

10. W. H. Higa, "Low-Level Microwave Mixlng in Ruby", Proc. IEEE,
54, I453 (1965).

11. E. G. Solov'g:ev, A. V. Startsev, "Frequency Conversion in a
Multi-Leve1 Quantum System", Radj-o Eng. El. Phys. !3, L322
(1958).

L2. G. Dathe, D. Roth, G. H. Schollmeiir, K. H. Steiner, "Micro\^/ave
Frequency Doubling in Ruby", IEEE J. Quant. EIec. eE-5 , L69
(re69).

13. E. O. Schulz-Dubous, "Theory of Intermodulation and Harmonic
Generation in Traveling-Wave Ivlasers", Froc. IEEE. 52, 644
(re64).



30

L4. L. Bahler, "Resonant Second Harmonic Generation: ProDagation
Study", M.S. Thesis, University of lllinois, Urbana, IL, 1981.

15. C. P. SIichter, Principles of Magnetic Resonance, Spri_nqer
Verlag, Berlin, Heidelberg, New york (f980).

16. K. S. Yngvesson,. "Cr-TiO2 as an L-Band Maser ryaterial", J.
Quan. EIec. 2, f55 (f966).

L7. D. L. Carter, "An Ultrasonic Continuous Wave Solid State Push-
Pull Maser in the 5 to 5 Millimeter Wavelength Regi-on", J.
Appl. Phys. 32, 254L-2542 (I961).

18. S. Forer and L. R. Mo, "CW Millimeter Wave Maser Using f'.+3
in TiO2", J. Appl. Phys. 31, 742-743 (1960).

19. F. Arams and B. Peyton, "Tunable Millimeter Travelling-Wave
Maser Operation", Proc. IRE, 50, L597 (L962).

20. G. r. Lichenberger and J. R. Addision, "F- and x-band spectro-
scopy on FerJ in Rutile", Phys. Rev. LB4, 3Bl-382 (1969).

2I. P. O. Anderson, E. L. Kollberg, and A. Jelenski, "Extra EpR
Spectra of lron-Doped Rutile", phys. Rev. B. B, 4956-4965
(r973).

22. D. L. Qarter and A. Okaya, "Electron Paramagnetic Resonanceof Fe+3 in Tio, (nutilei", phys. Rev. lr8, iaas-r+go (1960).

23. K. S. Ynqvesson, private communication.

24. M. Baran, H. Szymczak, J. Wosik, and W. Piekarczyk, "Spin-
Lattice Interaction for Fe Ions in TiO2',, EIec. Teeh. 6,
185-193 (1973) .

25. S. Tanaka, K. Mizushi, and S. Ilda, "Electron Spin-Lattice
R.elaxation of Fetr Ion j-n Rutile, J. Phys. Soc. Japan, 49,
L29L-L298 (1980).

26. G. J. Lichtenbergen, "Spin-Lattice Relaxation of F"+3 in
Rutile for x- and P-band Transitions,', Can. J. phys. 4'/,
1573-1s83 (1969).

27. M. P. Madan, "Spi-n Lattice Relaxation Time of Fe+3 lon,,, Can.
Phys. 42, 583-594 (1964).

28. A. A. Manenkov and A. M. Prokhorov, and V. A. Milyaev, "Cr***
and Ee**+ the Relaxation Time of si-ngle crystals of Rutire",
Sov. Phys. Solid State, 4, 280-283 (1962).



31

29. M. Alam, s. ehandra and G. R. Hof, "Hyperfine-Field Fluctua_tions 1n Fe+3-Doped Ti02 using M6ssbauer Effect,,, Bul1. Am.Phys. Soc. 11,

30. M. A1am, s. chandra, and. G. R. Holr "Mossbauer studies ofspin Relaxation of fron (rrr) in iitanium Dioxide',, phys.Lett. 22, 25-28 (I966).

31. c. A. Bates, A. Gavaix, p. stegigles, A. vasson, and s.-M.Vasson, "Non-Resonant Cross-Relaxation and Its Occurrence invanadium-Doped Rubies", J. phys. c.: solid state phys. 9,2413-2427 (1976).

32- c. A- Bates, p. steggles, A. Vavaix, A.-M. vasson, and A.vasson, "cross Relaxation in Nickel Doped Rubies',, J. phys.
Paris , 39, 315-329 (1978) .

33. c- A- Bates, A. vavaix, p- steggles, A. vasson, and A.-M.Vasson, "cross-Relaxation to Fast Relaxing rons in Alumind,,,J. Phys. C: Sotid State phys. B, 2300 (19i5).
34. A. G. Redfield, "Nuclear Magnetic Resonance Saturati-on andRotary Saturatj-on in So1ids", phys. Rev . 9g, 17g7_1809 (1955)

35. M.w.P. strandberg, "strong-Radio-Freguency-Fie_ld. Effects inNuclear Magnetic Resonance and Electron paramagnetic Reson-ance", Phys. Rev. B. 6, 747-756 (Lg72).

36. R. Boscaino and A. Tripo, "Two-photon Transitionssystems: Effect of a Resonant rntermediate Leve1"C: Solid State phys. 9, LI55-L158 (1976).

in Spin
, J. Phys.

38

39

37. D. A. Bozanic, D. I,lergerj-an, and R.Rutile as a Spin-Echo Materidl", J.(1e70).
W. Minarik, "Nickel-Doped
Appl. Phys. 41, 5041

,Bleaney, Electron paramaginetic Res.onance ofIons, Clarendon pfe S.

D. A. Bozanic, D. Mergerian, and R. W. Minarik, ,,Spin_Echo
studies of Exchange Effects in Heavily Doped Tio2.'r"+3",-
Phys. Rev. Lett. 23, L2L2 (1969) .

D. shaltier and w. Tow, "Anistropic Broadening of Lj-newidthin the- Paramagnetic Resonancg -spectra of l,tagnetically DiluteCrystals" , phys. Rev. L24 , LO62--1067 (I961) : '
40. A. Abragam

Transi-tion
and B.
Metal



t1

42. G. M. Zverev, A. M. Prokhorov, and A. K. Shevchenko, "Effect
of Vanadlum on the Spin Lattice Relaxation of Chromium Doped
Rubies", Sov. Phys. Solid State, 4, 2297-2302 (f963).

43. J. Magarino, J. Tuchindler, J.P.D. Haene4s, A. Ling, "Sub-
mj-llimeter Resonance Spectroscopy of Ho+J in Lithium Yttrium
Floride", Phys. Rev. B. 13, 2805-2808 (1976).

44. T. Takada, T. Makimura and M. Ohmori, "Hybrid Intengrated
Frequency Doublers and Triplers to 300 and 450 GHz", IEEE
Trans. Mlcro. Theo. and Tech., MTT-28, 966-973 (f980).

32

C. A. Bates and P. Steggles, "The Jahn-Te11er Theory and
calculations of the Relaxation Time and Resonance Lineshape
for Fe+2 Ions in A12O3, J. phys. S. Solid State phys. 8,
2283-2299 (197s).

45. D. P. Houson, B. Owen and G.
Varactor", Solid State E1ec.

+t.

48.

49.

51. M. K. Gurnick and T
conductors", IEEE J

R. Tsu and L. Esaki, "Nonlinear Optical
tion Electrons in a Superlattice", Appl
246-248 (f97f).

W. L. Bloss and L. Friedman, "Theory of
Mobile Carriers in Superlattlces", Appl
r023-1025 (r982).

. Wright, "The Space-Charge
, 9L3-92L (r965).

Response of Conduc-
. Phys. Lett. L9,

Optical Mixing by
. Phys. Lett. 41,

T
8

46

S. Y. Yuen, "Third-Order Optical Nonlinearity Induced by
Effective Mass Gradient in Heterostructures", Appl. Phys.
Lett. 42, 331-333 (I983).

K. L. Orlov, "Third Harmonic Generation in Semiconductors
with a Superlattice", Sov. J. Radiophysi-cs , L9, 1315-1319
(r976).

50. See for example the review by A. F. Garito and K. D. Singrer,
"Organic Crystals and Polymers - A New Class of Nonlinear
Optical Materials", Laser Focus , 59-63, (February L9B2) .

A. DeTemple, "Synthetic Nonlinear Semi-
Quan. E1ec. (May 1983) .

52. R. G. DeVoe and R. G. Brewer, "Experimental Test of the Optical
Block Eguations for Solids", phys. Rev. Lett. 50, LZ6I-L272
(1e83).



33

\

Personnel Associ-ated with Grant

T. A. DeTemple, Co-prj_ncipal Investigator
October l, 1981 - July 20, L9B2 - 10A
December l, L982 - February 3, 1983 Z5Z

J. R. Tucker, Co-principal Investigator
October 1, 1981 - May 20, L9B2 - l0?

M. K. Gurnick, Visiting Research Associate

October 1, l98l-September 30, 1992 l00B

List of Publicatlons

l. "Synthetic Nonlinear Semiconductors", M. K. Gurnick and
T. A. DeTemple, IEEE J. Quantum Electron, QE:1g, 7gL_794,(1983).

2. "Resonant second Harmonic Generation", M. K. Gurnick andf. A. DeTemple, in progress.

3. "Resonant Four-wave rnteractions: Third Harmonic Genera-tion", M. K. Gurnj-ck and T. A. DeTemple, in progress.

View publication statsView publication stats

https://www.researchgate.net/publication/253604508

