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Statement Of Problem Studied

o,

We proposed to attampt coherant ganeration of high {requency
phonons and to use these phonons to stgdy high frequency phonon
physics. While the results of the work described in this final
report are different to a great extent from the goals of the q
6rigina1 proposal, they are nonetheleés significant and relevant ‘

to the question of stimulated phonon emission.
a N

The reasons for these differences resulted from our discovery,
shortly after receipt of funding, that our original observation

of stimulated phonon emission in LaE‘S:Er3+ (Phys. Rev. B25

,

5064(1982)) was in question. VWhen we repeated these experiments
we becams aware of severe problems from sample.heating. This
heating (=5K) resulted in the dominance of the Orbach process in
relaxing the populations among the excited st;te Zeeman levels,
not stimulated phonon emissicn. While we may have observed

effects of stimulated phonon emission in our original experi-

ments, we were unable to confirm this.

As a result, we have focussed much of our attention on under-

standing why we were unsuccessful in observing stimulated emis-
- sion in this system and to better identify the critical elements

in obtaining stimulated phonon emission in this zand other sys-

"
© tems. In the process we have learnad a great deal generally

-

. about phonon dynamics and haw2 developed techniques to obtain the

=

i regquisite parameters to evaluate systems for stimulated phonon

" emission.
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Ve should point out however that in just this past year, stim-
ulgted phonon emission within a systemn, qonceptual;y identical to
the example we hava been studyving, has been observed by a group
in the Netherlands (Miltenburg, Jongerden, Dijkhuis and de Wijn,

Phonon Scattering In Condensed Matter , ed. W. Eisenmenger, K.

Lassmann and S. Dottinger (Springer-Verlag, Berlin, 1984) p. 130)
using the Zeeman resonance in the E(ZE) state of Cr3+ in A1203
(ruby). The system we are studying would extend étimulated pho-
non emission to much higher frequencies (>200 GHz) than the ruby
example which was carried out at 46 GHz. The positive results in
the ruby system gives us renewed encouragement to pursue stimu-

lated phonon emission in other systems at higher frequencies with

the ultimate goal of generating coherent phonons.

In this final report we describ2 the main problems studied,
summarize our most important results, draw conclusions from our
work relevant to stimulated phonon emission, and discuss what
steps need to Dbe considered to improve our chances for the
achievement of stimulated phonon emission in other systems and at

higher frequencies.

In this second three year grant psriod w= have continued to
investigate high frequency phonon dyrnamics using a variety of
optical techniques which have bszen specifically developed for
these studies. The problems we havae enamined are surmarized in
three sections below.

1. The investigation of lifetinmes of high freguency (- 200

GHz) phonons using phonon gensvation with ex~ited state
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spin-lattice relaxation coupled with the detection
technique of hot luminescencs, vibronic sideband phonon s
spectroscopy (VSPS), and a new technigue devalopaed witn

R. M. Macfarlane, phonon induced optical dephasing

TR A

(PICOLO).

2. A study of the role of 2-phonon Raman processes in high

DEE AR S ORI RF P S Vel de dn ge e g g e
Lg

frequency phonon dynamics.
3. The use of non-resonant fluorescence-line~narrowing (FLN)
b techniques to determine excited state resonance widths,
which yield the spectral distribution of resonantly gen-

erated phonons.

SYrsm s

These problems have been investigated in sevaral insulating -
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ionic solids, doped with small concentrations of impurity ions,
for which the excited electronic states are accessible with visi-

ble light.
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Summary Of Most Important Results

A number of optical techniques have been developed in recent
years which we have applied to study the dynamics of high fre-
quency phonons. Monoeﬁergetic phonons were generated By spin-
lattice relaxation between two electronically excited states of
an impurity ion. Resonant trapping provided the means to detect
these phonons with good temporal resolution. VSPS was used to
detect high frequency phonons over a wide frequency range with
excellent temporal, spectral and spatial resolution. The life-
time of a monoenergetic non-equilibrium distribution of phonons
was determined by the observation of optical dephasing, using
free induction decay(FID), which results from phonon-induced
coherence loss(PICOLO). Non-resonant fluoregcénce-line—narrow—
ing(FLN) techniques provided a mesans to determine the spectral
distribution of non-equilibrium phonons generated by spin-lattice
relaxation. We describe below scme important details about our

major results.

1. Anharmonic decay of phonons and the role of 2-phonon Raman

processes in phonon dynamics.

a) Anharmonic lifetimes of low frequency optical phoncns in

LaF :Er3+,Pr3+ - (Publications 1 and 2)

agqetic non-emilibriam phonons were canerated at 4

[

n
o3
9]
N
O

=i

o

y wingle phonon relaxation between excited stuates

3+ } .
of Er . Detectlion was

o

ccerplizhed with anti-Stokes VSPS
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was determined by delaying the detector laser relative to the

phonon generation. LaF, has two almost dispersionless low-ly-
3 g

. . -1 . .

ing optical phonon branchass n=ar 41 cm =, which intersect

h

s
b

{

TA mode near the zone boundary. Our analysis indicates that
at 41 cm—1 the measured lifetime of 46 nsec is dominated by
the optical mode lifetime which is determined from our experi-

1 the LA and optical modes con-

ment to be 40 nsec. At 54 cm’
tribute about ecqually to the decay. It is very significant
that these optical phonon lifetimes are two to four orders of
magnitude longer than typical optical phonon lifetimes which
have been measured by a number of researchers in a variety of
materials. The probable explanation is that because the mode
energies in this case are considerably less than the optical
moces studied in most other nmaterials, the phonon densitices of
states for the decay products are much lower than the typical

system.

b) Detection of surface absorption of light from the resulting

phonons in LaE‘s:Er3+ -~ (Publications 3 and 11)

Nominally transparent solicds exhibit a weak surface absorp-
tion of light for reasons not completely understcod. We have
measured this for 1.06 um and 0.53 um laser radiation on LaF3
and have found that it i3 po=sible to detect the resulting
non-equilibrium phonons in *th=z bulk with reasuremsnts cof
excited state population dynanmics of Zeoeeman-split sublovels,

-t

Model calculations which incliulde 2-phonon Roman procosssas

anharmonic «<docay and vecowlinztion, and elastic scattering,
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confirm that for up to 15 usec after the heat pulse, the
phonon dynamics in the detector region immediately behind the
heatad surface, is dominated by rapnid resonant Raman processes

a
involving the crystal field levels of the °S manifold of

3/2
Er3+. The phonons which diffuse out of the heated surface
region undergo recombination which maintains the population of
the very high frequency phonons much longer than their anhar-
monic decay times. It is these phonons which govern the popu-

lation dynamics through resonant Raman scattering in the

detector volume.

c) PICOLO - A new phonon detection technique - its application

to anharmonic lifetimes in LaE‘3:Pr3+ - (Publications 5, 6

and 2)

Optical dephasing by an equilibrium thermal distribution of

phonons has been studied extensively in I..:—1}5‘3:Pr‘>+

researchers. In recent experiments conducted at I.B.M., San

by several

Jose, in collaboration with R. M. Macfarlane, it was demon-

strated that monoenergetic non-ecuilibrium phonons can lead to

- T T

. e - -1
phonon-induced coherence loss(PICCLO) when 23 cm phonons are

generated by spin-lattice relaxation between the lower two

states of the 1D2 manifold in Pr3+. An analysis of the free-

induction-decay(FID) 1in the pres=nce of these phonons yielded
-1

foetima of 5CC no=c for the 22 om rhoons, in good ngree-

LL o [GN .

3
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1
nent with recent results we obtained by obss=riving the time
3 Y] hl

dependence of the hot luminesconze following lufser excitation

1 : N g s . .
of the "D,(II) state. (Sce d) elow). This 1o a technigun
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with high sensitivity (can detect phonon occupation numbers,
p, as small as 10“7 in some cases) which should be applicable

in a number of systems.

d) Resonant Raman scattering of 23 cm phonons in

LaFB:Pr3+,Dy3+ - (Publications 7, 10 and 13)

Resonant Raman processes lead to a dramatic reduction of

the lifetime of 23 cm_'1 phonons in doubly doped LaF :Pr3+,

3
Dy3+. - The lowest two crystal field states of the ground mani-
fold of Dy3+ are separated by 15 cm_1 in zero magnetic field.
A magnetic field Zeeman-splits the two levels 1leading to a
resonance between the 23 cm_1 phonons and the Zeeman compo-
nents of the lowest two crystal field lévels of the Dy3+ ion
at 15.9 and 23 kG. 23 crn-1 phonons are genarated by fast
spin-lattice relaxation following optical excitation of the
1D2(II) state of Pr3+. The lifetime of the 23 r:m_1 phonons,

which is 600 nsec at, zero field is reduced to 125 nsec for

fields in the immediately vicinity of 15.9 kG, with a second

2 reduction to 250 nsec occuring near 23 kG. Detailed calcula-
tions indicate that resonant 2-phonon Raman processes within

- 3+ . . - . .

g the Dy ground manifold are responsible for <these lifetime

- reductions.

ri

é

; 2. Non-Resonant Fluorescoence-Lins-lNarrowing(zILN) - Pnonon Reso-

nance Widths

The generation of phononsg by spin-lattica relaxation

~)
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between optically excited electronic states produces a D
distribution of phonons of spectral width equal to the reso- 3
nance width between fhe states in question. It is important <
to know this spectral width in order to calculate the degree ;
of phonon bottlenecking present, and from that, the extent to Si
which we can deduce phonon dynamics from these studies. It .
is also important to know this parameter for the cases in ;;
which we are attempting to observe stimulated emission of L
phonons. The threshold for stimulated'emission is directly o
related to the phonon spectral width. i
With a few exceptions, resonance widths between excited .%
electronic states have not previously been measured. The :i
non-resonant FLN technique providss us with a Qery high reso- ;{
lution direct method for mnaking these measurements wnich is ?
of quite general applicability.
a) Zeeman resonance widths in LaE‘3:Er3+ - (Publications 8 and ;
12) "
Non-resonant FLN was used to determine the resonance width 3
batween the Zeeman-split components of the 4F9/2 state of
Er3+ in LaF3. LaF3 is complicated by the presence of six i}
magnetically inequivalent sites. Because of the large anisc- .ﬂ

tropy of the g-tensors of the ground and excited states, only

- Lo

a small misalignment cocplics che specirumn dinto thres rosolv-

able grouops of gite

o0

Viren the crystal was carefully aligned

to minimize this effect, ©he resonance width was detornined

to be 225 MHz at 28 kG, doec.ooasing to 150 Mz at 12 KG.

8
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Since the fluorescence from the lower Zeeman component of

a . - S s
the Eg/ state to the %two Zeeman components of the ground
state ( 115/2) was reso.vad in this tachnigue 1t was also

possible to determine the ground state resonance width to be

90 MHz at 28 kG.

In this case the non-resonant FLMN is equivalent to a high
frequency (200-300 GHz) ESR measurement, but with several
major advantages. The technique works at very high frequen-
cies where standard microwave sources are not readily avail-
able. The sensitivity inherent in optical techniques make it
particularly useful for excited state ESR. The ability to
study a select group of ions within the inhomogeneous absorp-
tion profile provides additional selectivity not available in

standard techniques.

In this particular case, the change in the resonance width
and the magnitude of the excited statse g-value were measured
as a function of pumping frequency within the inhomogeneous
profile. A program is to be developed to correlate these
changes with their dependence on the crystal field parameters

which are altered by the presence of iapurity ions.

b} Other materials - (Publication 8)

Mon-rasonant L was ool b o dotermins coamibell oty rosa-
nance widths betwaen cryatal ficld siates in
o
3+ | . L34 1.t s " 3+
Al _O,.:Cr” (ruby), BoAl 0.:Cr7 (aloexarncirite and  La¥_:Pr
2 fol PSS 3
In ruby the B« 28 rasonnnos widih woo found 1o be consistent
q
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with the value of 570 MHz observed by Lengfellner et al (Opt.

Lettr. 8 ,220(1983)) wusing =xcitad state far infrared

absorption.

In alexandrite our result for the E«—2A resonance width of

13.9 GHz compares with the values of 2.1 and 9 GHz in two

different samples determined by Goossens et al ( Phonon Scat-

P

tering In Condensed Matter , ed. W. Eisenmenger, K. Lassmann

and S. Dottinger (Springer- Verlag, Berlin, 1984), p.112)

from studies of phonon dynamics in a magnetic field.

. In the case of LaFB:Pr3+ we measur=ad the resonance width
of the 1D2(II)4——>1D2(I) resonance which has been used to gen-
erate 23 cm-l phonons in many of our studies. When the 'q
1 -

DZ(II) state is excited at line center of the inhomougenecus
profile (Avinh: 3 GHz), a resonance width of 2 GHz is

obtained, which is dominated by the homogeneous width of this

state (1.4 GHz) as determined by Erickson (Opt. Commun. 15 , i*
2456 (1975)). However wh=n the ions are excited in the wings f\
of the resonance the excited state resonance acquires an -i
inhomogeneous broadening up to 10 GHz. L
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CONCLUSIONS RELEVANT TO STIMULATED PHONON EMISSION
1. Sample heating due to optical excitation.

Heating 1is a problem in optical excitation techniques.
Only 0.04% of the absorbed energy, and even a smaller frac-
tion of the energy in the laser beam (0.01%), is converted
into monoenergetic phonons by spin-lattice relaxation in
L$F3:Er3+. Surface heating due to anomalous aSsorption at
the surface, which results in an enhanced Orbach process
rather than stimulated emission, seems to be the major factor
which governs the relaxation. Some bulk heating must also
occur due to nonradiative relaxation which will take place on
some of the excited sites due to multiphonon emission, up
conversion and other pair processes which conserve energy
through the generation of phonons. In the case of ruby,
because of strong optical absorption of the Cr3+ ions, and a
relatively weak coupling by the phonons to the 2E(ZA) level
29 cm-'1 above the level generating the stimulated emission,
it is the stimulated emission, not the Orbach relaxation

3+

which dominates. In LaF3:Er the reverse situation seems to

hold.

2. Anharmonic phonon lifetimes

Measurements of anhnarmonic decay times at sev=ral frequen-
cies in LaF. indicate that for phonons in th2 energy range
3 X 3
-1 . .
5-10 cm anharmonic breakup should not be & mnajor loss
. ; . . - " -1 . -
mechanism. The lifetime of LA phonons auv 23 o is about 50
11




nsec. Lifetimes of 41 cm-1 optical phonons are about 40

nsec. Scaling the 23 cm—l lifetime by w_s yields an esti-
mated lifstime of LA phonons of about 50us=sc at 6 cm_1 and
4usec at 10 cm-l. The TA phonons are expected to be much

longer-lived. The lifetime of 23 cm-1 phonons was confirmed
with a new technique, PICOLO, using optical coherent tran-

. sient techniques to detect the rasonant phonons.
9 3. Role of resonant Raman scattering.-

The mechanism by which fhe heat generated in the optical

i excitation dominates over stimulated emission is identified
; as resonant Raman scattering(RRS), otherwise known as the

Orbach process. We have identified its role based on studies

3+

of the relaxation between the Zeceman levels of excited Er
ions after generating heat at the surface of the crystal with
- a non-resonant infrared laser. Fits of the data to computer
solutions of the rate equations demonstrate the dominant role
; of RRS. The importance of RRS is also demonstrated in a
g double resonance experiment where 23 cm"l phonons obtained
from relaxation of excited Pr3+ ions are brought into reso-
nance with ground state Dy3+ icns in a double-doped sample.

. A reduction of the 23 cm_1 phonon lifetim= by a factor of

. . . -1
five occurs whenever resonance with the 23 cm phonons
- -1

N oCCUrS. The Z3 <on phonens .o nslesclcally suaclterod outd

- . e 3+ gy

- of the resonance channel by tiza RRS on the Dy~ . This pro=-
cess has bocen very successfully modeled with vate equations

- for the system.
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4. Phonon resonance widths.

We developed a technique using non-resonant ¥LN to obtain
information on the excited state resonance widths which play
an essential role in the strength of the stimulated phonon
emission. The observed widths (=100 MHz extrapolated to zero
field) were about what we anticipated. However some very
important points have resulted from this study, some of which

are relevant to the subject of stimulated phonon emission.

First, we found that the magnetic field must be aligned
relative to the c-axis to better than 0.1° because the spin
resonance fregquencies of the six magnetically inequivalent
sites become sufficiently ecqual only for this orientation.
This was undoubtably a probelm in our early expariments wna

we did not appreciate this critical orientation requirement.

Second, we found that the g-values for the ions depend on
the optical transition freguency selected by the laser from
within the inhomogeneous absorption profile. As a result
there is a spread of resonance frequencies over the distribu-
tion of Er3+ sites. This limits the effective resonance fre-
quency distribution of the phcnons to =400 lNEz. This is
almost an order of magnitude greater than the ruby resonance
in which de Wijn's dgroup has demonstrated stimulated phonon

emission.

Third, the linear doependance of regonance width on field

indicated that inhomogeneities of (he ficld over the 2x2x6
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mm- excited volume are non-negligible when one is considering

PR AR AR

mean free paths for stimulated phonon emission of£*1 mm.

We are still positive toward furthar efforts to establish

stimulated phonon emission using Zeeman resonances of ions in

Xy v A M LYy

“2 "2 Y Y

solids, especially with emphasis toward higher frequencies.
In selecting systems for future work, several special

requirements should be considered:

I/

(1) Systems with only oﬁe magnetic site are to be preferred.
E (2) Larger magnetic fields should be used to reduce the mean
free paths for stimulated phonon emission and to enhance the
gain.

(3) Emphasis should be placed on systems with strong optical

:" 1; ot

o .
T
3 e

absorpticn in order to enhance the creation of monochromatic

phonons due to stimulated emission relative to broadband pho-
non production due to surface absorption.

(4) Ions with large energy gaps to the next excited crystal

field level should be selected to minimize effects of the
’ Orbach process. -,
{5) Homogeneity of the magnetic field should be a considera-
tion in the design of an experiment, taking into account the
magnitude of the g-value, the resonance width, and the mean

free path for stimulated phonen emicsion. .
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