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I. DEFECT CHARACTERIZATION IN QUARTZ AND RELATED MATERIALS
by
. Larry E. Halliburton and Joel J. Martin
A. INTRODUCTION AND SUMMARY

The structure of defects in alpha-quartz and in related

R

materials continue to be of considerable interest. Alpha-quartz,
which 1is piezoelectric, is used in a number of high technology
applications such as precision oscillators, accelerometers and

clocks where stability is a crucial operatihg criterion.

However, a number of problems confront the systems designer when

S w e

attempting to incorporate precision frequency control devices
into operational units. For example, long term stability or
ﬁ: aging can disable an entire system. Often of equal iméortance.
. quartz oscillators used in aerospace applications may be exposed
ﬁo ionizing radiation which can cause frequency shifts' and may
alter the aging characteristics. Much of the radiation response

, and, possibly, the aging of quartz crystais is related to the
defects produced during crystal growth or subsequent processing.
The main objectives of this project are to characterize

defects in quartz crystals and in fluoride glasses, and to
investigate the effects of various treatments, such as
electrolysis and irradiation on these materials. This study 1is
directed towards improving the performance of quartz oscillators

and fluoride glass optical materials. The work on fluoride

' g€lasses is discussed in Part. II of this report.

, The substitutional aluminum ions present in all quartz

requires charge compensation, In as-grown synthetic quartz, J
|
interstitial alkalis serve as the charge compensators. |
|
|
|
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Irradiation at temperatures above 200 K replaces the alkali with
either 8 proton or a hole trapped on an adjacent oxygen.
Electrodiffusion (sweeping) can be used to replace the alkalf
with either a proton or another specific alkali. A study of the
acoustic loss of a series of 5-MHz fifth overtone AT-cut
resonator blanks as a function of sweeping and irradiation has
been completed. No acoustic loss peaks were observed at
temperatures less than 100°C which could be attributed to either
the Al-Li or Al1-OH centers. Na-swept samples showed the expected
large loss peak at 53 K,whi le unswept samples had only very smatl|l
53 K peaks. This result shows that in as—-grown,quartz lithiumis
the primary charge compensating ion. Irradiation removed the 53
K peak and introduced new peaks at 23, 100 and f35 K. During
anneal, these peaks were found te track with the AlL-hole center.
However, preliminary productifon study resulits show that.the
defect responsiblie for the 23 K peak grows in more slowly than
the Al-hole center. The anneal study also showed that the decay
of the Al-hole center is matched by the return of the alkali to
the aluminum site.

Electrodiffusion is a post-growth treatment which allows the
selective exchange of charge compensating interstitial fons in
quartz. This technigue is employed commercially to enhance the
radiation hardness of the material used for precision oscillator
crystals, Most as-grown quartz contains substitutional aluminum
with an interstitial alkali providing the charge compensation.

Additional finidentified sites also trap protons to form the OH~

growth defects responsible for several IR absorption bands. When




thermally released from their trapping sites, the interstitials
can migrate along the large Z-axis channels. Therefore, if the
sample 1s heated with an electric field applied along the 2
direction, the 1ions can be swept out and replaced either by
protons from the surrounding atmosphere or by the desired alkali
from a salt electrode. In order to better understand
electrodiffusion, we are systematically investigating various
aspects of the process. The apparent ionic conductivity data
taken as the swept sample is slowly cooled usually shows a curved
log( T) vs 1000/T plot. The conductivity of H' is much less than
that of sodium or lithium. The activation energies at high
temperatures tend to be lower than those ?ound from the low
temperature data. The exponential prefactors are considerably
larger tban the values preaicted for a given aluminum content and
reasonable estimates of the attack frequency and jump distance.
Additional sources of mobile ions may be present. The peak or
plateau observed during the warm-up period for air or hydrogen
sweeping appears to be caused by the transition from conduction
primarily by alkalis to conduction by protons.

Point defects formed by irradiation with fast neutrons have
been characterized in.high~quality quartz using spin resonance
and optical absorption techniques. Among the paramagnetic
defects generated are the E’l center, the [A104J° center, and two
previously unreported S=1 centers. Production and thermal
annealing characteristics of these more prominent defects are
described. The two S=1 defects have g, values of 2.0205 and
2.0158 and thermally decay near 250 and 470°C respectively. They

each consist of a pair of unpaired spins (i.e., holes) separated




oy approximately 5 Angstroms, and either vacancies or intersti-
tials are a part of their models. These latter two centers,
along with the E’; centers, result from direct displacements
during the neutron irradiation. An optical absbrption band at
210 nm grows at the same rate as the E’; and S=1 centers but
cannot be definitely assigned to particular defects.

A defect consisting of an extra electron trapped at a four-
coordinated silicon and stabilized by an adjacent interstitial
lithium ion has been observed in quartz. It is formed by a
double irradiation, first between 150 and 300 K to release the
lithium ion from its associated Al3* and then at 77 K to trap the
electron at the free lithium ion. The c~-axis ESR spectrum shows
a splitting of 0.9 G from ’Li and 404.7 G from a 29Si (thus, the
defect does not resemble a lithium atom). Pairs of these defects
may be responsible for the lack of electronic paramagnetism in
quartz After room temperature irradiation.

The mechanical Q of a series of quartz crystals grown for
RADC by Motorola has been determined. We were supplied with
unfinished AT-cut disks from a series of 6 stones and one
additional set of disks from a stone that had been swept. These
disks were sent out for fabrication into Warner design 5th
overtone blanks. The lowest mechanical Q we observed was a value
of 1.2x106 at 5.67 MHz for blanks from stone GC9-21. The highest
mechanical @ was 2.32x10% at 5.83 MHz for blanks from GC24S
which were the swept blanks. All of the fiﬁished blanks had
frequencies above 5 MHz which means that their Q values will be

somewhat lower than those for an' actual 5 MHz blank. Low




temperature IR spectra were taken on one blank from each set; the

spectra

the higher mechanical Q@ also showed "cleaner” IR spectra.

are included in this report.

As expected samples with
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B. ALUMINUM-RELATED ACOUSTIC LOSS IN AT-CUT QUARTZ CRYSTALS
1. Introduction
Alpha-quartz is used in a wide variety of precision
electronic devices where aging and radiation-induced instabili-
ties are undesirable. It is now well-known that quartz-control-
led oscillators may exhibit transient and steady-state frequency

1-4

and Q shifts when exposed to ionizing radiation. Early

6-9 suggested

results obtained by King5 and other investigators
that these effects were associated with the presence of impuri-
ties.

Substitutional Al3+ is present in all quartzlo and requires

charge compensation. Examples of such charge compensators are
interstitial Li* or Na* ions, or holes or protons at an oxygen
ion adjacent to the aluminum. The proton forms an OH™ molecule

which is infrared active.l0:1l The aAl-Na‘t defect is responsible
for the acoustic loss peak observed near 53 K in 5 MHz 5th over-
tone AT-cut crystals.12 Irradiation at room temperature destroys
the Al-Na* centers;®'!3 this destruction being responsible for
much of the steady state frequency offset. Recent work at Okla-
homa State University has shown that the alkali ions beconme
mobile wunder irradiation only if the temperature is greater than
200 K. 13-15 Followind a room temperature irradiation, either a
hole which can be observed by ESR techniques or a proton is found
trapped on an oxygen adjacent to the INEAS The interstitial
alkali ions are usually in the relatively large c-axis channels
and at high temperatures can move along the channel under an
applied electric field. King,5 and later Katsll and Fraser.12

used this technique to "sweep"” hydrogen and specific alkalis into

6

‘.‘.:'! " e |"' o ;[_ "-,. Bl A '." X Ey .(‘ ' S AT e
PO AR E T A AR ‘“\"&‘t‘ﬂ“w ﬂ“lﬁ 'n ﬂ’m w'a 'lﬂ|ﬂ'o M o 2 |“v (% J‘n #i iéh ) eha by




the sample. Sweeping hydrogen in to replace the alkalis has been
shown to improve the radiation hardness of quartz oscillators.8
o o The 1identification of both growth- and radiation-induced

da defects which affect the performance of gquartz resonators is an

g important part of our project. Recently, using sweeping, IR
%t absorption, and acoustic loss measurements, Martin and Dohetty16
:% reported that the Al-OH™ center does not have an acoustic loss
e peak at temperatures below 370 K. They also reported that irra-
&

ig diation of both unswept and Hz—swept Premium Q quartz resonator
2? blanks produced acoustic loss peaks at 23 K and 100 K and a broad
é\ loss peak between 125 K and 165 K. King and Sander! had sarlier
:E reported the two higher temperature peaks and had suggested that
ﬁ“ they were caused by the Al-hole center. The 23 K peak had aiso
ﬁg been observed earlier and was attributed to changes in the
Eg interaction between the resonant vibrations of the blank and the
X

ﬁf thermal phonons.17 We report here a comparison of the acoustic
;ﬁ loss spectra of as-received and Li*, Na*, and H* swept resonators
ﬂf fabricated from the same bar of Premium Q grade quartz. We also

RN report an isochronal anneal study of the three peaks induced by a

room temperature irradiation which shows that they are associated

$§ with the Al-hole center. An isochronal anneal study was also
ﬂt made on an irradiated Na-swept resonator to directly compare the
3; decay of the Al-hole and Al-OH™ centers with the recovery of the
}a Al-Na'* centers.

ﬁt _ 2. Experimental Procedure

§§ Samples for this study were cut from an unswept pure 2
%& growth Sawyer Premium Q bar of cultured quartz that has been
e

7
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diven an in-house designation PQ-E. Samples from this bar have
been extensively studied at Oklahoma State University using
ESR,10:14 IR, and acoustic loss techniques. All of these investi-
gations show that the bar is of high quality but that it contains
somewhat more aluminum (10-15 ppm) than the average Premium Q
material (5-8 ppm). Consequently, aluminum-related effects are
more readily observed. Confirming measurements were made on
samples from a Toyo Supreme Q labeled bar SQ-B.

Five MHz 5th overtone AT-cut plano convex resonator blanks

18 were fabricated for this study by K&W

of the Warner design
Mfg., Prague, OK. The acoustic loss, Q'l, of the resonator
blanks was measured by the log decrement method from 5 to 300 K.
The measurements were made in a variable temperature helium Dewar
with the blanks mounted in a gap holder. The blank was driven for
10 to 40 ms at its series resonant frequency and then allowed to
freely decay. The decaying rf signal was detected with a super-
heterodyne detector and displayed on a variable persistance
storage oscilloscope. The exponential decay times were measured
by using a digital timer gated by a window detector.
Electrolysis, or sweeping, was carried out at temperatures
of 470-480°C in A controlled atmosphere system. This system
allowed the wuse of Hjp, Dy, or gettered-No atmospheres, or a
diffusion pumped vacuum. For the acoustic loss studies, the AT-
cut resonator blanks were directly swept. Vapor-deposited Au
electrodes were used. For the Li or Na sweeping runs, LiCl or
NaCl was vapor deposited on the sample surface and then an Au

electrode was deposited over the salt layer. The Li and Na

sweeps were carried out in a vacuum better than 5 x 10-6 Torr.




Infrared absorption scans show that Al-OH™ centers are present in
the Hz—swept sample but not in the alkali-swept samples.
3. Results and Discussion

Figurell compares the acoustic loss, Q'l, spectra for un-
swept, Li-swept, and Na-swept PQ-E series resonator blanks. The
unswept blank shows. a small Al-Na' loss peak at 53 K with a
height da-1l of approximately 5 x 1077, The Li sweep removed
this peak and did not introduce any new peaks. The Na-swept
blank showed a very large 53 K peak with §Q~! = 2 x 10”4 as shown
in Figure 1. The results for the Toyo blanks were similar except
that the unswept blank showed a 53 K Al-Na* peak with a height of
§@ = 5 x 1075, Since the material from which these blanks were
fabricated contains 10 to 15 ppm 2luminum, we conclude that the

concentration, C, of Al-Na* centers is given by
C.= [5( 20%) x 10%415Q-1 (1)

where C is in ppm and §Q7! is the height of the 53 K Al-Na‘' loss
peak. Thus, the unswept PQ-E blank probably contains about 0.3
ppm Al-Na't centers; ihe remaining 10 to 15 ppm of aluminum must
be compensated by Li*t. Since the mineralizer used in growing

Premium @ quartz is predominantly Na2CO3, the essentially total

exclusion of Na* from the aluminum sites by the addition of a
small amount of LiyCO3 to the solution is remarkable. 19:20  The
as-grown Toyo Supreme Q blank contains substantial amounts of Nat
but Li* must still be the majority charge compensator because the

33 K peak increased by a factor of four when the sample was Na-

swept. An additional, much smaller, loss peak related to the Al-




Na* center was observed at approximately 135 K in the Na-swept
blanks. Park and Nowick?l have also observed two Na-related peaks
in their dielectric loss measurements.

In contrast to earlier workl? which reported a Li* related
loss peak near 105 K, the results shown in Fig. 1 for the Premium
Q blanks and similar results for the Toyo samples show no
evidence of a Al-Li* acoustic loss at temperatures below 100°C.
Toulouse, Green. and Nowick22 have recently reported the absence
of Li* related dielectric loss peaks in both Sawyer Premium Q and
Toyo Supreme Q samples. They suggest that because of the small
size of the Li* ion the double well Na* sites have collapsed into
a single well for the Lit. The resulting Al-Li* pair then
probably lies along the x-axis. Such a single well model would
show neither acoustic nor dielectric loss peaks.

Figure 2 compares the acoustic loss spectra for the un-
swept, Li-swept, and H-swept blanks. The results for the Li and
H-sweeps are essentially identical, as were the results for a D-
sweep which have been omitted from Fig. 2 for clarity. Infrared
absorption measurements made at liquid nitrogen temperature show
that the H-swept blank contains 10-15 ppm Al-OH™ centers. Thus,
it appears that neither the Al-OH™ or the Al-OD~ centers show
significant acoustic 1loss peaks at temperatures below about
370 K. It should be noted that at higher temperatures, the
interstitial alkali ions become thermally liberated from the Al3+
trapping site and diffuse along the c-axis channels. This diffu-

sion causes an acoustic loss which increases exponentially with

temperature.17 Lipson et g1.23 and Koehler24 have shown
10




(A

that this high temperature loss is not present in H-swept quartz
which contains no alkali ions and, therefore, must be caused by
the alkali diffusion. Infrared absorption studies of the Al-OH™
centerll, 25 show that it is strongly polarized with the electric
dipole perpendicular to the c¢-axis. This orientation would
probably not have a double well structure that wquld give rise to
an acoustic loss.

16 reported that irradiation of

Recently, Martin and Doherty
unswept and Hz—swept PQ-E resonator blanks at room temperature
produced loss peaks at 23 K and 100 K and a broad 1loss between
125 and 165 K. The peaks were much larger in the unswept
material than in the Hz-swept blank. The room temperature irra-
diation also remove& the small Al-Na* loss peak which was present
initiall& in the unswept blank. Kiné and Sanderl have previously
observed the peak at 100 K and the broad loss between 125 K and
165 K. They attributed these loss peaks to the Al-hole center.
Martin and Doherty suggested that the 23 K peak is also due to
the Al-hole center. Martin et al.zs were able to describe the
broad loss as a single peak centered at about 135 K.

Figure 3 shows the acoustic loss, Q~!, versus temperature
spectrum for the Na-swept blank in the as-swept condition and
after a room temperature irradiation. The irradiation has
removed the large 53 K and 135 K Al-Na' loss peak while
introducing the 23 K peak and the overlapping 100 K and 135 K
peaks. The post-irradiation acoustic loss spectra for the un-
swept and Li-swept blanks are essentially the same as for the Na-
swept sample. These three loss peaks are also observed in irra-

diated H-swept resonators fabricated from this same bar.

~
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However, their strength is reduced by approximately a factor of
five. An inspection of the results reported by Doherty et 31.13
for the acoustic loss of their Na-swept resonator D14-45DC shows
that the 23 K peak is small but present in their results. D14-45
series quartz 1is Premium Q gr;de material with an aluminum
content less than 1 ppm, so we would expect aluminum-related loss
peaks to be much smaller. Their Na loss peak is about 0.035
times that of our Na-swept PQ-E resonator blank. It should also
be noted that their resonator was partiallf H-swept. Thus, it
appears that these three peaks, and the Na peak as well, scale
with the aluminum content.

The thermal anneal behavior of the Al-hole and Al-OH™ centers
in unswept quartz has been studied by Jani, Bossoli and
Halliburton?’ and by Sibley et gl.,15 respectively. The Al-hole
centers, as observed by ESR techniques, anneal out slightly below
550 K while the Al-OH™ center anneals out between 620 K and 670
K. If the three radiation-induced loss peaks are due to the Al-
hole center, they should show the same annealing pattern as the
Al-hole center ESR spectrum. We have carried ocut an isochronal
anneal study on the unswept blank and on the Li-swept blank. The
results for the unswept blank show that the 23 K, 100 K, and 135
K 1loss peaks all anneal out between 500 and 550 K, as shown in
Fig. 4. A recent production study by Martin, Hwang and Bahadur28
shows that the defect responsible for the 23 K loss peak grows in
more slowly with radiation dose than either the Al-hole center or

the Al-OH center. As expected, the decay of the Al-Na center with

radiation dose nearly matches the production of the Al-hole and




W, Al-OH centers. Thus, while the defect responsible for the 23 K

loss peak anneals with the Al-hole center it most likely is a
e different defect. At the present time we do not have production
"y data on the smaller loss peaks at 100 K and 135 K. When the
anneal of the unswept blank is continued to higher <temperatures,
the Al-Na* center loss peak recovers between 600 and 650 K as
shown in Fig. 4. The isochronal anneal study also showed that
after a room temperature irradiation and subsequent 670 K anneal,
N the 53 K Al-Na* peak in the unswept blank increased from an
e initial value of 5 x 1077 to 2.2 x 1076 after the anneal. The Al-

Na* loss peak alsoc appeared in the Li-swept sample as a result of
ity annealing although it was absent in the as-Li-swept sample.
o These latter results suggest that sodium is trapped at sites

other than aluminum during growth. The irradiation and anneal

f? treatment just described evidently rearranged the alkalis within
|9'
)
Eg the sample. It is conceivable that this process would take place

at the 50 to 80°C operating temperature of a crystal oscillator
e (although very slowly) and contribute to the long term aging of
u the crystal.

The decay of the radiation induced Al-hole center should be

;{ matched by the corresponding growth of the Al-OH™ and/or Al-M*

ﬁg centers. Sibley et 31.15 have measured the high temperature

- annealing behavior of the radiation-induced Al1-OH~™ cenfers. Their
§?f results do not show any changes in the Al-OH™ concentration for
é& the 500-550 K temperature range where the Al-hole center decays.

This result suggests that the anneal of the Al-hole center is
. matched by the return of an alkali ion to the Al site. Since

e our unswept samples contain mostly Li* ions and the Al-Li*
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center does not have an acoustic loss peak, Fig. 4 does not show

the expected lower temperature return of the alkali ions to the
aluminum site. We have repeated the isochronal anneal study using
the Na-swept blank. In this case, acoustic loss measurements of
the 23 K and 53 K Al-Na* peak were used to track the behavior of
the hole and the alkali centers. Polarized infrared absorption
measurements of the 3367 cm~! band were also made on the Na-swept
blank in order to track the Al-OH™ center. Figure 5 shows that
the decay of the 23 K Al-hole center acoustic loss peak in the
500 K to 550 K range is matched by an approximately 25% growth in
the 53 K Al-Na* acoustic loss peak. The remaining growth of the
53 K peak closely matches the decay of Al-OH™ as measured by
infrared absorption. The increase in the Al1-OH™ center observed
near 350 K does not have a corresponding change in either the Al-
hole centers or Al-Na® centers. Subramaniam, Halliburton and
Martin29 have also observed this lower temperature anneal step of
the Al-OH™ centers. The annealing results shown in Fig. 5 suégest
that the room temperature irradiation converted approximately 25%
of the Al sites into Al-hole centers with the remaining 75%
beconming Al1-OH™ centers. In the irradiation process, the Nat
leaves the Al site and is subsequently trapped at an as yet
unknown site in the crystal. Figure 6 shows the results plotted
with the intensities of the centers converted to their aluminum
content. When the Al-hole centers anneal out the 500 K to 550 K
temperature range the Na® ion returns to the Al site. In unswept

material the decay of the Al-hole centers must be accompanied by

the return of Li* ions since no corresponding increase in the




Al-OH™ centers is seen.

Often defect-related acoustic loss peaks can be described by
§a-l = pwrr1 + wz?2)-l  (2)

where SQ'I is the loss above the intrinsic background, D is the
strength factor, w is the angular frequency, and ¥ is the
relaxation time for reorientation of the defect. The relaxation
is usually thermally activated as the defect must go over an

energy barrier to reach the other equivalent sites.17 Thus,
T = ¥ exp(E/KkT) (3)

where E is the barrier height and Zb contains the number of
equivalent orientations and the attack rate. We have fit Eq. 2,
with the relaxation tihe given by Eq. 3, to the 53 K and 135 K Al-
Na* center 1loss peaks and to the three radiation-induced Al-
hole loss pcaks. The calculated parameters are given in Table I.
Our activation energies and relaxation times for the Al-Na‘
center are in good agreement with Park and Nowick’s dielectric
loss results,?! as well as those of Stevels and Volger.so

Stevels and Volger have also reported a radiation-induced

dielectric loss peak with E = 7.5 meV and 15 = 5 x 10'7 sec.

This activation energy is in reasonable agreement with our 23 K

peak, but the relaxation time is much longer. Taylor and
0 Farnell3l have also made dielectric loss measurements on irra-
lf diated quartz; they found a loss peak near E = 7.5 meV in agree—
X =~ ment with Stevels and Voldger and an additional peak at low
%} temperature with E = 1.2 meV and €, = 6.2 x 10-9s.

4. Conclusions




Sweeping Li*, HY, or D* into high-aluminum-content Premium Q
grade quartz AT-cut resonators removes the small Al-Na* loss peak
at 53 K but does not introduce any new loss peaks at temperatures
below 370 K. Therefore, we conclude that the Al-Li* and A1-OH™
! centers do not have anelastic loss peaks in this temperature
region. ‘Na-swept samples exhibit a very large 53 K loss peak.
This shows that in as-grown quartz most of the Al sites are
compensated by Lit. Irradiation at room temperature replaces the
interstitiai alkali at the Al sites with a mixture of Al-hole and
Al-OH™ centers. The radiation induced acoustic loss peaks at 23
N K, 100 K and 135 K have the same anneal behavior as the Al-hole
ha center. The thermal decay of the Al-hole center is accompanied
by a corresponding return of the alkali ions to the Al sites.
Y The higher temperature decay of the Al1-OH™ center is also match=sd
) by the growth of the Al-M* -enters.
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Table I.Acoustic-loss peak parameters
Defect T E o
(K) (meV) (lO'lzsgc)

Al-Na* 53 57 0.1865

Al-Na* 135 130 0. 44

23K defect 23 8 830

Al-hole 100 80 1.0

Al-hole 135 110 2.7
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- bar of Sawyer Premium Q quartz are shown. The Al-Nat
center is responsible for the peak at 53 K.
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swept resonator blanks fabricated from a single bar
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C. ELECTRODIFFUSION OF IONS IN ALPHA-QUARTZ

1. Introduction

Most as-grown quartz contains substitutional A13* with an
interstitial alkali ion providing the charge compensationl.
Additional unidentified point defects are known to trap protons
forming the OH™ related growth defect52'3 responsible for several
IR absorption bands. These interstitial 1ions when either
thermally or by radiation liberated from their traps can drift
along the relatively large c-axis channels. This 1interstitial
diffusion 1s responsible for the radiation induced transient
acoustic loss4’5, the increasing acoustic loss observed at high
temperaturess'7’8, and the annealing of radiation-induced
defects. An electric field applied parallel to the c-axis can bé
used to electrodiffuse (i.e. sweep) the interstitial ions out of
the sample while replacing them with specific ions. King9 was
among the first to exploit this process as a method of doping
quartz with specific interstitial ions. Katéz, in his extensive
infrared study of natural and synthetic quartz, used the process
to sweep specific alkalis and protons into and out of quartz.
Fraserl® has described the basic process for the selective
electrodiffusion of alkalis and Kreft!l has shown that holes can
be swept 1into quartz if the process is cafried out in vacuum
above the phase transition. Brown, O’Conner, and Armington12
have investigated alkali sweeping and the use of inert gas
atmospheres. A number of studies have shown that the radiation
hardness of oscillators is significantly improved if the -alkalis
in the quartz have been replaced by protons 5,13, 14 A

preliminary study by Martin et 31*15 showed that alkali ions were




1;2‘1 3 . _—__T
N ¥

53 much more mobile than protons during the sweeping process. They
%ﬁ . found that the activation energies ranged from 0.768 to 1.24 eV
%? . for alkalis and from 1.5 to 1.9 eV for hydrogen. Martinet al.
ﬁﬁ brought the sample up to the 500°C sweeping temperature and then
gé applied the E-field. They then observed current-versus-time
§§ curves which showed an initial rapid decay followed by a steady
R current which was interpreted as the motion of only one species
gt of ion. Hansen 16 reported current peaks or plateaus in the 200-
%{ 300°C range when the field was applied at room temperature.
R Gualtieril”? has reported similar current peaks or plateaus; he
‘;; alsc studied the sweeping conditions as a function of the
-

‘:ﬁ reduction of etch channel density. Arnold18 has reported that

etching quartz produces very deep tunnels while Nielson and

Fosterlg have observed that these tunnels tend to lie along the

:

;; g€eneral growth direction (c-axis). The tunnels are apparently
M? caused by dislocation networks which trap impuritieszo. Vig et
é& 51.21 found that swept material showed fewer of these etch
‘S tunnels than unswept quartz.

Electrodiffusion is closely related to ionic conductivity.
The main difference is the exchange of ions that takes place in
the sweeping process, i.e., specific ions (protons or alkalis)

are brought into the sample to replace interstitial alkalis that

?g have been trapped at defects during the crystal growth process.
i’ Since the 1ions can only move along the c-axis channels ionic
Eﬁ ) conductivity in quartz is a one-dimensional process. The number
:3 of mobile ionic charge carriers is governed by the number of
%; traps and the depth of their trapping wells. If we assume that
o
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o only one kind of ion is mobile, the conductivity, o-, can be
written as O = neuy where n is the density of 1ions, e 1is the
2 electronic charge, and u is their mobility. The mobility which

F g is related to the diffusion coefficient is given by

& = (e/kTivaZexp(-E /kT) (1)
N
$Q where v is the attack frequency, a is the jump distance and Ej is
Rt
?ﬁ' the activation energy for interstitial migration?2. If there

is only one kind of trap present, say aluminum, the number per

e unit volume of mobile ions can be found from the law of mass
Wiy
:ﬁb action to be
" :f"

o = (c/2)1/2N_exp(-E,/2kT) (2)
|.'
e where ¢ is the mole fraction of traps, N, is the number of SiOy’s
A1

Gyt per unit volume and Ea is the association energy between the 1ion

and the trap24. Equation 2 assumes that only a small fraction

v. ]
Qﬁ' of the interstitial ions have been thermally liberated from the
ey
‘t‘i‘
S‘ traps. Thus, the conductivity can be expressed as
potet
: T = Aexp(-E/kT) (3)
.:(;.‘ _ .
,ﬁﬁ where E = En72 + Ef and
pAS )
B A = N_(ea)2v(cs2)1/2k, (4)

According to this analysis a plot of log(cT) versus "1 should
a yvyield a straight line. Jain and NowickZ24 and, later, Green et
gl.25 have reported such behavior except for some curvature at

the higher temperatures for a number of alkali and hydrogen swept

-
:;% synthetic and natural quartz samples. They found activation
k,i energies randing from 1.1 to 1.45 eV and values for the exponen-
1X)

-.; tial prefactor, A, much larger than one would predict from Eq. 4
?&' with reasonable values for ¥ and a. Martin, et al., found similar
?? behavior but with somewhat lower activation energies for their
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ionic conductivity data which were collected during
electrodiffusion runsls. We report here a continuation of
their investigation.
2. Experimental Procedure

Most of the samples used in this study were cut from pure Z-
growth lumbered bars of synthetic quartz obtained from
Thermodynamics (TD-A) and Sawyer Research Products Premium Q (PQ-
J) grades. Samples were also taken from an aluminum doped R-
growth synthetic bar (HA-A). The various samples were identified
according to the notation established by Markes and Halliburton
{261]. Most of the samples were 3 mm thick by 15 mm x 17 mm Z-
Plates. Some measurements were also made on AT-cut plates. Prior
to sweeping all samples were given an optical polish. The
sweeping system and electrode deposition have been described
previously [15]. The electric field was set up using a
programmable power supply, and the sample current and temperature
were measured using a digital multimeter and laboratory computer.
Most of the runs used in this study were carried out by first
applying the field at room temperature and then bringing the
sample up to the nominal 500°C sweeping temperature at a rate of
2.29C/min. The sample current was monitored during the entire
run. This allowed the observation of the current peaks and
plateaus reported by Hansen (18] while the sample was warmed to
the operating temperature and the collection of apparent ionic
conductivity data during cool-down. For alkali electrodiffusion
the sample was held at the operating temperature for times

ranging from 30 minutes to 2 hours; hydrogen sweeps were usually

B .\“‘-:J.
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"carried out over a 24 hour period. For most of our tests on a
given sample we first carried out a lithium run, then a sodium
run and, finally, one or more hydrogen runs.
3. Results and Discussion

Figure 1 shows a typical current and temperature versus time
curve for a hydrogen electrodiffusion run. For this run the
sample (HA-A3) was brought up to the 500°C temperature at a rate
of 2.2°C/min, held for approximately 24 hours at temperature, and
then cooled at -2.2°C/min. The current trace in Fig. 1 shows a
peak or plateau near 270°C similar to those reported by Hansen
(1e61]. All of our hydrogen runs on samples that had not
previously been H-swept show this structure. Once the sample
reaches the fixed operating temperature we usually observe a
current decay as shown in Fig. 1 when carrying out a H-sweep.
Martin et al. reported a large initial current decay in their H-
sweep data when the field was initially applied after the sample
was at temperature. They interpreted their large initial current
and its subsequent decrease as the replacement of the very mobile
alkali ions with H*. The temperature versus time program for an
alkali sweep fs essentially the same except that the time at
temperature is reduced. For alkali runs no significant peak or
plateau is observed during warmup nor do we usually observe va
large current decay after the sample reaches temperaturs. This
second result is consistent with the small decay reported by
Martin et al. for their alkali electrodiffussion runs.

Figure 2 shows the set of apparent ionic conductivity data
taken during the cool-down portion of electrodiffusion runs on

sample HA-A3. As described above the alkali electrodiffusion

30




ﬁ%_ runs were made before the hydrogen run. The low temperature end
Wﬁ' of our results for the lithium and sodium runs are in reasonable
1"

\

:%s agreement with the high temperature end of the ionic conductivity
el

s data obtained by Green et al. (25] on Li- and Na-swept samples
ﬁﬁ taken from the same high aluminum content stone. The agreement is
.l.

(ﬁ‘ encouraging because in our measurements ions are introduced into

) the sample from the source electrode, then moved through the

éi' sample and leave the sample at the negative electrode. Figure 3
iv; compares the apparent ionic conductivity for lithium and hydrogen
%ﬂ runs on samples taken from stones HA-A, PQ-J and TD-A. The
f%i curves for the sodium runs which fall slightly below the lithium
.'i data were omitted from Fig. 3 for purposes of clarity. Qur
ﬁ& Premium Q sample PQ-J has a comparable aluminum content and
ﬁy infrared spectrum to sample SQ-A of Green et al. and our ionic
g& conductivities for the alkali runs are in reasonable agreement
ﬂ%! for the region of temperature overlap. The conductivity that we
4

gfl - see for hydrogen in sample PQ-J is much lower than their results.
E%: Nearly all of our log( T) versus IOCO/T plots show a tendency
;?& towards a lower slope at the higher temperatures. If there \is
g' only one dominant source for the mobile ion such as the substitu-
Egg tional aluminum this curvature would suggest that we are
:ﬁh approaching saturation of the number of carriers and Eq. 2 must |
ﬁ; be replaced with a more complicated expression. While we cannot
55§ rule saturation out the high aluminum sample HA-A should show
Lo _ less curvature <than the low concentration samples such as TD-A
g: and that is not the case. Table I gives the activation energies
tﬁ; and exponential prefactors for the curves shown in Fig. 3 and
-
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the corresponding sodium runs. Because of the curvature. E and A
were found for both the high and low temperature portions of the
curves.

TABLE I. Activation Energies and Pre-exponential Factors.

Sample Al(ppm) Ion High Tempergture Low Tempergture
E(eV) A(10°K/ohm.m) E(eV) A(10°K/ohm.m)

HA-A3 70 Li 0.95 0.29 1.06 1.7

Na 1.02 0.32 1.08 0.84

H 1.6 6.2 1.7 81
PQ-J4 10 Li 0.99 0.27 1.2 7.5

Na 1.15 0.69 1.2 1.6

H 1.72 3.2 - -
TD-A18 5 Li 1.04 0.61 0.97 0.2

Na 1.15 0.69 1.17 1.8
TD-Al9 5 H 2.14 5600 —-—— -—-

The high temperature activation energies listed in Table I
agree with the values reported by Martin et al. The low tempera-
ture alkali activation energies for sample HA-A and PQ-J are
somewhat lower than the values given by Green et gl.zs for their
HA-A and SQ-A samples. The prefactor is-very sensitive to the
choice of E. It is interesting to note that the prefactor, A, is
cne to two orders of magnitude 1larger than predicted when

reasonable values of the jump distance and attack frequency are

?fa used in Eq. 4. This was noted earlier by Jain and NowickZ4, They
iﬁ? sugdested that some of the aluminum was not charge compensated by
:b} monovalent ions and, thus, the law of mass action would yield a
EQ; more complex expression than Eq. 2 for the number of mobile ions.
%g The aluminum content of our samples was measured by the EPR
3&2 technique of Markes and Halliburton26, Armington and Balascio2?

0 have compared the various analytical techniques for determining

ﬁg the aluminum content in quartz. They found that the EPR
v.‘hﬂ 32
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technique gave excellent agreement with the more <traditional

chemical methods which would pick up all of the aluminum. We feel

that there is not a large amount of "excess” aluminum present in
most synthetic quartz samples; however, even a few percent of
excess aluminum would change the law of mass action. While the

exponential prefactor, A, 1is generally larger for the dirtier

samples it does not scale directly with either cl/2 or ¢ where <c

is the aluminum concentration. It may also be that there is an

additional source of mobile ions. The OH -related growth-
defects may be the source for extra protons but not for alkalis
since no changes in their IR spectra are observed upon alkali or
hydrogen electrodiffusion. One plausible source is the extended

defects that are responsible for the etch tunnels. It is known

that

formation of the tunnels during etching. These extended defects

are

alkali impurities which are removed during air or hydrogen
sweeping. Therefore, they must contribute to the conductivity.

Another possibility is the alkali-related defect responsible for

the

Martin, Hwang and Bahadurzs. They found that the 340 K peak was
present in as-Na-swept samples. While the Li-related 305 K peak

is weaker both defects may be present in as-grown material.

during the warm up period for a sodium electrodiffusion run and

for two subsequent hydrogen runs on sample TD-A20. Similar
curves were obtained for the other samples. The warm-up curves
for the alkali runs do not show any structure in the 200-350°C

aipl?. 21 15

or hydrogen sweeping reduces or eliminates the

oriented along the growth direction and probably contain

acoustic loss peaks at 305 K and 340 K recently reported by

Figure 4 shows the conductivities versus temperature taken

33
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temperature range while the first H-sweep always shows a drop or
plateau 1in the conductivity for the same temperature range. A
second or third H-sweep on a previously H-swept sample results in
curves like the dotted one in Fig. 4. Since, the ionic
conductivity of hydrogen is several orders of magnitude lower
than that of the alkalis as shown in Figs. 2 and 3 it seems
reasonable to propo;e that the peak or plateau region observed by
Hansenl® during warm-up is caused primarily by the transition
from conduction by the highly mobile alkali ions to conduction by
the less mobile protons. Not all of the alkalis are removed at
this step as shown by the peak and decay once the operating
temperature is feached as shown in Fig. 1 and by the dotted curve
in Fig. 4 for the third H-sweep on this sample.
4. Summary

The apparent 1ionic conductivity data taken as the swept

sample 1is cooled usually shaows a curved log( T) vs 1000/T plot.

The mobility of H* in the electrodiffusion is much iess than that
of the 1lithium or sodium. The activation energies at high
temperatures tend to be lower than those found from the low
temperature data. The exponential prefactors are considerably
larger than the values predicted for the aluminum content and
reasonable estimates of the attack frequency and jump distance.
It seems likely that an additional source of mobile ions must be
present. The peak or plateau observed during the warm-up period
for air or hydrogen sweeping appears to be caused by the
transition from conduction primarily by alkalis to conduction by

protons.
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Fig. 1. The temperature and current profiles are shown for_ a
hydrogen electrodiffusion run. The electric field was applied
at room temperature.
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Fig. 2. The apparent ionic conductivities for Lit, Nat and Ht in
the high aluminum content sample are shown. The data were

collected during cool-down at the end of the electrodiffusion
run.
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Fig. 3. The upper set of curves compare the conductivity of LI*
-,:; in three different samples; the lower curves compare the
) conductivity of HY in the same samples.
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Fig. 4. The conductivity data taken during the warm-up period is
shown for a Na-sweep and for subsequent H-sweeps on the same
sample. The drop In conductivity near 250°C for hydrogen

pProbably represents the transition to H* as the primary charge
carrier,




D. POINT DEFECTS IN NEUTRON-IRRADIATED QUARTZ
1. Introduction

Over the past three decades, much attention has been given
to the point defects created in crystalline SiOz by x-ray,
electron, or heavy particle irradiation. Among the reasons for
this interest are the applications of quartz-stabilized
oscillators in navigation and communication satellites. Since
these satellites may encounter a variety of radiations, it is
necessary to understand how each specific component of the
radiation spectrum affects their operation. Such knowledge will
help, in the future, to anticipate and interpret radiation-
induced variations in the performance of quartz oscillators.

A number of point defects have been identified in qQuartz;

1-7 aluminum-

12

these include oxygen-vacancy-associated centers,

8-11 and the hydrogen atom.

associated trapped hole centers,
Additional defects such as OH™ molecules trapped adjacent to
various imperfections have been observed but not identified in
detail. 13-16 7Tpe family of oxygen-vacancy-associated defects are
usually referred to as E centers and they are present in silical”
and the SiOp interface region of MOS devices,18 as well as in
quartz. These oxygen vacancies are introduced either during the
preparation, i.e., growth, of these materials or during
subsequent irradiation. Vacancy formation by irradiation usually
implies ionic displacement as a result of “knock-on” damage;19
however, recent studiesl?,20-23 pave suggested that eléctronic

excitations produced by ionizing radiation lead to transient

displacement of oxygen ions in crystalline $i0,.
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Several studies of the effects of neutron irradiation on the
frequency and Q of quartz resonators have been reported.24'26
These investigators are in general agreement that the resonator
frequency increases linearly with neutron dose, provided the
effects of any simultaneous gamma-ray irradiation are accounted
for separately. The neutron irradiation studies of quartz
resonators have led to some unexpected results. Specifically,
King and Fraser?4 found that the Q of an air-swept synthetic
quartz resonator was reduced by the neutron irradiation but that
subsequent thermal annealing caused the Q@ to increase abaove its
value prior to the irradiation. Thus, the implication is that
the properties of a resonator can be improved if the quartz blank
is first neutron irradiated and then annealed near the %« -8 phase
transition before final assembly of the resonator.

In the present paper we have used neutron irradiation to
produce point defects in synthetic quartz. Electron spin
resonance (ESR) and optical absorption (visible and infrared)
spectra were obtained from a series of five samples, each
subjected to a different neutron dose. Production and thermal
anneal characteristics were determined for the E; centers, the
EA104]° centers, a 210-nm absorption peak, and two previously
unreported S = 1 centers.

2. Experimental Procedure

A lumbered bar of high quality synthetic quartz (Premium Q
grade, pure Z growth, right hand) was obtained from Sawyer
Research Products, Eastlake, Ohio. The aluminum content of this
bar was 3.5 ppm (atomic Si) as determined by the ESR technique.27

Six samples, each having dimensions of 18 X 18 X 3 mm3 in the X,
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Y, and Z directions, respectively, were cut from the bar and then

polished. Five of these six samples were neutron irradiated in

the Research Reactor Facility at the University of Missouri-

Columbia. The sixth sample was kept as a control for later
comparison with the neutron—irradiated.crystals.

Before the neutron irradiations, each sample was sealed
inside a separate perforated aluminum capsule. These were then
lowered into the reactor pool and left for a specified time
(ranging from 0.14 to 27.8 hours). The temperature of the pool
water, which was in direct contact with the crystals, was
estimated to be between 100-150°C. Radiation doses (meutron flux
> 1 Mev) received by the five crystals were estimated to be
3 x 10!3, 1 x 10!6, 6 x 10!6, 2 x 10!7, and 7.5 x 10!7
neutrons/cmz.l After removing the crystals from the reactor and
waiting several weeks or more for their radicactivity to drop to
safe levels, two smaller sampies with dimensions 8 x 3 x 3 mm3
and 18 x 10 x 3 mm3 in the X, Y, and Z directions, respectively,
were cut from each of the inftfial crystals for use in the ESR and
the optical absorption experiments.

Optical absorption measurements In the visible and ultra-
violet were done at room temperature using a Perkin-Elmer 330
spectrophotometer, while the infrared spectra were taken at 80 K
with a Beckman 4240 spectrophotometer. Our homodyne ESR spectro-
meter operated at X-band with a Varian V-4531 rectanguliar cavity
and a 100-kHz static fleld modulation frequency. Magnetic fields
and microwave frequencies were measured with a Varfan £-500

digital gaussmeter and a Hewlett Packard 5340A counter,
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respectively. Thermal anneals were done using a smaill bench-top
furnace. Once the furnace attained a desired temperature, the
sample was placed fnside and then removed after 15 minutes.

3. Results

Our ESR study of five neutron-irradiated synthetic quartz
crystals indicates that various new (i.e., previously unreported)
paramagnetic defects are present in addition to the familiar E,
centers and [A|04]° centers. Figure | shows a room-temperature
ESR spectrum obtained from the sample that received the highest
neutron dose. The magnetic field, in this case, is parallel to
the crystal’s c axis and a single intense line representing the
E| centers easily dominates the spectrum. Additional holelike
ESR lines appear on the low~field side of the El center spectrum
and the defects responsible for them remain unidentified. These
latter spectra will not be discussed in this paper.

Earlier studies’+*28.29 have shown that E| centers have long
spin-lattice relaxation times even at room temperature and that
they are best observed when the microwave power is reduced and
the spectrometer’s phése sensitive detector is set "out-of-
phase.”" Operating the spectrometer in this latter mode, along
with a very small modulation amplitude, allowed us to demonstrate
that the El ESR spectrum, including the 8 and 9 G hyperfine
1ines, obtained from this high-dose sample was identical in
appearance to the usual El center spectrum produced by ifonizing
radtation (See, for example, Fig. | in Reference 7).

The ESR results shown in Figs. 2 and 3 were obtafned at 77 K

from this same high-dose sample. |In Fig. 2, the 400-G region

about "g = 2" contains two spectra, each conslsting of a doublet




’u:: for this c-axis orientation of the magnetic field. The inner
; . pair is labeled Doublet | and has a separation of 98.7 G while
71

%é& the outer pair is labeled Doublet [l and has a separation of
";:;: 246.5 G. Their Q¢ values are 2.0158 and 2.0205, respec_tively.

Also, two less intense lines are observed at the equivalent half-

field values of each doublet. No clear indication of hyperfine

L
j:,{'\e. lines associated with these doublets was found. For clarity, the
central portion of the spectrum is omitted fromFig. 2and is
!
f::‘:%: then shown separately in Fig. 3 in an expanded view. This
3% central region contains the E| center signal along with
™ additional holelike spectra which are unidentified. [t is reason-
‘Eﬁ able to expect that some of these holelike spectra in Fig. 3 are
,‘3 from 02‘ molecules, similar to ESR spectra observed in silica.30
qi' As the magnetic field is rotated Fr“om the c axis in the
;{. plane perpendicular to the X-axis (i.e., a twofold axis), each
'ﬂq doublet is observed to split equally.into three less intense
J%; doublets. The maximum doublet separation achieved during
Eﬁi rotation is approximately 465 G for Doublet I. A similar value
;@M is found for Doublet 11. Such large angular dependences of the
s doublet separations suggest that these centers are S = | spin
¥
;:g systems. The alternative would be S = 1/2, | = 1/2 (100%
3: abundant) spin systems, but our observation of the half-field
?% Mg = 2 transitions eliminates this latter possibility and
3»: confirms the S = | nature of these defects.
f:: Some of the neutroﬁ—lrradiated samples had a slight smoky
ol coloration which prompted our study’oF optical absorption in the
)
;zg visible and ultraviolet spectral range. The absorption bands In
s

e
*"o, 4 5

XY

OB
:‘e'l !'0"‘09'_-’!‘!'

\ ]
ey "!-.'!.tf‘!'ﬁ!tf‘?n' Tttty

) - .
OO O YO0
MO RIS 40, oK

T S A T Ty Ty Ty TN Ao 24 = o K SN
A L AT L R R s ﬁ:ﬂ,o SR GO




the visible were extremely weak and were assumed to arise from
[AIO4]° centers.3l However, an intense absorption peak was found
to occur near 210 nm in all five irradiated samples. This band,
obtained at room temperature in the high-dose sample, is shown in
trace b of Fig. 4 and the corresponding absorption in the
unirradiated control sample is shown in trace a. Additional
absorption bands may be present in the vacuum-UV region but we
were unable to observe them because our commercial spectrophoto-
meter was restricted to wavelengths greater than 185 nm.

The intensity of the optical absorption peak at 210 nm and
the intensities of the ESR spectra for the E; centers, the
[(A104]° centers, and the two new S=1 defects are shown in Fig. 5
as a function of neutron dose. Each dose level corresponds to
one of the five irradiated samples. All of the defect concen-
trations increase with dose except for the [Af04]° center.

The results of thermally annealing the high-dose sample from
room temperature to S00°C are shown in Fig. 6. After each anneal
step, the E, centers and the ultraviolet absorption band at 210
nm were monitored at room temperature and the two S = | centers
were monitored at 77 K. The major step in the thermal decay of
the E; centers occurs in the 300-400°C region in this study,
which is consistent with previous observations in electron-
frradfated synthetic quartz crystals.7 A small decrease in the
E, centers was observed near 100°C and Is associated, perhaps,
with the defects that give rise to thermoiuminescence peaks In
this temperature range.32 Between 200 and 300°C, the E, center
concentration increases slightly and this is belfeved to possibly

correlate with the thermal decay of [A104)° centers.’” Doublet I1




R

-~

U8 L O T OB AL e
ALV ‘4‘5 LN ) LI B A At ~

thermally decays sharply in the 230-265°C range, whereas Doublet
[ initially grows in the 375-425°C range and then thermally
decays in the 425-500°C region.

A final observation about the neutron-irradiated quartz
samples concerns their infrared spectra. There are three
infrared bands, at 3400, 3437, and 3585 cm~!, normally
encountered in synthetic quartz when examined at 77 K.14'15 They
are attributed to OH™ molecules trapped adjacent to unidentified
imperfections in the quartz. Although present in our control
sample, these three bands were not observed in our neutron-
irradiated samples. Instead, a8 single very broad and very low
intensity band'was observed over the entire 3400 to 3600 cm™!
region. Presumably. the neutrons have significantly disrupted
the lattice, causing a shifting o? the protons intb more poorly
defined trapping sites with a resultant "smearing" of the
infrared spectrum.

4. Discussion

Many of the recent studies of paramagnetic point defects in
quartz have used x-rays, gamma rays, or high-energy electrons as
3 means of production. In general, these "ionizing" radiations
create defects as a result of electronic excitation mechanisms.19
f.e., formation of electron-hole pairs followed (1) by
stabliization of the electrons and holes at separate trapping
sites or (2) by the conversion of this excitation energy to
kinetic energy of ifon displacement. In contrast, a primary
mechanism involved during neutron {rradiation 1s fonfc

displacement due to momentum transfer. This fnvolves direct
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collisions of the heavier neutrons with the lattice ions.
Electron irradiation also can cause these direct displacements
(via momentum transfer) in most oxides but the cross-section for
such events is relatively low compared to neutrons. We have
found that direct displacement events have been negligible in
previous studies from our laboratory7 that used etectron
irradiations for production (i.e.» saturation effects were
observed in the growth curves of all defects).

The £} center involves an oxygen vacancy and, thus, provides
a convenient monitor of possible differences between the effects
of ionizing radiation and neutrons. weeks! was the first to
describe the E, center and Silsbee? later characterized its spin-
Hamiltonian parameters., B8oth of these f{nvestigators used fast
neutron irradiation to produce the E; centers and it has been
assumed that ionic displacements were responsible for the defect
formation as opposed to electronic excitations associated with
the accompanying gamma-ray flux . rom the reactor.

More recently, Jani et al.’ used l.7-MeV electrons from a
Van de Graaff accelerator to create £, centers in synthetic
quartz. They found that performing the irradiations at room

temperature did not directly create E; centers, but that an

additional step of warming the crystal to 300°C was necessary.

 {
g! Also, they observed a saturation in the E; growth curves for

Vo

Eﬁ doses approaching 10 Mrads(Si). These results were interpreted
k’)"‘

W

pﬁt to mean (1) a signiflcant number of oxygen vacancles were

initlally present as a result of the crystal growth process and

o

(2) the room-temperature Irradiation created stably trapped

electrons and holes which then were redistributed during the
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subsequent 300°C thermal anneal to form the E; centers.
Our results shown in Fig. 5 verify that vacancies are
produced in quartz by neutron irradiation. The concentrations of
vacancy-associated defects begin to increase rapidly with neutron
dose above approximately 5 x 1016 neutrons/cm?. At doses below
this level, growth-induced vacancies appear to dominate, with the
gamma rays from the reactor serving to convert them into observ-
able paramagnetic defects. For reference, the concentration of
E, centers found in the sample receiving the highest neutron dose
was a factor of 40 greater than the maximum concentration of E;
centers produced by electron irradiation in our control sample.
The El centers created by the electron irradiation are presumably
a measure of the number of growth-induced oxygen vacancies init-
ially present, and neufron-induced oxygen-vacancy formation is
suggested as the reason for this subsequent factor of 40 increase.
Similar rapid growths of the 210-nm absorption peak and
Doublets I and II for doses above 5 x 1016 neutron/cm? also are
explained by neutron-induced vacancy and/or interstitial
production. However, the [AlO4]° center does not include a
vacancy; thus its production, as shown in Fig. 5, is quite
different from the other defects. The [A104]° centers grow with
increasing dose at the lower levels of radiation, but a decrease
in concentration of these centers occurs when the number of
neutron-induced vacancies starts to dominate over the growth-
induced vacancies. This latter observation suggests that the
neutron irradiation produces additional hole trapping sites which

then compete with the substitutional aluminum ions for available




holes. One possibility for these additional hole traps are the
E; centers.

We are unable to make a unique correlation of the 210-nm
absorption peak with a particular ESR spectrum. A number of
paramagnetic defects have approximately the same growth charac-
teristics, including the E, center, Doublets I and II, and many
of the other defects whose spectra are shown in Figs. 1 and 3.
The 210-nm peak gradually disappears over the anneal range from
about 175 to 500°C, as described in Fig. 6, and does not exhibit
well-defined steps that coincide with decays of the paramagnetic
defects. This gradual decay suggests that perhaps the 210-nm
peak contains contributions from more than one defect. During
the 1950s and 1960s, many experimental studies were done on
ultraviolet absorption bands in quartz.33'38 In particular,
Mitchell and Paige33’34 observed two major bands at 217.5 and
163.1 nm in their study of neutron and x-ray irradiated material.
These were labeled the C and E bands, respectively, and it was
suggdested that the C band might be due to an electron trapped at
an oxygen vacancy and the E band might be the related inter-
stitial oxygden ion. Our present study was limited to wavelengths
greater than 185 nm, but even it strongly suggests that an
extension of the work of Mitchell and Paige and others in the
vacuum ultraviolet is needed. Such an investigation should be
directly combined with a study of the many oxygen-vacancy ESR
spectra that have now been fully characterized in quartz.

An important feature of our present study has been the

discovery of the two new S = 1 defects. These centers have never

¥

been observed in any of our electron-irradiated samples, and this
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LM“ supports our previous conclusion that neutron-induced ijonic
displacements must be a critical step in their formation,

l Thermal annealing showed that Doublets | and Il decay near 470°C

alt ' and 250°C, respectively. After the sample had been annealed to
500°C, an electron irradiation at room temperature and another at

’Wﬁ 77 K fatled to repopulate these S = | defects. The positive g-

NN shifts exhibited by Doublets I and Il suggest that they each

consist of a pair of trapped holes. These hole-trapping sites in

the SiQp lattice are, most likely, associated with oxygen either

}k in the form of substitutional 0~ fons or as O, molecules. Our
)

:' prel iminary angular dependence study revealed a maximum splitting
;ﬁ of 465 G for Doublet | and a similar value for Doublet 1].
;: ‘Assuming a simple dipole—dfpolg fnteraction between the two

;‘ unpaired spins, thisISplifting can be used to estimate the
»
g? separation of the two unpaired spins. This gives a value of
é: approximately 5 A for Doublet I.

! A detailed model can not yet be presented for the two S = 1
i
:?: centers. Neutron irradiation results in the formation of both
ahy
:g' vacancies and interstitial fons and these S = | centers could be

associated with either type of defect. For example, a pair of
separated holes in the form of O° fons might be stabilized by an
o intervening silicon vacancy (possibly combined with other

neighboring defects). In fact, Nuttall and weil39 have suggested

e

E that sillicon vacancies can act as traps for hydrogen fons and for i
g% radfation-induced holes. However, because of the estimated 5-A |
— ' sepgration of the two spins in our case, It Is unliikely that the

:‘2}‘ 0O~ lons couldbothbewithinasingle 5104 structural unit (where

L
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2.7 A is the expected separation). Insight to possible models
for our two defects may be obtained from consideration of similar
holelike S = | defects in quartz that have been assigned by Weil
and coworkers!!+40 to pairs of 0™ ions.

Another possibility for the origin of these S = | centers is
oxygen interstitials. When created by the neutron irradiation,
these interstitials are expected to bond to substitutional oxygen
fons and form diatomic oxygen molecules. Two of these molecules
could be stabilized near each other, and trapping of holes could
convert them to paramagnetic forms (e.g., 02‘ molecules).
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Fig. I. Electron spin resonance spectrum taken at rnom temper-

B ature of the quartz sample receiving a dose of 7.5 x 10l7
", neutrons/cm4. The magnetic field was parallel to the c
4 axis and the spectrometer was operated in the "normal”
mode.
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A Fig. 2. The c-axis ESR spectrum taken ?5 77 K from the sample
W receiving the docse of 7.5 x 10 neutron/cm“. To more
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of the spectrum is omitted and is shown separately in
Fig. 3.
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3. The c-axis ESR spectrum corresponding to the omitted
central portion of Fig. 2.
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d neutron/cm2 (trace b).
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E. OBSERVATION OF A SIMPLE LITHIUM-ASSOCIATED ELECTRON TRAP
[N CRYSTALLINE Si02

Determining the identities of electron trapping centers in
the various forms of Si0, has been a long standing prob\em.1-3
Electron-spin-resonance (ESR) experiments reveal large concentra-
tions of holelike centers in both silica and single-crysta)
quartz after room-temperature irradiation; however, there are no
corresponding ESR spectra representing equivalent concentrations
of trapped electrons. It is possible that paramagnetic electron
centers are present but are difficult to observe because of
either extremely long or short spin—latticé—relaxation times. It
is equally possible that the electrons are trapped in pairs, thus
forming diamagnetic electron centers. Alkal: ions are often
suspected of being a key participant In these unseen electron
centers in S5i0,, primarily because they have a positive charge
and they are nearly always present, either as network modifiers
in silica or simply as interstitials in quartz.

The lack of paramagretism in amorphous chalcoginide semi-
conductors4 has led to the concept of negative-U centers?® and,
thus far, the silicon vacancy in crystalline silicon is the best
known example of such a deFect.6'7 Extending this concept of a
negative-U defect to quartz provides a plausible explanation for
the apparent lack of paramagnetic electron traps after room-
temperature firradifation. I[In the conclusion of the present
Letter, we suggest that the newly observed defect described

herein could combine In palrs during room-temperature irradiation

and then decay at higher temperatures by releasing not one but
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o two electrons.

In this section, we describe the observation of a simple

%f lithium-associated S = 1/2 electron trap in quartz. This defect
%; is thermally stabfe below 180 K and is formed by radiation when-
e ever isotlated interstitial lithium ions drift along the open

gt

§ channels characteristic of the quartz structure. The c-axis ESR
& spectrum (g, = 1.9995) shows a small hyperfine splitting (0.9 Q)

due to one ’Li nucleus and a large hyperfine splitting (404.7 G)

f& due to one 295i nucleus. Based on these observations, we suggest
5% that the defect consists of an extra electron stabilized by an

fu interstitial lithium ion in the otherwise perfect lattice. The
{5 most important and surprising feature of this defect is the

£

localization of the unpaired spin density on one of the adjacent

four—-coordinated silicon ions instead of on the lithium itself.

ﬁé Thus, contrary to our naive expectation, trapping of an electron
@? by a lithium fon during lrradlétion at 77 K does not result in a
3? lithium atom'analogous to the hydrogen atom® found in Si0,-

%i Instead our model is simflar to the lithium-compensated germanium
%% centers®-!!l and the silver atom center!?2 previously observed in

e

'J quartz. Following the notation scheme proposed by weil.z we

N

R label our new defect the [Si04/L11° center.

5 ]

%?. Our data were obtained from an unswept bar of synthetic

W

- quartz provided by Thermo-Oynamics, Inc. of Shawnee Mission,

‘ | Kansas. Samples with dimensions of 7 x 3 x 2 mm3 in the X, Y,

Ey' and Z directions, respectively, were cut from the +X-growth

3!

“; region. Defects were produced with x-rays from a Machlett OEG-60
;ﬁ tube (50 KV, 30 mA) positioned five cm from the sample. Each

V%; "~ Irradiation lasted five min during which time the sample was

‘" 63

DA x - A L2\ B ,.- e RS e > e o . ~ ~. N,
I T DT e \ e



efther placed ina stream of nitrogen gas precooled to the
desired temperature or immersed in a styrofoam container of
liquid nitrogen or ice water. The ESR spectrometer was an [IBM
Instruments (Bruker) Model ER2000 operating at 9.283 GHz with
100-kHz field modulation. All ESR spectra were taken with the
sanple at 77 K by using a finger Dewar extending into an [BM
4102ST rectangular cavity.

The ESR spectrum shown inFig. | was taken with the magnetic
field parallel to the c axis. [t consists of a central four-line
spectrum, with splittings of 0.9 G, surrounded by a pair of simi-
lar, but less intense, four-line spectra located 188.6 G above
and 216.1 G below the central set. The four lines within each
set are due to a single 7Li nucleus (93% abundant, [ = 3/2) while
the widely split weaker lines are due to a single 295§ nucleus
(4.7% abundant, | = 1/2). These two widely split sets of |ines
are approximately 40 times smaller than the center set, which is
in agreement with the natural abundance of 295i. Because of an
extremely long spin-lattice-relaxation time, all ESR data from
the [Si04/L1]° center were taken with the spectrometer’s lock-In
amplifier set "out-of-phase.” Similar relaxation behavior has
been reported for £ and E centers in quartz.l3'l‘

Our assignment of the four-line ESR spectra in Fig. | to a
lithium nucleus, Instead of sodium, was initially based on the
relative distribution of alkall {ons normally found In synthetic
Quartz. Martinl3 has shown that this distribution predominant!y

favors LIt In commercially grown quartz even though the mineral -

fzer Is mostly Na,CO3 withonly a smal) amount of L i ,C03 addea.




To provide more convincing proof for the nuclear identity, an
ENDOR experiment was perFormed.16 With the static magnetic field
parallel! to the c axis, a pair of ENDOR |ines were observed at
4,271 and 6.700 MHz when sitting on the next-to-lowest line in
the central ESR spectrum (i.e., at 3320.4 G and 9.2890 GHz). The
average of 5.486 MHz for these two ENDOR lines leaves no doubt
that the nucleus is lithium. A second pair of ENDOR 1ines, thus
far unidentified, were at 5.478 and 6.786 MHz.

An angular dependence study of the primary set of ESR lines,
arising from defects with no 29g§ nucleus, was made in the plane
perpendicular to the crystal’s X axis (i.e., about a twofold
symmetry axis), These results are shown in Fig. 2. For most
paramagnetic déFects in quartz, rotation of the magnetic field
away from the ¢ axis in the X plane causes each of the ESR lines
to split into three components; however, In the case of the
(S104/Li)° center, this rotation splits the lines into only two
components (the solid curve being doubly degenerate in Fig. 2).
This degeneracy requires that the [SIOA/Li]o center be symmetri-
cal about a twofold axis of the crystal (i.e., the lithium inter-
stitial ion lles on the twofold axis passing through the adjacent
silicon ion having the large spin density. The ESR data, repre-
sented Ly the points In Fig. 2, were taken at 1|3 angles ranging

from -67° to +70° and were fit to the following spin-Hamiltonian.

H= Sg@gB+ 1 AS-gyx\NBI

Final values for the g and A matrices, obtained from diagonal -

1zing the 8x8 Ham!ltonian matrix, are listed in Table | along




with parameters from analogous germanium—-associated centers in

{W quartz, The root-mean—-square deviation between the computer-

j:g generated and the measured |ine positions for the 86 lines used
ﬁ% in our fitting was 0.068 MHz, which compares favorably with the
o 1.0-MHz experimental linewidths.

éi Figure 3 shows the results of a pulse-anneal experiment to
o determine the thermal stability of the [SiO4/Li]° centers. Each
" data point was taken at 77 K and represents the amount of ESR

4

%g signal remaining after the sample was held at the indicated

ﬁﬁ anneal temperature for five min, The defect has two decay steps,
;Qi one near 109 K and the other near 187 K. We suggest that the
&ﬁ lower-temperature step occurs when holes are released from other
55‘ traps in the crystal and migrate to the [Si04/Li]° centers.

;é- Because none survive the 187-K step, we suggest that it corres-
ﬁ?. ponds to the intrinsic decay of the [SiO4/Li]° centers. In a

ﬁﬂ separate investigation, we have observed an intense thermo-

g luminescence peak in the 180-190 K region which correlates with
é; the ESR spectrum of the [Si04/Li]° center.!7

i . Our identification of the [Si04/L1]° center as an extra

%; electron trapped by an fnterstitial lithfum fon In the otherwise
1%3 perfect lattice is strongly supported by the unique nature of its
ﬁﬁ' formation condftfons. We have found that these centers are

q& formed by a two-step irradiation process, first at an fntermed-
%? fate temperature (between 150 and 300 K) and then at 77 K. This
e

e double irradiation Is needed because of the conflicting require-
g$ ments Imposed by (!) the minimum temperature at which radiation
§§; can form "free"” lithium fons in quartz and (2) the max{mum tem
¥
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perature at which the (Si04/Li]° centers remain stable. Past
. work has shown that interstitial lithium ions are located
e ad jacent to substitutional aluminum ions in as-grown quartz,15
i and also that the lithium ions can be moved away from these
trapping sites by ionizing radiation whenever the sample
né‘ temperature is near or above 200 k.18 Thus, the [SiO4/Li]°
DO centers, which are only stable below 180 K, cannot be efficiently
formed by the same irradiation that moves lithium ions away from
B0 the aluminum sites. In practice, an as-grown sample must be

s irradiated at the intermediate temperature to release the lithium

ions from their aluminum traps, then immediately cooled to 77 K

xai before the lithium ion can diffuse to another impurity or defect
%é: site, and finally irradiated at 77 K to form the [SiO,4/Li]°

" center. |

f% The solid curve in Fig. 4 shows how the production of

é&; [Si04/Li]° centers depends on the temperature of the intermediate

- irradiation. Each data point represents the concentration of
i“f these centers after a double irradiation, first at the indicated
W intermediate temperature and then at 77 K. Following each double-

e irradiation step, the sample was heated tc 300 K before continuing

!

gg' to the next intermediate temperature. For comparison, the dashed
g& curve in Fig. 4 illustrates the temperature dependence of [AlO4]°
;E center formation in quartz, which as shown in Reference 18 is

%# directly related to the radiation-induced dissociation of the

‘Mﬁ lithium-aluminum pair. It is clear from Fig. 4 that the phenomena
I ) represented by the two curves are related. for example, the

;ﬂ* formation of [Si04/Lil® centers reaches a maximum at the maximum
%5 slope of the dissociation curve. At temperatures above 250 K, the
P

“u

by “
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lithium ions have sufficient thermal energy to diffuse to more
) stable trapping sites and the production of [SiO4/Li]° centers
§ Gt
%ﬁ decreases.

In summary, we have observed a new defect in quartz wherein

A

‘ﬁg an extra electron is trapped by an alkali ion. From the produc-
ﬂ,'lf

et . . . . . .

gm tion criteria and hyperfine splittings, we show that the extra
t"

electron is trapped primarily at a four-coordinated silicon ion

Q%“ - with the adjacent interstitial lithium ion providing stability.
e;g.’i‘

%2 Furthermore, we suggest that defects of this same type should be
’? i

v

2

formed in silica and in the oxide interface regions of silicon

L ARUN] .
9&“ devices, although their stability is not expected to extend to
St

'." 5

aud room temperature. Most importantly, the simplicity of this new

center in gquartz should provide the insight necessary tc develop

Q%» models of the more complex alkali-electron traps present at room
A\ Pa)
KN
:ﬂf temperature in all forms of SiOz. In this latter regard, if two
N )

| [5104/Lil° centers were to be formed simultaneously about a
o common silicon ion during room-temperature irradiation, then a
fdﬁ diamagnetic center would result and its thermal stability might

be significantly greater than one ESiO4/Li]° center alone. This

iﬂé would represent an effective negative-U behavior. Then, when the
Q;E diamagnetic center thermally decays by releasing an electron, the
w' remaining center would immediately become unstable and release

%ﬁ: the second electron.
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Figure l. ESR spectrum of the [Si04/L1]° center. These data were

taken at 77 K with the magnetic fleld parallel to the

crystal’s ¢ axis. The gain was increased by a factor
of ten when recording the two outer sets of four

lines.
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Angular dependence of the central ESR spectrum for
rotation of the magnetic field in the X plane., The
points are experimental data, while the dashed and
solid (doubly degenerate) curves were computer-
generated from the parameters given in Table 1.
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data point was taken at 77 K after holding the sample
at the indicated anneal temperature for five min.
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F. Evaluation of RADC Grown Material
We have completed the project of measuring the room tempera-
ture mechanical Q of nominal 5 MHz 5th overtone AT-cut ‘“Warner

1 resonator blanks grown for RADC by Motorola. The orignal

design”
samples were seven sets of unfinished discs nominally cut to the
AT-angle sent to us by RADC. Initially two sets were sequentially
sent to KW Mfg. (Prague, OK) for fabrication into contoured-
polished blanks. Since delivery was slow and the finish was not
as good as their previous work the remaining sets were sent
sequentially to Piezo Crystal Co. (Carlisle, PA). The mechanical
Q at room temperature was measured using the log-decrement method
with the sample mounted in a gap holder. The gap holder was
located in a small test chamber that was held under vacuum. We
do not expect that the Q was limited by the measuring technique
since we use the same method for many of our temperature
dependent measurements and we routinely observe mechanical @
values greater than 10 million at low temperatures. Table 1 gives
the average room temperature mechanical Q values for the seven
sets of samples. Most of the averages were obtained by using
five or more samples. Only three blanks were available for GC24S,
the swept material. Only two and three of the five blanks in the
GC6 and GC7 sets respectively worked well. The table also gives
the average resonant frequency the angle at which the blank had
been cut by the original fabricator. It should be noted that
several of the sets were cut near 34° rather than the 359 + AT
angle. It 1is not known if this angular deviation affects the Q
value; these “off-angle” blanks did show some interfering mode

problems. 75
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Table 1. Room temperature mgchanical Q’s.

Sample f(MHz) Q(x10°) Angle Q' (x10%) Q(opt) Al(ppm)
GC2-48(7) 5.326 1.94 35031° 2.18 2.84

7 GC6-21(2) 5.632 1.34 34°01° 1.51 1.94

X GC7-48(3) 5.190 1.31 35©34’ 1.31 1.31

i GC9 (5) 5.667 1.20 34°01 1.36 2.57

¢ GC18¢(5) 5.629 2.31 = e 2.60 2.13 0.5

. GC24(5) 5.624 2.05 35934’ 2.31 2.52 0.9

o GC24S(3) 5.627 2.32 @ @ ——eee——- 2.61 3. 40

. PQ-E(5) 4.675 2.22 ememm——— 2.08 _——

The numbers in parentheses give the number of blanks tested.

T

The mechanical Q of blanks taken from our own Sawyer Premium @

“
'™

bar designated PQ-E are included for comparison. The optical Q is

for the GC-series blanks; and the Al content is given for the GC-

Y

18 and GC-24 blanksl.

The mechanical Q of a crystal at a given temperature 1is
{ determined by the various loss mechanism that are operating. At
room temperature we expect that the mechanisms are the intrinsic

loss due to the interaction between the AT-thickness shear

v etwt -

vibration and the thermal phonons plus Debye-like anharmonic
losses due to point defects. Since the losses are assumed to be
additive we should be able to write

1/Q = 1/Q; + 1/Q4

& B

where 1/Q; stands for the intrinsicAloss and 1/Qq stands for the
loss due to defects. The intrinsic loss is proportional to the
frequencyz'a; consequently if it is the only mechanism present we
can scale the Q@ values to the "standard” 5 MHz frequency. The
Q’ values given in Table 1 are the "scaled” Q values obtained by
multiplying the Q by the ratio f(MHz)/5. This operation 1is
probably reasonable for the high Q samples but is not valid for
e the lower Q samples. We believe that most likely a “defect”

o mechanism such as the 340 K Na-related and 305 K Li-related loss

. 76
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)
;%ﬁ peaks reported by Martin, Hwang and Bahadur?4 is present in the
N

R lower Q crystals. Temperature dependent measurements are
y‘f;. . .
{w necessary to determine if the room temperature mechanical Q is
DA
,f‘.l .

ot 1imited by such point defects.

,-i'l'

t;_

) IR absorption spectra were taken on one blank from each of
ALY

W
K the seven sets of samples. The polished-contoured blanks were
K

W

fﬁ mounted in our optical dewar with the X-axis in the vertical
!,A‘\L.

direction. Figures 1 and 2 show the resulting spectra along with

3&""
ﬁf, one of our own blanks taken from Premium Q bar PQ-E. The samples
)
53::. GC18, GC24, and GC24S which have the highest mechanical Q show
ol

o the cleanest IR spectra while GC9 which has the lowest Q shows
i-x.;'l

e the dirtiest spectrum. The curve for GC24S shows a very small Al-
Ayt :

A
oo OH band indicating that this sample has a very low Al content.
iy .

- As part of this project we have performed evaluation tests
" .
)
:@' for the aluminum content in quartz grown by RADC. Aluminum is a
j’ pervasive and active impurity in all quartz, and its content is a
L)

;J good indicator of the quality of a quartz bar. The aluminum
‘.(,';':
%ﬁ content was measured by the method described by Markes and
t".:'

%& HalliburtonS. Table 2 summarizes these aluminum determinations.
)

- l. A. F. Armington, private communication, (1985).
I 2. A. W. Warner, Bell Syst. Tech. J. 40, 1193(1960).
gy 3. D. B. Fraser, Physical Acoustics, edited by W. P. Mason
ﬁ (Academic Press, New York, 1968), Vol. V. Chap. 2.
ﬁ. 4. J. J. Martin, Ho. B. Hwang, &a&nd H. Bahadur, Proc. of the 39th
LI Annual Symposfum on Frequency Control, p266 (1985).

o 5. M. Markes and L. E. Halliburton, J. Appl!. Phys. 50, 8172
.;.;’ (1979).
.
%8
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TABLE 2. Summary of Quartz Analyses done at Oklahoma State
University for RADC during 1984 and 198S.

SAMPLE AL CONTENT (ppm) COMMENTS
X46A .3

X449 1.9

X51X 19.2 one end (25%) black
xX52X 0.13

X542 2.8

X558 0.03

XSST 0.05

X618 3.8

X61B (2nd attempt) 0.22

X64T 0.06

X66 1.6

X678 0.11

X70 15.1 25% x~growth

X718 0.28

X72 4.01 no indication of vanadium
X76 1.01

X78 0.19

X79 2.30

QA30X 2.4

QA31IX 5.9 one end (25%) black
QA32 32.0 totally black

QA33Z 0.42

QA34 1.75

QA35Z 8.1

QA36X 2.5

QA362Z 16.6 one end (10%) black
QA37T 0.6

QA388 8.7

QA398 0.05

QA40B 0.2

QA46M 0.19

QA48 0.96

QA498 0.15

QAS08 0.07

QAS18B 0.07

QAS2T 0.64

QC 13-19 (T3-1) 11.0

Qc 12-7 (T1-2) 7.2

QP19 : 1.7

QP20 10.9 one end (10%) black
QP22 1.0

QP24 0.70

QP25 0.51 no indication of iron
QP26 29.7

T=-1=7 30.2
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G. LIST OF PAPERS, PRESENTATIONS, AND THESES

The following quartz-related papers, and theses resulted )
from the research performed at Oklahoma State University under
this contract.

1, Papers (in journals).

J. J. Martin, ALUMINUM RELATED ACOUSTIC LOSS IN AT-CUT QUARTZ
CRYSTALS, J. Appl. Phys., 56, 2536 (1984).

L. E. Balliburton, M. G. Jani, and R. B. Bossoli, ELECTRON SPIN
RESONANCE AND OPTICAL STUDIES OF OXYGEN VACANCY CENTERS IN
QUARTZ, Nucl. Instrum. Methods Bl, 344 (1984).

B. Subramaniam, L. E. Halliburton, and J. J. Martin, RADIATION
EFFECTS IN CRYSTALLINE SiOo: INFRARED ABSORPTION FROM OH™ -RELATED
DEFECTS, J. Phys. Chem. So%ids 45, 575 (1984).

M. G. Jani and L. E. Halliburton, POINT DEFECTS IN NEUTRON-
IRRADIATED QUARTZ, J. Appl. Phys. 56, 942 (1884).

L. E. Halliburton, DEFECT MODELS AND RADIATION DAMAGE MECHANISMS
IN ALPHA-QUARTZ, Cryst. Latt. Def. and Amorph. Mat. 12, 163
(1985).

2. Conference Proceedings.

Augusto R. Lopez, J. D. West, and J. J. Martin, ELECTRODIFFUSION
OF IONS IN ALPHA-QUARTZ in MRS Proceedings: Defect Properties
and Processing of High-Technology Non-Metallic Materials, Vol.
24, in press.

J. J. Martin, Ho B. Hwang, and H. Bahadur, RADIATION EFFECTS IN
THE ACOUSTIC LOSS SPECTRA OF AT-CUT QUARTZ CRYSTALS, Proc. 39th
Annual Symposium on Frequency Control, p266 (1985).

J. J. Martin, ALUMINUM-RELATED ACOUSTIC LOSS IN AT-CUT QUARTZ

CRYSTALS, Proc. 38th Annual Symposium on Frequency Control, pl6
(1984).

3. Theses (at Oklahoma State University).

Ho B. Hwang, "Radiation Effects in the Acoustic Loss Spectra of
AT-Cut Toyo Quartz Crystals,” M. S. May, 1985.

Jerry Doug West, "Electrodiffusion of Lithium, Sodium and
Hydrogen Ions in Synthetic Quartz,” M. S. July, 1984.

Gary E. A. Berman, "Radiation-Induced Acoustic Loss in Quartz
Crystals,” M. S. May, 1984.

B. L. Mihura, "Oxygen Divacancy Model for the'E' Centers in




S Crystalline SiOp, " M. S. May 1984.

. C. Y. Chen, "Electron Spin Resonance of Point Defects in Quartz,'

T Ph. D. Dec. 1985.




I. PROPERTIES OF FLUORIDE GLASS MATERIALS
USEFUL FOR FIBERS AND LASER HOSTS

by

William A. Sibley and Richard C. Powell

A. Introduction

The research on optical properties of heavy metal fluoride glasses and
oxide glasses with an eye toward their use in optical communications and
laser hosts has made remarkable progress over the last several years. The
work has involved very practical aspects such as the production of new
laser systems and important fundamental research on the site positions and
the bonding of impurity ions in these glasses. The heavy metal fluoride
glass materials containing zirconium fluoride, hafnium fluoride and
barium/thorium fluoride have been invesﬁgqted. All of these materials
have excellent properties. There are, of course, some areas of concern
such as radiation effects. There are also some areas of great excitement
such as the possibility as using them for up-conversion. In each case,
progress has been made. We are looking forward to continuing progress on
the upconversion project. Perhaps the area of greatest importance is
holographic gratings produced by four wave mixing techniques in these
materials. Professor Powell has made a study of oxide materials which has
been extremely fruitful. This work continues on a selected list of fluoride
glasses. In the area of optical impurity research and radiation damage
work it is been known for some time the optical properties of glasses have

been an important topic of continuing interest.
B. Heavy Metal Fluoride Glasses

|. Introduction

The optical properties of glasses have been an important topic of continuing
interest. Considerable literature has recently emerged conceming the structure,
optical, mechanical, thermal, and electrical properties of these materials. fl-lO]
Several excellent review popers have been written on heavy metal fluoride glasses. [7-3
The high optical tronsparency which stretches from O.Zycm in the vitraviolet to qum
in the mid-infrared and the easy incorporation of various impurities such as rore earth
and tronai tian metal ions make heavy metal fluoride glass of interest for potential use
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"ol
X
e::: as mulfi-spectral optical components, IR fiber optics materials, IR laser windows and
:'_;f‘ laser host materiais. DO—I ﬂ Much of the work on the optical and physical
i charocteristics of these heavy metal fluoride glasses has centered on fluorozirconate
S and fluorohafnate glasses in which Zrf, or HfF is the primary constituent. Recently,
s,, however, the synthesis of multicomponent compasition glass based on fluorides of Th,
.; ) Ba, Zn and heavy metals such as Yb or Lu has been reported. [IZ,IJ] Table | provides
o the compaai tion of the glasses of interest in this paper.
" Table |
\;:{ Batch compasi tians (mole%) of some heavy-metal fluoride glasses.
l.~;
i,
et
W Clas  BaFg  ZoF; YbF; ThF, NaF LoF; ZF, LoF; AlF;  HF,
wh BZYyT 19 21 21 2
A% BZYTN 14 27 27 27 5
;. BZYTL 9 27 10 27 17
i BZYTLN 14 27 o 27 s 17
My z8L 33 62 S
ZBLA 36 57 3 4
; HBL 3 9 S8

"—') These new materials are of special interest because they offer extended infrared
transmission and improved chemical durability. The purpose of this paper is to review
, the feasibility of utilizing these materials in light guide applicatiens. Special
> emphasis will be given to radiation damage properties and the utilization of heavy

g
e g metal fluoride glasses as optical device materials.
K,
Ll
i I, LIGHT GUIDE MATERIALS
4 v
:, Long distance transmission of optical information has been made possible by the
R production of optical fibers with v low impurity concentrations which operate in
1Y ey
Oy the mid infrared range from 2-10um. In the case of high power transmission for
l':'_ 9 /U.
N distances of only a few hundred meters losses of tenths of db/km can be tolerated. On
"‘ the other hand for long distance communication uitra low losses of the o-der of 10-2
a db/km are desired. Figure | illustrates some of the constraints on the materials of
KN
! choice. Natice that Rayleigh scattering is the lass mechanism in the visible region of
& the spectrum but decreases rapidly in importance in the infrared. Rayleigh scattering
i is proportional to A\~ and losses below 10-3db/km are predicted for the 3-10um
: region. Similarly, electronic transitions con be avoided by utilizing materials which
::: have a large band gap.
q‘:'
l"'
R
5
et 83
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Loss mechanisms for infrared transmission. (81

Optical absorption by impurities such as Fe, Eu or OHcan also be reduced through the
reduction of impurities or special treatment. The muitiphonon edge in the infrared is
particularly important. Of course, in the mid infrared Rayleigh scattering is low and
transi tion metal ion impurity absorption decreases; therefore, materials with long
wavelength multiphonon transitions are more ideally suited for long range
communication. Figure 2, which is schematic of the optical transparency of materials
such as halide glasses or single crystal KCl, illustrates this point. It is evident that
the heavy metal halide glasses with an intrinsic loss of 10-3 db/km at 3/“' m are an
excellent choice for long range optical transmission.C7,81

One possible negative aspect of this type of material for optical transmission is
radiation damage. Previous work by Halliburton, Griscom, Friebele, Tanimura and
their collaborators [14-19] , has shown that these materials damage much like alkali
halide materials. That is the photochemical damage mechanism is prevalent and the
materials are highly sensitive to ionizing radiation. The optical absorption induced by
a dose of 10!6 MeV/cm?3 ionizing radigtion in two types of heavy metal fluoride
glasses is portrayed in Figure 3. The long tail associated with the zirconium base
fluoride glass which extends from S00 nm into the infrared is due to the production of
Zr¥* defects in this material by rodiation. This absorption extends to Z}m\ ond con be
as high as 103 d/lem.
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Figure 2
Predicted IR loss spectrum for various glasses and KC! single crystal.

The BaF,/ThF, base glass seems to be much less affected by radiation and the
absence of zirconium or hafnium means that there is no deleterious radiation induced
infrared absorption in this glass. Annegling of the radiation damage occurs in both
types of materials. This is siown in Figure 4. Notice that the BaF 5/ ThF, glass
recovers from radiation damage at @ much lower temperature than the fluorozirconate
glass. For low temperature radiation, both types of glasses are sensitive to ionizing
radiation and considerable absorption is produced. Nonetheless, it does appear that
both types of glasses are very useful for long range data transmission with the
BaF 7/ ThF base glass having an odvantage as far as radiation damage is concerned.

These glasses are in many cases grown in or treated with Cl vapor in order to
reduce the OH" absorption in the infrared. Cases et.al. [15] and Griscom and Tran [1€]
were the first fo discover that such a treatment resulted in chlorine being present in
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Figure 3
Optical absorption spectra pf BZYT and ZBL(C1) glasses after 1.7 MeV electron
irradiation (10'6Me¥/em3) at 80K and 300K.

the glass in high concentration and Tanimura, et. al. [| 9] by combining electron spin
resononce measurements and optical measurements with chemical analysis were able
to show that as much as 2-5 weight percent of chlorine could be incorporated in the
fluorozirconate glasses. Figure S illustrates the ESR spectrum of Clz_ centers
produced by rodiation in the fluorozirconate glass. Since this was discovered it has
been possible for Drexhage and Suscavage at the Rome Air Development Center at
Harecomn field to produce glass which is essentially chiorine free.
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Figure 6

Energy levels and transitions for Er3*.

lil. DEVICE MATE.<IALS

Glass has always been a favorite device material. It is easily fabricated and
reasonably inexpensive. In particular, the properties of fluoride glass, becquse of the
wide range of transparency and easy incorporation of impurities make this glass a
greqt possibility for future communication devices. If it were possible to develop
glasses compatible with light guides which can sustain optical gratings and act as laser
sources, then an excellent monolithic system would be available. Therefore, it is
important to investigate the optical properties of various impurity ions such as the
rare earth and transitional metal ions in these glass hosts.

In order to investigate the optical properties of these materials, a series of rare
earth ions have been incorporated info the material. [1,3,20,21,22,23] Figures 5,7
and 8 illustrate the energy level diograms for the impurities of Er3* , Pr3* [20), and
Nd3* and the optical transitions that occur between these energy levels.
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N
Of course for practical applications, room temperature operation of g system is
K necessary and it is important to evaluate the various loss mechanisms for optical
F transi tions as a function of temperature. Weber showed that optical absorption and
y emisson data can be utilized to calculate, using the Judd-Ofelt technique, the forced
electric dipole transitions which occur due to the admixing of odd parity terms of
ot higher energy configurations and by perturbations due to the host stark field [9]. The
, data and caiculations are then used to examine the radiative and nonradiative rates
:'; under the assumption of no energy transfer. In particular we have investigated the

optical properties of the rare earth ions, Er3* (3, 22 , Ho3* (217and Pr3+ L203in

this manner. For example, in the case of Er3* in fluorozirconate glass, Figure 9
provides infarmation from which the calculation of multiphonon transitions con be
made. '
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Energy levels and transitions for Nd=*.

This figure illustrates the temperature dependance of the emission lifetime for
the various Er3* transitions in Figure 6. The circles are for data taken on a material
with 0.5 mole % Erf 3, whereas the x's represent data taken for materials with 2 mole
% Erf3. Notice that energy transfer does occur for the 2 mote % case which is why
the emission lifetime from the “113/2 level to the a'IS/Z level is much shorter than
that for the 0.5 mole % glass. The decrease in lifetime and intensity with increasing
temperature for the sample containing 0.5 mole % Erf 3 is due to multiphonon
transi tions since energy transfer does not occur and can be fit by a theory as shown by
the solid line. Subtracting the radiative rate as calculated from Judd-Ofeit from the
lifetime at any particular temperature yields the non-radiative rate or the multi-
phonon transitions. Figure 10 is a plot of the multiphonon transition rate as a function
of energy gap between energy levels for a series of materials.
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Notice that the fluorozirconate material, ZBLA, shows @ much lower
mulitiphonon emissian rate than the other materials. Since the multiphonon emission
rate is low, the radiative rate is high and the materials shouid operate more
efficiently at a higher temperature than the other materials. This suggests the
fluorozirconate materials and other heavy metal fluoride glasses should be excellent
for optical devices. The question, of course is, is it possi'ble to produce a laser using
this glass host material? It would be highly desirable to have a'Nd3* laser in this

ENERGY GAP {cm*')

Figure 10
Muitiphonon transition rate as a function of the energy gap between energy levels for

various materials.

host. in the evaluation the cross section

where ] is the quantum efficiency, n the index of refroctions, {¥the frequency half
width of the transition, A the probe wavelength and Zs the lifetime of the stimulated

emisson,




The gain coefficient x is defined as
Y (em-h) £nEGeU 7))

where the gain G = [gmbe -Io and d is the sample thickness must be evaluated.
' b

In order 1o investigate the possiblity of stimulated emission in ZBLANGS* the
experimental configuration shown in Figure || was employed.

Figure |1
Experimental system for single pass gain measurements.

The measurement of gain was easily mode with this system. For ZBLAN the
threshhoid power (mJ/puise) is 4.8 whereas it is 3.8 for ED-Z silicate:Nd according to
Weber. (9] The crossection for ED-2 silicate:Nd is 2.6 x 10-20 em? and 8.5 x 10-20 for
ZBLAND. The onset of laser oction is also shown in Figure 12. This suggests that
laser operation is possible in these materials and since the multiphonon interactions
are 0 low an efficient laser system should be possible. ’
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Figure 12
The onset of stimulated emission for ZBLA N,

Other impurities such as the tronsition metal ions are also of great importance
in these materials for device applications such as electroluminescence or
upconversian, [22,23] Figures 13, 14, 15 illustrate the optical absorption or excitation
spectra of impurities such as Mn2*, Co?*, and NiZ* when embedded in MgF 5 single
crystals or ZBLA glass at 86K. In the figures the notation for Oy, crystal field is used
for simplicity and reference to Tanabe-Sugano diagrams [26] . In actality the crystal
field symmetry is much lower,
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Figure 13
Absorption spectra of Co2* (2.0 x 1020 jons cm=3) in MgFy crystal (upper frame), and
Co?* (3.3 x 10890cm-3) in ZBLA glass (lower frame) at 86K.

Notice that there is a shift in the optical absorption between the glass and the
crystals. It is evident that the lowest energy Mn2* absorption shifts to higher
energies, whereas all the Co2* and Ni* absorption shift to lower energies. It should
also be noted that for the same impurity concentrations the glass has a stronger
optical absorption indicating larger oscillator strengths for the glass. This may be
caoused by the asymmetric crystal field around the impurities in the glass, which qids
(d - d) parity - forbidden electric - dipole transitions. The shift in absorption as noted

above can be explained by utilization of Tanabe-Sugano diagrams for crystal field
» effects. [26] This is shown in Figures 16, 17, and |8 for Mn2*, Co2* and Ni2*
;'.:‘:« respectively.
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Figu.e 14
Unpolarized gbsorption spectra of Ni+ (8.7 x 1020 ions cm=3) in MgF 5 crystal (upper
frame), and Ni2* (1.7 x 1020 ions em=3) in ZBLA glass (lower frame) at 86K. The
transition energies estimated from Tanabe-Sugano diagrams {26] are shown by
vertical lines.

Notice that in the case of an’ an increasing crystal field moves the agbsorption
or emission energies to longer wavelengths whereas the opposite is the case for Co?*
and NiZ* just as is observed in Figures 13 and 14. This con have a detrimental effect -
for infrared transitions since the multiphonon rate increases when levels are closer
together. Therefore, in the case of Co2*, which has shifted further into the infrared,
no optical luminescence is noted even at IS K. In NiZ* only a weak emission is
cbserved at Z,u m, For Mn2* the emission is present and has a temperature
independent lifetime as might be expected for multiphonon transi tions. [27]




WAVELENGTH (nm)
600 500 400 320

oY

MgF2:Mn?* 4.1x10%%m™ o, 40 86K
I“

1.0

|
,*
O.SE’
lr

- EMISSION INTENSITY (arb.units)

o L
ZBLA:MNn?*3.3x10%%m 4, +g,
e 1.0
)
Y 0.5~
.:t:' oL it
et 15
L3N} -
g WAVENUMBER (10%cm™")
n Figure IS
iy Unpolarized excitaticn spectra of Mn2* (4.1 x 1020 ions cm‘3) in MgF crystal (upper
.’::L: frame), ond Mn2* (3.3 x 1020 jons cm™3) in ZBLA glass (lower frame) at 86K. Emission
n has been detected at 16840 cm™! for MgF5, and at 17450 em™! for ZBLA.
3 "’I
. V. SUMMARY

In summary, it appears that heavy metgql fluoride glass materials are attractive
; ; for optical communication systems. They can be used both as long range transmission
‘ light guides and as dev'ice materials. The room temperature operation of these optical
devices is extremely important and the low multiphonon rates for the heavy metal

L};» fluoride glasses make them especially useful for this type of system, The possibility
of using them to change infrared light to visible light through two photon processes

o known as upconversion is also possible because of the low multi phonon rates.
Radiation damage can be a problem in some instances but it appears that it is not a

o major problem and that the utilization of the BaF 5/ ThF, base glasses would

-:‘: circumvent the problem, Therefore, it is evident that these materials are highly
B |

:::{: promising for future research and potential applications.
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Tanabe-~Sugano diagram for Co?*, Tanabe-Sugano diagram for

Vertical dotted lines show the crystal NiZ* vertical dotted lines

fields for MgF 7 and ZBLA glass ot 86K. show the crystal fields in MgF,

The values of Dg and B are 825 em-! crystals and ABLA glass at 86K. The
K and 975 em™! for MgF 5, 63G em-! valuves of Dq and B are 725 em=! and

: and 920 cm~! for ZBLA. The value 985 cm-! for MgF 5 and 640 em-!

ol of ( C/B) has been fixed at 4.63. and 970 cm~! for ZBLA. The value of
i (C/B) has been fixed at 4.71.
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Mn?* B(MgFs)=778cm""

8(ZBLA)=780cm"!
L) ZBLA MgF: 86K
-
o
v . 10}
i P ‘s T S
o o.s 1.0 1.8
o Da/8
5 K
s Figure 18
N Tanabe-Sugano.diagram for MnZ* Vertical dotted lines show the crystal fields in
::n MgF 5 crystal and ZBLA glass ot 86K. The values of Dq and B are 890 em~} and 775
;v{fi;'i em™ for MgF,, 610 em™! and 760 cm™! for ZBLA. The vaiue of (C/B) has been fixed
e at 4,48,
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C. Fracton Linebroadening in Doped Blanses

I. INTRODUCTICN
Phyiicnl properties such as thersal conductivity, hesat capa-

city, and ultrasonic attenuation are known to be Quite different
at low temperatures in q}nsscs as compared to cr*stgls.’ This
has been attributed to additional degrees of freedoa {in asorphous
solids that are not present in crystals. These are described by
a phenomenological model cons{sting of two possible local atomic
or bonding equilibrium arrangesents separated bY a potential
barrier.2s3 The local system can vibrate within one potential
well or tunnel between the two wells. These localized "two-level
syYystems®™ (TLS) provide the additional density of states necessary
to interpret many of the observed experine&tai results. However
there are still many unanswered Questions concerning the funda-
mental nature of these TLE and the role they play in determining
other properties of amorphous solids. Thui, this is still a very
active area of research. -

One wmethod of probing the properties of smotional degrees of
freedom of solids has been to study the temperature dependence of
the homogeneous linewidth of an optical transition of an impurity
ion {in the solid. This has become an especially powerful tool
with the use of high resolution lasers to selectively excite
subsets of lons within an inhomogeneously broadened spectral
profile so homoQeneous linewidths can be measured even {n the
presence of significant static strain broadening. Hole-burning

in absorption and fluorescence linenarrowing (FLN) {n eaiss{ion
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make use of this technique. FLN experiments on EuS* fons in a
silicate glass host have shown a T2 dependence for the homo-—
geneous linewidth at low temperatures.? Thix has been inter-
preted in terms of contributions to the linebroadening due to the
interaction between the impurity ion and the 1local TL8.57
Further experimental data are required to increase our under-
standing of thlsAtypc of linebroadening mechanism.

We report here the results of FLN measurements on ExS* in
three different types of glass hosts at temperatures ranging from
10 to 300 K. The residual inhomogeneous linewidth at 10 K |is
found to increase linearly with energy across the inhomogeneously
broadened band. The homogeneous linewidth at both the high and
low energy sides of the inhomogeneously broadened band is found
to obey a T2 dependence over the entire temperature range inves-
tigated for all three glasses.

It was first suggested by Stapleton and co-workers8 that
fractal structures might have an anomalous phonon density of
states that would affect electron-phonon relaxation Pprocesses.
Using the fracton concegt of Alexander and Orbach? we consider
the coupling of the impurity ion to the vibrational degrees of
freedom of the amorphous host. Both the temperature dependence
and the magnitude of the observed linewidths are consistent with

Raman broadening by the localized vibrations (fractons).

II. EXPERIMENTAL
The laser-narrowed fluorescence linewidth was measured with
the apparatus shown schematically in Fig. 1. The 10 ns excita-

tion pulse from the nitrogen laser—pumPped tunable dye laser
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Passed through an extra-cavity etalon reducing its linewidth to

*
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0.15 cm~ 1, Coumarin dye was used to produce resonant excitation

of the Eu3+ 7F°-SD° transition of interest. The‘ samples were

Pyt
-
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T

mounted on the coldfinger of a closed-cycle helium cryostat

,%3 Permitting measurements between 10 and 300 K. The fluorescence
.§ ‘f
ﬁ?’ was focused on the entrance slit of a Spex 1-m spectrometer set

for a resolution of 0.08 8. A shutter placed between the sample

and the spectrometer was opened 0.6 ms after the excitation pulse

Lo
itg to eliminate the possibility of contamination of the signal by
i scattered laser light after resonant excitation. The window of
'1% the boxcar integrator was set to look at the spectrum 1.9 ns
g; after the excitation pulse. It is shown elsewhere that energy
W transfer does not broaden the fluorescence on this time scale.1©
é% ' Three eurcPium dopPed glass samples were 1nvestiqated.l These l
:&5 had the following composition in mole Per cent: 1lithium silicate
}%: glass (LS), 57.0 Si0,, 27.3 Lix0, 10.0 CaO, 2.5‘A1203, 3.0 Eu,0x;
%? sodium silicate glass (NS), 72.0 Si05, 135.0 Naj 0, 5.0 BaO, 5.0
%?' Zr0y 3.0 Eup0x; and Potassium germanate glass (KG), 63.3 GeOo,
2§$ 17.0 K50, 17.0'830, 0.7 Eug0x. The sPectral properties of these
iﬁ' samples have been reported previously.l1©

e

ﬁi I1I. HOMOGENEOUS AND INHOMOGENEQUS CONTRIBUTIONS TO THE

“i8 LASER-NARROWED FLUORESCENCE LINEWIDTH

;§£ For resonant excitation of a transitiony such as that
%? ‘ studied here, the transition linewidth is given using the approx-
;ﬂ. imation of Kushida and Takushi,!1

ol 28v=Av_p -Av (1)
o obs res

\?jgg. where Av is the linewidth of the transition, Avg,, is the
. ~ 103
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observed fluorescence linewidth, and Ay . is the instrumental
rcsolution." Fig. 2 displays the temPperature dependence of the
narrowed fluorescence linewidth for excitation on the high energy
and low energy sides of the inhomogenecusly broadened band +for
the lithium silicate glass (LS), the sodium silicate glass (NB),
and the potassium germanate glass (K8). In each case the line
width has an approximately Quadratic temperature-dependence at
high temperatures, but is seen to approach a temperature-indepen—
dent 1imit at low temperatures. This differs from previously
reported results in glasses? where the quadratic teaperature
dependence was seen to extend to 10 K. Note that the 1limiting
values of the linewidths in Fig. 2 are about an order of aagni-
tude larger than the instrumental resolution. However , because

we have used an extra-cavity etalon rather than an intra—cavity

etalon, as employed by Yen and co-nork.rs,“'11 the linewidth of
our excitation pulse is an order of aagnitude larger. This
suggests that the temperature—-independent contribution to the
linewidth {s residual inhomogeneous broadening due to imperfect
site selection. Because the inhomogeneous contribution has been
reduced to about 1 ca™! from the several hundred ca~l width
before site selective oxcltation.lo it can be deconvoluted from

the homogQeneous linewidth using the same techniques emploYed for

:ﬁ- crystalline hosts. The results of this procedure are shown 1in
:. Fig. 3. They are consistent with a qQuadratic temperature depen-
W
Wt
-i- dence for the homogeneous linewidth from 10 K to the highest

! temperatures seasured for all of the samples.

Wy The dependence of the linewidth on the excitation freqQuency
Y\
i
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was also measured at 10 K. These results are shown in Fig. 4.
It can be seen that the linewidth increases monotonically {n a
roughly 1£ﬁear fashion as the excitation frequency is. scanned
from the 1low to the high frequency side of the {nhomogeneocusly
broadened band. This 1s the behavior to be expected of the
residual inhomogeneous linewidth. The {nhomogeneocus broadening
arises from variations in the crystal field from site to site in
the glass. The residual broadening is a measure of the number of
different 1local environments that have crystal +fields similar
enough that the energy difference in their electronic transitions
is within the excitation linewidth. One naively expocés this
density of site distributions to be greater on the high energy
side of the inhomogeneously broadened band where the crystal
field splitting is strongest due to the larger number of ligands
involved. It is noteworthy that the homageneous linewidth does
not behave in this way in one of the glasses studied. Figures 2
and 3 show that for the LS Qlass the wseasured linewidth is
smaller on the high frequency side of the band than on the low at
temperatures above &0 K. The homogeneous linewidth which we
extract from the measurements is smaller on the high freqQuency
side at all temperatures covered in these experiments. This
behavior of the homoqencou; linewidth is opposite to that of the
other two glasses studied and t6 the observations of Morgan, et
a1.”7 on the linewidth of a variety of gQlasses at room

temperature.

IV. FRACTON MODEL FOR THE HOMOGENEOUS LINEWIDTH

In crystals the electron-phonon interactions cdntrol the




temperature dependent linewidth, with direct processes producing
an oxpoﬁentﬂnl dependence and Raman processes leading to a T/

. dependence for T<<ep and a T2 dependence for T>>0p.12113 This is

Ki

Quite different from Qlasses which exhibit a universal Quadratic

- Pt ke
. P

tenperature dependence for the homoQeneous linewidth. t.yo and
Orbach® have shown that the TLS that have been invoked to expPlain

the anomalous thersal proPerties of glasses below 1 K can lead to

o

& GQuadratic dependence of the homogeneous linewidth. However,

this result holds as a low temperature approximation only and

»

~ -
Y e o

reqQuires a unifora density of states for the TLS. At high temsp-~

- wem s
» e

eratures this msodel produces a linear temperature dependence. It

is difficult to accept that the low temperature limit would be

ot

e
G

valid at 300 K. Although the TLSE is a very successful model in

"

accounting for thermal properties at very low temperatures and.
acoustic Pproperties at low frequencies, the nature of these TLS

has not-been determined. While it is Qenerally accepted that

they 1involve tunneling between neighboring sites of local equil-

" ibria in the glass structure, it is not known whether thcl
v entities involved in the tunneling are individual {ons or =much

larger clusters. If the latter'uerc the case, their effect on

¥ the 1local environment of the optically active ions might be

negligible.

In this section we develop a simple model of the hosoQeneous
¥ linewidth based on the “fracton®™ concept of Alexander and
g Orbach.? This differs from the TLS model in that the impurity
: ion interacts with the vibrational excitations of the host rather
than the TLS modes. The Quadratic temperature dependence |is

o shown to be a natural result of Raman processes involving these
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non—-DebYe~-1ike atomic vibrations and the magnitudes of the
electron-phonon (or electron-fracton) couPling constants needed
to obtain the observed linewidths are found to be consistent with
those found in crystals.

The Raman contribution to the homogeneous linewidth is given
by

: )

Bvg=(472/0) IKFIVRIL> 128 1<£122115120(0) 2de (2)
where <fle2]i> is a matrix element of the average local strain,
g(w) is the vibrational density of states, and <f|Vgii> is the
electrostatic matrix element faor the Raman Process. Hith the
strains and the density of states treated in the DebYe approxima-
tion this 1leads ta the conventional McCumber and Sturge result
for crYstals.12 The expression shown in Eq. (2) i based on a
perturb;tion theory approach to the Pproblen. Recently a
nonperturbative theory has been developed by Hsu and Skinnerl3
which gives the same result as the perturbative approach in the
weak coupling limit. At low temperatures both theories have the
same form of the expression describing the 1linewidth with a
different meaning for the coupling coefficients. 8ince no exact
values are known for Parameters such as the Debye temperature and
electron—phonon coupling parameters for the samples used in this
worky, we use the foram of the expression consistent with weak
couPling and treat the Debye temperature and coupling PpParaseters
as adjustable parameters.

In glasses the Debye apProximation is not a good representa-

tion of the vibrational states except at very long wavelengths.

Orbach and co—workers9"4 have shown that for shorter wave-
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lengths, still such larger than atoaic dimensions, Plane waves
are no longer a good rePresentation of the normal modes} instead,
they are 1localized in the disordered structures of the glass
network. By wmodeling the glass structure as a self-similar
fractal, Alexander and Orbach? have been able to obtain the
vibrational density of states and dispersion without recourse to
the usual  reciprocal space transformations. In a series of
Papers14 Orbach and co-workers have shown that this wmsodel can
exPlain the thermal pProperties of amorphous solids above 1 K.
Below this temperature it is still necessary to invoke the
elusive TLS. In their model the vibrations at long wavelengths
are treated {in the Debye approximation but at some critical
length scale L the disorder in the network causes the vibrations
to become localized. The resulting vibrational density of states

is

9p (w)=d (d/L D) w91/ 1L
~ ~ (3
g (0) =d (d/LD w91/ d 1<L
where wp is the effective "Debye frequency” for the phonons at 1
=L: & 1is the fracton frequency at 1=L, and d, ;; g are respec-—
tively the Euclidean, Hausdorff, and fracton dimensionalities.
The characteristic length 1 of the vibration is its wavelength
in the Plane wave regime and its localization length in the
fracton regQime. For the fractons the disPersion is no lonQer
Debye-like. Assuming only a single kind of self-similarity
w1974, (4)
One expPects rather generally that the average local] strain

associated with a normal mode of amplitude Q should scale as Q/1.
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With this, the dispersion relationship, and density of states

Qiven above, the Raman contribution to the linewidth becomes

Avg=q (T/0p) 7:%,:6-: (@*-1) ~2ax

F -

+A(TIGL)9*‘I°L,T)(9¢"(¢".-1) 24x ()
where each 6; is i’k times the corresponding oy and the
exponent p=4(d/d)+2d-4. The @ and A parameters contain the same
l<fIVRli>|2 electron—-phonon coupling parameter as in the conven-
tional treatment for crystals. For the glasses studies here d =
3. The Hausdorff dimensionality d must lie between 3 and 2.5
which is the value found for a critically percolating structure.
The +Fracton dimensionality : was first conjectured by Alexander
and Orbach? to be universally 4/3. Recent calculations in the
effective wmedium approximation by Derrida, et al.14 give 3:1;
however, this 'technique frequently does not give tfustworthy
estimates of exponents. ©&p will now be much smaller than
crystalline Debye temperatures. It {s well known that for T>ep/2
the Debye-phonon term in EQ. (3) becomes Quadratic in T. In Fig.
4 wa show the results of a numerical evaluation of the fracton
contribution to the linewidth. This can be seen to approach T2
for any of the dimensionalities in the expected range provided
T>20, .

The structure of the host Qlass enters this model through
the Hausdorff dimensionality :; If :zd. the structure is compact
and has essentially the same atomic connectivity as would a
crystal. An open structure for the glass will have a smaller

value for dy limited of course hy'E-z.s for a critically Pperco-

lating cluster. The results in Fig. 5 are not especially sensi-




- F o d
tive to d. Thus assuming a nearly universal value for d as

canjectufcd by Alexander and Orbach.a the linewidth should not
depend stronalv Bn the glass structure.

In order to fit the specific heat data above 1 K, Tua, et
a1.13 find @ =14 K, ©p=29 K and 4 = 1.3. Assuming sieilar values
for the Qlasses studied here, an essentially Quadratic tempera-
ture dependence for the homogeneocus linewidth is predicted
throughout the range covered by these experiments. The fracton
contribution will dominate the Debye-phonon contribution at all
temperatures in this range.

A first principles calculation of the electron-~phonon
coupling [<fIVRIi>12 is not presently possible even for crystals.
One can, however, calculate the A parameter required to produce

‘thc exPerimentally observed linewidth and use this to estisate
the @ parameter that would be observgd in a crystal with a Debye
phonon spectrum and the same average sound velocity and density
as the glass. This equivalent ¢ is given by

azA8p19/ (8 Sey”) (&)
where Oy is the DebYe temperature of this equivalent crystal.
Using our cbservation that the homogeneous linewidth in the glass

Ty is about 107472 ca™l, one obtains q=102 ca™! which is of the

QQ same order as observed for rare earth transitions in crystal;.‘s
This justifies the use of the weak coupling approximation.

Gy, Physically, the reason that the fractons produce a larger

s, Raman contribution to the linewidth than found in crystals is
that the density of states for the fractons at low freQuency is
substantially larger than would be found for Debye phonons. This

can readily be seen from EQq. (3) since o_1is comparable to wp,
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but d=3 while ;;1. The Quadratic temperature dependence results
from the non-Debye-like frequency dependence of the density of
states and dispersion.

Implicit in the integration of the linewidth ovcr'the whole
fracton spectrum is the assumption that the excited ions can in
fact sample all of these excitations. With the localized nature
of the fractons and the site-selection of an FLN experiment it is
not obvious that this will be the case in all conceivable struc-
tures at all temperatures. For a glass whose structure is a
single self-similar fractal every site in the glass will sample
saany scales of length and essentially all s;alcs of large 1. The
Quadratic 1linewidth which QQ calculate is determined almost
exclusively by Fractons with fiu<kT leading to the expectation
that all the important fractons wiil be available at each site.
Nevertheless, the variogs fractons may couple to the electronic
states with different strengths. By using the averagde local
strain in Eq. (2), the electronic matrix element 1<£1Vg1i>}
becomes an average over the mode coupPlings as well. This {s also
true of clcctron-phon;n coupling in crystals in the eQuivalent
approximation. The Ffact that our expPeriments show the same
temperature dePendence on both sides of the inhomogeneous profile
supports the validity of this approximation for these g¢lasses.
However, since the magnitudes of the high and low freqQuency
linewidths are different, this average must be taken with dif-
ferent weights in these two pParts of the inhomogeneously broad-
ened band. The gross diffcrencé between the LS and N6 glasses

suggests that the frequency dependence of this effective coupling
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constant is a structural property that aight be predictable froa
the connectivity of the fractals i{n a more detailed model. For
T<<O_ the spatial distribution of fractons may become dominant
and destroy the validity of this approximation.

Liul® has recently developed a model for the localized modes
in whié¢h the Qlass structure is taken to have three dimernsional
connectivity, but the strengths of the interatoaic bonds are
fractal, giving ;-1.5 and p=1. The number of modes at low fre-
Quency is reduced relative to that obtained when the connectivity
is fractal. Because of this, the homoQeneous linewidth does not
follow a simPle pPower law dependence in the temperature range of
our experiments.

For EuS* with the resonant Pumping conditions used the

exPeriments described here, the only possible direct phonon

Process which can contribute to the broadening of the spectral
line 1is between the 7F° ground state and the components of the
7F1 manifold which are split by 250 ca™! in these glasses. The
increased density of states for the fractons at low <frequencies
aust come at the expense of their high freQuency density of
states. Using the data reparted by GSelzer, et al.* ¢or
YAlOstux* we infer a direct process contribution to the line-

width of 21072 ca~! at 100 K, leading to the conclusion that the

direct process will be unimportant in these glasses at all tem-

peratures studied here.

V. SUMMARY AND CONCLUSIONS

. Ye have PpPresented measurements on three structurally

different Qlasses showing the homogeneous linewidth of the 500-.
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R 7F0 transition to have a Quadratic temperature dependence between

ot 10 and 3I00 K and the residual {inhomogeneous broadening in the

v%p” . narrowad fluorescence to increase with {increasing excitation
fﬁ? frequency across the inhomogeneously broadened band. Using
ﬁﬁ‘ resonant PpPumping techniqQues eliminated contributions to the data
$§ from overlapping Stark components and direct Pphonon pProcesses.
ﬂ* The results cannot be {nterpreted in teras of conventional

processes involving electron—phonon interactions with Debye-like

phonons. The observed behavior appPears to be independent of host

k% structure since it i{s qualitatively the same for all three of the
32 glasses whereas other details of the optical spectra are known to
gﬂ be Qquite different for these three materials due to structural
ran differences'o4 the glasses. 10

:ﬁ? A simple model based on the fracton concept has been
ﬁﬁ introduced to expPlain the beh;;ior of the homogeneous 1linewidth.
:' The increased linewidth and its Quadratic temperature dependence
g& are shown to be consequences of Raman broadening by the localized
}% vibrational wmodes of the glass and their non-Debye-like
g? dispersion and density of states. This model involves fractal
%n behavior of the 1local structure, as oPPosed to bonding, and
B invalves electron—-phonon coupPling modified by the fractal
gé; behavior as opposed to direct electron-TLSE coupPling. The
3% tunneling modes of TLS do not apPear to contribute to the line-
q;; broadening at the high temperature range investigated here.

’g ' The experimental data and theoretical model presented here
;?: Provide new information concerning the effects of local
. vibrations ~on the widths of sPectral lines of impurity 1{ions {n
éﬁ. amorphous host materials. Tests of the universality of the
M
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observed behavior of the temperature dependence of the
homogeneous linewidth and the applicability of the msodel must

await further experiments on different types of materials.
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Fig. 2. Temperature dependence of the laser—-narrowed linewidths

# of the SDy-7F, transition of EuS* in LS, NS, and KG glasses
Y

:5 excited on the high energy (A=577.5 nm, trianQles) and low
rt

™

[}

e energy (A=580.0 nmay circles) sides of the inhomogeneously

broadened band.
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3. Temperature dependences of the homoQeneous linewidths
of the SDy-7F, transition of EuS* in LS, NS, and KG glasses
excited on thé high energy (A=577.5 na, triangles) and low

energy (A=580.0 nm, circles) sides of the inhomogeneously

broadened band.
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Fig.

5. Temperature dependence of the fracton contribution to the
Raman broadening of spectral lines. The curves are
numerical evaluations of the linewidth given by the second
term in EQ. (S). In curve At 3;4/3. d=3; curve Bi d=4/3,
3-2.5: curve Cs 8-1. d=3; curve Di 3-1, d=2.5. In each case
we have taken 6->>T. The Quadratic dependence shown by the

dashed line is included for reference.
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D. Four-Wave Mixing in Doped Blasses

Four-uuv. aixing (FWM) processes are currently of signifi-
cant 1nfcrqst in science and technology due to their importance
in modern gbttcs applications such as phase conjugation, and the
fact fhat they provide a powerful spnhtroscobtc tool for probing
the properties of the interaction of light and matter. The
physical processes underlying the laser-induced gratings that
give rise to FWM signals can be placed {in two categories accor-
ding to their decay times after the laser write beams have been
turned of¢f. The first category is that of "transient gratings*
with fast decay times. This category includes thermal gratings,
population gratings, and noplinear @ixtng due to the third order
susceptibility. The second category is “permanent gratings"”
which remain for a long time after the laser write beams have
been turned off. The most common cause of this type of grating
is the photorefractive effect involving {onization of a defect,
charge migration and trapping. Permanent gratings are also re-
ferred to as "holographic gratings" due toc their potential use in
holographic information storage applications. We report here the
$irst observation of superimposed transient and holographic
gratings leading to a FWM signal with enhanced scattering effi-
ciency and the capability of fast amplitude modulation. These
results have been obtained on several different types of EusS*-
doped glass samples where the transient signal is associated with
a population grating of the EuS* ions and the holographic grating

is attributed to local structural modifications.
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Seven different tfpcs of oxide and fluoride glasses doped with
y several wmole per cent EuyOx were investigated and strong signals
were observed in three o; these. In this letter, we present some
of the results obtained EuPgD;, (EPP) glass. This contains 16.7

scle % Euy,O03 and its spectroscopic properties have been reported

. b Wy k-

prcviously.l

The experimental setup used to establish and probe popula-

tion gratings has been described prevlously.z The output of a

L am

Epectra Physics cw argon laser operating at 445.8 nm with a total
power of 80 &l was split into two beams which were crossed
inside the sample to form the gratings. A 2 md He-Ne laser was

i used as a probe beam, and the diffracted signal beam was detected

1 by a Hamamatsu R1347 photomultiplier tube after passing through a.
9 0.25-m monochromator to eliminate sample fluorescence. An
t EGLG/PAR signal averager was used to process the signal before

"

reading it out on a strip chart recorder.

Figure 1 shows the time dependences of the buildup and decay

- - -

of the FWM signal in EuPsD;, glass at room temperature. The time

to reach the maximum FWM signal intensity is of the order of tens
of minutes with the exact time depending on the laser power and

wavelength. 1f the laser wavelength is not in resonance with a

| o o e o

EuS* absorption transition, no signal is observed under these

’-’.

experimental conditions. This {is consistent with the small

- o
-

- e

values of the third order susceptibility tensor components meca-

F sured by other techniques:s'4 and demonstrates the significant
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3 enhancement of the nonlinear optical properties of the material
‘o which can be realized by resonantly pumping a rare earth ion
absorption transition., When the write beams are chaopped off, the
FWM signal decays exponentially with a decay time of 2.6 ms,
. independent o©of the grating spacing. This is the same as the
" fluorescence decay time of 2.7 ms measured for the transitions
het from the 500 metastable state of EuS* in this samplo.i‘ However ,
r d the signal does not decay back to zero but rather to a constant
i lavel representing about seventy per cent of the maximum signal.
o The permanent FWM signal remains at the same high level for
- days. It can be erased by focusing a single laser beam on the

same region of the sample. The erasure time is of the order of

Y minutes with the exact time depending on laser power and tempera-
4 ture and independent of write beam crossing angle. As seen 1In
‘ﬁ Fig. 1, the time dependence of the permanent signal erasure is
"Q highly nonexponential. However, a characteristic decay time

equal to the e~! value for the signal can be defined to describe
A the speed of the erasure under specific experimental conditions.
Figure. 2 shows the variation of the erasure decay rate versus

temperature 1in the range 294 to 345 K. The erasure decay rate

:& decreases exponentially as temperature is raised. This depen-

i% dence can be described by an expression of the form

K&exp{-AE/kpT] (1)

ﬁi where AE s ¢the activation energy for the process and kg is

‘% Boltzmann's constant. The slope of the curve in Fig. 2 gives an ]
?‘ activation energy of 3,720 cm~! for this case. Furthermore, the

K intensity of the FuWM signal decreases as the temperature is

raised above room temperature and the permanent grating can be
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thermally erased by heating the sample to about 3I80 K. The

. temperature dependence of the scattering efficiency is consistent
with a thermal activation energy of about 2,286 em™ 1,

. The signal intensity, expressed in terms of the scattering
£S efficiency of the probe beam 5, also varies with the crossing
4 angle o©of the write beams as shown in Fig. 3. For both the
e permanent and transient signals, the scattering efficiency is
largest at small crossing angles. This i{s typical behavior for
0 FWM signals with the exact form of the curve depending on the
v coupling mechanism for the beams.> The broken lines in Fig. 3

: repreasent best fits to the data points since the physical mecha-

N nism providing the beam coupling in this case is not well enough
%‘ understood to allow true theoretical predictions to be developed.
. The results presented above show that resonant excitation of

EuS* ions in this glass host results in a transient population
grating of the EuS* ions in the 5Do metastable state and a

permanent grating associated with local structural modifications

4 of tho'glnss host. The FWM signal is proportional to the square
g of the effective electric field induced in the material by the
fl crossed laser beams.> This can be expressed as the sum of the
% induced +fields due to the population grating and the host
é. grating, Eeff“Epop’Ehost' Since the first terf decays with the
: fluorescence decay time of the 500 level, «+, and the second term
% is a constant, the time dependence of the signal when the write
% ‘ beams are chopped off is given by

*

' 1y, 0o 02t/ Te2E ot/ TeEl . (2)
5‘ sig™pop® popThost host

fg For this case the first tera is much smaller than the last two
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st and can be neglected. Equation (2) then predicts a signal that

; decays with the EuS* fluocrescence decay time down to a constant
2

o value proportional to Ejog¢ wWhich is precisely the observed

L dependence shown in Fig. 1. Note that in the absence of the

§ permanent grating, the signal due to the transient population
A
“ grating will decay as e2t/T ,¢ cbserved in other resonantly
Y
L)

pumped doped materials, 2:16-8

K One important question concerns the physical mechanism pro-

5 ducing the laser-induced modification of the glass host giving
§ rise to the permanent grating. The sat of results acquired thus
v far on the properties of the FWM signal strength and erasure rate
. for different glass samples, temperatures, and excitation condi-
7 tions allows us to rule out mechanisms such as photoioniza-
. tion.q'lo and.bond rearranqemenfs assocliated with trapped exciton
;: effects.l!l The most likely mechanism is thermally induced struc-
E’ tural changes. This can be described schematically by the confi-
v guration coordinate diagram in Fig. 4. It is assumed that the
§ network forming and modifier ions of the glass host can arrange
& themselves in two possible configurations in the local environ-
T ment of the EusS*t ions, each configuration resulting in a
ii different local index of refraction for the material. This
;A results in double minima potential wells for the electronic
; states of the EuS* ions as shown in Fig. 4. Under normal condi-
f: tions of optical excitation and decay, the ions remain in the
ia configuration represented by the lower energy potential curves.
? However, {in the presence of the sinusoidal intensity pattern ‘
é created by the crossed laser write beams, a thermal gradiant is
"' 126
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generated with the same shape due to the phonons emitted by the

EuS* ions after they are optically excited. The low thermal

‘f conductivity of the glass allows significant local heating around
.& ' the Eu;+ ions which can result in ionic motion ¢to new 1local
configurations. Using the standard expression for heat flow

?': ' dQ/dt=KAVT 3
: l _estimates of local temperatures of over 1000 K are obtained for
i typical experimental conditions used here. This can easily
gg result {n diffusion of ions to form different local structural
;i‘ configurations. The facts that the refractive index changes are
?: found ¢to occur only when the EuS* are directly excited and when
g% crossed laser beams are used are consistent with the proposed
?*J model. Erasure occurs thermally by activation over the potential
L barrier of about 2,286 cm™! in the ground state. Since higher
%S multiplets of the 7F term are located within this energy above
;i the 7?0 ground state, they may play some.role in the thermal
‘Q' erasure process. Erasure with a laser beam occurs through
ig uniform heating which allows the ions to return to their original
:: distribution. The activation potential barrier for this is 3,720
gﬁ em~1 in the excited state and the process can be thermally
?& enhanced by raising the temperature. This energy barrier {s
:gg large enough that 501 levels may take part in the spectral
by dynamics of the optical erasure process.

$§ The mechanism described above provides one viable explana-
?9 tion of the data presently available on laser-induced holographic
33 gratings {in doped glasses. In order to verify this model and
e ‘ extend our knowledge of the details of physical processes taking
g? place, <further investigations must be made on a wider variety of
B
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types o{,glals hosts and doping ions. It {s interesting to note
that out of. the set of Eu3+-dop|d glasses categorized previously
in terms of their spectral structuro,1 only those exhibiting the
smallest amount of spectral structure (i.e, greatest amount of
local disorder) produce a strong holographic grating signal.

This observation of the superposition of transient and holo-
graphic gratings in doped glasses is important <for several
reasonst: it represents the first observation of a new mechanism
for producing a FWM signal in a solid}; {t demonstrates a new
experimental technique for investigating local structural proper-
ties of glasses} and it shows that doped glasses may be useful in
applications based on FWM such as phase conjugation, beam
switching, or optical storage. The technological applications
are especially {nteresting because of the use of a holographic
“carrier® grating that can be amplitude modulated by a fast

transient grating.
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