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ABSTRACT

Ultraviclet induced luminescenceé has been observed in a single
erystal of rubidium chloride doped with a concentration of hydroxyl ions.
The energies of the three emission bands found were shown to agree with
previcus results reported on the uv luminescence of similar crystels.
Since the excitation spectra for the three emission bands were similar,
the emission bands were interpreted as being due to transitions from
the first electronic excited state to the first and second vibrational
states of the sround electronic state,

The width of the main emission band as a function of temperature
was investigsted. This showed agreement with the functional variation
predicted by the configurational coordinate model, yielding the phonon
f:equency and width at OOK.

The difference of 0.0/ ev between the first vibrational energy
and the infrared OH— stretching energy suggests that the vibrational
states of the ground electronic state are described in the configurational
coordinate ﬁodel by parabolas with different parabolic constants than the

ground electronic state.
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CHAPTER I
INTHODUCTION

As early as 1940, an unidentified ultraviolet absorption band in
KCl was observed by Aksinar at 203.% nm}' It wasn't until much leter that
this band was identified as the absorption band due to OH  centres. In
1958, two papers reported that the bands at 185 nm in NaCl, 204 nm in KC1

: L T 20,21
and 214 nm in KBr were due to the CH centre,

In addition, Fritz

et a122 produced KC1l crystals with varying OH  concentrations as deter-
mined by the infrared bangd at 2.8/L and showed ﬁhat the 20/ nm absorvtion
band correlated with the OH concentration,

The hydroxyl ion is a very versistant impurity in eir-grown alkali
halides. Klein et a12 showed that nominally pure alkali halide crystals
bouzht from crystal manufacturers contained 1.4 paris per million mole
fraction of OH“, He showed that even when crystals were grown from reagzent
grade KC1 after 12 hours of treatment with C12 gas the mole frection of
0 was 0.1 pem, This was also found by other researchers in conjunction
with other studies.B’h’s’é’?

It has been shown by various methods that the O dipole is substitu-

tional and alizned with its axis along the [100] direction in alkali halide

crystals, Kuhn and Lity studying the paraelectric behavior of KC1 concluded that

. 9
the OH= dipole has a potential minimum for orientations in the [100] direction.’

Paus and Liity from mezsurements of the density and lattice parameter change due

to OH in KC1 estimated that the potential barrier preventing the CH orienta-

2 10

~ tion in other than [100] directions is less than 4 X 10 ev. This means that
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at room temperature the CH  ion would be in a state of free rotation,

Stress dichroism studies in EC1 heve also shovm that the orientation in
[100] direction causes the expected splitting of the dirole degenerate

ground stabte to be maximum for uniaxial stress in [100] direction reduced

11,
by a factor of 1//2 for [110] stress and zero for [111] stress. Wed-
. . 12 o . . ) .
ang and Xlein have determined the depth of the votential wells in the
[EOO] ectlon for several alkali-halide lattices by mezsuring vibra-

]

ticnal and librational rodes of an Oh dowed crystal.,
Because of the orientation along [100] directions Kuhn and Liity

concluded that it should be vossible to vproduce narselectric heating and

13

17

9 .
cooling of a crystal,  This wes observed experimentelly by l&nzig et al

i
and later by suhn and Liity. Shepherd reported that the electro-caloric
26

. 0 0
effect can be used to cool a KC1l crystal down to 0.35 from 1.3 ¥.”

- 1,16
T h] - . -A—_,
Stress on OH doped crystals is also reported to cause cooling,

Bron and Yreyfus used microwave absorption and infrared absorvticn
measurements to show that the O centre of mass in XC1 must be disvlaced by

1
0.2A from the halogen ion lattice site, ! This agrees quite well with a

15

displacenent of 0.254 revorted by Lawless. Kostlin found that after lengthy

- 0
irradiation of KBr:0H with uv at 80 K, U2 centres (interstitial H atoms) were

18
formed, Bv taking linear warm up runs he established that the thermolumines-

cence was strictly protortional to the U2 centre den 51tv. Thus he concluded

that the OH centres are converted to ¢ and interstitiazl H atonms by uv irra-

diation,
A great deal of work has been done on the uv and infrared absorption

spectra of OH 1ions in alkali halide lattices. lany researchers have re-

vorted tnat the CH 'concentration in alkali halide crystals is directly vro-

portional to the infrared and uv absorriion band strengths in the various

2,10,14,19

alkali halides, Klein et al correlated the area under the uv ab-
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sorpvion band and the CH

2
surements. The conversion factors so calculated were avrlied to uv mea-

concentration as determined by ph titration mea-

surerents for nominally vure alkali halide crystals to yield the approxi-
mate hydroxyl ion concentrations. Vedding and Klein used inf ared absorption

- 8
to investigate the main OH stretching band and its immediate side bands,

3

Little work has teen done on the luminescence of alkali halides con-

18
taining hydroxyl imzurities. LIn 1965, Késtlin  reported on the luminescence

of Br:CH . He found an emission peak broedening temperature dependence of
L -
= . N . 23 .
(coth V) At the same time, Patterson and Kabler correlated the uv
25T

~TT

emission with the IR absorption peak in XBr:CE . In 1967 Késtlin found
that at low temperatures the emission spectra from Rb Cl:CH , KI:COH ,
D n‘ 1, r_ 13 : ‘ 21“ T EN
KBr:CH and KC1l:CH each resolved into a series of bands, He ncoted that
the energy sevarabion between these bands corresponded to the vibrational
energies reported in infrared absorption experiments, He found three such
bands in KI and RbCl, four in XBr and seven in KCIL,
The purvose of the present investigation is to duplicate the work
. . 2k
of K&stlin by measuring the energies of the three uv emission bands he
reported for EtC1:0H, and extend this to determine the nature 01 the tempers-
ture dependence of the luminescence,
For later comrerison it would be worthwhile to summerize the previous
results obtaired for RbCl:0H, HKlein found from infrared absorption that the
. . . -1 g ]
main vibrational energy was 3532.5 ecm  or 450 ev, The uv absorption peak
and half width were mersured at room temrnerature to be 5.78 ev or 215 nm and
- 2 - . -~ .
b6 ev or 24,.5 nm respectively. K&stlin found three emission peaks for

P . . 21
RbCl:Ch with enersies of 4.09, 3. 68 znd 3.28 ev, ° He found that the uv

absorption peak energy he messured avreed with tne value recorted by Klein,




CHAPTER 1I
EXPERIMENTAL METHCD

Photoelectron Pulse Counting

Light intensity measurement utilizing a photomultiplier can be
accomplished with one of two methqu:

1. By integrating the anode pulses which are generated from the
vhotoelectrons created for each photon which strikes the cathode. The
integration is done by shunting a high impedence voltmeter with a large
resistor (between 100 KQ and 10 ¥Q ) and a capécitcr (approximately
lzﬂf). The measurement of the light intensity is then taken from the
voltage measured on the voltmeter.

2. By counting the anode pulses with a scaler or multichannel
analyser, (MCA). The pulses from the anode are first amplified and then
analysed in a single channel analyser (SCA) which emits a logic pulse if
the anode pulse height is between the upper and lower discrimination setting.

The anode signal measured for no incident light on the vhotomulti-
plier is called the dark current. The dark current must be taken into
account in an intensity measurement. When the ancde pulses are integrated
the dark current can only be reduced by cooling the phot&multiplier since
this reduces the number of thermal electrons.

Some sources of dark current generate small pulses. These are ohmic
leakage between the énode and adjacent elements, cold emission from the elec-

trodes, and secondary electrons released by ionic bowmbardment of the dynodes.



lfonic bombardment of the cathode and residual radioactivity which

produce photoelectron are sources of dark current which produce large

pulses. Thus it is possible to reduce the dark current with photo-

electron counting by usinz the SCA to remove the pulses with lower

ér higher pulse heights than the pulses produced by a light signal,

The darx current pulse height spectrum of the rvhotomultiplier used for

all measurements in this investigation (ZMI 6256S) is shown in figure 1,

as measured by the CA., This figure also shows the pulse height spectrum

with a small light leak, and the pulse heizht spectrum due to only the

light leak (i.e. with the dark current spectrum subtacted)., Settinz the

SCA to triggzer only for pulses with heights above channel 31 (,757) re-

duces the dark current by a factor of 2.4. With chotoelectron pulse count-

ing the fractional statistical error associated with an intensity measure-

ment can be reduced by counting for a longzer time, since the absolute sta-

tistical error is the square root of the number of counts. Thus more accur-

ate intensity measurements can be made by counting for a longzer period of

time, provided that there is sufficient temperature and light intensity

stability, The error in integrating the photoelectron vulses is also

limited by statistics. Increasing the resistance and capacitance increases

the integrating time constant and thus the statistical error is decreased,

However an aporoximate up:er limit to the sizes of the resistance and capaci-
7

tance is 10 ohms and l/if which gives a time constant of 10 seconds.

Figure 2 shows the integrated pulse measurement versus the rhotoelec-
tron counting measurement for a range of incident intensities. This figure
shows that for intensities below the intensity corresponding to 6.5 volts
or 5,200 counts per second the two methods are linearly related. ‘bove this

intensily the greatest drawback of the photoelectron countin- method shows




Figure 1

Pulse heicht spectrum of the photoelectric
anode pulses from an Eil 62565 photomultiplier

(a) Dark current

(b) Small lizht leak with dark current subtracted
(¢) Small lisht leak

(d) Large lisht lesk with dark current subtracted
(e) Large light leak
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Figure 2

Photoelectron pulse counting measurement
compared with the anode pulse integration
measurement
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tself. For these hizn intensities, the deadtimes of the 3C4 and

[

scaler cause the measured

of takinz the spectral data,

N

avove-mertioned irtensity to avoid for the

deadtime of the counting system.

intensity to : in the course

«©



Conduction Crvstat

The helium cryostat used in this investigation is shown in
figure 3. The temoerature of the crystal in the cryostat was varied
from 7.80K to AOOK by changing the pressure of the helium gas in the
conduction cell. At lower pressures, the helium gas conducts less heat
away from.the crystal. Thus when thermal equilibrium 1s establisned a
few minutes after a pressure reduction, there is a higher crystal tem-
perature, Once filled with liguid helium, the cryostat could be expected
to keep the crystal at a constant temperature for L to 6 hours, after which
the crystal temperature started to drift slowly upward.

The temverature measurements were made with two thermistors (Key-
stone Type LO 904 -~ 180K - H - T2 and LO 90L - 3 M3G - HE - T2) which
were glued with epoxy resin to the top of the crystal holder. The ther-
mistqr resistances ware measured with a Fluke 7050 digital multimeter
and the temperature tsken {rowm a calibration curve sucslied by Keystone.

he crystal was mounted in the cryostat in such a way that the
exciting radiation was incident norrally onto one face of the rectangu-
lar ;rystal and the emitﬁed radiation was observed in the plane of the
illuminated face, at rizht angles to the incident radiation,

Spectral Measurements

The equipment used to measure the luminescent spectra is shown
in figure L. ”
‘ The excitation monochromator used was a Bausch and Lomb high
intensity .25 m moﬁochromator conteining a 2700 groove/mm gratiné.with
a 250 nm blaze. The band pass of the monochromator was seb at 13.2 nm,
A L,54 deuterium lamp supplied by 3ausch and Lomb for use with the mono-

chromator was used as the light source. The light output from the excit-

ing monochromator was focused at normal incidence onto the crystal by the




10

Figure 3

Conduction cryostat
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Figure

Experimental arrangement of optical
and electronic equipment
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collimator lens sttached to the monochromator and the lens on the cryostat.
The light emitted from the crystal face was focussed onto the input slit
of the emission monochromator by the two lenses shown in figure L.

The emission monochromator used was a 1700 1I1 Spex .75 m mono-
chromator with a 600 grooves/mm grating blazed for 300 nm. The photomul~
tiplier used at the output of the Spex monochromator was an EMI 62565 which
was operated at 1900 volts giving a sensitivity of 5,000 amps/lumen,

The emission spectra were teken by counting the ancde pulses from
the photomultirlier anode on the multichannel analyser (¥CA)(Victoreen Model
STL00). The channel advance pulse used to initiate the vhotoelectron
counting in the next channel of the MCA was supplied by a circuit in the
Spex monochromator, Thus the counting channel wes advanced every 1.C nm,
The Spex monochromator was set for a band pass of 1.1 nm. However, due to
the scanning process teking place while the MCA was counting in each channel,
the effective band pass i$ increased to 2,1 nm.

The excitation spectre were taken by scanning the Bausch and Lomb
monochromator and advancing the ECA with an external scaler at 3..2 seconds
per channel which is 0.77 nm per channel.

Célibration

Both the Spex and the Bausch and Lomb monochromators were calibrated
in wavelength by measuring the line spectrum of a mercury light source, The
Spex monochromator was celibrated with the light source illuminating the in-
put slit through the cryostat optics system. The Bausch and Lomb monocchromator
was fitted with a 1P28 photomultiplier and the mercury source was set so that
it illuminated the input slit. At a later stage it was found necessary to
check the calitration of the drive on the exciting monochromator thus calibra-

tion of the Bausch and Lomb monochromator was additionally performed by mea-



suring the continucus spectrum of adeuterium light source with an inter-
ference filter in front of the input slit.

The intensity calibrations were performed previously, as des-
cribed by Palser (FHD Thesis 1969, University of Manitoba). The compu-—
ter programs used to correct the data and convert the spectra from a lin-
ear wavelength scale to a linear energy scale were supplied by R. Palser,
The raw spectral data for these programs were linear in wavelength., These
programs converted this to a linear energy scale and corrected the emis-
sion spectral data for the sensitivity of the system at different wave-
lengths and the excitation spectral data for the intensity output as a
function of wavelength, In the course of the conversion to a linear wave-

length scale, some smoothing of the spectral dats was necessary.




CHAPTER I1I
THE CGNFIGURATION CCORDLNATE MODEL

The configurational coordinate diagram is essentially a dlagram
of total energy of the luminescent centre versus the configurational
coordinate. This coordinate is based on the assumption that centres
are sensitive to some single vibrational mode. Typically this is the
"preathing mode", which is the motion of nearest neighbours toward and
away from the luminescent impurity centre. Thus the configuratiocnal co-
ordinate is normally the distance from the centre atom to the neare;t
neighvour. The total energy in the configuration coordinate diagram
figure 5, represents the ionic and electronic energy of the ground and
excited states of the luminescent centre.

The luminescent centre obeys the Frank-Condon principle which
stétes that an electronic trensition takes place in a short time com-
pared to the vibrational mode time period of the ions. For this reason,
when a photon of energy EAB is absorbed while the centre is in the equili-
brium position of the ground state at A, the transition is a vertical one
to B as shown. The centre then moves to its new equilibrium energy at G,
the energy, E,, being given off as lattice vibrations or phonons. The ex-
cited centre may then undergo a transition back to the zround state, going
from C vertically down to D, emitting a photon of energy ECD’ Then the
centre returns to its equilibrium position A, giving up more energy to the

lattice. Thus one can see immediately thet this model explains the Stokes




Figure 5
COnfigurétional coordinate diagram
Ue First excited electronic state
U__ Ground electronic state

go

U  First vibrational state of the
ground electronic state

U  Second vibrational state of the
ground electronic state

(a) IR absorption transition
(b) UV emission transitions

(e) UV absorption transitions
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shift exhibited by luminescent centres. The Stokes shift is the energy
decrease of the emitted licght conpared to the energy of the sbsorbed
light due to the energy ziven up to the lattice,

If the excited centre has enough thermal energy at C to reach E,
then it can immediately go to the ground state without emitting a
photon, and all of the energy of the absorbed photon goes into the
lattice. This accounts for the sudden decrease in luminescent efficiency
at high terperature, This is thermal quenching of luminescence,

The probability of this thermal process leading to a non-radiative
transition is:

Pp =S exp (- Eq/kT)

Where Eo is the energy from the eguilibrium position of the excited state
to the transition point £ in the configuration coordinate diagram, figure 5.
1f the probability of luminescence of a centre is gilven by PL’ the effic-~
iency of luminescence is then

= o) =)
N = PL/(LL‘i‘ ).T)
and,

N = [l+(S/PT) exp (’Eq/kT) - (&)

This equation will be useful in Chapter IV,

The shape of the emission peak must be analysed quantum mechanically
in order to derive a theoretical expression for the temperature variation
of the full width at half maximum.

The light intensity for electric dipole radiation is given by

6L Tk Y

1(hvnm>=_—_3-;§-_... [/uml 2 | (1)

th
for a trancsition from the n vibrational state of the excited state to

Jth . y ,
the m"" vibrational state of the ground electronic state. Wherel/%nm is

the matrix element for this transition, and ¢ is the velocity of lizht,



17

(S
e
cn

the photon freguency and h is plenk's constant.
If x is the electronic coordinate and r the configuration coordinate

of the ions and the wave functions are separated into electronic and vibra-

tional parts ¢ (x) and'¢/(r) then using ¢ for electronic charsge,

/u(nm v/;ﬁe(X) 0 (r-x,) ¢ % é () V (r) dx dr

where e and g refer to excited and ground states. Then the sevarabie fac-

tor /deg is defined as

u, - f fots § o o

Sincg/ﬁ depends only on the electronic states e and g, it is considered
ez

constant and then,

~a o . A
/(/{*‘m: /aeg ,l}n (r -7 o) ﬂ///mJ 2 & (2)

Referring to the configurational coordinate diagram figure 5, the fact that

U and U are parabolic is used. Thus this is & classical picture of har—
e g

monic oscillators:

g 2 e 2
U(r) = k r ; U(r) = ¢k (r=-2r) + U (3)
g e 0 o

M=

uQ

e
Then the functionsql/m (r) and’yén' (r - ro) are eigenfunctions of the har-

monic oscillator, with the well known solutions:

a

[o3
o

g ()

e 5
Tlln {r - ro) = Nn exp [—% r-r, } Hn ( r-r )

where HIr and Hn are hermite polynomiels
L

N and N are normalization factors
n m

and a_and a are classical amplitudes of
5 e .

zero-point vibration




The first six hermite polynomials are given below

HO = 1 Ho= 237';
2 3
H2 Ly -2 H3 - 8y’ - 12y
)
Hh = 6y - L8y + 12 H = 32y5 - 160y~ + 120y
2
Note that exp [~% r - ré] and exp {~% r ] are gaussian about
a - a
e

S § -3
r = ro and r = O respectively so that’v/n and \Lm are preducts of gaus~

sians with hermite polynomials. Now for a harmonic oscillator

2
sk a = L hw
g 8 g
2
and
Therefore
A
MW
g
Similarily a = (5)

However, 4 is actually an effective mass,

In general, the vibrational guantum number, m, reached after emission is
hizh, Thié is true when the excited state equilibrium vosition is appre~
ciably different from that in the zround state., It is not true for small

tends to the

g
r . Thus for hizh m one uses the approximation thatl?%/m (r)
o) .

classical density distribution which has a maximum around r . “here r is
. m m
given by
g _ - |
¥ (r) = txr T (m+dh Y (6)
m &
However, the initial state must be treated quantun mechanically.

For low terveratures, the emission begins from n = o, which is

the only state occupried, so that



/uom DC/M: (I‘I“ - I'O)

and thus
2 r =T, 2
o - ) n
\/Aom (X: exp { ( ag ) (0
since H = 1. Thus the distribution density in the ground vibrational
. ) ,
g . .
state is a pure gaussian., Differentiating U7(r) in regionr = r
0
B (r) - 18 (r) =arf[qud ]
m © ~dr r=r
o
=k r (r -1r)
7 o m o)
In addition
Cr) - () = )Y, - n)
m/ = Y - o ~ om
Combining the above two equations
(r, - r ) = hY, - h Vom (@)
k, r, d

This linear relationship between the energy difference and the confilzura-~
tion coordinate difference implies that the ground state parabola is a
straight line arcund r = ro.

Substituting eguation (8) into (7) results in

(hY_-ny )P
' /Jom “2 & exp - i Zm Qb Voz (9)




20 .

Thus from the definition of a gaussian distribution, the standard

deviation, 0°, can be expressed as

2 _ 2 2 2 _ , 2 2
2 0, = kg r, 2, = (cg r ) kg (ae )
- l 2 —
and since = ko, r - S nVY
S 0 € g
and k - M w 2
& 54

where Se is the mean number of vhonons after the emission process with
sround state phonon frequency V_. ‘hen
[
2 2
o = (Sgn V) H W 4
€ g g YW
. . 2
using equation (5) for a .
e

Thus

3
(h V)
0'2 = 3 2 for emission
e e h V
e
3 (10)
2 (h V)
i -5 for absorrtion
a a 5y
g
2
and 0/ 4
L= 5, (__,)L..) (11)
o A
a
a

“hen ‘Vg is kncwn, it is posesible to deterwine the parabolic constant

- 2

k, 7 K ug, although there is some uncertainty abovt the velue of M that

g
"should be used. However, this value of ¥ is the same for excited and

-

ground states and

k, _-( e |2

)

th
The probability that then  vibrational level is occuried at tem-

X
e We

peratpre T, D> is given by the boltzman factor. This assumes that ther-



mal eguilibrium has been established, Evidence exists for ECL (T
Louchtchik et al suggesting that eguilibrium is established very quickly,

since the luminescence quantum yield is indevendent of the exciting wave

26
length, so long as it is within the absorption band. Thus
exp (-nh Y./kT)
P = S (12)
n
. zi: exp (-nh Y /kT)
n=o

Thus equation (1) is redified by P and
n

o - ?
L(ny )oecp '\Ln (rm~»ro)[
and taking the sum over n and m

I (hy) ZZ?
noom

3

I’W: (e, - ) | 78G5 %% _n) (1)

e} n m

Now it is assumed that the transition takes rlace too fast for the ions %o
change vrositions (¥rank - Condon vrincipgle), and that the vosition of the

transiticn to m corresponds to the vosition of the classical amplitude »r
™
e z :
. - - D . L.
as before (ie for large value of S). Thus Sk(;n - B . hV) can be replaced
m
by

{ [Ue (x ) - u® (r ) - hy]

m

Also the sum over the final stete can be replaced by an integral since the

final states comprise a quasi-continuum. Then

O m

I(hy) oC [g Pn N’: (rm S |2 g[ge (rm) _y (r.) - hv] ar
(14)

To solve (14) the Mehler formula for the Slater sutations of the harmonic os-

cillator is usegd:




2 -2
\ exp - (n 1)X H (x) e = 1 .
n 297 sin h) -
L__. ,/TT 21’1 n! ( }
2 X .
exp ( =-x ‘banh —) (15)
o)
[ 5 5 - e - 3 3\
Writing X = and x = r. =T, in (15)
kT —
e
r.,., - ra
L (hy) "4 exD -( n ) tanh ( h Z)P) ]
, a 2KT
g € V:C 4 \
U (r) -0 (r ) ~nY ér
m m m
For the wurpose of integration
fod
y = U (r) - U (r)
m
is defined and
dry, ,
dr, = 5 dy (16)
2
and 1k a =T £% W = £n )
e e e e
then
2
L (hY) o |exp [—%k (r -1r) 2_ tanhyh)g
e m e Ny ( )
_ e 2KkI
g (v - nY) dr,. dy
dy
Thus

L (hY) o¢|exp [-»-é; k (r-—r)< 2 _ tanh hVe>.\

_(_3_2 .
dy v o= ’nv (l'?)



Kow ( dr

dy ) y=hY

f=]
and U~ as a function of the configuration coordinate. Lf _dr
dy

the band shape is pure gaussian, otherwise it is asymetrical,

At hieh temperatures,

| 2 |
L (hY) oc exp ( 4 x (r-1r) /kT) dr
e o

At low temperatures, say as T — 0

tanh h Y,

o
(o)

and the low temperature expression eouation (7) is arrived at,

Finally, the width L varies with temperature and by compar

with a gaussian distribution it is evident that

1+
LocO‘Oc[teﬂh h ))e)] )
( 2KT
Thus
- _ =
L (1) = L_(0) | tann ,'h Y, }‘ for emission
e PRI
L ( 2KT )
- 4
and La (1) = La (0) | tanh (h Va ] for absorption
L )

At high terperatures this beconmes

L
Lo T

; : : ~ T
is the inverse rate of divergence of the parabolas U=

is linear,

(18)

ing (17)



The results of this discussion of the coanfisurationzl coordinate

T
i

It will be shown that it exvlains a number of

model will be used leter,

characteristics of the CH luminescence in HBC1,



CHAPTER 1V
EXPERIVENTAL RESULTS

Sraission Svectra

A typicel emission spectrum at ligquid helium temperature is
shown in fisure 6. The first band at [,067 ev, is interpreted as
a transition Trom the first excited electronic state to the ground
electronic state. The second band at 3.550 ev, is due to a transition
from the first slectronic excited state to the first vibrational ex-
cited state of the ground electronic state. The third band at 3,24
ev. is due to a transition to the second vibrational state of the
ground electronic state. These states are shown in fisure 5 of the
confisurational coordinate rodel,

Table 1 shows the full width at half maximum at verious terpera-
tures. “ach width measurement is an average of from one to four spectral

measurements. The errors in ezch observation of the width of the main peak

peak at 3.26 ev, are 0,004 ev., 0,006 ev., and 0.015 ev, respectively.
These errors were arrived at by using the error in estimatinz the height
of the peak from a graph to comrute the error in estimating the half maxi-
murn position. From this, the error in measurinz the full width at half
maximum on the zraph wes calculated, accounting for the precision of the
length measurement. The errors in the averazed values in tatle 1 were cal-
culeted as described by R, T. Birzge. fde suzgests that the rrobadble error,

r, in a1 averase of a series of n measurements is calculated with the follow-

ing formula:



Figure 6

Emission Spectrum of RYCL:0H at 10%
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D=

r = 0,67h5{ Pv ]
(n~1)( X P)

Where P is the weight of an observation calculated by taking the in-
verse of the error in that observation and v is the difference between
thet observation and the average.

The peak intensity of the third band is 6% that of the main band,
Thus the fractional statistical error in this band is much larger than that
for the other two bands. This statistical error leads to a large error in
determining the peak height. Since the half maximum positions were found
from the preak height, they have a proportionately large error associated
with them, In addition, the second peak overlaps enough so that it mekes
a large contribution to the intensity of the higher enerzy half maximum
position. This contribution cannot be estimated very accurately since these
emission peaks are too asymmetrical. It was found that for spectra taken
under similar conditions the full width at half maximum of the third band
varied from 0.19 ev to 0.250 ev although in all other respects they were
in agreement. The overlap of the main with the second peak was used for the
second peak widths.

The peak widths of the main emission band from table 1 were fitted
by applying nonlinear weighted least squares technigques (a program from the
Watfiv scientific subroutine pack) to the formula
1

L, (1) = L, (0) (Coth hk;/e )2

which was derived in chapter 11l from the configurational coordinate model.
The values of L(0) and J_ from the fit are 0.238 * .002 ev and (7.6 = .2)
X lOll sec.”l respectively. Figure 7 shows the widths of the first and se-
cond emission peak from table 1 and the values of the widths at various tem-
peratures, The widths of the second emission band at 3.66 ev have the same

functicnal dependence on temperature as the main emission band within experi-

mental accuracy,



DD
et

Wwidth of the L.07 ev enission band and 3.66 ev enission band at

variocus temveratures,

Temperature Full width at half maximun

o - 4,07 ev 3.66 ev

K emission enission
9.1 238 % 002 238 = 004
9.3 238 = .003 23, = ,01L
10.1 L2L0 % 008 238 £ 006
10.8 LWl .002 .239 & ,00L
11.2 L2200 % .002 238 = 003
12,6 239 = ,00L R399 &+ ,003
1L.1 239 ¢ L0003 LRLh = 01
15.8 236 % .00l L2L0 % 005
5.3 236 .00l L2L0 = 005
17.2 ' JLRLO  F 001 233 = 011
18.0 LRLO = 00 R2L0 £ 006
19.3 LRL2 = .005 240 = 004
21.9 L WRLT7 t .008 .25 004
26,0 o 251 % .C0L 258 005
29.5 .259 % .009 L2865 = 005
3.5 : 270 = ,009 .268 010
* .00, 260 = 006

38.0 <275
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The errors in each observation of the main, the second and third emis-
sion peak energiss which were calculated in a similar fashion to the error
in the widths and are * .002 ev, + ,003 ev and +.008 ev, The vibre-
tional energy levels were calculated from the energy difference between
the peak enerzies of the three emission bands. Thus the absolute errors
associated with each observation of the energy of the first and second
vibrational electronic states above the ground electronic state are
4,005 ev and * 0,011 ev., #lthough vibrational energies reported in
table 2 for varicus temperatures seem to have a definite shift to lower
energies with hisher temperature, the cumulative errors from the two
ermission neak positions for each meke this variation difficult to analyse
accurately.

The most probable peak energies of the emission bands calculated
by averazing the observetions of the energles of esach band from all stec-
tra are 1.073 = ,002 ev, 3.661 * ,005 ev and 3.263 +.026 ev, These va-

lues for the band energies in RbCl:CH of L.09, 3,68 and 3,28 ev reported

20 -
by Késtlin. It is assuned that Edstlin's measurements for RbCl:CH  sare

only within 0.0l ev since he reports results with four significant figures

for KL, ¥Br, and ECl and only three significant fizures for RbCl, The

most probable values of the energy difference between the first and second,

and second and third emission bands, ¢ alculated by averazing each observa-

tion from each spectrum are ,L10 * ,003 ev and .LO = ,02 ev, These energies

correscond to the energies of the first and second vibrational states above

the ground electronic state. These values are essentially the same as those
2L

revorted by Kdstlin, The energy of the first vibrational state should cor-

respond to the vealue reported for the 03~ stretching band in the IR of ,450

) 8
ev repcrted by ¥Klein and wedding. The difference in energy between this




and the first vibrational state erergy mezsured by uv erission sug-
geéts that the parabola used to describe this energy level in the
configurational coordinate rodel should have a different parabolic
constant than the parabola describing the zround electronic state,
Thus the confisurationel coordinate diagram fizure 5 has been drawn

accordingly.




Figure 7

Functional variation of the main emission
band width with temwnerature

¥ain emission band

X First vibrational band




{(A2) HLGIM

TEMPERATURE (°k)



530
32

The areas of the emission peaks are nroportional to the respective

probavility of the transition from the exeited electronic state to one of

ms,

the vibrational levels of the ground electronic state. The averace ratio
of the peak areas, and thus the emission probebilities are 1000: 270: 60.

This ratio showed no reasurable te- perature variation within experimental

M

error. This sugeests thet these evission veeks are due to the same elec~
tronic trensiticn. However, the absolute arezs of the emission pesks do
have a temperature desendence as shown in fizure 8. This figure is a
graph of the logarithm of the veak area versus the inverse of the tempera-
ture for the emission pezks corres sconding to transitions from the excited
electronic state to the ground and first vibretional levels of the ground
electrenic state. The temperzture dependence shown in fizure 8 has the

1

same form as that for the luminescent efficiency, N, at high temperatures

as given in esuation (A) in Chapter III,

Thus
N o¢ exp jg and Eg T 1n (_ELQTI 2)(_];_-_3_-__

-3 -3
Values of Eq of (2.2£0.5) x 10 ~ ev and (2.2 % 0.5) x 10 ~ ev were

calculated from the slores of curves % and B respectively in Figure 8,

Excitation Spectra

A typicel excitation spectrum is shown in Figure 9, The error in

determining the peak enersy of the excitation band is due to the inaccur—

my

acy of the Bausch and Lomb monochrorator, The precision in determining the

bC1:CH , this corresronds

vl

¥

wavelength i1s £ 1 nm. At the excitation peak of
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TABLE 2

P

Energy differences between first and second vibrationeal
states of excited electronic state and the zero vitrational state

~

of the excited electronic state,

Temperature inergy (ev)
' OK : First vikrational state Second vibrational state

9.1 416 * 031 410 039
g.3 J15 t .008 .05 + LOL5
10.1 413 t .002 L0l + .C15
10,8 L t .013 .397 t .027
11,2 13 : .00 ' LLOL + 018
12,6 412 S .009 L5 + 012
4.1 12 t .00, : .398 £ L0111
15.8 400 ES L005 - 412 ES 011
16.3 .13 t .005 . 386 t .011
17.2 AVA t .005 <39 t 012
18.0 417 t 005 298 t .01l
19,3 .399 £ .002 .39 + .037
21,7 4,07 t Q06 395 £ .030
26,0 .1,06 r .005 .382 x .011

29.5 WAL t ,012
34.5 410 x .029 .398 + 011
38.0 409 + .005 .283 t 011
X .03 .00 021

- Averaces LA410



Figure 8
a) Functional variation of the wesk area of the
main enission beand with temcerature.

b) Functional variaticn of the psak area of the
first vibrational bend with temperature.
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te 024 ev. This fi~ure for the error wss arrived at from a series

- o . e 1O o . .
of exreriments using a 37724 interference filter between the deuvterium
- lerp and the monochromator and simulatins an excitation ¥periment while

r~

measuring the output of the menochromator with an ®1 62563 photomulti--
plier, This showed a wavelength irreproducibility of 1 nm, The averaze
energy of the excitation veak is 5.53 % .03 ev and the averasze width is
48 % .02 ev, This neak energy is .2, ev less than the abscrption enerszy
reported by K&stlin of 5,77 and .25 ev less than the absorption enersy re-

2,21 .
*"*  The errors in the measuremnants were too

ported by Klein of 5.78 ev.
large for any functional variation of the width with temperature to be
distinguished,

The excitation spectra for each emission band have the sam
energy peak and width within experimentzl error., This supports the assump-

tion that the second and third emission peaks are due to vibrational

states of the sround electronic state,




Figure 9

. . . o
Excitation Spectrum of EbC1:CH at 9 K
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frhe emission spectrum of

was snown to have three emission enersy bands; the rain enersy bhang
at 4.073 = .002 ev, the first vibrational energy band at 2,661 ¥ ,005 ev,

and the sescond vikrational ene band at 3,263 T ,02% ev, Zach of

these results is 0.02 ev lower than those rerorted by Hostlin, This

systematic error since m

robability of 0,67 that each of the three vairs of

Pl

E 2 i ]
02 ev, Since the erission
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3
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3
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A

used in thls study had a reoreoducibility of ,34 and & wavelensth calitra-
tlon was performed at the onset of this study, it is imorobable that this
systematic error could be attributed to this investization,

Within experimentel error, all three bands have the same excitztion
spectra with a veak at 5,53 £ ,03 ev and 2 width of 0,48 ¥ ,02 ev., This

suprorts the assumcticn that these two vibrational hands are due to transi-

by

ticns Trom the excited elactronic state to trhe first a~d second vibrationzl

states of the sround electronic stete,

L

ine enerzy differences btetween the firsi and second vitretional
stetes and the zero vibrationel state of the excited electronic state

were shown to be ,A10 = 003 ev and L0 ¥ 02 ev respectively,

o3

srees witn crevicus results in the uv 2lthouch the first vibrstional

N
3

D.2L v below the infrered OF

engrests that in the confizursticral coordirate model

the narabolic constants describin: the vibrational stztes of the sround
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electronic stzte are different than the varabolic constant of the ground
alectronic state;
The width of the main peak was shown to vary with temperature with

a functional variation predicted by the configurational coordinate =odel

h Y 5
L(T) = L (0) (tanh e )
kT
The vibrationél frequency of the phonons emittéd after the transition to
the ground state, lg, was found to be (7.6 * .2) x lOll‘secfl. While
Le(O) or the half width of OOK was shown to be .238 %+ ,002 ev, %Within ex~
_perimental error the width of the first vibrational band followed the same
temperature variation as the main band.

The temperature dependence of the emission peak area and thus the
transition probebility was found to agree with the temverature variation
predicted by the configurational model. The quenching energies, EO, of
(2.2 £0.5) x 10—3 ev and (2.3 % 0.5) x lO_—3 ev were found for thé mein and
first vibrational emission peaks,

This close agreement of the guenching energies for these two bands
is to be expected if both are due to the same electronic transition and the
pafabolic constants descriving the vibrational states in the confizurational
coordinate model are less than that for the ground electronic state., This

implies that the vibrational energy is very small for large values of the

configurational coordinate,
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