Effects of Various Heating Rates on Glow Curves
R. Chen and S. A. A. Winer

Citation: Journal of Applied Physics 41, 5227 (1970); doi: 10.1063/1.1658652

View online: http://dx.doi.org/10.1063/1.1658652

View Table of Contents: http://scitation.aip.org/content/aip/journal/jap/41/13?ver=pdfcov
Published by the AIP Publishing

Articles you may be interested in
Nonlinear effects and Joule heating in | - V curves in manganites
J. Appl. Phys. 98, 023911 (2005); 10.1063/1.1993750

The thermoluminescence activation energy and frequency factor of the main glow of CaS O 4 : Tm
phosphor determined by heating rate method including very slow rates of heating
J. Appl. Phys. 97, 123523 (2005); 10.1063/1.1947898

The effect of various dissolved gases on the heat defect of water
Med. Phys. 11, 653 (1984); 10.1118/1.595547

Gas Heating Effects in the Constriction of a High-Pressure Glow Discharge Column
Phys. Fluids 15, 1931 (1972); 10.1063/1.1693805

Apparatus for “"Hyperbolic Glow Curves"
Rev. Sci. Instrum. 33, 1168 (1962); 10.1063/1.1717722

Frustrated by Is your AFM dead Sick of bad It is time to upgrade your AFM
old technology? and can't be repaired? customer support? Minimum $20,000 trade-in discount
for purchases before August 31st

Asylum Research is today's

technology leader in AFM

OXFORD |

The Business of Science®

dropmyoldAFM@oxinst.com



http://scitation.aip.org/content/aip/journal/jap?ver=pdfcov
http://oasc12039.247realmedia.com/RealMedia/ads/click_lx.ads/www.aip.org/pt/adcenter/pdfcover_test/L-37/931178889/x01/AIP-PT/Asylum_JAPArticleDL_070815/AIP-JAD-Trade-In-Option2.jpg/6c527a6a713149424c326b414477302f?x
http://scitation.aip.org/search?value1=R.+Chen&option1=author
http://scitation.aip.org/search?value1=S.+A.+A.+Winer&option1=author
http://scitation.aip.org/content/aip/journal/jap?ver=pdfcov
http://dx.doi.org/10.1063/1.1658652
http://scitation.aip.org/content/aip/journal/jap/41/13?ver=pdfcov
http://scitation.aip.org/content/aip?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jap/98/2/10.1063/1.1993750?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jap/97/12/10.1063/1.1947898?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jap/97/12/10.1063/1.1947898?ver=pdfcov
http://scitation.aip.org/content/aapm/journal/medphys/11/5/10.1118/1.595547?ver=pdfcov
http://scitation.aip.org/content/aip/journal/pof1/15/11/10.1063/1.1693805?ver=pdfcov
http://scitation.aip.org/content/aip/journal/rsi/33/11/10.1063/1.1717722?ver=pdfcov

JOURNAL OF APPLIED PHYSICS

VOLUME 41, NUMBER 13

DECEMBER 1970

Effects of Various Heating Rates on Glow Curves*

R. Cuent anp S. A. A. WiNERT
Phlysics Department, Polytechnic Institute of Brooklyn, Brooklyn, New York 11201
(Received 5 June 1970)

Methods for evaluating activation energies and escape frequency factors from glow curves by the use
of various heating rates are discussed. For first-order peaks, the method of finding the glow parameters
by measuring the shift of the mazximum temperature with changing heating rate is generalized. This method,
known to be true for linear and exponential heating rates, is shown in the present paper to hold true for
any monotonically increasing heating function. The method using the variations in the maximum intensity
with changing heating rates, previously known to apply for certain thermally stimulated current peaks
is proved to be true for all first-order peaks. Analogous methods are found for general-order peaks, an im-
portant special case of which are the second-order peaks. Computer calculations as well as experimental
results in ZnS :Er¥* samples are given as a check. These methods are of special value when the peaks are
not “clean” since the quantities used are measured only at the maximum point.

I. INTRODUCTION

A rather general equation governing the behavior of
glow curves [thermoluminescence (TL),! thermally
stimulated current (TSC),? or thermally stimulated
electron emission (TSE)?] is the rate equation

I=—dn/di=s"n' exp(— E/kT), (1)

where I is the glow intensity, s’ is the pre-exponential
constant (cm3—V sec'), # is the concentration of
trapped carriers (cm™), / is the order of the kinetics,
E is the activation energy (eV), T is the absolute
temperature (°K), & is the Boltzmann constant (eV/
°K), and { is the time (sec). Two well-investigated
cases of Eq. (1) are those with /=1 (first-order kinet-
ics)! and /=2 (second-order kinetics).* Noninteger val-
ues of / were shown to occur for certain cases®® which
have since been investigated theoretically.”

For I=1, s’ has the units of sec! and is identical
with the “frequency factor’”.! The solution of Eq. (1)
for this case assuming a constant heating rate 8 is

I=sny exp (;—f) exp [— (s/8) Tj exp (;—TI,Z) dT’] ;
(2)

where #ng is the initial concentration of trapped carriers
and T the initial temperature. By equating the deriva-
tive of Eq. (2) to zero the condition for the maximum
is found to be

BE/(kTw’) =s exp(— E/kTn), (3

where T, is the temperature at the maximum. This
equation can be used for finding the activation energy
only if s is known. Booth,® Bohun,® and Parfianovitch!
suggested the use of two heating rates By and 8, thus
providing two equations which may be solved simul-
taneously to find both the values of E and s5. The
formula for E is given by

E= [k TonTom/ (Tim— Tom) ] ln[ (31/62) (Tem/ Tim) 2];
(4)

where Ty, and Ts,, are the temperatures at the maxima,
of the curves associated with 8, and 8., respectively.
Once E is found, s can be calculated by Eq. (3) in a
straightforward manner.

Hoogenstraaten! suggested the use of several (linear)
heating rates and a plot of In(7.%/8) vs 1/T, which,
according to Eq. (3), should yield a straight line from
whose slope E/k, E is found. Extrapolation to 1/T,,=0
gives a value of In(sk/ E) from which s is calculated by
insertion of the E/% value found from the slope. Osada!
proved that Eq. (3) is true for an exponential heating
function, namely, T'= T ,— (Tw— T) exp(—at), where
a is a constant (sec™?), and T, is the final temperature
reached asymptotically with time. The linear heating
rate B should here be replaced by the instantaneous
heating rate 8, at T’ This leads directly to the validity
of Eq. (4) for exponential heating functions as well as
to the method of Hoogenstraaten. The use of this
heating rate is convenient for experimental reasons.?

Haering and Adams® have shown, for two extreme
cases of TSC peaks, namely, cases of slow and fast
retrapping, that the maximum intensity is propor-
tional to exp(—E/kT.). Thus, plotting Ins, as a
function of 1/ T, should give a straight line with slope
—E/k. Another approximate method using various
linear heating rates should be mentioned here. Ac-
cording to this method™' a plot of In(1/8) vs (1/T\,)
should yield a straight line whose slope is E/k.

For the case of general order [ (including [=2) it is
convenient to use the parameter s=s"n,'"!, having
units of (sec™?). The solution of Eq. (1) is now?

—E\[(I—1 T —E —1/(1-1)
I=sngexp (ﬁ)[( ; )s /T exp( kT’) dT’_i_l:' ,
0

(5)

and the maximum condition

(l—l)sz'" (——E) ‘ slkT,,?) (——E)
p (=2 ) dT+1= =),
5 PUr)TT ( st ) *P\ar,

(6)

The purposes of the present paper are:
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(1) to prove that Egs. (3), (4), and Hoogenstraaten’s
method are true for any general monotonically in-
creasing heating function;

(2) to generalize Haering and Adams’ method for
all first-order peaks;

(3) to develop similar methods for general-order
peaks (including second order) ;

(4) to include temperature-dependent frequency
factors in these methods;

(5) to present a related method for a constant heating
rate and various initial concentration (1) for non-
first-order peaks.

Investigation of the methods for calculating the
activation energies, as developed herein, were con-
ducted along two paths: (1) Mathematical approxi-
mations were examined by comparing final formulas
with numerically calculated glow durves. (2) Meas-
urements of TL in ZnS:Er** samples were done at
various linear and nonlinear heating rates and a com-
parison was made between results predicted herein
and those found by previous methods.®

II. FIRST-ORDER PEAKS AND GENERAL
HEATING FUNCTION

The integration of Eq. (1) for I=1 and T=T7(s),
T(t) being any monotonically increasing function,
yields

T=15 exp fo) exp [_s f:o (@Tb%)

Xexp <kTJ,E> dT’] . (D

Equating to zero the derivative of (7) with respect to T
results in Eq. (3) with 8,= (dT/dt). replacing 8. As a
result, Eq. (4) which allows for the calculation of E
without previous knowledge of s, applies for these
general heating functions as well. The linear, exponen-
tial, and hyperbolic” heating rate equations are seen
to be special cases of the general one. Moreover,
Hoogenstraaten’s method of using several linear
heating rates is now extended to nonlinear heating
functions. The clear advantage of the fact that general
heating rates can be used is that devices for keeping
a specific heating rate are not necessary as long as
this method is used. The only difference is that here
Bn (the instantaneous heating rate at the maximum)
is used.

III. GENERALIZATION OF THE
HAERING-ADAMS METHOD

The integral in Eq. (2) can be approximated® as

follows
_E T —E
B g (L Y 1-a). (8
exP(kT')dT (E)eXp<kT)( ) ®)

/T
To
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where A=2kT/E. (A is known to be usually of the
order of 0.1.) By inserting Eq. (8) into Eq. (2) one has

I=snyexp(—E/kT)
Xexp[— (skT%/BE) exp(— E/kT) (1—A)]. (9)

This equation applies to all values of T including 7.
By inserting the maximum condition (3), we have
for I,,

Iv=sny exp(— E/kT,) exp[— (1—An) ]
= (sny/e) exp(— E/kTn) exp(An)
%"(Sﬂo/e) eXp(—E/kTm) (1+Am) ’ (10)

where A,=2kT,,/E. Even with extreme variations of
8, T changes only by a few percent and therefore so
does A,; thus (14A,) changes only by a few tenths
of a percent. The result is that for all practical purposes,
one can assume that I,« exp(—E/kT,) while
(sno/e€) (1+A,) is considered to be constant. The plot
of In(l,) vs 1/T, for various heating rates should
yield a straight line, the slope of which (— E/k) can be
used for finding E. This is a generalization of the Haer-
ing-Adams®® method, which included only two certain
cases of TSC peaks. whereas here, the result is general
for all first-order peaks (TL, TSC, and TSE). Al-
though the method is based on the use of various
heating rates, we do not have to measure or know the
rates explicitly. It is important to mention that this
method was proved here to hold true only for linear
heating rates since the evaluation of the integral is
given by Eq. (8) only for this case.

In order to check the validity of the method, the
values of I, for given values of E and s and for various
values of 8 have been calculated. This was done by
taking several terms® in the asymptotic series while
representing the value of the integral in Eq. (7) more
accurately than Eq. (8). Curve (b) in Fig. 1 gives the
values of I,, as a function of 1000/ T, for E=0.4 eV,
s=101 gsec! and for values of 8 from 0.2°K/sec to
51.2°K/sec. The activation energy calculated from
the slope is 0.402 eV, which is in very good agreement
with the given value. For comparison, curve (a) gives
the values of 8/ T2 as a function of 1000/ 7, and the
two straight lines are practically parallel. Curve (b)
serves thus as a proof that the two approximations,
namely, the assumption that 14+A,, can be regarded as
constant and the use of Eq. (8), do not introduce any
serious error into the results.

IV. GENERAL-ORDER PEAKS AT VARIOUS
HEATING RATES

An expression for the maximum intensity I, for a
general value of / is found by inserting Eq. (6) into
Eq. (5),

Ln=sn,exp(—E/kT,)

X[ (sikTw¥/BE) exp(— E/kT,) T, (11)
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then by rearrangement, one has
L= T2/ B) 1= (smo) " (moE/Ik) exp(E/kTm). (12)

A change in the heating rate creates a change in the
values of T, and I,. Plotting In[ L, '(T»¥B)"] as a
function of 1/7T, should yield a straight line whose
slope is E/k. In order to use this method one should
know the value of / beforehand.” It can easily be shown
that the same result would be found for nonlinear
heating rates when @ is replaced by B in Eq. (12).
For the extensively investigated second-order case
(1=2), one would plot In[I,.(T»*8)%] as a function of
1/ T.. It should be noted that Eq. (3) results directly
from Eq. (12) for the first-order case (I=1). As a
by-product of the derivation of this method, we can
derive here a method based on the shift of nonfirst-
order peaks as a function of the initial concentration
of trapped carriers. The right-hand side of Eq. (12)
can be written as (1/s") (E/Ik)? exp(E/kT), where
s=s'ny! and s’ is a constant. One can therefore plot
o[ 7, (T,%/8)*] vs 1/ T, for various initial concen-
trations and get a straight line with slope E/k. This
would be appreciable for either constant or varying
heating rates. For a constant heating rate, the method
is useful only when / is appreciably different from unity
since for /=1, T, is independent of the initial concen-
tration 7 and for /~1 the dependence is weak. It is

lO'o = —io3

(b)
@ (a)

()

—=Im(ARB. UNITS)
—= 8/ (s0c-1 °K™")

o.
T

7 [ | 1 [ 1 1 ¢
%6 a8 50 52 7} 56 58 G
— = 1000/ T (K"")

Fre. 1. Maximum intensity I,, for a first-order peak at various
heating rates vs 1000/ 7, [curve (b)]. For comparison, /7% vs
1000/ T [curve (a)] (both calculated).
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Fic. 2. InTw* vs 1000/T,, for various initial concentrations
ny calculated for second-order peak. (b) is a continuation
of (a).

also to be noted that the values of 7, do not have to be
known for this purpose. In this case, 8¢ may be in-
cluded in the constant and thus In[7,!7T,2¢] should
be plotted vs 1/ 7. For the second-order case In[ 1 Tm*]
should be plotted vs 1/7,. Figure 2 gives such a plot
for calculated second-order curves; the values of
are given. The scale on the left-hand side corresponds
to part (a) of the curve and that on the right-hand
side to part (b). The inserted value of the activation
energy was 0.4 eV whereas the value calculated by
the slope is 0.398 eV.

For linear heating functions, an easier method using
various heating rates can be given for general-order
kinetics. Inserting the approximation (8) in the
maximum condition (6) we have

L(1—1)s/BI(kTw?/ E) exp(— E/kTwm) (1—An)+1
= (slkT.2/BE) exp(— E/kTn) (13)

and, by rearrangement,

B/ Tw2=(sk/E)[1+ (1—1) A, ] exp(— E/kTy).

Since (I—1) is always smaller than 2, the expression
14 (I—1) An can be considered constant, the explana-
tion being the same as was given for Eq. (10). Figure 3,
curve (b) gives calculated points of 8/ T2 as a function
of 1000/ T, for second-order kinetics (I=2) for values
of B between 0.2° and 51.2°K/sec. E was chosen to
be 0.4 eV and s=10" sec’. The activation energy
calculated from the slope is 0.407 eV, in good agree-
ment with the given value. The slight disagreement
seems to be due to the approximations used in the

(14)
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I'ie. 3. I, Tw4/8% [curve (c¢)] and B8/T,2 [curve (b)] vs
1000/ T, for second-order peak. The initial concentration remains
constant.

derivation. Curve (a) gives the values of 7,7.%/3
vs 1000/T,. The activation energy found from this
line is 0.401 eV. This is in better agreement with the
given value, as might be expected from the fact that
this method was proved to hold true in a rigorous way.

V. INCLUSION OF TEMPERATURE-DEPENDENT
FREQUENCY FACTORS

The frequency factor was shown®%~2 in certain
cases to depend on temperature as s=s"7T% where s”
is a constant and —2<e<2. The expression for the
intensity is now

I=nys" T exp(— E/kT)
« [ . /m <(ZT'>—1 - (—E) dT’] (15)
€3 —s % ex : . N]
*P 7o \ dt AR

The equation for the maximum would be found by
equating the derivative to zero and rearranging so that

B/Twot*={s"k/[ E(1+3a8n) J} exp(— E/kTw). (16)

Since a/2 can not exceed unity, 14-3%eA,, can be re-
garded as a constant by an argument already dis-
cussed. An equation derived by Schon® results di-
rectly when Eq. (16) is used for two heating rates
B1 and B; for the special case of a=3. E is given for
this case by

E=[RT\To/ (11— To) 1 In(B: T52/BTy2).  (17)

In the general case, and when a is known by some
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independent measurement, a plot of In(8,./7,*?) vs
1/T.. should yield a straight line, from whose slope £
is found. It is clear that Eq. (16) reduces to Eq. (3)
for a=0. For the nonfirst-order cases, a similar treat-
ment would show that In[I.'T,2+%/8"] plotted
against 1/T, should yield a straight line with the slope
E/K. This last general expression reduces to the pre-
vious one for /=1.

VI. EXPERIMENTAL RESULTS

Measurements have been done on two ZnS:Er*
powder samples mixed in water glass and spread on
aluminum platelets. The preparation of the samples
and the experimental technique are the same as
described by Halperin et a/.!* Sample 1 contains addi-
tional NHyF and sample 2 contains NaCl. The main
TL peaks in these samples were reported® to be at
~260 and ~235°K, respectively. The peaks in both
cases are known to be of second-order kinetics,'® and
both are known not to be clean peaks. Various linear
and nonlinear heating rates have been used. The
linearity was achieved by a rotating cam that changed
the heating power during the experiment in a pre-
determined way so that the heating rate was kept
constant. Measurements were also carried out with
nonlinear heating rates. This was done most con-
veniently by applying a constant power to the heater.

Figure 4 shows I, [curve (a)], B/ Tw? [curve (b)]
and 1, T,4/8* [curve (c)] vs 1000/ T, for the 260°K
peak in sample 1. The points for linear and nonlinear
heating rates are marked accordingly (see figure
caption). The points for both the linear and nonlinear
cases fall on the same lines. The activation energy
found from the slopes is ~0.43 eV as compared to
~0.41 eV found by the initial rise! method. Figure 5
gives similar results for the 235°K peak in sample 2.

100 T T T T T

(o}- Im
(b)- B’ Tm?
(0)-Im Tr¥/But

~—« (ARB. UNITS)
=]

] | | ! | |
370 380 390 400 410 420 430 440
—~-1000/ Ty K™

Fic. 4. Experimental results for ZnS:Er*t, TL peak at
~260°K in Sample 1. Plots of 7,, [curve (a)] 8/T.2 [curve (b)]
and 1, 7,4/8% (curve (c)] vs 1000/T,. O curves (a), (b), A
curve (c)—using linear heating functions. curve (a), (b), A
curve (c¢)—using nonlinear heating functions.
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The activation energy found is now ~0.59 eV as
compared to 0.61 eV revealed by the initial rise method.
The tact that In(/,,) as a function of 1/7T, falls on a
straight line for these second-order peaks, which was
not proved theoretically, is quite surprising. The
possibility of using the plot of In(8./Tx?) was proved
only for linear heating rates but was used here for
nonlinear rates as well. These two points will be
discussed in the next paragraph.

VII. DISCUSSION

Methods for finding parameters of first- and second-
order TL, TSC, and TSE peaks are given. The methods
for first-order peaks, namely, finding the slopes of
In{8/T»?) and In(l,) as functions of 1/7,, have been
extended. The former is shown to be correct for general
heating rates where 8,, the instantaneous heating rate
at the maximum, replaces the constant rate 8. As was
shown before, the latter is verified for all first-order
peaks, rather than only for certain special cases. It has
been established that the activation energy for nonfirst-
order peaks can be found by plotting In[ I,""1(T:2/8) 1]
as a function of 1/7T,, for general heating rates or by
plotting In(8/7.2) vs 1/T. for linear heating rates.
For the second-order peaks examined experimentally,
the former method required a plot In[7.(T,»%/8)%] vs
1/T,.. The facts that 1.7,/ «exp(E/kT,) (no ap-
proximation) and T.2/B«exp(E/kT,) (to a good
approximation) imply that I,xexp(—E/kT.) to a
reasonable accuracy. This explains why In(7,,) fell on
a straight line parallel to that of In(8/7,?) in the
experimental results though it has not been proved for
second-order peaks. This result is valid for values of I

100 [ :

(a)}-1m
{b)- B/ T
(0)- I T /8y

—= (ARB.UNITS)
(=]

I ! 1
426 a% T 440
— = 1000/ Trf*K™)

450

. F16. 5. Experimental results for ZnS: Er3*, TL peak at ~235°K.
in Sample 2. Plots of I, (a), 8/Tw? (b), and I.Tn*/8* (c) vs
1000/ T, Experimental points are marked as in Fig. 4.
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different from 1 or 2 as well. As for the surprising
success of the Bm/Tn? method for nonlinear heating
rates and second-order peaks, the apparent reason is
that we did not try to make the heating rate drastically
different from linear. Rather, we checked the method
for the most convenient heating rate, namely, the
one obtained while constant heating power is used.
Although we were not able to specify to what extent a
heating rate should be ‘“close” to linearity, it seems
that the method is workable at “normal” heating rates.
Thus, the method of various heating rates does not
necessitate the use of linear heating devices. The method
of plotting In(Z,) as a function of 1/ T is of some ad-
vantage since I, is easier to evaluate than B/T.%
This is not so when the heating function is very differ-
ent from being linear.

It should be noted that the main advantage of the
present methods is that only the quantities at the
maximum (7, Im, Bn) are needed. Thus, additional
“satellites” on either side of the maximum would not
influence the results. In this respect, these methods
(MVHR) are better than those in which, apart from
the temperature at the maximum, some other param-
eter (the half-width,” for example) has to be found.
The present methods are advantageous for low in-
tensity peaks as compared to the initial-rise method*.
This is due to the fact that the initial-rise region is
only up to about 5% of the maximum intensity.?
In many cases the intensity is so low that no informa-
tion can be revealed from the initial-rise range. An
important disadvantage is, of course, the fact that
several measurements have to be carried out in order
to find the activation energy while only one measure-
ment is sufficient for other methods.

From the theoretical viewpoint, the heating rates
used should be as different as possible from each other.
This was employed for the “synthetic” glow curves as
shown in Figs. 1 and 3, but is in practice limited by
the following experimental considerations:

(1) At too small heating rates the peaks are broad
and have relatively low intensity and thus a precise
evaluation of the peak temperature is difficult.

(2) At too high heating rates there could be some
delay between the temperature of the thermometric
device (thermocouple) and the sample.

The second is only a mild restriction for samples
which are good heat conductors (diamonds, for ex-
ample) or for powder samples prepared on a metal
base such as our ZnS samples.

* Research supported by National Science Foundation Grant
SDP-GU-1557.
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Spin-wave resonance (SWR) line half-widths which do #ot increase with order number have been observed
in moderately thick Permalloy films. Data from a number of films are presented which indicate that a
uniform thickness across the plane of the film as well as a sharp dropoff in thickness at the film edge is
responsible for this behavior. Initially, for example, a rectangular shaped, 2700- A-thick film exhibited
rather small half-widths at 9.4 GHz of 54, —, 24, 26, 26, 30, 36, —, 68 Oe for n=0, 1, - -+, 8, respectively,
where the dashes correspond to those modes whose intensities were unobservable. However, when all of
the film was etched away except for a small central circular region of approximately 1 mm diam, the half-
widths were 54, —, 23, —, 24, —, 21, —, 23 Oe for n=0, 1, ---, 8, respectively. The SWR parameters of
another film, 2500-A thick, were measured before and after etching away all of the film but three, ap-
proximately circular, spots with apparently slightly different thicknesses. In this case, the higher-order
lines (#>3), which in the as-deposited film were drastically broadened, were transformed into triplets
with smaller half-widths than those of the total film. In addition, the triplets had resonance field splittings
which could be described well by H,(L+ALys) —H.(L)=[(2A4A/M)n*z?/ L*[2AL:3/L], where the
thicknesses of the three parts of the film are L, L4+AL;, and L+AL, and where the other symbols have
their usual meanings. Finally, a detailed study of the effect of rf nonuniformity on the resonance parameters
was made by positioning a small film at various locations in the cavity. The half-widths and resonance fields
were not affected by rf field nonuniformities, although small changes in the line intensities were observed.

I. INTRODUCTION

A complete understanding of spin-wave resonance in
thin ferromagnetic metal films must include an explana-
tion of the half-width of the resonance lines. Although
some research’™ has been concerned with the half-
width of the high field line, very little effort has been
devoted to understanding the increased broadening
with order number » of the high-order lines. Wigen*
has accounted for some data by assuming an inhomoge-
neity in the magnetization M across the plane of the
film. With a rather inhomogeneous film, this effect may
be important. However, for films which are quite
homogeneous and therefore have a magnetization which
is uniform across much of the film thickness, there
appears to be no origin for a large variation in M across
the film plane. Furthermore, there is no a priori reason
that spin waves of different wavelengths should have
different relaxation rates. Nevertheless, the increased
broadening of the higher-order modes is still seen.
Phillips and Rosenberg® have suggested that the thick-
ness variation across the film may be a significant
factor.

This paper presents SWR spectra for films of moder-
ate thicknesses (2700 A) whose half-widths do not
increase with order number. Several experiments have
been performed indicating that this behavior of con-
stant half-width with order number depends not only
on a uniform thickness across the film surface but also
on a relatively rapid decrease of thickness at the edge
of the film.

II. EXPERIMENTAL

The details of the film preparation are the same as
previously reported® with a few exceptions. Films with
compositions of 75% Ni-25% Fe from two sets of
evaporations were studied. In one set (the Z set), the
substrate temperature was immediately reduced from
250°C to room temperature after deposition; in the
other set (X set) the films were annealed in a planar dc
field (25 Oe) for 12h at 250°C after deposition. The
results were similar for both cases.

Standard resonance techniques at 9.44 GHz were
employed with the sample inserted into the center of
the X-band cavity operating in the TEy, mode.
Angular settings of 0.05° about an axis through the



