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ABSTRACT

An apparatus for the measurement of no@se as &
funotion of.frequency is described. This apparatus has been
used to determine the spectral @istributiqn of tpe excess
noige caused by the flow of a d-c. current through a resistance.
.The samples used for the experiments were a zinc oxide semi;
éonduetor and -two metal layer resistors. The frequency
‘region investigated was from 10 kc,.to‘400 ka.

It was found that the excess noise in the zn0~semi;
conductor ébeyed a %zlgw at room temperature while at
lower temperatures (solid CO, and liquid nitrogen)'it was
proportiongl td & af-ldw frequencies and gzat high frequencies.

-The excess noise in the metal layer resistors was
proportional to %) at room temperatures while at 100°C there
was a marked deviatidn from thisflaw in the direction of &

' %2 dependence for high frequencies.

The measurements show that the % law gradually
ghanges~to'a gﬁ law at high frequenqies in accordance with
the theory proposed recently by Dr. A. van der Zziel. Thgy
also indicate that the correlation times invdlved are é
function of temperature; the exact nature of this dependence

has yet 0 be determined,
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SPECTRAL DISTRIBUTION OF NOISE

CEAPTER I .

INTRODUCTION

Thp'random motion of electrons ih a conduector causes
small flucfuating»potential differénces to be developed across
the terminals of the conductor. This ié\know# ag Thermal
Noise and it can be described by a noise e.m.f. in series
with R whose mean square. value, for a frequen%y interval ZSL{

is given by the formula

C2 =gLTRALY

where k is Boltgmann's coqstanf, T ig the abséluté temperature
in degrees'KeIVin, and R is the résistance. fhe registance

R may depend‘qn frequeng# in which case one mﬁst use the

valﬁé of R for the particular frequency interéal}unde: in-
vestigation. THis for@ula, due to Nyquist, has been carefully
checked and is found to be true for frequencies up to the
infra;red region of the spectrum. It has been proved theor;
etically from thermodynamical considerations(%),(zl and has
been shown experimentally (3) that this noiseWis“ihdependent
of the type of resistance whether it be carboé, composition,

wire-wound, thin metal 1ayer,'or,semi-conducting.
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The formula does not always hold if a d -0 current
is passing through the resistance. In general it can be
said that if a d-o current is pa381ng through R there is an
excess noise generated that increases with inoreasing cuirent.
Usually this inerease is as the square of the current. One
can describe this effect by introducing an additional noise

eeme L, éié in series with R so that for a small frequency

interval. AV

7 = ]z/(y) 2y

where the function )%ZV)desoribes the'fraquency dependence

of this excess noise. It 1s usually of the form

y/z()/> _ Caw§;4z07‘»

for a fairly wide frequency range. For a wire-wound resistor

Sw)=

- The object of this research is :ito measure ]45/) as

© we ‘have

a function'of the frequency Y and to measure é5733 a function
of onnrfnt for various materials at differentAﬁemperatures.

In order to measureuklaﬁ)the noise in a certain
frequency band of width 4Y(small in oomparisqn to the;fre;
quengy V) is amplified and detected by a quadratic detector.
If p is the deflection of the meter for I=0 and D, the

deflection for a fixed ourrent I then:



Dz Z o~ :5 /_f_ ]-2/()})
) ez L& 7T R.

so thst:

| 20

As soon as Dy and Dy have been measured for different fre;
quencies )4ddcan be;calculated as & funetion qf‘frequency.
If Dy is much larger ﬁhan_Dl‘one might use‘a calibrated
attenuator to bring the reading of the output meter down to
& reasonable valus. If A is the attenuation factor then one

has to substitute ADzlfor Dy in the above equation.

CHAPTER II
APPARATUS

A_block diagram_of the apparatus used is shown in
Figure I. The detsiled wiring disgram of the pre-amplifier
is shown 1n4§1gure II. The high tension and the filament
current'are‘Supplied‘by éAregulated power supgly Qf conven;
tional design. The frequency response.of the*pre;amp;ifier
itself was found to be essentially flat between 1 ko. and
400 ko., the'half;power frequencies being at 500 cycles‘and

500 ke. When the apparatus wag first tested #he nbise
I
rgsistance wag found to be_5000 ohms. This has been reduced
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FIGURE I
to 800 ohms by using wiré;wound fesistors in;the-plate
circuits of the first two stages. The maximum voltage gain

- 0of the pre- ampllfier is 40 000. .

The detailed wirlng diagram of the 1ocal osoillator‘
and mixer, crystal band-pass filter, and amplifie: is shown
in Figure III. The frequency range of the looal osoillator'
is from 465'kc. fo 1300 kc.. The crystal band;pass filter is
tuned at 456 ko. and has a width qf 2OO,cyc1687 This allows
us to examine ﬁhe noise in a narrow b@nd for ail frequenciés
from about 10 ke. up fo the point where the response of the
circuit as a whole falls to a very low value. This upper
limit of frequenoy is in the neighborhood of 400 ke.

A 1N-23 crystal diode is used as a guadratio

detector. Its quadratic properties have been checked several
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time during the course of the research. ) -

The output meter is & Rubicon galvanometer with
a ten-centlmeter scale and a sen31tivity of O. 0056 micro-
amperes per millimeter. (Of56 microamperes full scale)

A diagram of the circuilt used for supplying—the
d;c.eurrent to be passed through the sample is shown in

Figure IV.

l 300" I .
!
1

|
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| FIGURE IV
seven_45;volt dry cells are useé to supply theﬁhecessary
d;o voltage. These batteries and the ammeter are enclosed
in a grdunded metal box. From this battery box the d-e.
current is fed through a shielded cable to another grounded
metal box where it is filtered and then allowed to pass
fhrough the sample under investigation. mhese»preoautions
were taken to eliminate the possiﬁility of feed;back through
the power supply and to mlnlmize the effeot of any stray

electrical disturbances .in the v101n1ty. As a further
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precautipn against these strgy elec?yic fie1dsU(due to
fluoreséent lights, etc.) all the research was done inside
& cage made of'two layeré of chicken;wirg mounted on a
- wooden frame. Both these layers are securely grounded and
~power is brought intq\thé'cagé'by means of an isolating
transformer} Even with these precautions the apparatus has
- a tendency'to be unstable at times: It is not known whether
this is due to stray fields or to somé faulty ¢omponent in
the apparatus itself. These periods of instability, however,
are very infpequent and‘sho:t-lived. | |

During normal operating conditions tﬁe apparatus
is quite sfeédy but shows a slow variation of gain so that
over a period of say 30 minutes the,rgading of?ﬁhe galvan;
ométef may change by as much as 10%. It was féund that when
the apparatus was left untouched for a period of many hours
“this drift never exceeded 10% and data eould be reproduced
from day to day within this limit. -

The galvanometer has a rated time constant of
three’secohds. This was increased to approxima@ely 30
seconds&pyginSQrt;gg;thxggaspéggsggg,filtering_in front of
the galvandmeter.' ﬁach stage consists of a 5000 ohm
resistor in series wifh a.gOOQ miorofarad condenser. This
was done to damp out some very rapid fluctuations of the
reading. The cause of these is believed to be aﬁe to the
factlthat‘resisforé give out bursts of extra noise over
and above those expected. It has been said that these

bursts may be as large as 300% of the average valuse.



-9 -

In order to show that the apparatus was working

properly the following test was performed. Nyeuist's formula;
€2 = LL TR a)
dr:

/2_2' - L&k 7 A

shows that the mean square value of the noise e.m.f. increases
llnearly with resistance. However, in any practlcal eirouit
this resistance is in parallel with both the input capacity
and the grid resistance of the first stage of the amplifier.
This grid res1stor,also produces & noise voltage.

- Consider the oircuits shown in Figure V and
Figure VI where c is the input oapaclty, Rg is the grid

resistance and R1 is the resistance of the sample under

consideratlon.
_lf N/¢e7au + | LETOY
=== Ry _
R &, - | ‘
v = Y O = 4; <
< g B |
(k7R aV | l¢kn@au
——

FIGURE V . PIGURE ¥I
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N Figure V shows the actual cirsuit in the amplifier and

Figure VI shows the equivalent. circuit.
‘ The voltage Mdeveloped between the grid and ground

is given by the formula.'

- = /4éTAy /¢é7’m/)
L 4-/4/6

and the mean square value of the voltage 1s given by:

N

Ap=(4474u R 4%7‘@1/) /
s
- L TAVE (/,‘R)gi:;'{’;;) Z): z
~3 - 7
y Fx (rx%)
//+/><)"+ chz,/ga)‘L
where |
)(.-—-—ﬁ /'= 4%7&774)/ 3

This is the equation of & family of curves and, if ‘/wc‘xf >7,

there is a maximum when:

. / 2
Z = %.
wé';(; -/ .
This maximum value is:
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- If we let x approach infinity (i.e. leave the input open and
R. becomes infinite) we have

1 . /

2 >
G /+_¢d“€"'/¢2‘

1N

By plotting a graph of mean square voltage versué Ry it is
pOSSible toxobtain the maximum vélue of the curve%and we can
then solve equations 5 and éjfor the two unknowns}éﬁgnd'of

| This has been_done and theAresults are shown on Gtaph No.l
for a frequeney of 50,000 cycles. The Ry has a vélue of
460,000 ohms and maximum value of fié when R, = 190,000

ohms. Using this data we get a value of 24 mioro-microefarads

for ¢ which is quite reasonable for a eircuit of this type.
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Substituting the known.values for C»and/éjintq equation 2
allows us to calculate a curve. Thig theoretical curve is
also plotfed on Graph No.l and its olose rese@blance to the
actual_curve is a good indiocation that the apparatus is
working properly.
CHA?TER III
SAVPLES
The»metal layer resistors used were obtained from

Qoptinenta1'Carbon Incorporated. They are ordinary 50,000;
ohm precision resistrs and conaiét of a thin @etaligeq
layer deposited on a ceramic méterial. |

| The zipqﬂoxide semi;conductor was made in the
vlaboratory as follows: zinc oxide powder was placed in a -
mould and subjected to a presgg:e¢of 10,000 pounds per
square inch. The resulting block of material (2"« % '/g )
was heated to 1200°C at a rate of 100°C per hour and held |
there for twelve hours. It was allowed to sool over a
period of twenty;fqur houfs. After cooling silver contacts
were painted on the ends. Platinum leads were joined to

‘these contacts and the whole assembly was placed in a glass

tube and sealed.
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CHAPTER IV
THEORY
A d-c¢. current flowing through a resisto: cauges
an extra noise which, for a small frequency interval AA)/{
is given by the formula: '
EF = .Z”deﬁfu) Y Z
where I is the d-c. current and jéﬁd is a function deseribing
the fréquency dependence of this induced noise.
We can explain the 12 dependence of #he noise if
we assumé that the resistancé shows gpontaneous fluctuations
in value. If the fluetuation in resistance is AR then an

extra noise

DNE =T AR 2

is.developed across the resistance R. The mean square value

of ﬁh;s noilse is

QE)" =77 (bR 2

To explain these fluotuations in resistance we turn
to the definition of conductivity as given by the electron

theory of matter. The conductivity o is:

0“=i§—m—é—/7£)

N

where n 1is the number of free electrons per cubie centimeter,

o
4 /
- /

7
) -
Sl T o DU
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e the electronic charge, L the free path length of the )
electrons, and v the velocity of the electrons. ' The fluct;
uations of resistance may be due to a fluctuation in the
number of free electrons per cubic centimeter. There is also
the - p0831bllity that the free path 1ength L or the veloeity v
of the electrons show fluctuations. To. take all these
possibilities into account we introduce a fluectuation in the

conductivity as follows:

NT = T -TS AT =0 s
This gives
// B = = AU"':._ H T &
7 7_- 7“7: * h U,«z "_._
to a good approximation. We now have for the value of A4« :
Z
AE =~ AT z

We must carry out a Fourier analysis of A£ and calculate éf-
Consider a fluctuating quantity X(t) which is known

for the interval 0<t<t, where t  is large bﬁtﬂfinite. If we

assume that X(t) is a continuous function in the interval we

- may develop if into a compleiiFourier gseries as follows:

X(t) = F 0™ = ny/fe/"” 2, £ 74%)

ry e ———

%
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= 7 )(/f) e/ ot

(-4

| %
. _ sy
2, ¢ [ X&) 7

o

2777
A}n =
%

&, =0 because X(f)=0

I:E an is the complex conjugate of aywe see that ‘a
The Four;g;r component x, of frequency &J is
, e _
4 2.

e

-n~ %n

‘why & '
Y, =z e’ + a8

and its mean square value is

— -, = — . R et
R AR S A P S
= Zana, %
= 2

because all terms containing the time to drop out when the

average 1s taken. We now have to calculate the value of

2 a, a; + From equation 9 we obtain:

% £

2, * = //X/..d))(//t/') & s 7.%/0_/4/4' /2.

o o
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We now change to a new variabl}e We
e = T~ & 23

Equation 12 becomes:

L s
2¢4*=§//)<(«))</4M/)e/” .

where X(u) X_(u+ w) is independent of u and is a function of w

only. e also kunow that X(u) X(u+w) is symmetrical in w and
equals zero for [«~[>& where & 1is a measure of the
correlation time. Therefore if t, >> 4 equation 14 may be

rewritten as;

Zana* = //X//zj)((zzow- e’ " Ar

Sl et
d oer /5

= -Z—f— X ) )mzf,af) e’

/X(zz) X/w/ar) e’ s

And, if we put 24- = A)/ , equation 1-:5 becomes;

-4

™

2 = L2V X(a) Xl vaar ) @7t

/6

(-4

=¢A)/ XKJ()X(Q,‘-,M) COS &y or s

o
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since the imaginary term contributes nothing to the value of

the integral. Equétion 16 may be more conveniently written as:

o>

Taax = LAY X(a)') cliw) cos iywr Zor 1z

(Q?))((Qz+oaf)
) = DR /s
;?4:4/;< X(z)? | .

and is'called the "normalized" correlation cecefficient. We

see that. : :
o olw) =1 for w=o

) c(-!@:jv)_—: o(w)

and giw) ‘= o  if wl s> 2
where T.is the c‘prfeiation time of the fluctuations. - When we
consider the case of a fluctuating quantity ﬁvh;tch 18 caused
by & large number of independent and random events 2’ is the
duration of the evenﬁ' (Bege the transit time of an electron in
a radio tube). 1In the case of fluctuations involving decay
problems Zis a méasure of the average life of the decaying
quantity.

We now have for the mean square vqltage in a émall

frequency interval &)/

SE=ZT2 AT ) AV ) clar) cos o car Fer
7;4 © _
ZZ/()/) A

/2.

|
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The spectral distribution functionl/zujis completely deter-
mined by the correlation function o(w). for we £ind by

applying a Fourier transform:
) o0
C(/w_«) — _—/—-_—_‘_1 /(aj,,) a7 éd,, J/d/{,, Zo.
| B Xa)* / |

It is evident from this equation that it is not possible for

%&J) to be of the form

_ cons For 7 ' 2/
/(w) - 2. o

for &< 4/< =O. If we substitute 21 into 20 ﬁe obtain an
vintegrai that is dive#gent at 2/ =0 for all values of w and is
also‘dive:gent at 4ﬂ=°°for W = 0. To ensure the convefgenoe
of 20 for all frequencies we nmust impose the folleing<re-
strictions: | '

a)/jtZLO} must vary slower than }infor,very low
ffequencies; , _ ‘ | |

b) /()J) nmust vary faster than & for very high
frequencies; ' |
Of course the ﬁ;;aw is satisfactory for intsrmediate fre-
quencies.

It has usually been assumed that the correlation

function répresents an exponential deeéy Qf half-life 2. i.e.

- Iﬂ/

C’,&u—’)=€ < | <z
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and hence, from equation 19 we obtain:
> -l

1
/()/) =  consForn e T cos ddar er

<o

z ' -
/ A+ It 3

= cowrs o 7

This states that /) is independeﬁt of frequency at low
frequencies and:variqs as /z at high frequencies, .This
relationship is in marked contrast to.the experimental results
where .one usuallj‘findsrthat the poise varies as‘ sy in &
large freéquency range. |

A solution -to this problem has been prqposed
recently by Dr. 4. van der Ziel. (4) 1Instead of using a
single eorrelation time Z° we-intfoducé»a wide distribution
of correlation times. | |

Let | |
//7:%(2’)/?' : /0/7/?’)/2’ =-/). 22

be the probability of a correlation time between 2’and T,

This gives for /%?»9 instead of 23:

V) = % / <z - zs
f/( cons W’o i o f/?)/? 25

0f course by & proper choioeAqf;zﬁ?)oné can always obtain

agreement between theory and experiment even if one starts

with the wrong correlation function. Therefore we can attri-
bute physical meaning to the whole procedure only if there

are sound arguments in favour of the distribution function
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chosen. It will be shown later that this is actually the case,
If we introduce the following normalizgd'distribution

function we obtain the 4 1law exgotly. Ley

;7(’21)4/2? </,/ ?; A Sfor T T <7

e
26.
7{?)/?=0 Sfor T Z o T
and substitute it into equation 25. This gives
J/Zky) = consHont (//4? e )
/oA w2
: : 27

- ‘
= corston’ ///7 Zz‘) GreFoory & Ty — wrefon o) 2
2-4
. 7% :

This gives a value of 4V) that is independent of V for very
low frequencies, varies as 4 for intermediate frequencies, and
veries as 42 for very high frequencies. One oan extend the
%) region asfar.as;is necessary by a proper choice of 27 and
7, . We now have an expressidn forjéad that satiéfies eon~-
ditions a) and b) on Page 18.

The infroduction of a distribution of correlation
times islréasonable when we consglder that in.the theory of
dielectric-losses (which is also a problem of soliq sfate
physics (5))the oofrelatioh time is given.by

é'/k r
z = 2. & 28
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where E is the aotivation.energy. It is evident, that a rather
narrow distribution of E will give Quite a 1a:ge;distribution
in 7 because kT is a amall quantity at room temperature. Of-.
course, it is not to be construed from these remarks that this
is . the solution tovthe problem of the spectral d%stribution
of noisg‘; equation 28 is introduced for the sole purpose
of giving a;physical meaning to a distribution_of gofrelation
times.

We might also turn to the field of Nuclear Physiocs
where we have that thé half;life of an excited sﬁate is given

ﬁy an equation of the form

-£
T = e <7 =9

——

where E is the excitation energy. Again, a narrow variation of
E will give rise to a wide distribution in the values of- z,

| Equations 28 and 29 both show that the values of ¢
(and thus the fprm.of_wiQ) might be depéndent on, temperature.
This variation of the freqﬁency dependence of the noise with
femperatufé will, of eourée, be the governing factor in the.

choice of a suitable expression for z.
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_ CHAPTER V

RESULTS

Excess noise as a function of current at a constant frequency.

~Graph No.2 shows, on logarithmic coordinates, the,
excess noise in the metal_iayer résistors as & function of
the d;c, Qurrent flowing._ The readings were taken at room
temperature. For low values of the gurrent the noise increases
as the .square of the current While-ét higher éurrénts it
iqqneaéqs less rapidly with current. PFrom the graph it can
also be seen that the shapes of the curves are in@ependent of
frequency in the frequency range examined. Bernamont (6) found
these}same‘results for an even wider frequency raﬁge. '

All the readings taken for the noise at'1l5 kc. are
plotted on the graph. These readingé weré obtained over a
period of several houﬁsQ Eor the sake of clarity*Only the
average values of the readings are plotted for 3L kec. vrhe
ngise values on this and all subsequent graphs are plotted
in arbitrary units. Ail curves og_thé same graph are plotted
to the same'scale but there is no reiation between the mag;

nitudes of thé noiée on each separate graph. The aqtual units
/ of noiée are (volts)2 per cycle but here the noise is simply
messured in millame%ers deflection of the galvanometer or
mﬁltiples‘thereoff Siﬁce the apparatus is qﬁadratic and
since the_band;pass;is"constant this unit of measurement is

correct but, of'course, the absolute magnitude is dependent
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on the gain of the apparatus which can be qarie& over a wide
range. | |

Graph No. 3 shows the excess noise iﬁ the -same
metal layer.resistors for a temperature of abput‘;VSOO (solia
carbon dioxide). Only the average point% have been plotted.
The.: . resisfanée at fhis temperature is almost the same as
ét room temperature. Again we notice that the shapes of the
curves are independent of, frequency and that the slopes at
iow cqrrents are approximately 2. We also see that the slopes
gecrease as the current rises.

graph No. 4 is a plot of the excess noise in the
semi;condudtor ag a function of d;o. current at QOom temper;
ature. The resistance at this temperature is 600,000 ohms.
The semi;conductor was connescted in series with a one;megohm
wire;wbund resistor. This Wire;wound registor contributed
nothing to the excess rié)ise (since /()7) =0 ) butj‘, its presence
was necessary to keep all thé semi;conductor“ndise from being
grounded through the filter. The slope of this curve is
approximately l.4 over the whole range of current} The noise
for lower ourrents could not be determined with any degree
of ascuracy because of a large variation in the readings.
It was found that the lower the currents used the more erratic

ﬁere the readings. This fact was also noticed by Bernamont

(6).

Excess noise as a function of frequency for a resistor

carrying a constant4current.
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Graph No. 5 shows, on logarithmic coordinates, the 
excess noise in the metal layer resistors as a function of-
: frequengy for three different values of d-c. current. .The
readings are for room temperature. The curve for 0.25
A milliampers only shows the avefage values. The slopes of

all three curves are -1 within the experimental error. This

‘indicates that the form oﬁ//ky)is given by:

/()/) - caﬁa‘y/‘oﬂ 7

in this frequency range.

Graph No. 6 shows that the excess noise at -75°G is
also inversly proportional to frequency in the range inves-
tigated.

A However, Graph No. 7, taken at 100°C, shows a
distinet departure from this law at higher fredu?noies, Up
to a frequensy of about 40 ke. the slope is ;1 aﬁd above this
frequengy the slope{attains a value of -1.6.

After the readings at 100°C had been taken the
readings at room temperature were repeated and the results
were the same as for the first trial. This 1ndicates that
heating and cooling the resistors had no permanent effect on
the spectral distribution of the noise. The resiétance at
all three temperatures was almost constant - the &ariation
being less than 10%. The response .of the apparatus was
plotted andfound to ﬁe‘the same at all three temperatures.

All readings have been corrected for the decrease?of gain at
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higher frequencies. | |
Graph No. 8 shows the excess noise in the se@@-
~ conductor as a function of frequency at a constant current
and at room temperature. The slope of this curve is -2 over

the whole frequency range which indicates that,tﬁe form of

/(V) is:

£
J/Zny _ tong av7f

Graph No. 9, for a temperature of —7500;-shows that
the noisqygt‘low frequencies is proportional to Y and that
the noise at high frequencies is proportional to Y %2 . By
extending the two portions of this We‘seethat\théy meet at
a freguency of about 70 kd. Thié "transition fréquency", as
it might‘be called, cannot Be accurately determined but it
is the most convenient quantity to use when oomp§ring graphs.

Graph No. 1.0, for a temperature of ;18690, also
shows this-trahsition of the noise dependence from V!

. low frequencies fto V % at high frequencies. It is also to be
noted that the transition frequenoy. at -186°G is almost the
same as that for'-75°c-

The resistance of the semi;QOnduétqr changes very
rapidly with temperature. It is 0.6 megdhms at room femper;
ature, 15 megohms at ;7590,'and 60 megohms at ;186°c. The
frequency response of the amplifier is greatly ibfluenqed.
by the ipput resistance and a response curve Was'plotted for

each temperature. All readings on the graphe have been
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corrected using these response curves.

CHAPTER VI

CONCLUSIONS

The measurements indicate that the spectral dis;
tribution'of noise shows a marked deviation from a 7 law st
high frequencies. This seems to indicate that it is per;
qissabl_e to. introduce a distr"ibution of eori‘e.latifon times
‘as was.done in thevprgceding theory (Chapter IV).

The depéndence of the transition freduénoy upon
temperature seems to indicate that the correlation times
depend on temperature. Though further exp,e;;@mental data are
needed we can at least draw some negative conclus;on5¢ Let
us assume that the shape of the distribution fanction for 2
does not depend upon temperature. The . transition. frequenecy
at which the /, dependence changes to & /yzdependence then
determines the value of 2. The fact that the trangition
from 2/ to )7’-z occurs at a lower frequency for higher temp;-
eratures then indicates that the correlation time“77 must
increase with increasing temperature. This means that
equation 28 of Chapter IV

’ &
T=2, e <
does nof explain the experimental result. since it .gives values

for 2, that deorease with increasing temperature. ..On the



other hand equation 29 of Chapter IV
-<
2= 25 € %7 : 2.
@ogs give values for the correlation times that inerease with
increasing temperature. However, while this relation gives

thefright trend as a funetion of temperature, it does not

give the right shape. Table I gives the predicted values

of % at different. temperatures for E=1.0eV, 0.leV, and 0.OleV.

TEENPOGH #D T RE ' 27
/v DEGEOEES
/(.;cua‘v £=/0ev E=0/7eV E=00/eV

90 200 | 0T 2 032
200 0%% 2, 0 0 "%
300 J0% 2 S0 "l JO "o
600 s0°% 2 Jo ¢z /0%

TABLE T

values of 7 at differentltempé:atures and different valueé

of B (according to equation 2).

For large values of E the depenaencé of 20 upon T
is far oo strong. A rather slow dependence of'?7upon T is
obtained by éssuming small values of E. However, even in that
case equation 2 does not give the right dependence of T, uﬁon
T. According to equation 2 27 would decrease raﬁidly with
decreasing:T at Mery.low temperatures and would be practically
independent'of ? at higher temperatures whereas our experiments

seem to indicate that 27 is independent of T at low temperatures
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and increases with'increasing T at higher temperatures.

Thié means that neithér équation 1l nor ;quation 2
represents the right dependence of </ upon tempe#ature.
More experimental data in a wider frequency range and for
higher tempegatures are needed before any definite conclusions

can be made about this .part of the problem.
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