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AJISTEACT

The clactricul conductivity of £0ld blacks is evaluated from refleo-
tion and tranemiseion measurements in the far infrared. For suf 'iciently
thin samples und sufficiently lurge wavelengths a closed expression is de-
rived, relating the electrical conductivity of the gold black direction to
the adrorytion and trunsuisaion coefficient:. It is founi that the electri-
cul conductivity varies with vavele. ;th, and for wavelengths larger than
105 microns thi= variation is attributed to x» relaxation effect. The re-
laxation time of electrons in s0ld blacks is found to agree closely with

that in dulk gold.

INTROUUCTION

Metal dlacks have been found? to have a very low density, and yet

L. Harris #=nd J. K. Beasley: J. Opt. Soc. Am. 42, 134 (1952)

they conduct a direet current. This has led to the conclusion that their
structure is yarn-like, vith conducting strande spaced relatively far
apart. Maxwell's theory of electroﬁagnetio radiation has been aﬁplied
to correlate the optical (infrared) snd electrical vproperties of the
blacks. when railation i incident on a black, a rapidly alternating
field actes on the electrons in the dlack, rnd the conductivity expresees
the reaponse of the electrons to the imposed electricsl field. Severzl
factors may make the conductivity dependent on the wavelengthi these sre:
A Oaps in the metal strands consisting of either imsulating im-

mrities or air, do not pase a direct current, but may act as condensers.
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Since the impesdance of a branch of an electrical network containing a
condenser depends on the frequency, the apparent conductivity of inter-
rupted strands im gold tlack changes with the frequeney of the incident
infrared radiation. Thus the "optical conduetivity® computed from trans-
pission and reflection data is actuslly an admittivity. with increasing
frequency of the incide.t radiation more strands become capadble of con-
ducting current. Therefore this *condenser effect" causes the optical
conductivity to decrease vwith increacing wavelength of the incident radi-
ation.

B According to Drude® and Zener® electrone have a finite relaxation

%p.Drude, The Theory of Optics (Jongmmns and Co., New York, 1902)
3C.Zener, fature 132, 968 (1933)

time, wvhich causes them to lag behind the imposed emf. This lag increases
with increasing fregency of the imposed field. This "relaxation effect®
causes the effective conductivity to increase with increasing nvelengtli
of the incident radiatior.

c lAt resonance frequencies the optical absorptivity, and hence
the conducﬁvity computed from optical measurements, pasees through a
maximm,

For gold blacks the effects of the three factors A, B, and C appear

/Drca'am/'r)‘le

to samr in different wavelength regions. Resonance frequencies lie

mostly in the visidble and near infrared regions. Por wavelengths creater

" than 100 microns only those strands appear to conduct which cam comduct

direct current. Conductivity across gaps only occurs appreciadly for

wvavelengths chorter than 100 microns, as will de shown bdelow. Since the
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zao * 1/?'0»
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I = (2n/3) (n + 1k)
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wavelaneth of {ncidant radi tion

a thickness of condnc'ing film,

The ortical constante are relsated to the conductivity and permittivity

of the media by the relations:

ak = 117?""‘ (A\/ma)

2* -k* . (PélFo{’o)

wvhere
i~ = conductivity of the conducting film
£ = permittivity of the conducting film
§.° = permittivity of vacuum

permezbility of the conducting film

=
"

permesbility of vacuum

Po

- @ = velocity of radiation in wvacuo.

ige 3)

(2q. )

The quantity rcu ifs dimenrionlessn, :nd is called freduced conductivity

ver square® of conducting film. Ae will De seen deloy, it is 'diroctly re=

lated to the optical properties of films.

The inverse relations of Xqs. (3) and (4) are given by Eqs. (5) and

6) \ -
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msasurements reported ia this paper were all made with radiation of wave-
length greater than 100 microns, the rel: xatien effect is the domimang

ons to bde considered ere.

THRORY, Pars I COYDUCTIVI?Y A8 A YURCTISN OF ABSONFPION AND
TRANGMISSION

Barris, Beasley and Leed® have derived expressions for the reflection

S3vo-84. 41, 604, 198
T OFF- Sac. Are:.

anl transaission of radiation by $him conducting filme ae functfons of
the optical constants, n and k, of the film, the thickness of the film,
the isdex of refraction of a non-absording dacking for the fila, anil tae
wavelength of the incident radiation. 7The backinge used for tha so0ld
blacks under ceasideration here vere vxamined sepnrately in the fu.r

infrared, and were observed to de 100 per cent transmitting. Their index

the above

of refraction is therefore effectively uanity, so that Case 11l of NEEFER,
Zeermmi=iEE® apriies herei

7'3@/00634 ie “Zu - fgl i oin x‘."

Bq. 1
2 cos Ka-1(z, +2, ) I.nr (e 1)

? L (fg 2)

!2 cos l‘n - 1(Z“ + z“) sin !‘nl'

incicent

where R = fraction otArwnuuoa reflected

incident
7T = frastion of“ndhuol transmitted

zoa--’u

a = index of refragtien of condunting film.
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Fq. (9) 1s very useful for a'plications in the infrared, for it relates
the slectrical conductivity of the film directly to the abrsorrtion per
unit transmission of the film. The only condition te its acpplication 4s
that the ratio of f£ilm thickness to wavelength be sufficiently smsll. while
reflection and tranemiseion are themselves extremely complicated functions
of both conductivity and permittivity of the film as demonstrated by Zqs.
(7) and (8)’ *ho right band side of Eq. (9) is independent of ths permit-
tivity of the film, and i{s a simple quadratic fuanction of the reduced con~-
duetivity per square of film. As the ratio a/)\ approaches gero, uc a
avmrosches AP asymptotically, and ceases to depsnd explicitly on a/)\.
Thus, for thin films, the explicit dernendence of rn‘a on film thickness is
only very slight. This is very imvorteat when the conductivity per square
#11n of metal blacks is to be determimed from experimental data on g , for
the density and consequently the thickness of the dlacks are not easily
found accurately. The exprestion A/T = (1-T-B/T ¥ depends for metal blacks
largely on the transmissioa, and less 80 on reflection. 'l'hi:jbocauso
dlacka have rather indistinet -nirfe.cu and hence emrll reflectivity. This
'rofleetivity my be somevhat diffuse rather than completely specular, a
fact not recognired vhen the measuren:nts reported here were made. The
value 97 ‘he reflection used may therefore be somevhat low, but this error

does not affect the value of A/T very much.

RESULTS, Part I
Table I lists ths results of reflection and transmission msasurements
made atThe Johns Yorkine University on four gold bdlack samples at three

different wavelengths in the far infrared. The density of these samples
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In the present papar the reduced conductivity is considered more fundauwensal
than the opticsl constrnts. iHowever, ths optical consteonts can be calcu~
loted, where desired, by the uce of “gs. (5) and (6). %hen the wavelength
is large compared to the ﬁhlclmeu of the z0ld black, the ex»hreassicn

(a + ik) :«m/),' is small®, for o and k rarely axcecd 3,5, ihe following

* hen the wavelength is small compared to the filia thickness, the optical
density (log,9 1/7) is directly provortional to fcﬂ'a‘. For long wavelengths

interference offectes nust be taken into account es is done in tais paper,

'((l: |

approximetione mey be used vhon ' (n + ik) 2ne/)

o~
sin x.a - Kna.
~
cos X3 = 1~ 1/2 (4a)
Substitution of these expreesions and qs. (3) end (4) into kos. (1) &nd
(2) produces:

I i 5’7‘*3/‘) { (Ptf)loto') - 1} + % i}ch'a() /na), @
" l2[1 - Q"'"/)'){(}“/f,t,) + % t)m&()/m)}]- (el J{():t/)toto)

+1+%£rc6‘n (’A /m)}l' (Cae 7)

y

' 2(.1 - (wn‘l)'){(rt/}l.,t.) + -;- 1 -()/m;“- 1(&&/));}’:/}10&0)

+1+%1}cﬂ ﬂ/m)}‘ : (0. 8)
Defining the adsorption coefficient A as!t
A 1=-R=-17
ans substitusing for R and T the egprecsions givea in fqe. (7) and (8) preduces: .
N2 = (raf) ) (pos o’ {1 . (a’-‘/)')}yd'- (eq0 9)
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1s 300 to 500 times as small as that of bulk goldl. Table I alse contains

values of ma/A for all samples and wavelengths, compated from the weight
per unit area of sample, using for the ratio of the density of bulk gold
to that of the gold black the values x = 150 and x = 500. Eq. (9) is not
applicable to nll cases emumerated in Table I, particularly for x = 500
because the requirement | (a + ix) 2ﬂt//\| %<1 1s certainly not satisfied
vben ma/\ ~1. The caseswhere Eq. (9) is not applicable are indicated by

an asterisk.



TABLE I°¢

lanlo

53

51

58

52

Observed reflection and transmission of gold dlack deposits
at different vavelengthsty calculated va/)\ values for the de-
posits assuming different densities.

)
2. 2 2 ™/ ™/
nicrons peroent x = 150 x = 500
105 13.0 26.5 0.295 0.984¢
W 16.2 25 0.0900 0.300
us5 19.5 21.6 0.0682 0.227
105 10.7 h,2 0.162 0.539%
W5 7.8 4o.8 0.0492 0.164
455 8.8 37.1 0.0373 0.124
105 10.1 319.4 0.196 0.653¢
W5 9.7 36.8 0.0597 0.199
uss 8.8 .1 0.0452 0.151
105 2.2 3.4 0.0693 0.271
w5 2.6 69 0.0211 0.0703
us55 5 67 0.0160 0.0533

*Rq. (9) net applicadle

$%Re1iability of data is ~1$

X is the ratio of the density of bulk zold to that of the gold bdlack

devosis.
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The cases where Bq. (9 ) applics were solved first, and by extrapola=-
tion from the results thus obtrined first estimates were made for the
other cases. This procedure thus yielded twenty-four valuss for -PM—"-
nanely one for each of four samples ot three wavelengths, assumin; two
values of the density ratio of bulk gold to 3N gold dlack. Of these twenty-
four values most were assumed to be good approximations because they were
obtained from Bq. (9) under conditions where this equation is presumably
applicable.’ The remainder were considered only first u.tlntu ia a
series of successive approximstions. The entire set of values wvas sud-
Jected to the following test which served both as a cheek on the approxi-~
mate nmethod, and as pert of a successive aprroximation method where the
need for more accurate computations was indicated.

From the estimate of rco'a the opt}i;i'l’ :onuuntl A and k yere caleu=-
1ated, using Egs. (5) and (6 ). Por MUV calculations a knowledge
of £ andr is required. The latter quantity can, for non-magnetic films,
be set equal to that of vacuum, i.e. r = h. The pernittivity of © nirture
is a linear combination of the permittivities of the components, each com~
vronent being weighted by its relative concentratiom. Gold blacks consist
of only a frastion of a volume percent of gold{ their permittivisy can
therefore be approximated by that of air ¢ ~6o' It should bde emphasized
that this approximation is omly used in testing the applicability of Eq.
(9), dut never to obtain results wvhen Zq. (9) does apply.

Setting r'- R, 84 & = & 1n Tas. (5) and (6) enadles ome to obtain
aand k. ¥hen n and k are known, R and T can de calculated from Bgs. (1)
and (2)1 this computation was carried out on Whirlwind I, the electromic
digital computer at the Massachusetts Institute of Technology. Trom the

values of R and T tims odtained A/? vas calculated and compared with the
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ebserved valus. The valuss of ;an leading to computed values of A/® in
agreemat with the odeerved ones are listed in Tadle II sogether with the
observed and calculated values of A/?. Two interestiing observatioas can
be made in Tabdle II, mamely that for the thimmess sample (sample 52) poon
= A/? vithin the accuracy reported and that the resulds fer the two extreme
values of the density ratio assumed are not very different. Omly twe

digits are experimentally significant.



TABLE 1. Reduced comdustivity per square, and absorptiosm per unis M
transsiesion for different densities of g£old blacks deposits.
|
i‘ ’ ‘3_51_1_1)1_0_ '2\- m calculated m observed
' microas x =15 x =500 x =130 x = 500
53 105 1.8 1.4 2.4 2.4 2.4
E N5 2.3 2.0 2.3 2.3 2.35
uss 2.7 2.4 2.7 2.7 2.7
57 105 1.2 1.0 1.1 1.2 1.2
5 1.3 1.3 1.3 1.3 1.3
uss 1.5 1.5 1.5 1.4 1.5
58 105 1.2 1.0 1.2 1.3 1.3
5 1. 1.4 1.5 1.5 1.5
455 1.7 1.6 1.7 1.7 1.7
52 105 0.33 0.33 0.33 0.33 0.33
W o.M 0.41 0.%1 0.41 0.1
55 0.42 0.h42 0.42 0.42 0.42

X 49 the ratio of the density of dulk gold to that of the gold blagk deposit
#an is the reduced cendwctivity per square of deposit
A is the absorption

? is the transmission
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TFEORY, Part Il: RITAYATION TIME OF FLECTRONS IN METAL BLACKS
The expsrimental resulds inmdicate that the coaduotivisy as hps p
rndicated
ie consistently higher than at 105 * Harris and Beasley® have Supumingt
a decreasing conductivity ae the vavelength increases from 7 F.to 35 rm
thie conductivity being sbout 1.75 times their de eenductivity and adbout
twvice the value reported in PTadle 11 for 105 r. Tims the comductivity
goes through a minimum between Tr and U55 r. The increase of comductivity
with {ncressing wavelength on the long wavelength side of the minimam
{ndicates that the relaxation effect predominates here. The decrease of
the conductivity with increasing wavelength on the short wavelength side
of the minimuvm iadicates that here the condemser effect predomimates.
The relazation effect therefore appears to predominate in at least the
mjor portion of the vavelength region 105 p (7\(1355?. though the exact
position of the minimum is not kmowa. The folleving saalysis shovws, at
least semi-quantitatively, that the condenser effect may be neglected in
the wavelemgth region A 2 108 p-
The admittance of a system of strands can be estimmted Dy an equiva~
lent electrical ocircuit containing condensers and resisters. 7The fact
that blacke conduct direct currents indicates that there are unintersupted
conducting paths in the black. These paths may de quite devious and inch
longer than the shortest distance Detwesen the electrodes used to measurs
direet current conductivitys they are represented in the metwork by a
series of resistances. There may be shorter paths between the electrodes
vhich pass through gaps or through mom~condue$ing impurities in the strands.
Such gaps are represented by shunt comdensers in the equivalent circuis.
The admittance of these condensers is zere for direct current, but increases

wvith increasing frequencies. Therefore an increasing number of paths
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participate in passing current as the frequency increases, so that the
conductivity vill increase appreciably vhen the wavelength becomes less
than a oritical value ) ¢ At this eritical wavelength the admittance of
the shunt condenser at least equals that of the shunted resistance, i a.
Oc.g = G, wvhere Q- Zne/)°. vhere ¢ 1a the velocity of radiation in vaeuo,
C the capacitance of the condenser and G the conductansce of the shunted
resistance, Therefore A c® 2ncC/G. The condustance and capacitance can be
expressed in terms of the conductivity of a metal strsnd, 0" 4o the permit-
tivity of a gap, € , the cross—sectional area of & strand, vhich is aleo
the plate area of the condenser, A, the length of a strand, e and the
total length, 4, of all the gaps in the strand:

G = G’A/?, and C = (EA)/(kmd)

Therefore ) - - cQG 142 &)
“hen the pcr-utivity of the gaps squals that of vacuus, ¢ § = (376.7)7}
mho. Tor bulk gold the econductivity is of the order of 10® mho/em; this
valus is an upper limit for the conductivity of a strand. Denoting the
ratio of the conductivity of a gold strand to that of bdulk gold by *h*",
one cbtains €~ 10® h mho/cm, 0&h<1. Therefore A Fad I 10 * microns Q / (d
THER), The sssumption that the condemsers do not contribute to the con-
ductivity of the black is Jjustified if

| <L 100p, L.e. 81 dh/ Q)} .33 210 °

As conservative estimates, let h be not more than 10... and let the total
length of gaps in a strand add up to not more than 1 per cent of the length
of the strand, These values would lead to a lower 1limit of dh/ a. namely

dh/ ?,'v 10"%, which still exceeds 1.33 x 10 * by a large fsctor. Therefore
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it may be eoncluded that )e K 10p, 6o that the condenser effect nesd
not be considersd in the wavelenzth rezion A ) 10(}.
ihe relaxation effect is therefore very suitadly studied dy means
of rrdiation of wavelength greater than 100 }. Irude® and Zener® have
considered forees acting on the eloctrons t hat are proportional and op~
posite in direction to their velocity, hence frictional in nature. IThey

derived the following expression for the conductivity:
2nn oo'r)'

O fme T Can 10)

where ¢ = conductivity
n, = econcentration of electrons
o = glectronic charge
T = time necessary for avercwe vslocity %o drop to a fraction 1/e
times its original wvalue; this is called the relaxation time.
¢ = velocity of radiation in vacuwo |
} = vavelength of radiation
Latting ) &0 o infiaity in equati-an (10) produces
O ae -)1.1’!“9' = 2n o a.'t (3qe 11)
Jividing ‘a. (11) by :g. (10) gives
(;wc’dca/)gc(a)- 1+T® (aro/) bod (iq. 12)
irom q. (11) 1s is ssen that d¢ messurements only give informstion
adbout the product of the slectron conceatration and the relaxation $ive,
ige (12) shows that measurement of the sonductivity at various wavelengths
can produce data from wvhich to derive the relaxation time independently.
It 1s hoped that a series of Hall effect messuremsnts now deinz performed

will yield indenendent information about the electron concentration,
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RESUL?S, Partd II

A The ds conductivity

Eq. (g) can Ye used to deterrine the relaxation time if the reduced
conductivity per squars zao'“a. is known. This value was found by plete
ting, in Tig. 1, (poon)™? weciwmmed® vs. (2mc/2)", using as experimental
values those _m reported in Table II. Ixtrapolating this curve,
vhich theoretically should bBe a straight lime, gives as the ordinute inter-
eeph @ecaon).‘. for the ordinate axis represents A= 00, HKarris asd
Beasley® have rerorted values of de conduetivity odtained by direct slec-
trical seasuremants, which are arrlisadle to the samples deseribed here.
Table III lists the valuer of ?O:’ o deterzined bYoth by extropolation of
the data of Table II and by direct measurements performed on these samyles
Prior te the long wavelength meacurements. The extrapolased valuss de
B0t agree very closely with those obtzined by direct measurement. The
discrepancy ie delieved to be dus 10 slisht simtering of the sagnles as
& result of the measurements wvith lons wavelengths. while the samples
did no% arpear te the eye te bde sintered, and while the transmission a$
1 r vas found to de practically unchanged sfter the longer wavelength
measurements had deen made, slight sintering does mot affact the optical
properties equally at sll vavelengths. The Physical reason is that
eintering rexover some of those gaps that preveat current flow through
interrunted stranis at waveleagths grester than 100 r. T™mas the de
conductivity and the conductivity for very long wavelengths incresss ea
rintering. AS 7 r the admittance of the gzape is se much larger that
they do not {iahidi$ current flewi on this dasis the hi,her conductivity

at 7 r ae coapared vith thas at 100 r was exnrlained adbove.



Fiz. 1. (Reduced conductivity per square, peda Y2 vs. (wavelength/2nc ) ?
of four gold black samples. X is the ratioc of the density of
bulk gold to gold black.

x bold Hace gnﬂk #38
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TABLE III: The de conductivity for gold blacks *
y Semple s

| By extrapolation in Pig, 1 Jrom resistance measurements
“ z = 150 x = 500

53 2.6 2.3 1.8

57 1.4 1.4 0.96

L 1.6 1.5 1.2

52 o.M R 0.38

x is the ratie of the density of dulk gold to that of the gold dlack

deposit.

I.es-“. is the reduced 4o oconductivity per square of fila
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The remornl of gape therefore (oes not inmcrease the conductivity at 7 ’
nsarly as wuch as that at 100 p- It has been odserved that a sample
thet .intered sufficiently so that & drownish cast vas observed, bad at
least a three fold increamse in de conturtivity. Since the dlecrepancy
between the values ohtained by the two measurements reported in %Tadble III
is nuch less than threefold, the amount of simtering that would ac&‘t
for the de discrepancy is not nearly enocugh to alter the apperarance eof
the sample in visidle radiation. Nor the same reason the measured values
at 7 P are not nearly ae sensitive to sintering as those made 4in the
vavelength region beyond 100 )l and with direct current.

B The relaxation time.

From the slopee and intercepts of the curves drawn in Fig. 1 the
relaxation time is conputed. The results are listed ia Table IV, and
agree remarkadly well vith each other and with the valwe ;:Nlo-“ sec.

reported® for bulk metal. The agreement between the values calculated

®Seits, "Modern Theory of Selids", lst ed. MoOrawy M4ll, p. 639

assuning different valwss of the density ratio is reassuring A relaxa-
tion time of electrons in gold dlacks of the same order of megnitude as
that of electrons ia dulk gold accounte for the wavelength dependence
of the conductivisy observed for four gold dlack samples.

The choice of wavelengths )\ = 3'»5, ad )= hsar was made Vefore
the theoretical amalysis war performed. Ia Fig. 1 these two valwes are
seen to e 80 clase togesther for the study of relaxation times as hardly
to represeat independent measuremeats. It is heped tha$ the results pre~
sonted here my stimulate further measurements ia the regioa uq- X4 3"9’
{8 order te check tbe linser dq;,ndoneo of she reciprocal reduced comduo-

Sority per equare on the square 9 the reciprocal wavelength.
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CABLE IV. Relaxatien time of eleetrons ia gold dlack depesite.

Relaxation time S»oz

Sesple

53
51
58
52

x = 150
3.8 x 10.“
2.5 x 10 »
3.2x10 M
3.2 x 10 3

X X = 50

4.5 x 10""M
3.7 x 1072
k.1 x 10 M
3.2x10

x 40 the ratio of the density of bulk gold teo that of the gold dlack

“”."'
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CONCIUSIONS ARD SUMMARY

The range of vavelengths larger than 105 r CW' very usseful for
the investigation of the behavieur of electrens im metal blacks and their
absorptive ﬁour. While do conductivity measurements oaly give the preduct
of electron cencentration and relaxation time, the determination of the
condustivity by eptical means at various wavelengths prevides an independent
means of determining the relaxation time.

The relaxation time ¢f elecirons iz dlacks was feumd 0 De of the
same order of magnitude as that in bulk zold. ¥his weuld indicate thad
the amplitude of oscillation of the electrons is so small that the fine
state of division of gold in a bdlack does not hinder the response of the
electron to radiation of wavelength greater thaa 100 ’1.

A clesed expression was derived for finding the conduotivity of mmmy
thia films at ey large wvavelengths in terms of the observed $ransmissioa
snd adsorption of any film, vhether a dlack deposit er a bright film. I%
has deon showa that the redused conduetivitsy per square of film is a very
fundamental propersy of metal films and a very useful ome because!

4 It determimes directly the eptical debaviour of the film and ad
leng vavelengths apyroaches the absorptien per unit transaission asymptoti-
cally.

3 It 1s dimenmsionless.

8 It eaa de deterained vithout s very accurate knowledge of the
density of the film.

The eptiocal cenetants are net nearly as wseful hecsmee they are strongly

dependent on the density of the dlack. While i was erigimally Shou:hs
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that they had te de determined firet from optical measurements ia order
te find the oomductivity, it mow turne cut that by means of Bq. (9) tae
conductivity is found much more easily than are the eptical comstants.

The folleving cenclusions can be drawn from the present investigs~-
tion adout the structure of metal dlaoks:

As the dlacks have an extremely low density and yet conduct direct
current, they prodably comaist of yam-like strande of crystallites rel-

Conoluc

atively far apart. The dc seminmihmidy of metal dlacks is abeus 10°
times that of dright lepesits of comparable weight per wni¢ area. This
lov ratie is due deth te the longer ocomducting path in blacks and to
the lever concentration of electroms iam the dlacks. This comparatively
lov concentration has $wve csuses, mamely the lewv comcentration of metal
ia dlacks, and the lov comcentration of electrons im the metal strands.
The conmoentration of metal ia the dlacks is determined by the density
ratio ¥ = %00. That the concentiration of electrons in the strands i¢
cemparatively low is suggested dy the comparatively low conductivisy of
thin, dright gold films,

Eall effect msasure-
mente are deing planned to find the eleciren cenceatration im the dlack
dopesits} combiniag the results of these measurements with the estimated
donsity ratie x 500 enadles one to fimd the concentration of electrons

in the strands. Comdining the results of Hell-effect measurements vith



“
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the values for de conductivity and relaxation time, reported in thie reper,

Sep 25 18,08 5
should give the average longth of t interrupted metal strands in blacks.
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