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SPECTRAL REFLECTIVITY OF SOLID SURFACES
AT LOW TEMPERATURES

by
M. C. Jones and 'D.'C. Palmer
ABSTRACT

In Part I experimental data are presented for the normal spectral
absorptivity of the transition metals nickel, iron, platinum and chro-
mium at both room and liquid helium temperatures in the wavelength
range 2.5 to 50 bm. The absorptivity was derived from reflectivity -
measﬁrements made relative to a room-témperature vapor-deposited:
gold reference mirror. The absorptivity of the gold reference.mirror‘
was measuréd calorimetrically using infrared laser sources. Inves -
tigation of various methods of sample surface preparation resulted in
the choice of a vacuum annealing process as thg final stage.

Results are compared to calculations based on a 2-band model.
The first Band is idehtified W‘]..’th the s-electroﬁs but it is necessary to
determine material parameters for Vthe seéond band err}pirically. The
temperature and wavelength dependence of the absorptivivti'es of nickel
and iron can béj ‘repr§5énted .only Qualitative.l.};,but for platinum quite

well if second band parameters are assumed to be temperature inde-

pendent. The Anomalous Skin Effe‘éft’fheofy gives a betterf account of

~the témperature dependence than the cla.ssiCal or local theory and in all

vii -




cases agreement is improved if the relaxation time for the s-electrons A
’ is calculated accérding to tfxe thedry of the quantum mechanical inter -
: action due to Holstein and Gurzhi. In the case of chromium no
.comparis on with the theory is made since an absorptivity maximum
at about 10 pm appears in the low temperature results. This feature
has been identified previously by others as due to the onsgt of antifer - |
‘romagnetism. The absorptivity in the region of the maximum is the ;
; + same at 7.5 K as at 76.5 K. | !
" ' _ |
In Part II the same technique is used to measure the normal
spe%:tral reflectivity of an i>ndium‘ antimonide; sample at 10.5 K. The “ ,
data are fitted to a élasSical r‘eﬂectivi‘ty, function from which an ’
. accurate value for the rests‘trahlen ffequency is obtained. A di?scus_sionz { |
is given of‘a‘theory of the reststrahlen frequency Qn_der development. f
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PART I. THE INFRARED ABSORPTIVITY OF TRANSITION METALS
AT ROOM AND LOW TEMPERATURES
1. Introduction
Knowledge of the infrared optical properties of metals at low temp-

eratures is important in the thermal balancing of spacecraft and in a

~ variety of cryogenic insulation problems both of the conventional type

and those involving multipl‘e layers of polished metal alternating with a
dielectric (''multilayer" insuiation). A previous survey 1] showed thai
little data existed in the literature. Furth'erndore, the available data
were usually at short wavelengths (< 10 ‘u'm), were often in the form of
optical constants and were rarely available for the more common struc-
tural metals which are uéually‘ transition metals and Athe'ir alloys. In
addition, data at room temperature were often not availaBle for a sam-
ple whose low temperature properties wer’e given. In contrast many
studies of a Qariety of metals at r.ooni temperature ilave been available
in the‘literature for a;nu,mber of years, although, here too, long wave -

lengths have been neglected owing to instrumentation difficulties. The

present paper is an outcome of the above noted survey.. In it an attempt"

is made to rectify sAo'r\\nc of these shortéomings by reporting a study of

‘the transition metals--iron, nickel, platinum, and chromium--at room

temperature and at about 9 K. The wavelength range is from 2.5, m

to 50u m.
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In the ekperiments to be described the property measured was the
normal, spectral reflectivity of ‘-.a sample at room or liquid helium
temperature relative to that of a known reference sample (see figures
1 and 2). The latter was a high quality vapor deposited gold film, which
was maintained at room temperature at all times. In order to obtain the
absorptivity, which is the property of most interest in application, the
data were first converted to absolute reflectivities; fhén; By definition
the normal absorptivity for a perfectly specular'sﬁrface is (1.0 - normal
absolute reflectivity).

The infrared absorptivity of metals is usually interpreted in terms
of the interaction of ah electromagnetic wa;re»-with the free electrons of
the metal. The well known Drudé single electron theory 2 has been
applied with,irarying degrees of success to noble a.nd alkali metals at
room and higiler temperatures.- Except at very short wavelengths (say,
less than 4 ;ym) the correct wavelength én’d temperature dependenbe is
obtained if the relaxation time introduced in the theory is thé d.c.
relaxation time obtained }}f’rom electrical conductivity measurements.
However, in all but a féw” ékc'e'ptional cases the ._fela;xaf::ion time which
fits the data is somewhat less than the literature value for the pure
metal.

Fo‘r‘ptyu-e’ metals at léw'tempe.ra:tﬁi'ejférit is also well established

that the Drude theory‘ must be modified to account for the long free paths

p
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of the electrons if the correct wavelength and temperature dependence

, . g | . (3,4],

is to be obtained. The resulting Anomalous Skin Effect theory is
mathematically formidable but computations are readily made on a com-
puter. The correctness of this approach has been well verified for

(5,6,7] (8,9]

monovalent metals. It is also well established that a sec-
ond low temperature effect occurs, namely, the relaxation time be-
comes frequency dependent due to a quantum mechanical interaction
between photon, phonon,and electron and the relaxation time can only
be related to the d.c. relaxation time at frequencies below that corre-
(10,117,
(i. e

ko
%»Eﬁ-where 6 is the

sponding to the Debye temperature >

Deby_e‘ temperature, %= Planck'.é constant divided by 2Tand k = Boltz-
mann's constant). Above this fre'quenéy the excess of absorpti%rity over
that which would be calcul‘ated»from the dv. c. relax'ation time may be
referred to as quantum absorptioﬁ.'

- The transition metals, transition metal alloys, and some other
polyvalent metals are not adequately treated by the Drudg Single Elec-
tron theory. However, a v.ery:i satisfactory description of their optical
properties at room and high te::mperaiizures is based 6n a ,g,e,nerailization
of the single electron ‘fheory, the two band model, applie’d_tto opticai

properties by Roberts. [1’;"'13]

The theory is in effect the same gen-
eralization as has been used for the interpretation of other transition

metal properties, namely, the Hall effect, magnﬁ'tf;}rﬁisistapce, and

e N R e e ket ]t e
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thermoelectric poWer and, as pointed out by Wilson, [1 is‘the simplest
approximation which takes into account the anisotropy of the Fermi
surface. This latter is assumed spherical in the Drude theory and the
Anomalous Skin Effect theory. The theory amounts to inf'roducing a
second conduction_leand with different effective mass and relaxation
time. The distinguishing feature of the transition metals is that they
do not show a plateau in their absorptivity as a function of wavelength
in the near infrared, a proper,t‘y. clearly exhibited by monovalent metals
and predicted by the Drude theory. |

The Roberts theory'has been very useful in predicting and corre-
lating the absorptiVities or emissivities of trapsition metals as a
function ef both temperature and waveleng‘th at room and high tem-
peratures. Two approaches have been used. | In the first[ls:l'the high
temperature a’bs.orpti,vity has been predicted with moderete success
from ‘the Roberts theory ueing parameters applicable at room tempera-
ture, but requiring always that the equations should give the correct -
experimental d.c. conductiy’ity in tﬁe.iiﬁiit of zero frequency. The
see-ond;vap‘p'f'o'afeﬁ 16] feeogniz~e.e that the layer of material at the surface
| in which the interacf:ion with the‘-eieetremagneti-e wave oc'.‘cur».svf may not
~ be charactefistic of the pure annealed bulk matexl-ie.ali through surface
work h‘a,rvden'ing‘i}. Therefore no e_ttem'pt is made te assoeiate ﬁarameters

with known physical properties of the bulk ma,teria,l.' Instead all

S
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parameters are determined by the absorptivity data alone insofar as is
possible: not all parameters are uniquely determined by the absorptivity
data over a limited wavelength range. The latter approach is therefore
an engineering correlation aﬁd lends itself well to the description in
terms of absorptivity of commercial surfaces, impure metals, or
surfaces which have received no special treatment to remove the work
hardened layer. It has the disé.dv'antage that the parameters obtained
have somewhat obscure physical significance.

The purpose of the present study was to investigate the absorptivity

of transition metals at room and low temperatures to determine whether

a systematic procedure could be found for their prediction, which would

be at the same time firmly based on physical principles. To this end

it was decided to apply the first approach given above to room and low

" temperatures and to confine experiments to pure}annealed metals with

high quality surfaces representative in properties of the bulk material.
If this should lead to a fruitful result the extension to less well charac-

terized surfaces could easily be made using the second approach.
2. Preparation of Samples
" In pre‘parir:lg a metal s"drface for dptical'or .infrare'a property

measurements there are two basic approaches for obtaining a surface

 representative of pure annealed bulk material. The first is by vapor

dgpbsjifion‘ of a thick film on a flat g‘lasé 'or"q.uai""cf_z sub's}frate. : The

TN A IR i e e T
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second is by appfopriate treatment of the mechanically polished surface
of a piece of pure metal. While 1t has been demonstrated that at room
temperature the former approach gives rise to some of the highest

7]

reflectivities yet observed for noble metals, and this in turn has
been attributed to the absence of lattice distortions normally caused by
mechanical polishing, thére are, nevertheless, some objections to the
use of vapor ‘deposited films. Firstly, at room temperatﬁre measured
co?lductivities and densities differ siénificantly from those for pure
bulk ma‘terial even for high quality ultra-high-va'cuqm films. Secondly',
for a thick opaque film which is still thin enough to conform to the
smoothness of the ‘substrate (typically ;-2000 A ); the mean free path of
the electron at liquid heliqm temperafures ;rna.y’greatly exceed the film"
thiékness; In this  case the effective relaxation time of the electrons is
a function of the film. thickness and will thus modify the observed reflec-
tivity or absofptivity. Such observations would be extremely difficult
to interpret. Henée 1n tlﬂs work the second approach 'haé béen taken
and efforts direéted'toward eliminating work-hardéning at the surface.
The samples were prepared from highly purified, polycrystalline
disqs about 25 mm in dia,me'ter and Z-3Ir‘nrn fhickriés.s.- ”"-I‘he manufac-
turer's stated puritiés were as fdllows;_f'__v'h"ickel 0. 999:97, iern_k’,O. 9999.,“{_
platingm 0.99992 and ‘chrbmi‘u‘m_ 0'.;999 6. {_On réception the: sampies

ol . S ; ~6 . -8 :
~were first annealed for 30 minutes under a vacuum of 10 to 10 torr
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the imaging system of the spectrophotometer.. Previous work

at 1422 K. An evaluation of various methods of polishing was then
carried out on nickel in order to select the best technique which was then
to be applied to all samples. The criterion was the room-temperature

[18,19] to the

near-infrared reflectivity since ample evidence exists
effect that the reflectivity increases siﬁgnificantly when the work-
hardened layer caused by mechanical polishing is removed. On the
other hand it is also important to maintain flatness and smoothness
especially in our measurements where the sample forms a mirror in
(191
indicated that for the apparatus used here, using the method of
Ne§vton"s‘ ‘rings, the sample should be flat to within 5 fringes over a

diameter of 1 cm. Thé flatness achieved here has been of the order of

1 fringe over a 1 cm diameter. As for smoothness the r.m.s. peak to

valley foughness should be a good deal less than the aneléngth of the

incident radiation. Novdifficulty has been encounterea using techniques
déscribed below in obtaining maxirﬁum peak to valley reading;s of 0. 05um
using a stylus profilometer over distances of the order of a few mm.
The te:’c’:hni‘qu.‘es applie"d to the nickel sample were as ‘fyollozw-s:
1) “Méchevuiic'a.l pdlishi’ﬁg to high mirror f1nlsh followed by‘
elejétrto‘poyl'is'hin'g at high current densityev(O‘-‘; 5A/crn2 in a

57% vol. 's.olution’ovf, sulfuric acid and distilled water--time

30 sec.)

e i e ke 7 e RGeS n i




ii) Mechanical polishing to high mirror finish followed by
electropolishing at low current density (0.03 to 0.1 A/cm?
electrolyte é.s in i) with use of polishing wheel. Ih this
case the elecvt'rolyte was continuously dripped onto a polish-
ing cloth mounted on a brass metalloéraphic poli‘skhing wheel

rotating at 160 r.p.m. The polishing wheel was made the

cathode and the sample the anode.

iii)Mechanical 'poli.shing followed by vacuum annealing at tem-

peratures and times which according to the literature should

21 g

give complete recrystallization (673 K for 1 hr.

iron, platinum,and chromium appropriatye recrystallization

data is also available. 20, 2_2’ 23]

Mechanical polishing was with successively finer grades of diamond
and alumina abrasives and was always done by hand either on a cast

iron lapping block or on polishing paper. Preparation was completed

by washing with detergent solution and rinsing with distilled water.

Technique i) was rejected without further testing becé.use even

h
:
;
.
;

after several variations in procedure and cathode geomefry the surface

lost its specularity. This is an essential surface property for alignment

i s 410 e A o SO A L it By s

of the reflectivity apparatus described below apart from considerations
of surface smoothness referred to above. }Te‘c‘h’nique’ii) was applied

for times and current densities which would have removed several hm
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of surface material. The resulting surface was sufficiently specular
but slightly'r, irregularly polished to the eye; the degree of polishing
appeared to depenﬂ on orientation of crystallites at the sample surface.
Techhique iii) produced a good specular surface. It is important in
using this technique to keep the temperature as close to the 1 hr.
r‘ecrys‘tallization temperature aé possible; it was observed that vacuum
ann‘ea‘ling at about 1000 K gave rise to thermal etching at the grain
boundaries.

The roomv-tember_atu're near-infrared reflectivities by techniques

ii) and iii) are compared in figure 1 on the basis of which iii) was

chosen for all other samples. It is noteworthy that BiondiBl] com-

pared techniques i) and iii) and found very little difference in the ab-
sorptivity at liquid helium temperature. However; his samples were
vacuum annealed at 1023 K to 1123 K for 12 hrs. which by our experi-
ence would have lprodﬁced excessive t~herma1> etching.

In preparing samples it was found that e.vvetn higher refléctivify
could sometimes be ‘gchieved by fep’eating’»the last stage of mechanical

polishing and the vacuum annealing pr'ocedur'e.’ This' improvement is

~also‘illustrated in figure 1 for nickel. In figure 1 and in fiéure -2 for

‘platinum it is quite clear that the uitimate had been reached by annealing

until a smoother surface was created by fuifther ‘rnecha,nical polishing.
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The reference sample was produced by vapor deposition of 99.999%
pure gold at 300 .K.per second in a vacuum of 8 X 10 ° torr. The total
thickness was 1500 4 and was applied on a flat glass substrate which had
been precoated with a 70 R film of nichrome‘ for improved adherence.
This sample was selected over several others of similar thickness
which had been deposited at higher vacuum (lO-e torr) but at lower
deposition rates (1 to 16 .z&/sec.) since its reflectivity at both 2.5 and
4.0 um was higher when compared with them at room temperature in
the apparatus described bélow. The absolute determination of the room
temperature absorptivity of the go’ld reference‘ sample at selected

laser frequencies is described in section 4.

3. ‘Expe'rimental Apparatus and Procedures

3.1 Optical and Electronic Components

. 1

A commercial grating spectrophotometer was used having a nomi-. .

nal v;avelength range from 1-700 pm.  For these measurements; the
instrument was fitted with feflectivity optics which direct the source.
energy upwards onto the inverif‘ed ho'}'izkontal 'sample)‘ait an a,n'glewof in-
cidence of 1esé‘ than 9°. A plan of the .épécfr-o.photomefer with reflecti-

vity optics and cryostat incorporated is shown in figure 3. The sample

is positioned at a conjugate imége point of the monochromator entrance -

slit. The source used was a giqﬁar thrjdughgut; the detector*jwaé a

12
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~C -~ CHOPPER . 'R - REFERENCE MIRROR
D! - GOLAY CELL DETECTOR. ' S - SAMPLE MIRROR
D2 - THERMOCOUPLE DETECTOR. SI - INLET SLIT
Fi, FZ-SELECTABLE RESTSRAHLEN FILTERS SO- OUTLET SLIT
7 OR PLANE MIRRORS. W - CRYOSTAT WINDOW
F3- INTERFERENCE TRANSMISSION FILTERS. X - SOURCE

G - INTERCHANGEABLE DIFFRACTION GRATINGS.
M - 45° PLANE MIRROR

Figure 3. Optical Plan of Spectrophotometer and Reflectivity
R Optics with Cryostat Incorporated
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thermocouple at wavelengths up to 15 4m and a Golay cell for longer

wavelengths. The detector signal was amplified by a lock-in amplifier,
the reference. signal for which was taken from a breaker on the chopper
shaft. The amplified signal was read out4t'o four significant digits on a

digital voltmeter.

3.2 The Cryostat
For both room and low temperature measurements the sample was
mounted in the stainless steel cryostat shown in figure 4. This cryostat
(19]

was a modified form of one described previously. In the earlier

version both sample and reference were held at the same temperature

- while here the reference was maintained at all times at room temper-

ature.

The cryostat was designed specifically for these measurements.
The reqqirements were to be able to position the reference in the app‘ro-
priate' plane of the spectrophotometer, t'hén, after recording the sighal
for a few minute.s, to replace it quickly with the sample in precisely the
same plane while mé.intaining at.all.., times a high vacuum around the

sam"ple; ~ Interchanging sample and reference was effected by rotating

the entire in‘s_pi,de' contents of the cryostat (i.e. the liquid helium vessél

B and the liquid nitrogen radiation shield C) by means of the ‘handle H -

and reduction kgéﬂars‘ IandJ. This turned thé collar E which rode on

the ball-race F and was sealed to the stationary outer jacket of the

14
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cryostat by the '"O" ring G. It was then possible to position either the
sample S, or the reference R over the cesium iodide window K through
which the spectrophotometer beam entered and left; The window K was
inclined at 14° to the horizontal to prevent energy reflécted from t-he

window surface from arriving at the monochromator slit. Corrections

to the sample plane were achieved by tilting and raising or lowering the

whole cryostat,whi»ch was -supported in the spectrophotometer by a heavyv
aluminum collar attached to which were three legs re‘stin‘g on the spec- .
tro'phovtometer, housing. The legs terminated in screws with which the
predeterrhined adjdstment was made. (see 3.4)

The high vacuum required was obtained by use of an ion pﬁmp of
8 liters/se»c pumping .speed attached d'ire‘ctlly to the cryostat vacuum
jacket. With it a vacuum of 5x 107" torr coﬁld be mainjtain'ed tlhrough-'
out low temperaturg expetimenté éven while interchanging sample and
reference. An addc;d 'advanfage of an ion pump is that sample contamin-
ation through backstreaming of pump oils is not a problem and there isv‘
no need for an intervening cold trap.

The entire cryostat assembly ih position in thé spectropvhotometer

can be seen in the photograph, figure 5.  The su‘pporting‘corllar, legs,

‘and adjusting screws are clearly ,evident-.
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Figure 5. Photograph of Cryostat Installed in Spectrophotometer

17




3.3 Sample Mounts

The need to place sample and reference side by side inside the

" cryostat, the sample at liquid helium temperature and the reference at
room temperature, presented a somewhat difficult design problem be-
cause large temperature gradients were inevitable. The ar.rangement
shown in figure 6 was used in this experiment. In this figure parts are
identified by the same letters as in figure 5.

The sample S to be investigated had its back side ground flat and

was held against the copper post“L, also ground flat, by a screw cap.
The post L. was silver sQldered into the copper plate P which was
screwed to the copper base of the helium vessel. The sample was -
surrounded by a gold plated radiation shield B' at liquid heliqm tem-

perature and a second one C' at liquid nitrogen temperature except for

an aperture to pernﬁt entry and exit Qf the épecfrophotometer beam.
The sample témfaerature could be measured bytﬁe thermometer T -
which was a germanium resist?anAcle' the‘zrmome't'e.'r. inserted into a hole
; in the' post Lt& The thermometer leads were well tempefe‘d around L.
The referen‘c;e,w‘as mounted on the platform 'f'orm;ed by‘ the nitrogen

temperature radiation -'shield C': It was in the form of a coated glass .

’pl.at,e held in a brass .slide;rnpu’nted bbvy’fhre'e épfing loaded s'é,rews to the

inte rn'xediateff'}qylog_pla'tf\or'ﬁi'N.; Thls in turn v'vas. held against C' by a

single nYloh' s,cri““'ew',“f the '”a‘réa,of contact being kept to a minimum by 't'Wo

(s
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knife edges machined on the nylon. By these means good thermal iso-
latiop from C' was maintained while at the same time the reference was
sufficiently rigidly supported for optical purposes.  The reference was
maintained at room temperature b}; the electrical heater W, wound on
the brass slide, with cur_rent from a ‘controller driven by the error sig-
- nal of thé t‘hermocouple T.C. which was varnished to the back of the.

slide and well terhp.ered to it.
3.4 Alignment Procedure

Repiacing the reference by the samplé in precisely the same plane
required a preliminary procedure by which the settinés of the adjusting

# | , , !
screws of the cryostat were determined for both reference and sample 0

in position. It was found that the settings dependea somewhat on the

TR

SR

tempefature of the sample, but for liquid helium temperature it was

~determined that the alignment procedure could be performed at liquid

i, o ot R

nitrogen temperature.

The p.rocedul;e began by setting thé mounting screws of the refer-
ence such that without any correction t6 the‘inc]finatiqn .of tﬁg cryostat
the sample was apprbximately in the same p,l_ane as-;:‘he reference on
rotating the ‘inside of the cryostat. ,T}he r‘éfiectghCe optics were then
removéd and r'eplacej“d by’ a plane mirror inclined at 45° so“thv‘.a;txthe
sam_pie or reference could be viewed thfoug‘h the winddw K. The re-

quired correction to the settings of the adjusting screws when the
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sample was brought into position were then determined by autocollima-
tion with the aid of a cathetometer telescope and illuminated cross-

hairs as illustrated in figure 7. The ’adjusting screws were fitted with

- pointers which enabled precise repositioning of the cryostat for the

experimental V‘run. - The adequacy of the procedure was checked by
compariﬁg the signals from two ‘gold samples at room femperature.
These samples had been produced simultanéously side by side in a
vapor depbsition apparatus. They were found to give identical signals.

In fact it was found that the tilt correction as described above could be

" determined to considerably greater precision than was required to

avoid error in Fhe relative réfléctivity of a sémple.
3.5 Data Recoi'kdin'g Procedure

Data reading Was rélatively straightforward once the samp’le and
reference ’werevm'ounted, the cryostaﬁ evacuated and cooled to liquid
nit‘r.o'.g‘e“n temperatﬁre,and the alignment procedure czovmpletetii. The
sPectrOphotom‘etei' was a.116’Wedv to Warm up for several hours and a
st;ady flow of d‘ry nitrrogen gas thrdﬁgh the spectrophotometer was put
into effect about 1 hr. before an "il“lv,tended‘run;f(") reduée thé watf“air vapor
concentrration. When the detec{to‘r. signal appveared’ to be steady the C'Vr}‘ros‘t'at
waa;;"ffclioqled down furt'hgr.bir ‘tragsfer of11qu1d hellum For room tempera-

ture runs the helium vessel was filled with trichlorofluoromethane in

 order to stabilize the temperature. ’Reflecﬁvity data were taken point
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by point rather than by scanning,since in this way the reference signal
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could be checked immediately before and immediately after the sample

signal to determine if any signal drift had taken place. The signal in

each case was observed for a few minutes after becoming steady with a

TS DI LSRR 2 TN

PO =

filter time constant of 30 or 100 sec to average out noise. In this way
repeatability of the relative reflectivity could be held to £ 0. 1% at short
waveleﬁgths to £0. 2% at the longer waﬁvelengths. Points were discarded
if the reference signai recorded after the sample signai had drifted from

its initial value by more than this amount. This criterion set the upper

NI E

wavelength limit to the data taken with the spectrophotometer,since for
wavelengths greater than about 50 # m no such signal stability could be ’”

obtained.

In addition to sample and reference signal the true instrument zero
was recorded at each amplifier gain, since, particularly with the Golay

cell, a spurious sign'al due to chopper vibrations often accdmpanies the

optical signal.
With the prdcedure outlined, the relative reflectivity of the sample 3
could be determined at a particular waveléngth in about 5 minutes. .One

charge of liquid helium (1 lit’ér)“.kpermitted 3 to 4 hours of operation.
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) 4. Determination of the Room Temperature Absorptivity qf the
;. : - Gold Reference Mirror
4.1 Laser CalorimeterA ‘ ' :
: For the measurement of the absorptivity of the gold reference A T
| ;e mirror a calorimeter was bpﬁilt for use _with infrared lasers that were
% available. These lasers were:
E i) A COj laser having a strong emission at 10. 6 bm. This
i ‘ . |
' ; 1a§er ha‘s been described many times in the literature [24] §
. Lo
% and is probably the most intense known for a given size. ;
k i
{ The particular one used here was 0.5 m in length and had 1 \
Q,
| a power output through a ‘germanium window of about 2W
I concentrated in a beam of parallei radiation of 3mrh diameter. %
, An iris Was used to reduce the energy to about 100 mWw. §
; A L b
“E; ii) An HEO laser[zs‘J with its strongest emission at 28.0 um ’
‘ and less in;tepse emissions at 78. 5 and '1‘18‘.-.8. Mm. A |
i ' powerv}voutp;lt of about 100mW was available at 28.0 u. m, ., | z |
| but insﬁfficiént pow‘e‘r was a\failabie in the weaker lines
for use in these measurements. This laser was 8m in R | N
1‘ length and had a'»»diamgter of 80 mm The radiation em‘erged R
‘ | through a polyethylene lens With-a fdcus at 200 mm. For
24 i L erimioh "f




k]
thése measurements a collimated beam of about 3 mm
diameter was produced after passing through a second
lens of 24 mm focal length.

. [26] . .

iii) An HCN laser with a strong emission at 337 pm and

a weak emission at 373 um. Again onlyvthe stronger
emission was of suitable power, namely 50 mW. This
laser was also 8 m in length and was 150 mm in diameter.
Similar polyethylene lenses were used to produce a

parallel beam of 3 mm in diameter.

The calorimeter itself is illustrated in‘figure 8. The laser
beam could either be absorbed on the gold mirror, which was cemented
on the outside of a thin spherical copper shell (0. 10 mm thickness), or

it could be absorbed inside the shell by rotating with the plastic knob to

 place a small inlet cone in the beam. The copper shell and cone were

painted inskide with 3 co-';’tts 'of :;1 flat black paint known as NEXTEL¥; the
shell was gold plated on the out.sidé".r-"'. In an intermediate-position the
laser beam impuing’ed on a smallcopper plate cemented t;o’,the, shell and
coated With NEXTEL in the same manner as the shell ir;telribr'; | leith

this the absorptivity of the paint could be determined for use in assessing

* Minnesota M1n1ng and Manufacturing Co.
The use in this ‘L'p'ap.er ofrti?ad.e names of specific products is essential to

a proper understanding of the work presented. Their use in no way |
implies approval, ‘endorsement, or recommendation by NBS.
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the absorption efficiency of the shell cavity.
The calorimeter shell was supported by a nylon pin mounted in
a copper base. Except for holes to permit entry of the laser beam the

shell was completely enclosed by a brass protecting shield to keep down

perturbations from stray radiation and drafts. A second draft eliminator

around this provided additional protection. A shaft on the éopper base
fitted into an aluminum base and permitted rotation of the calorimeter
without disturbing its position relative to the laser Optics on an optical
bench. By setting the plastic knob off from the calorimeter with a
length of stainless steel tubing, this could be done without serious tem-
perature pertu;‘bationé from the hand. |

When a steady température difference exists between the calori-
meter shell and base this &i‘i'ference'is an indicétion of the power being
absorbed. The shell temperature was indicated by three thermistors
T,, Ta, and T, connected in series; two were cemented to the shell and |
one just at the ‘point where the nyy‘lon p'in‘ was attached. In this way an
averagé shell temperaiture was ipdicated. Three similar matched
thermistors T,, Ty, and T, in series also were cemented in holes in

the copper base. A thin aluminum shield protected these from direct

impingement by stray radiation. Each set of three thermistors formed

one arm of a bridge which could be balanced when the shell and base

had come to thermal equilibrium. In order to calibrate the calorimeter
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} two heaters H;, and Hg,in the form of 1/8 W carbon radio resistors,
ﬁ were cemented in holes, the first in a brass boss soldered to the top
of the shell and the second in a hole in a similar boss at the base of the |
shell; the latter served also to attach the nylon pin. In this way the
calorimeter could be tested to ensure that its response was independent »
of the point at which power was absorbed on the shell. The calibration
is represented in figure 9 by a plot of the reciprocal of the responsivity
in mW /mV versus the bridge signal at 5 minufes aftef start when the
bridge was driven by 2,000V, | | ?
’; The calorimeter illti’s”txatéd was in fact a second model with ;
: “ | _many improvements incorpbrated on the basis of exper‘i'ence with a

protbtype. These include the use of multiple thermistors, the inlet

'cone-, the thermometer shield, a lighter shell,and the NEXTEL paint

s A 8 L L B
PR *
o
. . s

which was far Superior to a black copper oxide coating used initially.
Much effort was expended on énsuring that substantially all the
béam radiation chould»,ube absorbed in the shell. This is the morev dif -

ficult the longer the wavelength of thé radiation because almost eirer-y' -

' éoating known becdmes less black thelonger the wavelength. In develop- -

ing fh‘é-iinal de51gn the povy‘er' indicaied by the cv:albyrimeter was .fr'equ‘,en_tlyk §‘
comkl;ared’-wi”i:h that indicated by a faster re5ponding but less sélnngﬂit‘i:ve :
‘ p0‘wé~£'*‘mete“1f deve10ped~at, thg National ‘Bureau of Standards specifically . | ?
| , ﬂ""'fo,i"linff}’raréd kiﬂaz‘ser_’gpqwé‘r ~»mea',su1?emle‘nts.~ In thg; fmal .‘des‘}i‘g‘nj;‘l‘xe ,po\;vers
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indicated by the fwo instruments were aiways within 5% of each other
and no trend with wavelength was observed which, on account of the
wavelength depehdencé of the paint, might have indicated a serious
deparfuré from blackness.

Based on a sifnple) spherical cavity without the cone and on the

‘measured ratio of power' absorbed by the paint to that absorbed by the

cavity, a lower limit of 99. 3% can be set for the cavity absorption
efficiency at 337 um. Now the use of the cone can only enhance this
efficiency because it is truncated short of the point at which an extreme

axial ray would be turned back after multiple réflections; it provides a

strongly divergent beam inside the cavity and, being set off axis, no = .

spécular "ray could be re.ﬂected straight back out again after encounter -
ing the shell wall. It is therefore firmly believed that, to an accuracy

of a few ﬁefcént, the cavity can be assumed to be black and no system-
a.tic‘ correction needs to be ai)plied in data redﬁctionon this account.

Some of the i_mporta.nt'calorimety_er pai‘ameters were as follows:

Time constant ; 2 min.,

Responsivity o, 83 to 0 87 V/W
' ‘Detéctivity 0.05 mW
 Temperature rise ~0.022°C/mW
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In making measurements the calorimeter was placed on an
optical bench on whiéh fhe laéer rested and was set relative to the laser
outlet optics such that the beam was centered on sample or cavity after
passing thlfough a stop of smaller diameter than the ‘framipg aperture

of the protective shield. Heat sensitive paper was used in all cases to

locate the beam and center it. When directed onto the gold sample the

reflected beam was also located and the angle of incidence'carefully
chosen so that the reflected energy was frustrated by the stop. The
beam reflected from the stop was also difécted away from calorimeter.

Aftér allowing the calorimeter to come to equilibrium laser
power was admitfed‘by opening a shutter. Readings of the out-of-balance
of the bridge were taken’ wifh t’ime and,instead of Waiting for steady state
to be achieved,the p‘owér was determined from tyhve reading at 5 minutes
after star‘t, aé had been dohe'for calibration also. 'With the time con-
stant s"tatéd thiis was sufficient to achieve 9’2% of thel steady state reading
and was simft enough on the oth’er hand to minimize the contribution

from long term drift.

4,2 Calorimeter Riesults

The absorptivity of the sample was calculated as the ratio of the

‘power absorbed when the laser beam impinged on the sample to that

when it was absorbéd-. in the cavity.  The resu_lts,b for the gold and the

'NEXTEL paint are given in Table 1. For the g_old each value repﬂresents‘
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Table 1. Results of Room Temperature Measurements

o{ Absorptivity with Laser Calorimeter.

wavelength absorptivity uncertainty absorptivity
M m. of gold of NEXTEL -
10.6 0.0116 - +0.0008 - 0.89
128.0 .. 0.0139 £0.0009 0.96
337 - 0.0111 +0, 0011 0. 67

Average absorptivity of gold reference mirror 0.0127

an average of several observations. The accuracy of the results is

' governed by the departure of the cavity from 100%, but more serious

was the problem of repea_tiability..k .This arose from the long term drift
of ‘the calorimeter, Which was particularly imporvtant for observaktion-s
on the> small powef absoi'bed by the gold (vof the order of 1.0 mW)
U»sually,- aftef ;aﬁ hour's“time for ‘equkilibrating,the‘ drift of £he out-of-
b‘alance signal of the bridge could be held té within 10 uv in 5Aminl‘1te_s,
which c‘:’orr‘esponded to about 0.0lmW, or 1‘%'6f the &power absorbed by
the gold; howeQer no assurance could be gained that within the duration

of an observation the drift remained at this level. The observed re-

~ peatability was from * 7 to * 10%.

The results are a liti:lé surprising in that the absorptivity of
the gold at 28. 0 um is high"éi‘,‘ than at 10. 6 um; the Drude-'theo»ryic‘buv;ld,

not be fit to 'thése data by any choice of material parameters. This
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anomaly is not important as regards reduction of the transition metal
data to absvolute absorptivities because the shift implieq is within the
precision of those daté. To the accuracy required it is *sufficient to
treét the gold absorptiyity as constant in the wavelength range from
2.5 to 50 um 'andv thus a mean value of 0.0127, or 0.9872 for the
reflectivity, was aésume‘d.

In comparing these results with those of other workers it is seen
that they confirm the findings of Bennet and Ashley[lﬂ that the deposi-
tion vacuum is all important for lowest absorptivity. Thus, 1n the
region of e'ssen'tial'ly constant abso_rpti‘vity Bennet and Ashley found

a value of 0. 0060 for samples deposited at 107° torr, while the optical

constants of Padalka and Shklyarevskii [27] imply_' a vélue of 0. 0106,' for

samples deposited at 107° torr in good agreement with the present data.

5. Expe rimental Results

5.1 Data Reducﬁoh ahd Presentation ‘ |

Let Y, and Y, be the digital‘voltme‘ter readi'n.gs' for sample an{i
reference re specti\‘reiy arid let Y, be fhét obtained with the beam |
blocked. Let A, ':'be. the "'ab‘sorupti:{rity» of the gold reference. Then the

absorptivity of the Saniple; A, is given by the data reduction formula:

R

A
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1 | The results for the absorptivities of the nickel, iron, platinum and
chromium samples are given respectively in figures 10, 11, 12 and 13

plotted versus wavelength in ym. The results are tabulated in Tables

2 to 5. The curves shown in the figures were calculated from theory
and will be discussed in section 6.
N ;vr’,; : 5.2 Experimental Errors

The precision of the data is determined by instrument drift and was

s s iy

held to = 0. 1% in reflectivity below 15um and to £0. 2% between 15 and

50 um.

Systematic errors arise from the non-linearity of the detector- | !"

amplifier-digital voltmeter system and from spectral impurity of the

oo g S e

spectrophotomet'er. The former has been checked by measuring the

VNS

transmittances of dielectric slabs individt.xalisrand in pé,irs. The pro-
duct of individual tra;nsmittances was foﬁ-nd to be within 0 3% of the
“transmittances measured in pairs. |

The sPe éfral purity is a'“fr'unction of wayele'ngth and is primarily
due fo imcomplete filtering of higher order radiation; the monochro-

meter operates in first order. This affects the measured value of

SERAR TR 5 S MR Dt

reflectivity only insofar as sample a‘.n:d- reference differ in reflectivity

at the W'é{relength in question and at the wavelength of ‘the highér order

stray radiaticn. Thus taking zthe manufacture}'s specifii:ation of less

; S than 1% stray‘radiation. and assuming it to be entirely second order,
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Table 2. Absorptivity of Nickel Sample

300 K 8.0 K
e Wavelength Absorptivity Wavelength Absorptivity
SRS (wm) (umm)
RN | 2.48 0.2000 2.48 0.1987
g 2.68 0.1851 2.68 0.1821
o 3.21 0.1508 3.21 0.1481
S 3.68 0.1270 3.66 0.1212
RIS 4,15 0.1083 4,15 0.1014
L 4,53 0.0956 4.53 0.0862
S 4.99 0.0825 . 4.99 0.0728
L 5.53 0.0713 5.53 0.0594
kS 6.23 0.0588 - 6.23 0.0471
T 6.62 0.0517 6.62 0.0432
SR 7.35 0.0456 7.35 0.0366
AR 7.79 - 0.0419 7,79 0.0341
(R 8.30 ~0.0390 8.30 0.0305
[ 9.56 0.0341 9.56 0.0267
L 10.41 0.0315 10.41 0.0247
g 11,59 0.0291 11.59 0.0234
B 12,46 0.0274 12.46 0.0225
" 13,47 10.0275 13.47 0.0217
* 14.95 0.0267 14.95 0.0203
- 14.91 0.0266 14.91 0.0202
15,50 0.0270 15.50 0.0210
16.55 0.0256 16.55 0.0197
17.72 0.0248 17.72 0.0198
19.10 0.0235 19,10 0.0178
20.71 0.0225 20,71 0.0155
22.61 0.0230 - 122.61 0.0149
24.90 - 0.0217 24.90 0.0150
26.15 0.0216 26.15 0.0145
27.61 0.0200 27.61 .0.0129
29.32 - 0.0225 29,32 0.0149
33,02 0.0174 33,02 0.0118
40.02 0.0210 40.02 - 0.0087
ki 44.07 0.0168: 44,07 0.0018
5 47.36 0.0204 46,44 0.0071
0 53.95 0.0205 47.36 0.0063
T 50,50 0.0091
; 53 - 0.0102

v_;"‘zﬂ,‘,”?k/,t""'—’l"," e

.95
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Table 3. Absorptivity of Iron Sample
. Wavelength Absorptivity Absorptivity = Absorptivity
at 291 K at 9.0 K at 291 K
4 (Before Cooldown) (After Cooldown)
; 2.48 0.1700 0.1648 0.1668
2.68 0.1580 0.1520 0.1578
o 3.21 0.1280 - 0.1247 0.1299 ,
PR 3.68 0.1110 ©0.1035 0.1092
& 4.15 0.0913 0.0862 0.0883
- 4.53 0.0840 0.0739 ~0.0794
B 4.99 0.0692 0.0596 0.0691
i 5.53 - 0.0583 0.0477 0.0585
s 6.23 0.0492 0.0375 0.0476
Y 6,62 0.0446 0.0336 0.0439 e
s 7.35 0.0366 0.0277 0.0382 -
g 7.79 0.0353 0.0256 0.0349 ?
4 8.30 0.0335 0.0234 0.0333 2
a 9.56 0.0288 0.0192 - 0.0278 N
A 10.41 0.0252 ©0.0186 0.0255 '
. 11,59 0.0251 0.0172 0.0246 i
12,46 0.0260 0.0164 0.0236 - i
13,47 - 0.0231 - 0.0159 0.0230 | %
14.95 0.0208 0.0144 0.0198 OB
14.91 0.0216 0.0155 0.0207 -
15.50 0.0219 © 0.0153 0.0204 ;
16.55 0.0198 0.0144 0.0190 o
17.72 0.0196 10.0139 0.0193 !
19.10 0.0205 0.0138 0.0185 | [
20.71 0.0193 0.0144 -~ 0.0202"
22.61 0.0185 0.0128 0.0185
24.90 - 0.0195 0.0133 - 0.0191
26.15 0.0221 0.0118 0.0225
27.61 - 0.0201 0.0117 0.0225
w 29.32° 0.0192 0.0118 - 0.0229
bad 33,02 0.0200 . 0.0118 0.0223
L 40,02 ~0.0204 . = . 0.0112. . - 0.0214
L 47.36 0.0196 | 0.0104  0.0229
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Table 4. Absorptivity of Platinum Sample

L Wavelength Absorptivity Absorptivity Absorptivity
l (um) at 291 K at 9.0 K at 291 K
Before Cooldown) (After Cooldown)
2.48 0.1420 0.1510 0. 1401
2.68 0.1133 0.0956 0.1119
3.21 - 0.0746 0.0494 0.0745
3.68 0.0603 0.0363 0.0593
4.15 -~ 0.0510 0.0292 0.0506
; 4.53 0.0465 - 0.0248 0.0453
. 4.99 ©0.0422 0.0218 0.0418
' 5.53 0.0388 10.0190 0.0372
> 6.23 0.0361 0.0179 © 0.0357
g 6.62 - 0,0352 0.0169 0.0344
: 7.35 ~0.0333 0.0170 0.0327
“ 7.79 0.0334 0.0159 0.0325
8.30 0.0314 0.0144 0.0302
9.56 - 0.0300 0.0139 0.0290
1 10.41 0.0309 0.0123 0.0287
. 11.59 . 0.0283 ©0.0123 0.0269
3 12,46 0.0277 0.0133 0.0274
13.47 0.0270 0.0128 0.6277
14.95 0.0279 0.0128 0.0275
14.91 0.0260 0.0113 - 0.0266
15.50 10,0260 0.0118 0.0250
16.55 0.0261  0.0099 0.0265
17.72 | 0.0255 = 0.0097 0.0255
19.10 - 0.0250° - 0.0107 0.0251
20.71 0.0250 0.0098 0.0243
22,61 . 0.0241 | 0.0097 10.0240
24,90 0.0241 | 0.0107 ©.0.0274
26.15 - 0.0257 ~0.0140 0.0268
27.61 - ~0.0242 -0.0108 0.0278
29.32 ~.0.0238 0.0133 - 0.0278
33.02 ... 0.0220 . . 0.0112 ‘0.0247
40.02 0.0241 - 0.0123 0.0258
47.36  0.0218 .0.0108 0.0232




I

10

T

¥
ABSORPTIVITY
_1

9
N

T7TT]

T

T T T
| 0 (281°K)
2 % (765°)

8, | v (7.5°K)

A
fw/kO

R MR

o PEEHT

|

l

|

1

|

L L L L]

L

Lt

10

%

Lottt

10 2

T s
WAVELENGTH, um

- Figure 13. Experimental Absorptivity of Chromium

10

U]

-

-~

R Ty

rs 89572 B A



Table 5 Absorptivity of Chromium Sample
i 281 K 76.5 K : 7.5 K
Wavelength Absorptivity Wavelength Absorptivity Wavelength Absorptivity
~ (um) . o (wm) . (wm)
’ 2.48 0.2382 4.99 0.0817 2.48 0.2398
: 2.68 0.2086 5.53 0.0748 2.68 0.2147
g 3.21 0.1537 6.23 0.0713 3.21 0.1509
wy 3.68 0.1244 6.62 0.0700 3.68 0.1153
LE 4.15 0.1050 7.35 0.0686 4.15 0.0956
1y 4.53 0.0939 7.79 0.0684 4,53 0.0868
5 4.99 0.0832 8.30  0.0719 4.99 0.0799
A 5,53 0.0768 - 9.56 0.0775 5.53 0.0748
oA 6.23 0.0662 10.41 0.0739 6.23 0.0701
M 6.62 0.0639 11.59 0.0647 6.62 0.0699
i 7.35 0.0566 ‘12,46  0.0547 7.35 0.0687
o 7.79 0.0550 13.47 0.0459 7.79 0.0694
e 8.30 0.0522 14.95  0.0363 8.30  0.0720
3 9.56 0.0475 | 8.96 0.0774
N 10.41 0.0440 9.56 0.0764
% 11.59 0.0411 10.01 0.0779
i 12,46 . 0.0390 10.41 0.0754
5 13.47 0.0364 11.29 ~ 0.0675
i’ 14.95 0.0331 11.59 0.0637
i 14.92 0.0324 12,46 0.0528
% 15.50 0.0339 13,47 0.0431
I 16.44 0.0315 14.95 0.0348
& 17,72 0.0325 14.92 0.0340
i 19.10 0.0319 14.92 0.0359
~§ 20.71 0.0283 '15.50. . 0.0319
s 22,61 0.0289 15.50 | 0.0321
24,90 0.0265 16.44 0.0291
26.15 0.0255 - 16.44 0.0314
27.61 10.0243 17,72  0.0265
29,32  0.0242 - 19.10  0.0244
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Table 5 Absorptivity of Chromium Sample (continued)

281 K - © 76.5K 7.5 K

Wavelength Absorptivity Wavelength Absorptivity Wavelength Absorptivity
(wm) | (Wm) | (wm)

o 33.02 0.0228 . 20.71 0.0221
S 40.02  0.0224 L 22.61 0.0208
S 47.36 0.0179 24.90 0.0197

Absorptance After — 26.15 0.0164

i Cooldown ' N 27.61 0.0151
9.56 0.0451 o 29.32 0.0138

13.77  0.0353 - 33,02 0.0133

40.02 0.0098

44,07 0.0032

53.95 0.0022
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it is calculated that, for example, for iron at 15 Qm the error in rela-
i tive reflectivity is 0, 00015 which is an order of magnitude below the -

errors from other sources.

In calculating absorptivities from the; measured relative reflecti-
vities a further uncertainty is introduced in the value of the reflectivity P
of the gold reference ‘fnirror. From the values givén 1n Table 1 it is
seen th.at a further systematic error of 0.001 could thereby be intro-;

duced into the absorptivity. Total systematic error could therefore

amount to ¥ 0, 004 in the absorptivity. | |

6. Discussion of Experimental Results

and Comparison with Theory

S With the exception of chromium, the absorptivity data exhibit the

characteristic wavelength and temperature dependence of transition
m=tals; the same generai trends have been observed. at higher tempek%ra-
tures and may be sum?harized as: a temperature'ipdependéht high}
absorptivi‘ty at short wavelengths decreas’zing monotonically toward

longer wavelengths, where it becomes strongly temperature dependent.

[13, 15, 31]

these have also been plotted

Where other data were available
and it is seen that agreement varies from only fair for nickel to excellent

for platinum at room temperature.
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The unusual behavior of chromium at 76.5 K and 7.5 K deserves
special comment. It appears that a resonance becomes effective at low
femperatures.‘ This point has already been discussed in the literature
by Barker et al.[28] who measured the reflectivity from room tempera-
ture tc 80 K. The dip in the reflectivity observed by these authors
occurred at 10 U m in agreement with the present data. The data of
figure 13 extend these measurements to lower temperatures and longer
wavelehgths and add acéuracy to the measurerpent. The phonomenon
has been attributed to the onset of antiferromagnetism below a critical
tenlp‘erature, the Néel temperature, which is about 312 K for chromium.
The present data confirm the expectation of Barker at al. that the ab-
sorptivity should become i_jndeperident of temperature below 80 K in the
region of the absorptivity maximum. For present pur?oses it is appar-
ent. that the absorptivity of such a metal could not be prédicted from the
semiclassical theor;r of conduction electrons except perhaps at long
wavelengths where the characteriéﬁc‘ trend:is again resumed. No
Calcﬁlatio_ns were therefore'afstempted for chromium.,

For the remaining metals a comparison with theory was based

_upon the 2-band eXtensio.n,bf the_»Ar.xoma.lous Skin Effect theory. The

~equations were derived by one of us (M.C.J.) and Professor C. L. Tien

at the Uni\%ersity of California, Bkerk‘-geley‘, and will be presented more e

fully in a fuytu'r’e pu.bli.caticb)n'[29 ]._ Fork_‘the-‘pr‘e sent we merely quotek the

~ final results.

e
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In the Anomalous Skin Effect theory one calculates the complex ’

surface impedance rather than the local complex conductivity custo-

mary in the classical case. In the classical limit the complex impe-

dance for the 2-band case is given by
o ~cl 4TT iw Tl V1 A 4 ‘ -1/2 ?
S : : = = — [ + - + ‘
SR 2 W, c® AR RE W ;
with the supplementary definitions
: 1% |
§1. - w13 ; '
: |
S g
i - e, gz W,
| 12 = w, °t
- 3mwT,® 07 V,° ‘
e T e
i - o W2 T, V2
n = w12 c?2
W 1+ | -
1= L H1wT, ' | |
Wo= 1+iwT,
|
Here w is the circular frequency; c is the speed of light in vacuum; '
04 is the classical static conductivity for the first electron band, V, : R
its Fermi velocity and T, its r‘elaxation”itirrie . “Similar quantities are
subscripted 2 for the second band of electrons. €is a phenomenolog- |
; ically introduced dielectric constant to take account of polarization of




e

core electrons and interband transitions. Equation (1) is completely
equivalent to the theory of Roberts.

In the more general Anomalous Skin Effect theory assuming diffuse
electron reflection at the boundary fhe complex impedance is given by

the equation

| Wt -
3 4rfiemVy (7, nrEX® G x () o -1
T W, 2 {L nfls t2 Jat} (@)

where in addition to terms defined above for (1) we have r = T,V,/ToVa21

1+it
1-it

’ 1
and X (t) = — EZt -i(1+t?) log . From the complex impedance
¢ .

the absorptivity A for normal incidence is calculated from the equivalent
form of the Fresnel formula

Z -

[+]

Zo +

A=1- (3)

N N2

whére Z, is the impedance of free space, 4Tr/cm

In addition, the relaxation time was calculated from the equation

1]

1 | .
given by Gur zhi[ for the quantum mechanical interaction referred to

on page 3 in view of the rather compelling evidence in its favor.
In the form used here we have

_ra 1 R | |
Tz_,‘"T_e“L‘TCI(e)K‘(w"T)Fl S

where T, is the readily available d.c. value, Tc‘l(e') is the classical

value calculatedrat&t‘hl_e Debye temperature 6, and K(w, T) is the function
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with v= 2¢/kT. At low temperatures K varies from 0 at low frequencies

to 2/5 for #w>k6. Now, Roberts and Sebantls]found that €, and the 1 ’
empirical parameters representing the second conduction band had to r‘

be held constant with temperature in order to reproduce observed ab-

sorptivities. The scattering in this band therefore appears not to be ' -k
S due to phonon interaction so equation (4) was only applied to band-1. <
Equations (1) through (4) provide the theoretical framework for the cal-

RS nEsP el T

o culations. They require the specification of certain material parameters'.

] These are Ty, Oy, V;, T2, Oz, V2. Now it was found in reference [29]
that the parameters for band-2 could not be identified with lnown d-

band parameters if anything close to the experimental absorptivity is to

EaMt et s

be calculated at short Wavele,ngth,and it was noted that, as far as this -
band is concerned, the theory is p’henOmenological; i.e., it is not known L

how these parameters could be estimated except from absorptivity

data. Nevertheless the theory is useful if band-1 parameyters may still
be identified W1th the majo:f‘gharge carriers, the s-electrons, and if,
following Roberts and Seban, band-2 parameters are‘takepv to be inde-

pendent of temperature. In this case the témperatt;re dependence of
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the absorptivity could still be predicted unambiguously from the d.c.
conductivity and,furthermore,it is found that the long wavelength ab-
sorptivity is unaffected by the choice of these empirical parameters.
The following calculation scheme was therefore followed in a
trial and error procedure by which best values for band-2 parameters
were selected on the basis of the fit to the room temperature data.
For a given value of 6,, 0, was calculated from the zero fre-

quency constraint - , \
0y + 0z = 0o | | (5)

where g, is the d.c. conductivity for the pure annealed metal obtained

30]

from the literature[. On the assumption of a spherical Fermi surface

T, was calculated from the free electron formula

2
STy (6)
O = m1 )

with the ratio n.ll_mi obtained from 'the’ ‘lit"eratureEZ] n, is the effective:
number of s-electrons and m, the effective mass. Finally V, was also

obtained directly.from the literatureEZ] When the best fit had been ob-

‘tained at room temperature the liquid helium temperature absorptivity

required only the specification of the appropriate new value of 0, from

 the literature. Since the extensive literature on this property at liquid

helium temperatures shows a wide variation,calculations were repeated
, | )

for a value one third of the oi‘iginal va.lue‘u'sed. No significant change
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was observed,showing that the theory is close to the temperature in-
dependent extreme anomalous limit, The values of the parameters
used in the calculation are listed in Table 6. In place of relaxation
times 1, and T, equivalent wavelengths (A= 2mc1T) are given.-

The results of the calculations are shown in figures 10, 11 and
12, In addition to the liquid helium temperature calculation described
above,based on tﬁe 2-band Anomalous Skin Effect theory,the curve re-
sulting from the classical limit, i.e., equation (1) is also shown and,
for platinum (figure 12) we also show the corresponding curves with a
frequency independent rela.xé.tion time to illustrate the contribution due
to frequency dependence in equation (4).

Comparison with the data shows that for nickel and iron even
at room temperature the calculation is only in quaiitative agreement
although the magnitude of the temperature shift is épproximately correct.
Furthermore, for these two metals the curves presented were calculated
with n.l/’m1 decreased from the Iiteré.ture values. Thié had the effect of
increasing the short wavelength absorptivity and 'd.e:cr;easing the long

wavelength absorptivity compared to the curves which were based on

literature values of n, /m,. In fact, this quantity is not é.ccurately.

known so that some latitude is permissable. Even so the room te‘mp‘era-

fure fit is ot good.
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} Table 6. Metal Parameters Used in Calculations
g Parameter Temperature Nickel Iron Platinum
B O 295 K 1.278 0.918 0. 864
(esu x 1017) 4 K 450 901 | 2.270
O2
. (esux 1027) 0.10 0.07 0.07
.
(um) 0.10 0.20 0.2
08
é‘ Vv, | ¢
(cm sec=!x 10°) 0.0604 0.215 0.0715
o 0y = 0g - Op 295 K 1.178 0. 848 0.794
} (esux10%7) 4 K 450 901 2270
iy
R (cm=3 g~ x 10%) 0.20  0.15 0. 44
5 2mcm,
% Ny = gy ——————— 295 K 48 46,2 14,7
S 1l 1 2 . ,
.}?‘ h, e
ke . f
)’a | (um) 4 K 18,400 49,100 42,200
i :‘ V1
(cm sec™! x 10°) 1.365 0.912 1.230

€  ~. S 2.7 2.4 2.4

Note: Of these parameters Oazs Az, and e¢_ taken together are empirical;

‘the rest are obtained from the literature or calculated as indicated.
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( In the case of platinum, without adjustment of n;/m;, the fit to the

data at both room and ]I.iquid helium temperature i's quite good over

most of the wavelength range. At short wavelengths the data, particu-

‘ larly when taken together with those of Seban, are suggestive of some
sort of resonance not taken into account by the theory and they diverge

, from the calculated curve at both temperatures.

For all three metals it is seen that at liquid helium temperatures

the more general Anomalous Skin Effect theory is an improvement over

the cla-ssical limit. It is noted also that the curves lie considerably.
I:.;}f ‘higher, ‘even at room temperature, when the frequency dependent relax-
ation time of equation (4) is used. The data therefore leﬁd some further
support to the quantum abs o.rpvtion mechanism and the fact that the
infrared relaxation time cannot be direc‘:tly related to the d.c. value.

This is quite important for transition metals which mostly have high

Debye temperatures and for which the quantum absorption ~Would be

more pronounced and to be expected even at room temperature. .

‘7. Conclusions !
1. Experimental data have been obtained for the normal spectral
absorptivity of the transition metals nickel, iron, platinum and |

chromium at both room and liquid helium temperatures in the

wavelength range 2.5 to 50 pm. The absorptivity was derived

from reflectivity measurements made relative to a room-temperature
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vapor -deposited gold reference mirror. The absorptivity of the
gold reference mirror was measured calorimetrically using
i;lfrared laser sources.
Various methods of surface preparation were investigated. The
meéthod selecizd for final data by the criterion of highest near
infrared reflectivity was fnechanical polishing with progressively
finer grades of diamond abrasive followed by ;racuum annealing at
temperatures élose‘ to the published one hour recrystallization
temperatures. In'sc_;me cases repetition of the last stages of
mechanical polishing and reannealing gave rise to even higher
Areflecti.vitie s.
The effect on the absorptivity of lowering the temperature was in
all cases negligible at short wavelengths but a significant lowering
at longer wavelengths. In the jca:sé of chromium an additional
feature appé'ars; an absorptivity ma};imum higher than the room
temperatu‘re absorptivity okccurs at about 10 um. This feature,
identified by others as due to the ‘oriset of antiferromagnetism,
appears to be independent of temperature below l‘iqu‘id nitrogen
tempe rature .
- Calculations of the absorptii}ity based on a Z-ba.n"';i"':hri}’oydel wefe
~made. It wés ‘necessary to determine the maf_erial. cdnéta‘nts'for

the second band empiricajll,y. The first band was identified with
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,
the s-electrons. The temperature and wavelength dependence of
\ the absorptivities for nickel and iron could be represented only
5
: « qualitatively for iron and nickel,but for platinum quite well if |
> second band parameters were assumed to be temperature indepen-
) ‘r‘ dent. The Ahomalous Skin Effect theory was found to give a better )
accoﬁnt of the temperature dependence than the classical theory.
g In all cases it was necessary to calculaté the relaxation time for
s-electrons ac'cording to the theory of the quantum mechanical
inter:act'ion due to Holstéin and Gulf zhi in order tQ achieve suffi- h
ciently high absorptivities.
2
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PART II. LOW TEMPERATURE INFRARED REFLECTIVITY
MEASUREMENTS FOR INDIUM ANTIMONIDE

1. Introduction

All III-V semiconducting compounds exhibit an infrared resonance
frequency which is poorly un‘derstoobd except in a qualitative manner.
The resonance is due to the interaction of t‘he electric field of the light
wave with the electric dipole moment of the crystal unit cell. This
dipole moment will exist when the unit cell contains nonidenfical atoms.
The dipole moment in III-V semicoquuctors is thought to be associated
with é polarized covalent bond but no calculations exist which predict
the resonance or ''reststrahlen' .frequency‘r‘ of fhe éscillating dipoles.
The pur’posg of the rneé.surements reported here was aﬁ accurate deter-
mination of the reststrahlen 'frequency to be éompared with a theoretical
value calculated as described in Section 4 One of us (D.C.P.) has in-
vestigated this phenomenon of the ”feststrahlen" frequency in indium
antimonide experimentally at N. B. S.k and theoretically with Dr. Neil
Ashby at the University o%f;Coloradb. The theoretical crystal model
pfoposed in Sec;,tion 4 assumes that the crystal 1attipe sites ar‘é fixed
except for the 'oscillation due to T1‘~ebststrah1en reso;nanc:e. A,correct
fnédel for high temperature s would includé a shiftmin f:his fe sonance fre-
quency due tovinteraction ofv the r?ét..str.ahlen rpode with thermai vibra-
tions .of_ the lai:tice_:. Experimental data for comparison with the fheory
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. ( should therefore be taken at a low temperature.
S 2. Experimental

| Using the low témperature reflectivity techniques described in
Part I, the reflectance of indium antirhonide vs. gold was measured
at a temperature of 10.5 * ,3 K from 41 to 283 cm~*!, The refleétivity
* was measured to * . 5% and the wavé numbéf to+ .15 cm™1? in the
| spectral region cr}ucial to the determination of the reststrahlen frequency

(167 cm~1! - 283 cm™~1). The wave number resolution was held to

1.5 cm™1 over the rggioﬁ, 180'cm"v1 - 197 cm~!., The indium antimonide
sample was doped with tellurium apd had a carrier concentration of
2.9 x10% cm= at 7T K.

The indium antimonide sample was app¥oxirhétely 1/8 inch thick

and was mechanically polished with a series of abrasives, terminating

v
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with . 3 micron alumina. The surface was finished by chemical polish-

S S —

ing (2 gm. of iodine dissolved in 50 ml methanol) for_o.ne minute to re- [

move the material work-hardened by abrasion, The resulting mirror

sx;nooth suQrface deviated from perfect flatneés by less than 1 micron
over the 5/8 inch diameter central areavstruck“b}.r the light beam.

| The wave‘number scale of the spectrophotometer was:':calibrat'ed
‘f ) for eaqh grét»iﬁg by ‘recording the scale ”readiﬁgs~lWhich-corre:spond to 2
multiple orders ofl t};e gfeén lir;c;, ‘in tﬁé rheféury spectrum. A ééméﬁicer

program was written to p’royvide the wave number v = F (d) for any

o 0
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grating g and scale reading d. The function F,(d) was assumed to be a
’ 1 fifth order polynomial in d. The coefficients in F, were evaluated by a
. least squares fit to the calibration data.
3. Data Analysis
* : The experimental reflectivity spectrum (See Fig., 1 and Table I) ‘
was compared to the reflectivity function derived from a classical i
] I
B Drude-Lorenz model:
ot 1/2 2
g R(Q) =100 |=—p— | |
L € + 1 -
5 where g
3 | ‘ e=gy +iey, 0Q=v/v,
i and
| - (a-1)(1 -07) 0
: €, =€ 1+ : - ]
1 ® L (1-Q2)+TEQ? Q%+ T8 -
FL Q (G. . 1) N PE Qz !g}y
BRE: = €w | 4
\' ez €x (1 _02)2.*,1-\% Qz Qa+ TQQ ] ’ 3: B
B v = frequency in cm™?! (wave numbers) :
. - '
g V, = reststrahlen frequency
E e = complex dielectric constant v ' k
x €, = real part of thé dielectric qonsfaht : ‘ : \ |
.";‘;‘i €y = irhagiriary part of the dielectric constant
€, = dielectric constant when vy >y, but less than interband o

transition fréquencies
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Figure 1. Experimental Reflectivity of Indium Antimonide
Sample at 10:5 K and Theoretical Fit



Table 1. Reflectivity of Indium Antimonide at 10.5 K
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Wavenumber Resolution Measured Calculated
(em™1) (cm=1) Reflectivity Reflectivity
(%) (%)

41.2 1 93.0 91.13
50. 3 1 90. 2 89.30
60. 4 1 85.4 85.71
70.5 1 73.3 78.12
75.7 1 65. 3 70. 60
80. 2 1 62.7 59.56
85. 1 1 36. 1 39.46
88. 1 1 26.0 25. 14
90. 1 1 15. 6 17. 32
93, 3 1 13.2 11. 74
95. 1 1 11.2 11.27
100. 3 2 14.1 13.82
105. 3 2 17.2 17.26
110. 3 2 21.3 20.33

.120. 6 2 25,2 25.22
130. 6 2 30. 1 28.83
140.9 3 31.9 31.94
150. 9 4 34.6 34.95
161.1 4 39.1 ' 38.74
167.3 4 41.8 42. 05
168. 8 3 . 42.8 43,10

. 172.5 3 46. 4 46. 39
176. 6 3 51.6 52.33
180.8 1.5 65.5 65. 38
182. 6 1.5 83.5 81.89
184.9 1.5 96.5 1 96.90
186. 7 1.5 97.0 97.08
189.0 1.5 98.0 96.43
190.9 1.5 1 96.9 95.16
194. 1 1.5 89.7 88.56

63

PRIt

B RS i Ear S




Table 1. (continued)
Wavenumber Resolution Measured Calculated
| (cm"l) (cm'l) Reflectivity Reflectivity
(%) (%)

195.0 1.5 73.9 83.50
195.9 1.5 60. 1 73.73 ;
196.9 1.5 41. ) 51.07 |
198. 2 2.0 11.8 2.63 :‘ ,
199. 2 2.0 4.9 1.15
200. 1 2.0 4.3 3.07 a
201.5 2.0 6.2 6. 38 -
202.4 2.0 7.7 8.33 . A
210,7 2.0 18.3 18.36 -
221.4 2.0 23.4 © 23.50 o
231.6 3.0 26.1 26.05 R
241.9 3.0 27.0 27. 66 o
252.2 3.0 28.5 28.79 ;
262.0 3.0 29.5 29. 60
272.8 3.0 29.8 30.28
283.0 3.0 30. 4 30.81 )

L
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lattice dielectric constant when v <« ;o

€, =
;P, = carrier electron plasma frequency
a@ =¢€,/€e

0, =velv,
Te = carrier electron damping constant
T, = lattice damping constant

The reflectivity function R((} ) contains six empirical parameters
which were determined by a least squares fit to the reflectivity data.

The values of these parameters are the major results of this experiment.

r, =0.00254

a =1.13

Ty =0.070 % 0,005

Q, =0.528 % 0.005

€y =15.4%0.9

v, =183.0%0.2 cm~1

The limits placed on ,the last four paranﬁéfers are 95% confidence
intervals established by anélyzing the scatter of the‘e“xperirnental re-
flectivity data.. The variances o? of the para;fn_gters were determined
from expérimental scatter by a second leg,as;,t, .s':q'uares_ fit. Reliable values
fdr Q_PL and g, were not oﬁtainable by this techhique; - We c01nc1ude' that

thei,R(Q) fit is not sensitive to T and a, and their qu‘oted‘val'ues: are of

undetermined"éécuracy. - The reststrahlen frequency \—)o is of central

interest and can claim greater accuracy than the previous result

o
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Ve = 184.7 £3 cm "1 of Hass and Henvis




4. Theory of the Reststrahlen Frequency

An approxi-mate quanturri mechanipal model for the InSb crystal
has been develdped 3] and incorporated into a computer program to
calculate the crystal binding energy. The apprqach is similar to that of
Coulson, Redei and Stocker[4] in their calculation of the binding energy
of boron nitride. Each covalent bond of the{vcrystal is répresented by a
molecular orbital composed of adjacent SPS'hybrid ato;mic‘orbitals.
The wave function Y of the entire crystal is assume_d. to be an antisym-
metrized product of these bond wave functions. The binding energy of

tihe crystal is then the expectation value of the crystal Hamiltoman:

E:{W]le :

This basic scheme proposed by CRS has been modified to apply
to cr};stal-s composed of heavier atoms where there 'aré many eiectrons
A which do not pérftiCipate in the bon’cils.} The valence éieétrons are re-
quired to remain outside a spherically symmetric core containing:h:4;6-
electfﬁhs for indium or antimony. The ratio of the core radii for
indium and antimony is determined by examination of the Hartree-F"bélk-
Slater atomic wav»e fu.nc:tions[5 . The ico‘re,ra-dii are then fix;ad by re-
quiring that the crystal binding energy have a minimum at tﬁg éxperi-

| mentally determined nearest neighbor distance 2. 81 f.
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Calculations are currently under way to determine the proper
core radii. The bond wave function contains five independent para-
meters which are Qaried to minimize E. The variational principle
assures us that the lowest value of E corresponds to the best wave func-
tion of the forrﬁ assumed, qu model is sufficiently simpler than that of
CRS to mal;e such variation feasibie. iri terms of the computer time
required.

Once the core sizes are found, this model should allow approxi-
rnat;e calculations of the valence electron density in the cryétal, its
compreséibility and the r‘,es-ts-tlfahle_n frequency. For example:

To calculate V, one must examine the shape of the binding energy
curve as the indium and anfimony atoms in a unit cell oscillate‘ under
the influence of an electromagnetic wave. The second derivative of E
with respect to the distance betwe‘ervl indium and antimony cores deter-
mines the value of \-)_o . Althdugh the model pr0posed‘is Acr‘ude, this is a
more funda.rnéntal approach to the calculation of v, than has previ_ouély
been attempted. |

The theoretical and exp’erifneﬁfal work described. in this report

will be documented in the ‘author's. thesis at the U‘nive'rsity‘of CoIorado.

e

RESTTIIIEATTITI ST




5. References

1. Born and Huang, Dynamical Theory of Crystal Lattices, Oxford
(1954). o
L 2.  Hass, M. and Henvis, B. W., J. Phys. Chem. Solids 23, 1099,

“ (1962). | | |
P 3. Ashby, N., Bohlanger, P., Biagi, P., Bartel, L.; and Palmer,
D. C., Theoretical Study of the Radiative Emissivity of Materials.

Final Report to the National Aeronautics ’an‘d Space Administration,
Contract No. NAS8-20365 (1970). |

4, Coulson, C. A., Redei, L. B and Stocker, D.', Proceedings of
The Royal Society, A270, 357 (1962).

5. Hefrman, F. and Skillman, S., Atomic Structure Calculations,

‘Prentice-Hall, (1963).

68

L RN, £ov 1 sy T S et e s o sz s s mgaan
s & o : nz s Ly 3 smrn L
. - . :




N . LR R X SOl PR RER T SO

+

ACKNOWLEDGEMENT

‘We are pleased to acknowledge the assistance of

Mr. Fred W. Windmoeller and of Mr. Earl R. Ballinger

in the experi‘mentalvwork.

69

1




