Optical properties of fourteen metals in the infrared and
far infrared: Al, Co, Cu, Au, Fe, Pb, Mo, Ni, Pd,

Pt, Ag, Ti, V, and W.
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Infrared optical constants collected from the literature are tabulated for Mo and V. New data are presented
for Cu,Fe,and Ni. Drude model parameters , and w, are given for the fourteen metals Al, Co, Cu, Au, Fe, Pb,
Mo, Ni, Pd, Pt, Ag, Ti, V,and W. The Drude model parameters for Cu are revised from our earlier tabulation
due to the availability of additional data. Refinements in our fitting technique have resulted in only slight
changes in the Drude model parameters for Al, Au, Ag,and W. The Drude model parameters for Pb correct a
numerical error in our earlier tabulation. For all fourteen metals, the optical resistivity has been calculated
from the Drude model parameters w, and w, and compared to handbook values for the dc resistivity.

I. Introduction

In our earlier tabulation of the optical constants of
twelve metals! we showed that the Drude model pro-
vided a useful parametrization for the optical con-
stants of six metals; Al, Cu, Au, Pb, Ag, and W. Since
then we have parametrized the other six metals in our
earlier tabulation; Fe, Co, Ni, Pd, Pt,and Ti. We have
expanded our earlier tabulation by adding data on Mo
and V from Weaver et al.?; our recently acquired data
on Cu, Fe, and Ni; and data on V from Johnson and
Christy.?

In general, the Drude model is not expected to be
appropriate for transition metals in the near IR. Nev-
ertheless, a Drude model parametrization of the di-
electric function is a useful approximation (sometimes
over a surprisingly large frequency range) for these
metals.

Il. Definitions

In keeping with IR spectroscopic notation, all fre-
quencies will be expressed in cm~1. The complex di-
electric function ¢, and the complex index of refraction
n. are defined as !
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The Drude model dielectric function is

2 ®
€, = €p— ———
¢ o + iwe
where w, wp, and w, have units of cm~1, Separating
real and imaginary parts yields
2
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In these equations, the plasma frequency is

2\V/
__1__(47rNe )12 , ®)

wplem™) = 2mc \ m*
where in cgs units N is the free electron density, e is the
electronic charge, m* is the effective mass of the elec-
trons, and c is the speed of light in vacuum. Equation
(5) corrects the like numbered equation in our earlier
publication.!

The damping frequency w, is

w,(cm'l) =

2wer ’ ©®
where 7 is the electron lifetime in seconds.

The high or optical frequency conductivity oopt is
related to w, and w, by

w2

e @

where o, has units of cm™~1. This optical conductiv-
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ity should also be equal to the dc conductivity which
can be expressed in terms of the dc resistivity pg:

11
ro(em1) = 1 . 9x10

- 2mc]py(sec)] h 2melpy(Qem)] ) @

We note that these two conductivities are not always
equal as can later be seen in Table I.

Using the sign convention adopted in Eq. (1) we can
write the surface impedance, Z(w) = R(w) + iX(w), for
the Drude model:

Zw) =41 - (“""’2)(1—"_“’). ©)
C 2wp w,

Extracting the real and imaginary parts we get

ww, - 2 \1/2
Rwy =27 [ =0y [14+9 . (10)
4 2w 2 Wy w 2
P ]
- ww 2 \1/2
X@="2 [ 22y [14e (11)
¢ 2wp2 w, w,?

Taking the other sign convention (i.e., n — k) leaves
the expression for R(w) unchanged, multiplies the ex-
pression for X(w) by —1, and replaces —i by i in the
expression for Z(w). Equation (9) corrects Eq. (10) in
our earlier publication.! Since Eq. (10) remains the
same for either sign convention, the numerical results
given in our Ref. 1 remain unchanged.

lll. Determination of Drude Model Parameters

Equations (3) and (4) can be solved for! for w, to
obtain

wey

w = —
T (e €p)

Equation (12) was used to obtain w, using ¢; and e, at
some frequency w. Then w, was obtained from

(12)

(13)

w2 = (ea = ) (0 + 0,%).

Equations (12) and (13) were applied to the lowest
frequency data with ¢, taken to be unity.

We attempted to refine the values for w, and wp
obtained with the aforementioned method by fitting a
function of ¢; and es. We tried various functions in-
cluding ei/es, es/er, €162 and |e]. The function |e]
worked better than the others but was surpassed
slightly by the similar function

2
w w,\2
Vg — et el =—L—q 1+ —1> .
0+ w2 @

In cases where the data did not extend to frequencies
both higher and lower than w,, this fit method returned
reasonable results in only a few cases. A major prob-
lem seems to be the large (orders of magnitude) differ-
ence in the values of —¢; and € at frequencies away
from w,. It should be noted that a formal fit method
worked well in those cases where data extend to fre-
quencies both higher and lower than w,. However, in
such cases it is more convenient to obtain the value of
w, from Eqs. (3) and (4) with w = w,. That is

—€6 =€~ €, (forw=w,).

(14)

(15)
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Results of a Drude Model Fit to the Dielectric Function of
Fourteen Metals.?

Table 1.

10~ 2w, 1074w, Popt po® Po
Metal (em™1) (em™1) (22 cm) (12 cm) Popt
Al 6.60 11.9 2.80 2.74 0.98
Co 2.95 3.20 17.3 5.80 0.34
Cu 0.732 5.96 1.24 1.70 1.3
Au 2.15 7.28 2.43 2.20 0.91
Fe 1.47 3.30 8.10 9.80 1.20
Pb 16.3 5.94 27.7 21.0 0.76
Mo 4.12 6.02 6.82 5.33 0.78
Ni 3.52 3.94 13.3 7.04 0.52
Pd 1.24 4.40 3.84 10.55 2.8
Pt 5.58 4.15 19.4 10.42 0.54
Ag 1.45 7.27 1.65 1.61 0.98
Ti 3.82 2.03 55.6 43.1 0.78
\% 4.89 4.16 17.0 19.9 1.2
w 4.87 5.17 10.9 5.33 0.49

@ Ref. 5, pp. 9-39,9-40.

With w, known, either ¢; or e can be fit to obtain wp
(although ¢; is preferred since it tends to closely fit the
Drude model to higher frequencies than e5).

Our fits are good enough for us to conclude that e is
much less than ¢; or eo—that is, e.. does not need to be
taken as a third adjustable parameter in the fitting
process.

The fit method used to obtain the values given in
Table I remains a trial and error eyeball technique.
The values of w, and w, obtained from the lowest
frequency data were changed by trial and error to
obtain curves most closely matching the data for —¢;
and ¢ in both magnitude and slope. In certain cases
the need for lower frequency data is readily apparent.
In such cases (e.g., Pd) the Drude model fit gives a
reasonable estimate for —¢; but not for es. In other
cases band structure, combined with a lack of very low
frequency data, limits the Drude model fit to a fairly
narrow frequency range (e.g.,Ti).

IV. Data

For our own measurements on Cu, Fe, and Ni the
power reflectance was measured using an Almirrorasa
standard. The measured reflectance of the samples
was corrected for the absolute reflectance of this par-
ticular Al mirror using values measured by us. A
Perkin-Elmer 580 was used in the 180-4000-cm™1!
range, and a Varian model 2300 was used for the
4000-50,000-cm™~! range.

The Kramers-Kronig analysis of the reflectance
data yielded n and & from which ¢; and e were calculat-
ed. High and low frequency wing corrections were
handled in various ways. At the low end we tried a
constant wing where the zero frequency reflectance
was assumed to equal the measured reflectance at 180
cm~1, For the low frequency wing correction, we also
tried a Drude model extrapolation down to 1 cm~! and
assumed a constant reflectance below 1 em™. The
Drude model parameters used for the low wing were
found by trial and error starting with the values that
best fit the higher frequency results of others. Trial
and error adjustment of w, and w, was necessary to



Table Il. Copper

Table fll. Nickel

w A

(cm™) (um) —€ € n k

A

w
(cm“l) (um) —€1 €9 n k

1.830E+2 556E+1 940E +4 3.83E+4 6.12E+1 3.13E +2
2.00E+2 5.00E+1 7.82E+4 284E+4 5.00E +1 2.84E + 2
220E+2 455E+1 647E+4 211E+4 4.09E+1 2.58E + 2
240E+2 417E+1 553E+4 1.72E+4 3.62E+1 2.38E + 2
260E+2 38E+1 470E+4 140E+4 3.19E+1 219E+2
2.80E+2 357TE+1 406E+4 1L16E+4 285E+1 2.03E +2
3.00E+2 333E+1 354E+4 9.74E+3 257E+1 1.90E +2
3.20E+2 313E+1 3.11E+4 831E+3 234E+1 1.78E + 2
340E+2 294E+1 2.74E+4 737E+3 221E+1 1.67TE+2
360E+2 278E+1 246E+4 6.66E+3 2.10E+1 1.58E+2
380E+2 263E+1 2.22E+4 58E+3 195E+1 1.50E + 2
400E+2 250E+1 199E+4 543E+3 191E+1 142E+2
420E+2 238E+1 181E+4 499E+3 1.84E+1 1.36E +2
440E+2 227E+1 166E+4 459E+3 1.77E+1 1.30E+2
460E+2 217TE+1 1.52E+4 422E+3 1.70E+1 1.24E+ 2
480E+2 2.08E+1 1.40E+4 4.02E+3 168E+1 1.20E+2
500E+2 200E+1 1.30E+4 3.73E+3 162E+1 1.15E+2
550E+2 1.82E+1 1.09E +4 3.24E+3 1.54E+1 1.05E + 2
6.00E+2 167TE+1 9.34E+3 287E+3 147TE+1 9.77E+1
6.50E+2 1.54E+1 811E+3 252E+3 138E+1 9.11E+1
7.00E+2 143E+1 7.15E+3 2.25E+3 1.32E+1 8.56E+1
750E+2 1.33E+1 637E+3 1.97E+3 1.22E+1 8.08E +1
800E+2 125E+1 572E+3 1.74E+3 1.14dE+1 765E +1
850E+2 1.18E+1 517E+3 1.53E+3 1.05E+1 7.26E+1
9.00E+2 L1IE+1 467E+3 1.35E+3 9.77E+0 691E+1
9.50E+2 1.06E+1 4.26E+3 1.19E+3 9.00E+0 6.59E+1
100E+3 1.00E+1 3.90E+3 1.05E+3 831E+0 630E+1
1.1I0E+3 9.09E+0 327TE+3 831E+2 721E+0 5.77TE+1
120E+3 833E+0 279E+3 685E+2 643E+0 532E+1
130E+3 7.69E+0 242E+3 568E+2 574E+0 495E+1
140E+3 714E+0 211E+3 471IE+2 510E+0 462E+1
1.50E+3 667E+0 1.85E+3 3.95E+2 457E+0 433E+1
1.60E+3 6.25E+0 1.64E+3 3.38E+2 416E+0 4.07E+1
170E+3 5.88E+0 145E+3 295E+2 3.84E+0 3.83E+1
1.80E +3 5.56E+ 0 1.30E+3 2.65E+2 3.656E+0 3.63E +1
1.90E+3 5.26E+0 1.18E+3 239E+2 345E+0 345E+1
2.00E+3 5.00E+0 1.08E+3 2.156E+2 3.26E+0 3.30E+1
225E+3 444E+0 821E+2 149E+2 258E+0 2.88E+1
2.50E+3 4.00E+0 698E+2 1I19E+2 225E+0 265E+1
2.75E+3 364E+0 583E+2 960E+1 1.98E+0 242E+1
3.00E+3 333E+0 493E+2 790E+1 1.77E+0 2.23E+1
3.25E+3 3.08E+0 422E+2 667E+1 162E+0 206E+1
350E+3 286E+0 363E+2 557TE+1 146E+0 191E+1
375E+3 267TE+0 3.20E+2 469E+1 131E+0 1L.79E+1
4.00E +3 250E+0 2.82E+2 397E+1 1.18E+0 1.68E+1
426E+3 235E+0 249E+2 3.44E+1 1.09E+0 1.58E + 1
451E+3 222E+0 222E+2 3.00E+1 1.00E+0 149E +1
474E+3 211E+0 200E+2 267E+1 942E—1 142E+1
500E+3 2.00E+0 1.79E+2 236E+1 879E—1 1.34E+1
599E+3 167E+0 1.24E+2 1.82E+1 816E—1 1.12E+1
6.99E+3 143E+0 9.04dE+1 1.33E+1 699E—1 9.53E+0
8.00E+3 1.256E+0 68E+1 1.03E+1 6.20E—1 831E+0
9.0lE+3 1.11IE+0 533E+1 834E+0 570E—1 7.32E+0
1.00E+4 1.00E+0 4.23E+1 7.02E+0 538E—1 6.53E+0
149E+4 6.70E—-1 1.56E+1 317TE+0 399E—1 3.97E+0
194E+4 517E—1 565E+0 6.14E+0 1.16E+0 2.64E+0

1.80E+2 556E+1 9.07E+3 2.12E+4 837TE+1 127E +2
200E+2 500E+1 928E+3 1.84E+4 752E+1 1.22E +2
220E+2 455E+1 9.18E+3 1.58E+4 6.75E+1 1L.17TE+2
240E+2 4.17E+1 891E+3 1.37E+4 6.08E+1 1L.12E+2
260E+2 385E+1 851E+3 1.18E+4 550E+1 1.07E + 2
2.80E+2 357E+1 8.06E+3 1.03E+4 500E+1 1.03E + 2
300E+2 333E+1 762E+3 895E+3 455E+1 9.84E+1
320E+2 3.13E+1 7.16E+3 7.85E+3 416E+1 943E+1
340E+2 2.94E+1 670E+3 6.88E+3 3.81E+1 9.03E+1
360E+2 2.78E+1 6.23E+3 6.10E+3 3.53E+1 8.65E +1
3.80E+2 263E+1 580E+3 544E+3 3.28E+1 8.29E+1
400E+2 250E+1 540E+3 4.88E+3 3.06E+1 796E+1
4.20E+2 238E+1 505E+3 443E+3 289E+1 7.67E +1
440E+2 227E+1 4.74E+3 398E+3 269E+1 7.39E + 1
460E+2 217E+1 442E+3 364E+3 256E+1 7.12E+1
480E+2 2.08E+1 416E+3 331E+3 241E+1 6.88E+1
500E+2 2.00E+1 3.89E+3 3.056E+3 2.30E+1 6.65E +1
550E+2 1.82E+1 333E+3 251E+3 205E+1 6.13E+1
6.00E+2 1.67TE+1 290E+3 2.14E+4+3 1.87TE+1 5.71E+1
6.50E+2 154E+1 257E+3 1.84E+3 1.72E+1 535E+1
700E+2 143E+1 2.30E+3 161E+3 159E+1 5.06E+1
750E+2 1.33E+1 210E+3 140E+3 1.46E+1 4.80E+1
800E+2 1.25E+1 191E+3 1.21E+3 1.32E+1 457TE+1
850E+2 118E+1 1.74E+3 1.056E+3 1.21E+1 4.34E+1
9.00E+2 1.11IE+1 1.59E+3 9.09E+2 LI0E+1 413E+1
9.50E+2 1.06E+1 144E+3 7.890E+2 1.00E+1 3.93E+1
LOOE+3 1.00E+1 1.31E+3 6.96E+4+2 9.33E+0 3.73E+1
LI10E+3 9.09E+0 1.08E+3 5.66E +2 8.36E+0 3.39E + 1
1.20E+3 833E+0 9.05E+2 4.84E+2 7.79E+0 3.11E+1
L30E+3 769E+0 7.79E+2 4.21E+2 7.29E+0 2.89E + 1
140E+3 7.14E+0 6.78E+2 3.66E+2 6.79E + 0 2.69E + 1
1.50E+3 6.67E+0 593E+2 3.19E+2 6.35E+0 252E+1
1.60E+3 6.25E+0 5.18E+2 2.86E+ 2 6.08E+0 2.36E +1
170E+3 5.88E+0 4.59E+2 2.60E+2 5.86E+0 2.22E+ 1
1.80E +3 556E+0 4.09E+2 2.38E+2 566E+0 2.10E+1
1.90E +3 5.26E+0 3.65E+2 2.20E+ 2 553E+0 1.99E + 1
2.00E+3 5.00E+0 3.27TE+2 2.06E+2 545E+0 1.89E +1
225E+3 444E+0 257E+2 1L.79E+2 530E+0 169E +1
2.50E+3 4.00E+0 212E+2 1.60E+2 519E+0 1.54E+1
2.756E+3 3.64E+0 L77E+2 1.42E+2 501E+0 142E+1
3.00E+3 333E+0 L5IE+2 1.29E+2 487E+0 1.32E + 1
3.25E+3 3.08E+0 131E+2 LITE+2 4.73E+0 1.24E+1
3.50E+3 286E+0 L.I14E+2 1.07TE+2 460E+0 1LI16E+1
3.75E+3 2.67TE+0 1.01E+2 982E+1 446E+0 1.10E+1
4.00E +3 2.50E+0 9.07TE+1 9.08E+1 4.34E+0 1.05E +1
425E+3 235E+0 8.03E+1 838E+1 423E+0 9.91E + 0
450E+3 222E+0 711E+1 791E+1 4.20E+0 942E+0
4.75E+3 2.10E+0 6.55E+1 7.55E+ 1 4.15E +0 9.10E + 0
5.00E+3 2.00E+0 6.09E+1 7.06E+1 4.02E+0 8.78E + 0
6.00E+3 1.6TE+0 444E+1 563E+1 3.69E+0 7.62E + 0
7.00E+3 143E+0 342E+1 46lE+1 341E+0 6.77E+0
8.01E+3 1.25E+0 269E+1 3.95E+1 3.23E+0 6.11E+0
9.00E+3 LIIE+0 216E+1 349E+1 3.12E+0 5.60E +0
1.00E+4 1.00E+0 1.83E+1 3.11E+1 299E+0 521E+0
1.50E+4 665E—1 1.05E+1 1.82E+1 229E+0 3.97E+0
2.00E+4 4.99E~1 6.05E+0 1.15E+1 1.87E+0 3.09E + 0

match as nearly as possible both the magnitude and
slope of the measured reflectance.

For Cu, we tried a constant low frequency wing
correction as well as a Drude model extrapolation
down to 1 em™! with a constant reflectance assumed
below 1 cm~1. The use of a Drude model low frequen-
cy wing changed the values of the optical constants at
180 cm~! by at most 4% relative to the case of a con-
stant wing. There was a <1% difference in the optical
constants at 500 cm~1, with the difference becoming

correspondingly smaller at higher frequencies. The
numbers in Table II were obtained using the Drude
model low frequency wing correction described above.

For Ni, the use of a constant low frequency wing
correction resulted in a pronounced downward hook in
—¢; at frequencies below ~300 cm~1. Using the same
type of Drude model low frequency wing correction we
used for Cu almost completely removed the downward
hook in —¢;.  The numbers in Table III were obtained
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Fig. 1. Copper: —e¢;(w) and ez(w) vs frequency. The dashed lines
are the Drude model fit. The solid lines are our data. Data from
Ref. 1: Schulz, ¢ for both —¢; and e; Lenham and Treherne, * for
—e¢1 and ez; Robusto and Braunstein, O for both; Hagemann et al., 0
for both; and Dold and Mecke, A for both. The dashed vertical line
at 180 cm~! marks the low frequency limit of our data.

using such a Drude model low frequency wing correc-
tion.

For Cu we found essentially perfect agreement in the
17,000-23,000-cm ™! range with the data of Weaver et
al.2 We arbitrarily used 20,000 cm™! as a cutoff for our
data and the higher frequency data from Weaver et al.
as the first part of our high frequency wing correction.
Atthe high frequency limit of the Weaver et al. data we
assumed an inverse fourth-power dependence on the
energy in electron volts. After this part of the high
frequency wing fell to ~4 X 10~ we assumed the reflec-
tance remained constant at that value.

For Ni we found essentially perfect agreement in the
17,000-23,000-cm~! range with the data of Lynch et
al.2 We arbitrarily used 20,000 cm™! as a cutoff for our
data and used the higher frequency data from Lynch et
al. as the first part of our high frequency wing correc-
tion. At the high frequency limit of the Lynch et al.
data we used the same wing correction described earli-
er for Cu. }

For the high frequency wing correction for Fe we
used the data of Moravec et al.* There was good
agreement between our data and theirs with only a
slight crossover between the two sets of data at 517 nm
(~19,340 cm™). We used the Moravec et al. data as a

- high frequency wing correction starting at 517 nm. A
constant low frequency wing correction was used for
Fe.

The data of Weaver et al.2 were converted from n, &,
€1, and e vs energy (eV) to n, k, —¢; and e; vs both wave
number (cm~1) and wavelength (um).

Figures 1-9 are plots of —¢;(w) and ex(w) for nine
metals. The dashed lines are calculated using Egs. (3)
and (4) using the Drude model parameters w, and wp
listed in TableI. Table I summarizes the results of our
Drude model fit to the dielectric function of fourteen
metals. Table I also includes the dc resistivity® py and
the optical resistivity popr. The optical resistivity popt
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the low frequency limit of the Weaver et al. data.

in units of ohm cm was calculated from w, and w, using
60w,
Popt =5 ° (16)
Yp
Tables I, III, and IV present our new values of —e;, €,
n, and k for Cu, Fe, and Ni. Table V presents the
values of —¢;, €9, n, and k for Mo from Weaver et al.?
Table VI presents the values of —ej, €, n, and & for V
from Weaver et al.2

V. Summary

Infrared optical constants for Mo and V have been
collected from the literature. New data for the optical
constants Cu, Fe, and Ni are reported. The Drude
model has been fit to the optical constants of the
fourteen metals, Al, Co, Cu, Au, Fe, Pb, Mo, Ni, Pd, Pt,
Ag,Ti,V,and W, to obtain w, and w,. Our new data for
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Table IV. Iron Table V. Molybdenum: Weaver et al.?

w A %) A
(cm™1) (um) -6 € n k (cm™?) (um) —€ € n k

180E+2 5.56E+1 2.02E+4 1.65E+4 542E+1 1.52E + 2 8.07E+2 12dE+1 435E+3254E+3 1.856E+1 6.856E+1
200E+2 500E+1 1.78E+4 1.29E+4 457E+1 1.41E +2 887E+2 113E+1 3.73E+3197E+3 156E+1 6.31E+1
220E+2 455E+1 1.55E+4 1.01E+4 3.86E+1 1.30E + 2 968E+2 1.03E+1 323E+3157E+3 1.34E+1 584E+1

240E+2 417E+1 1.37TE+4 8.16E+3 3.36E+1 1.22E +2 1.05E+3 9.564E+0 2.83E+3124E+3 1.14E+1 544E+1
260E+2 38E+1 121E+4 661E+3 291E+1 1.14E +2 1.13E+3 886E+0 247E+31.0lE+3 9.96E+0 5.07E+1
280E+2 357E+1 1.0TE+4 537E+3 252E+1 1.06E + 2 121E+3 827E+0 218E+3834E+2 878E+0 475E+1
3.00E+2 3.33E+1 952E+3 4.50E +3 2.25E +1 1.00E + 2 129E+3 7.75E+0 1.94E+36.92E+2 7.7T4E+0 447E+1
3.20E+2 3.13E+1 853E+3 3.76E+3 1.99E+1 9.45E +1 137TE+3 729E+0 173E+35.82E+2 691E+0 422E+1
340E+2 2.94E+1 7.66E+3 3.16E+3 1L77E+1 8.93E +1 145E+3 6.89E+0 1.55E+34.95E+2 621E+0 3.99E+1
3.60E+2 2.78E+1 6.88E+3 266E+3 157E+1 845E +1 1.53E+3 6.53E+0 140E+34.25E+2 561E+0 3.79E +1
380E+2 263E+1 617TE+3 227TE+3 1.42E+1 7.98E + 1 161E+3 6.20E+0 1.27E+3367E+2 510E+0 3.60E+1
400E+2 250E+1 556E+3 1.98E+3 1.30E+1 7.57TE+1 1.69E +3 590E+0 1.15E+33.19E+2 4.65E+0 343E+1
420E+2 238E+1 5.03E+3 1.73E+3 1.20E+1 7.19E+1 177TE+3 564E+0 1.05E+3279E+2 426E+0 327TE+1
440E+2 227TE+1 457E+3 1.55E+3 1.13E+1 6.86E + 1 1.86E+3 539E+0 9.65E+2245E+2 3.92E+0 3.13E+1
460E+2 217E+1 416E+3 140E+3 1.07E+1 654E+1 1.94E+3 517E+0 8.86E+2217E+2 3.61E+0 3.00E+1
480E+2 2.08E+1 38lE+3 1.29E+3 1.03E+1 6.26E +1 2.02E+3 496E+0 8.15E+2193E+2 3.36E+0 2.88E+1
5.00E+2 2.00E+1 351E+3 1.19E+3 9.87E+0 6.01E + 1 3.07TE+3 3.26E+0 337E+26.28E+1 1.70E+0 1.84E+1
5.50E+2 1.82E+1 291E+3 98IE+2 9.04E+0 547E+1 403E+3 248E+0 182E+23.71E+1 137E+0 1L36E+1
6.00E+2 1.67TE+1 246E+3 843E+2 8.38E+0 5.03E+1 5.00E+3 2.00E+0 1.07E+2287E+1 1.38E+0 1LO04E+1
6.50E+2 1.564E+1 2.10E+3 7.17TE+2 7.71E+ 0 4.65E + 1 597TE+3 1.68E+0 697E+1254E+1 1.51E+0 8.38E+0
7.00E+2 143E+1 18l1E+3 631E+2 7.30E+0 4.32E+1 807E+3 1.24E+0 274E+1217E+1 1.94E+0 5.58E +0
7.50E+2 1.33E+1 1.58E + 3 5.55E + 2 6.88E +0 4.03E + 1 1.05E+4 954E—1 6.34E+0207E+1 277E+0 3.74E+0
800E+2 1.256E+1 1.38E+3 4.89E+2 6.48E+0 3.77E+1 1.54E+4 6.53E—-1—-117TE+0268E+1 3.74E+ 0 3.58E+0
850E+2 1.1I8E+1 1.24E+3 451E+2 6.31E+0 3.57E+1 2.02E+4 496E—-1 261E+0250E+1 3.36E+0 3.73E + 0

9.00E+2 1.11E+1 LI10E+3 412E+2 6.12E+0 3.37E+ 1
9.50E+2 1.056E+1 9.88E+2 3.80E+2 5.95E+0 3.20E + 1
100E+3 1O00E+1 892E+2 3.53E+2 58IE+0 3.04E+1
1.1I0E+3 9.09E+0 7.39E+2 3.11E+2 559E +0 2.78E + 1
1.20E+3 833E+0 6.28E+2 275E+2 537TE+0 2.56E + 1
1.30E+3 769E +0 536E+2 242E+2 510E+0 237E+1
140E+3 7.14E+0 461E+2 2.15E+2 4.89E+0 2.20E + 1
1.50E+3 6.67E+0 3.99E+2 1.95E+2 4.75E+0 2.05E +1
1.60E+3 6.25E+0 347E+2 1.80E+2 469E+0 1.92E+1
170E+3 588E+0 3.05E+2 1.69E+2 466E+0 1L8IE+1
180E+3 556E+0 2.72E+2 1.58E+2 463E+0 L7IE+1
190E +3 526E+0 242E+2 149E+2 4.60E+0 1.62E+1

a Ref. 2, p. 148.

Table VI. Vanadium: Weaver ef al.?

2.00E+3 5.00E+0 2.18E+2 142E+2 4.59E+0 1.54E + 1 w )Y

2.25E+3 444E+0 1.71IE+2 1.27E+2 459E+0 1.38E + 1 (cm™1) (um) —g & n k
2.50E+3 4.00E+0 1.39E+2 1.15E+2 4.54E+0 1.26E+1

2.75E+3 3.6dE+0 1I14E+2 1.05E+2 451E+0 1.16E+1 807TE+2 1.24E+1 1.94E+31.18E+3 1.28E+1 459E+1
3.00E+3 3.33E+0 9.70E+1 962E+1 445E+0 1.08E+1 968E+2 1.03E+1 143E+3747E+2 951E+0 3.90E +1
3.25E+3 3.08E+0 83lIE+1 888E+1 4.39E+0 1.0lIE+1 1.29E+3 7.75E+0 8.69E+2347E+2 577E+0 3.00E +1
350E+3 2.86E+0 7.27TE+1 820E+1 4.30E+0 9.55E +0 1.61E+3 620E+0 575E+21.86E+2 3.90E+0 243E+1
3.75E+4+3 267E+0 635E+1 7.62E+1 4.22E+0 9.02E + 0 1.94E+3 517TE+0 4.05E+2 1.15E+2 2.82E+0 2.038E + 1
4.02E +3 249E+0 567E+1 7.10E+1 4.13E+0 8.59E + 0 290E+3 344E+0 1.75E+2410E+1 154E+0 1.33E+1
4.26E+3 2.35E+0 5.05E+1 6.60E+1 4.04E+0 8.18E+0 387E+3 258E+0 9.39E+1233E+1 LI9E+0 9.77E + 0
451E+3 222E+0 450E+1 6.21E+1 3.98E+0 7.80E + 0 516E+3 1.94dE+0 4.85E+1150E+1 1.07TE+0 7.04E +0
474E+3 211E+0 4.08E+1 588E+1 3.92E+0 7.50E + 0 6.13E+3 1.63E+0 3.10E-+1123E+1 1.08E+0 5.67E +0
5.00E+3 2.00E+0 3.66E+1 550E+1 3.84E+0 7.16E+0 7.26E+3 1.38E+0 1.88E+11.06E+1 1.18E+0 4.50E +0
599E+3 1.67TE+0 251E+1 456E+1 3.67E+0 6.21E+0 807E+3 124E+0 126E+1102E+1 1.34E+0 3.80E+0
6.99E+3 143E+0 1.82E+1 391E+1 3.53E+0 554E+0 887E+3 1.13E+0 8.06E+01.04E+1 1.60E+0 3.26E + 0
8.00E+3 1.25E+0 1.3TE+1 345E+1 3.42E+0 5.04E+0 1.0IE+4 992E—1 331E+0116E+1 209E+0 277E + 0
901E+3 LI1IE+0 1.06E+1 3.09E+1 3.32E+0 4.65E+0 149E+4 670E—1 243E+0138E+1 241E+0 2.87E+0
1.00E+4 1.00E+0 849E+0 2.81E+1 3.23E+0 4.35E + 0 2.02E+4 4.96E—-1 436E+0118E+1 2.02E+0 291E+0
149E +4 6.70E—1 4.34E+0 2.05E+1 2.88E+0 3.558E+0 516E+3 1L.94E+0 546E+1441E+1 2.79E+0 7.90E+0
192E+4 520E—~1 2.08E+0 3.11E+0 536E+0 1.30E+ 1 6.21E+3 16IE+0 3.25E+1351E+1 277E+0 6.34E+0

718E+3 139E+0 196E+1272E+1 2.64E+0 5.15E + 0
823E+3 1.22E+0 1ISE+1234E+1 2.70E+0 4.33E +0
9.20E+3 1.09E+0 6.05E+0217E+1 2.87TE+0 3.78E +0
C. 1.05E+4 9.84E—1 3.61E+0206E+1 2.94E+0 3.50E+0
Cu caused a revision in the Drude model parameters 1.52E + 4 6.59E — 1 —LOLE+0 2.01E +1 3.25E+0 3.09E + 0
presented in our previous tabulation.! The experi- 2.02E +4 4.96E—1 —4.74E+0256E+1 3.92E+0 3.26E+0
mentally determined values of —¢; and ¢ are plotted 252E+4 397TE—-1 269E+0214E+1 307TE+0 348E+0

: . 3.0%E+4 33%E—1 475E+0L53E+1 237E+0 3.22E+0
along with the Drude model values for these quanti-  yor Yy iir "1 5ioem+0 10241 L8TE+0 273 4.0

ties. This allows one to see how well the Drude model  yoop +4 249E—1 2068E+07.33E +0 160E+0 2.29F +0
parametrizes the data for these metals. At the higher 452E+4 221E—1 1.26E+06.45E+0 1.63E+0 1.98E+0
frequencies the free electron model is sometimes poor 502E+4 1.99E—-1 1I4E+06.29E+0 162E+0 1.94E+0

(exceptions! are Ag, Au, and Al) because of intraband. 532E+4 1.88E—1 145E+05.59E+0 147E+0 1.90E +0
effects or surface quality of samples. @ Ref. 2, p. 50.
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The optical resistivities pop, have been computed
[using Eq. (16)] and compared with the handbook val-
ues of the dc resistivities pg. The ratios of these two
resistivities are of the order of unity for Al, Au, Fe, Pb,
Mo, Ag, Ti, and V. We suggest, however, that new
measurements of pg would be useful for a number of
these fourteen metals.
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Patter continued from page 4472
Laser schlieren crystal-growth imager

A crystal can be observed as it grows from a melt with the aid of laser
schlierenimaging. The observation method allows the entire perimeter of the
growing crystal to be inspected. Isolated crystal facets can be examined, and
convection flows and temperature and concentration gradients are revealed.
The method does not require contact with or proximity to the crystal. The
schlieren technique detects density gradients in a fluid. Collimated light
passes through the crystal-growth medium and is focused on a knife-edge.
The image of the growth medium and crystal is projected onto a screen (see
Fig. 17).

In general, light traveling through a nonuniform medium is refracted in the
direction of an increasing refractive-index gradient (which is usually in the
direction of increasing density). In the liquid around a growing crystal,
material is continuously being absorbed from the liquid by the crystal. Thus,
the density of the liquid increases with distance from the solid/liquid inter-
face. Light traveling parallel to the interface is thus refracted away from the
growing solid surface. In the case of a dissolving crystal, material is being
added to the solution. The density of melt thus increases toward the dissolv-
ir}n)g crystal face. Light traveling parallel to the face is thus refracted toward
the face.

Therefore, in the schlieren system of the figure, the growing crystal will
create a bright band at the image of the upper face of the crystal and a dark
band at the image of the lower face. If the crystal is dissolving, the dark band
will be at the image of the upper face, and the bright band will be at the image
of the lower face. If the crystal is neither growing nor dissolving, only pale
bands will appear. To examine the sides of the crystal instead of the top and
bottom for growth or dissolution, one should rotate the knife-edge by 90°
around the optical axis. The relative positions of the light and dark bands can
also be reversed by rotating the knife-edge 180° around the optical axis from
the present position.

This work was done by Robert B. Owen and Mary H. Johnston of Marshall
Space Flight Center. This invention is owned by NASA, and a patent applica-
tion has been filed. Inquiries concerning license for its commercial develop-
ment should be addressed to the Patent Counsel, Marshall Space Flight
Center. Mail Code CC-01, Ala. 35812. Refer to MFS-28060.

Fig. 17. Beam of laser light is projected through a growth medium

such as a molten material containing a crystal of the same material,

then over a knife-edge, and onto a screen. This method will be used

to monitor growth and dissolution of a triglycine sulfate crystal in
microgravity aboard Spacelab III.
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