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Optical properties of liquid aluminum in the energy range 1.2 —3.5 eV
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The optical properties of clean liquid aluminum were investigated in the energy range 1.2—3.5 eV using
pulsed-dye-laser spectroscopic ellipsometry. Aluminum specimens were electromagnetically levitated
and melted, and any residual aluminum oxide and nitride phases were vaporized at high temperatures
(T ) 1850 K). An automated dual-detector rotating analyzer ellipsometer that moved to a set of fixed az-
imuths was employed to measure the optical constants, using a nitrogen laser-pumped dye laser as the
light source for wavelengths from 360 to 990 nm. Measurements were obtained over the full wavelength
range at ca. 1550 K and at five wavelengths over the temperature range 1200—1800 K. Liquid aluminum
exhibits an absorption peak near 1.4 eV (ca. 885 nm) like that of the solid which arises from interband
transitions in the same energy range. This existence of an absorption peak at 1.4 eV is supported by the
results of previous electron-induced x-ray emission, electron energy loss, and NMR experiments as well

as theoretical analyses of the structure of liquid aluminum. The reasons that this peak was not observed
in the previous ellipsometric work are discussed.

I. INTRODUCTION

The optical properties of liquid metals and alloys are of
considerable interest in connection with radiative heat
transfer, thermophysical property measurements, and
electronic structure. The latter interest has led to ellip-
sometric measurements on several liquid-metal systems,
which were reviewed by Arakawa, Inagaki, and Willi-
ams. '

The optical properties of clean liquid aluminum are the
subjects of this paper. Their behavior is of particular in-
terest in the near-infrared spectral range, where solid
aluminum exhibits a characteristic absorption peak at ca.
1.5 eV photon energy. This peak has been observed for
the liquid in this work and was not found in earlier ellip-
sometric studies, ' but has been predicted to occur on
the basis of x-ray-emission data.

The available sources of optical-property data and
band-structure calculations for solid aluminum were re-
viewed by Smith, Shiles, and Inokuti. They describe the
effects of temperature, crystallinity, and sample prepara-
tion methods on the prominent 1.5-eV absorption peak
exhibited by clean aluminum. The original data for the
solid in this energy range are provided by Mathewson
and Myers, Shiles et a/. , Bennett, Silver, and Ashley,
and others. Properties in the vicinity of the 1.5-eV peak
have been determined at temperatures up to 600 K.

There are only three reported ellipsometric studies of
the optical properties of liquid aluminum. The measure-
ments by Miller were at 0. 8 —4 eV, those of Comins'
were at 0. 15—0. 35 eV, and Havstad has recently provid-
ed data in the 0. 13—2.6-eV range. Miller reported a
nearly Drude-like behavior for the liquid, with
n*/n =1.03 and no evidence of an absorption peak in
the 1.5-eV range. Havstad also found no absorption
peak in his data for the liquid.

On the basis of soft-x-ray spectra measured on the I.23
emission for both solid and liquid aluminum, Catterall

and Trotter proposed that the liquid structure resembled
a basically ordered lattice having randomly arranged de-
fects. Additional support for this view was provided by
Knight, Berger, and Heine, "who suggested, on the basis
of theoretical considerations as well as NMR, spin sus-
ceptibility, and x-ray-diffraction data, that the electronic
properties and the short-range structure of aluminum
were expected to undergo little change upon melting.

The x-ray-emission experiments were sensitive to the
presence of oxide on the metal surface. Catterall and
Trotter reported that the structure in the x-ray-emission
spectrum of liquid aluminum disappeared when their
specimens contained oxide impurities on the surface.
Also, in studies of the KP emission, Fischer and Baun'
found that the linewidth decreased from 13.4 to 5.6 eV
when the liquid temperature was increased considerably
above the melting point. Baun (cited by Powell' i also re-
ported that the change in the KP emission linewidth was
reversible with temperature. These changes in the nature
of the KP emission could be explained by oxide contam-
ination effects, such as those observed by Catterall and
Trotter. That is, aluminum oxide would precipitate from
the metal at low temperatures and interfere with the ob-
servation of emission from the metal. At high tempera-
tures the oxide would dissolve or evaporate to allow mea-
surements on the metal surface.

Measurements on vapor-quenched aluminum ' show
the 1.5-eV peak in specimens deposited at higher temper-
atures. For deposition at room temperature or above, the
peak is characteristic of solid aluminum. The magnitude
of the 1.5-eV absorption decreased at lower deposition
temperatures and was practically absent in films deposit-
ed at 25 K. The optical properties of films formed at 25
K were quite different from either the solid or the liquid,
but did display evidence for the 0.5-eV interband absorp-
tion of solid aluminum.

In light of the literature, it was considered appropriate
to eliminate oxides from the aluminum specimens investi-
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gated in the current work. This was done by conducting
the optical-property measurements on electromagnetical-
ly levitated liquid aluminum and by heating the speci-
mens to temperatures sufficient to vaporize oxides,
decompose nitrides, and also reduce the oxygen and ni-
trogen content of the metal well below the solubility lim-
its. The thermodynamic basis for this cleaning procedure
was first presented by Brewer and Rosenblatt, ' and its
successful application was described in our earlier pa-
per. ' In this earlier work, we obtained ellipsometric
measurements of the optical properties of clean liquid
aluminum at A, =632 nm and at temperatures from 1000
to 1800 K.

In this work we have obtained ellipsometric measure-
ments of the optical properties of liquid aluminum over
the 1.2 —3.5-eV photon energy range. The experiments
were unique in two respects. First, the liquid was levitat-
ed and heated in an electromagnetic field to eliminate
container interactions and contamination. Second, a
pulsed-dye laser was used as a light source which allowed
high spectral resolution to be obtained. We also report
measurements on the temperature dependence of the op-
tical properties at five selected wavelengths over a tem-
perature range 1200—1800 K. We provide an examina-
tion of the potential sources of error in the measure-
ments, as well as a complete description of the experi-
mental apparatus.

II. EXPERIMENTAL DETAILS

The present study was conducted on electromagneti-
cally levitated specimens. Optical properties were deter-
mined using a pulsed-dye-laser spectroscopic ellipsome-
ter. The following sections describe first the electromag-
netic levitation and heating apparatus and the optical
design for measurements on specimens in this apparatus.
Then the purification of specimens and conditions used
for optical-property measurements are described. Final-
ly, the spectroscopic ellipsometric system is described in
some detail. A schematic drawing of the apparatus is
given in Fig. 1.

A. Electromagnetic levitation and optical systems

One of the unique features of the present work is the
use of no containers in the study of liquid metals at high
temperatures. Electromagnetic levitation and heating
were used to suspend and melt the liquid-aluminum
specimens. The system consisted of a high-vacuum
chamber, a 5-kW radio-frequency generator that operat-
ed at ca. 250 kHz with a 4:1 step-down transformer that
supplied power to the levitation coil. Aluminum-metal
specimens of ca. 5 mm diameter were readily levitated in
a 4—5-mm-wide gap between the two sets of upper and
lower turns of the levitation coil. Further details of the
electromagnetic levitation system including work with
pure aluminum and with liquid-Ti-Al alloys can be found
in two earlier publications. ' '

Specimens weighed about 0.150 g, which formed 5-
mm-diam liquid droplets. Once a specimen was levitated,
melted, and purified of oxide and nitride by heating to
high temperatures, the spectroscopic ellipsometric mea-
surements could be conducted over an extended period of
time. Levitation of the specimens was possible for
periods up to 12 h limited only by deposits of aluminum
on the electromagnetic coil due to vaporization at high
temperatures. The levitated specimens were stirred by
the electromagnetic field and exhibited a 20—30-Hz rota-
tion rate and small-amplitude surface oscillations. These
motions led to an averaging of the ellipsometric measure-
ments over all of the material in the specimen.

The system was designed to operate with a horizontal
optical plane. The incoming laser beam illuminated ap-
proximately 50%%uo of the curved specimen surface where it
was reAected into a large cone. The angle between the in-
coming source and the ellipsometer axis was fixed. The
ellipsometer analyzer was positioned by translating it to
the spatial location where light reAected at the known an-
gle of incidence was collected and analyzed.

The instrument employed an optical system with an I'
number of 30 to collect light over a small cone. By ray
tracking the optical system, the typical reAecting spot
size from a 5-mm-diam liquid (sphere) was calculated to
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be an approximately elliptical shape with dimensions of
600 pmX200 pm.

Apparent specimen temperatures were measured using
a calibrated optical pyrometer (Pyro Photo II, Pyrometer
Instrument Company, Northvale, NJ) whose operating
wavelength was 650 nm. Spectral emissivity corrections
to the apparent temperatures were obtained from an ear-
lier study' and from additional measurements of the
spectral emissivity obtained in this work.

B.Specimens and puri6cation

The aluminum specimens were obtained from
Ventron-Alfa, Beverly, MA and were stated to contain
(10 ppm metallic impurities. Mass spectrometric analy-
ses of the bulk material for oxygen gave about 10 ppm
oxygen in the as-received materials and in specimens
which had been purified by levitation heating. The as-
received material contained some surface oxide which
was not measured by the analysis. The analytical results
on processed specimens showed that the surface oxide
was removed by the purification procedure, which is de-
scribed below.

Highly emissive aluminum oxide was always observed
cm the surface of the liquid upon initial melting of the
aluminum specimens in the levitation coil. This indicated
that, because of the presence of surface oxide, the total
initial oxygen content of the specimens was on the order
of 1000 ppm, the estimated solubility of oxygen in liquid
aluminum at the process temperature. ' The areas
covered by the oxide phase were easily distinguished from
the duller low-emissivity liquid-metal surface. They
remained until the specimens were heated and processed
for several minutes at high temperatures and then did not
reappear when the specimens were cooled to lower tem-
peratures.

The mechanism by which the oxide phase was removed
has been described. ' '' Under the reducing conditions of
an oxide-metal mixture, the oxide evaporated as the gase-
ous suboxide A12O. A vapor pressure of A120 on the or-
der of 10 bar was required to remove the oxide in a few
minutes, and this resulted in a process temperature re-
quirement of 1430 K or greater. A temperature of ap-
proximately 1800—1900 K was actually used. Under
these conditions the oxygen-metal ratio in the vapor
phase was much greater than that in the condensed phase
and rapid vaporization of the oxide occurred. After this
was complete (as shown by a uniform specimen bright-
ness), the process was continued to reduce the concentra-
tion of dissolved oxygen to about 10 ppm, well below the
solubility limit. The removal of oxygen was facilitated by
the intense electromagnetic stirring of the specimens
[typical Quid-(low velocities are 20 —50 cm/s (Ref. 19)].

Thermodynamic calculations were performed' to
determine the conditions for removal of any aluminum
nitride (AIN) which may have been present on the sur-
face. The maximum temperature used to remove oxygen
from the specimens, 1900 K, was estimated to be ade-
quate to also remove A1N by decomposition to gaseous
nitrogen. It is recognized that oxygen impurities are
predominant. Once the initial high specimen tempera-
tures were reached, substantial Al vapor was released

(and condensed onto the chamber surfaces) to serve as a
getter for gaseous impurities in the chamber atmosphere.

All of the experiments were conducted under ca. 0.4
bar of pure helium. This resulted in a sufficient
convective-heat-loss rate that the specimens could be
maintained in the desired temperature range while also
being levitated. The inert-gas atmosphere also minimized
vaporization of aluminum during the extended duration
of the experiments.

Once the specimen was heated to the high initial tem-
perature, the How of He gas into the levitation chamber
was stopped, and the optical-property measurements
were initiated. Changes in the specimen temperature in
the range 1200—1800 K were made by adjusting the
radio-frequency power. The optical properties of liquid
aluminum were measured vs wavelength at a temperature
of 1550+10 K and vs temperature at several selected
wavelengths. It was determined that the temperature
dependence of optical properties was sufficiently small
that errors due to &+10 K temperature fluctuations be-
tween measurements at different azimuths of the analyzer
were negligible. Surface temperature gradients in the lev-
itated sample were measured with the optical pyrometer
to be +5 K in agreement with the predictions of Ref. 19.

C. Ellipsometry

A high-intensity laser source was used to achieve good
precision in the ellipsometric measurements despite the
high intensity of incandescent radiation from the hot
specimens. A Molectron UV-24 nitrogen laser pumped a
Molectron DL-II dye laser to provide laser radiation in
the wavelength range 360—990 nm (3.44 —1.25 eV). The
laser had a pulse width of 7 ns and was operated at a re-
petition rate of 20 Hz. A total of 22 diff'erent dyes were
required to obtain laser radiation over all but a few nar-
row wavelength regions of the spectrum, with a spectral
resolution of approximately 10 GHz. Incident laser-pulse
energies were adjusted to 1 mJ or less in a 0.5-cm-diam
beam.

The incident source optics included a two-axis beam
steering device followed by a 2-mm aperture and two
Gian Thomson linear polarizers. The second polarizer
was fixed at +45 with respect to the plane of incidence,
and the first could be rotated to adjust the light intensity
incident on the specimen. Small variations in the beam
location (+1 mm) occurred when different dyes (and dye
cuvettes) were used and were steered to place the intense
portion of the beam onto the aperture. The first polarizer
and the defining aperture were also located on two-axis
translators to facilitate alignment of the laser beam in-
cident on the specimen. The second polarizer was of the
Gian Thomson design with a clear aperture of 18 mm
and was fixed in place.

The method used for ellipsometry was based on the
work of Beattie and a modification of Beattie's tech-
nique developed by Krishnan eg al.~' A beam-splitting
Gian Thomson prism was used as the analyzer to provide
the orthogonal components of the polarization for simul-
taneous detection. This analyzer provided a beam devia-
tion (45') between the two orthogonal components which
was independent of wavelength. Measurements of the
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light intensities could simultaneously be recorded for in-
dividual azimuth pairs of I0', 90 I and I45', —45'I or
I 135',45'I by rotating the analyzer to three fixed orienta-
tions.

The analyzer optics consisted of a strain-free fused-
silica lens that focused the image of the specimen onto a
1-mm-diam aperture. A second lens placed behind this
aperture collimated the beam through the beam-splitting
Gian Thomson analyzer crystal. A pair of lenses were
used to refocus the light onto the active surface of the
two photodetectors. The analyzer prism, detector assem-
bly, and secondary optics were all rigidly mounted to a
motorized rotation stage which had a precision of
+0.002' and an absolute accuracy of +0.01' in rotation.
A set of 15 narrow-band interference filters (70—100 nm
bandwidth) were used to reduce incandescent radiation
incident on the detectors.

Light-intensity measurements were made using a pair
of high-speed Si photodiodes (Hamamatsu S1722-02).
The output of these detectors was ac coupled to an
EG%G model 165 boxcar averager with two model 162
gated integrators. The detector electronics converted the
incident 7-ns laser pulses into electronic pulses of width
approximately 150 ns. Gate widths of approximately 50
ns centered on the electronic pulses were used in signal
processing. Outputs of the boxcar averager were mea-
sured with a laboratory computer with the aid of a 16-bit
analog-to-digital plug-in card. The computer also operat-
ed motors which rotated the analyzer and operated the
dye-laser monochromator between measurements.

In practice, it was necessary to operate the boxcar such
that the input signals averaged no greater than 20%%uo of
full scale. This prevented momentry overloads and non-
linearities when the reAected laser intensity fluctuated
due to specimen motion.

The intensity ratios I(0')/I(90 ) and I(135')/I(45')
and/or I(45 )/I( —45') were determined by allowing the
analyzer to rotate to fixed positions. Equations given in
previous papers were used to obtain the ellip-
sometric parameters, g/i and one or two values for b, , from
these intensity-ratio measurements. No systematic
differences in the equivalent measurements of 6 were ob-
served.

The method used to calibrate the ellipsometer has been
described by Hunderi and Rydberg. The ellipsometer
was first placed in a straight-through configuration with
its axis colinear with the incident dye-laser beam. The
zero azimuth of the analyzer in the polarizer frame of
reference was determined by extinction through one of
the exit paths of the analyzer. The source polarizer was
then rotated to 45 while keeping the analyzer at O'. The
intensity ratios were recorded for dye-laser wavelengths
from 375 to 990 nm. The source polarizer was then ro-
tated to 0' and the procedure repeated with the analyzer
at both +45 positions.

Under ideal conditions, intensity ratios for all of the
calibration measurements would be unity. In practice,
the ratios differed from unity by a few percent, as a result
of variations in detector sensitivities, polarizer defects,
transmission errors, and small residual birefringence that
may have been present in the optical components. For

given wavelength the calibration intensity ratios for the
three analyzer positions were equal within experimental
error. They were fit to a wavelength-dependent function
which was used to correct detected intensity ratios.

The angle of incidence used for all of the ellipsometric
measurements was 67.38'+0. 16'. This angle was set by
adjusting the incident laser beam and the analyzer axes
perpendicular to the entrance and exit windows of the
chamber. The angle was measured with the help of a
pentaprism used to reflect the incident beam through an
angle of exactly 135'.

III. RESULTS

A. Analysis of errors

The precision of the measurements was influenced pri-
marily by two factors. First, specimen rotation and oscil-
lations caused fluctuations in the collected light intensi-
ties. This required the gated integators to be operated at
10—20% of full scale in order to prevent momentary sig-
nal overload conditions. Second, small drifts on the or-
der of 0.1% of full scale, but occasionally larger, oc-
curred in the dc offsets of the two boxcar output chan-
nels. Since the integrators were operated at small frac-
tions of full scale, errors in the measured intensities typi-
cally as large as 1% were possible. Consecutive measure-
ments of intensity ratios at a fixed wavelength were in ap-
proximate agreement with this estimate. Other sources
of random error in the measured intensities were negligi-
ble.

Small changes in the specimen temperature (less than
25 K) between intensity-ratio measurements at different
analyzer settings contributed a further source of random
error. These errors were analyzed on the basis of mea-
sured values for the temperature dependence of the inten-
sity ratios.

Absolute accuracy was inAuenced by two factors.
First, because a cone of light was analyzed for its polar-
ization, an error resulted because the properties were cal-
culated using the mean angle of incidence. The laser-
beam divergence, less than 1 mrad, was negligible.
Second, the ellipsometer calibration function was estimat-
ed to have errors as large as +l%%uo, which varied with
wavelength.

A final source of error was evident in the fact that a set
of data obtained for a single laser dye would sometimes
exhibited a larger deviation from the complete set of data
than the analyzed errors would allow. Also, measure-
ments in the overlapping wavelength range for two laser
dyes sometimes exhibited small systematic differences, of
magnitude expected for 1% errors in intensity measure-
ments. Both of these sources of error were attributed to
drift in the dc offsets between the dc-offset and optical-
property measurements. Separate measurements
confirmed that the offsets were sensitive to changes in the
ambient laboratory temperature and could change by the
amounts required to explain these additional deviations
in the results.

Table I summarizes the error analysis in terms of its
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TABLE I. Errors in the measurements of c.
&

and cr at 1500 K.

Wavelength (nm)

Mean values

420

19.3

625

40.6

970

73.5

420

1750

o. (Ocm)
625 970

5800

Random errors
Intensity measurement (+1%)
Temperature variation (25 K)

0.04
0.03

0.18
0.05

0.49
0.13

67
21

130
32

190
32

Systematic errors
Calibration (+1%)

Incidence angle (+0.9')
0.06

+0.08
0.28

+0.17
0.74

+0.31
100
+7

190
+18

280
+24

Maximum error
Random
Total

0.05
0.11
0.6%%uo

0.19
0.37
0.9%%uo

0.51
0.95
1.3%

70
120

6.8%

130
230

5.S%

190
340

5.9%%uo

effects on the measured polarization (E&) and optical con-
ductivity (o. ) values at three wavelengths. The last two
lines of the table give the analyzed total uncertainties for
the optical properties.

B. Optical-property results

The preliminary optical-property experiments on
aluminum were the first experiments conducted with the
new apparatus. They were used to develop operating
procedures which would yield accurate and precise mea-
surements, to obtain data used to evaluate errors, and to
determine the laser dyes required to establish adequately
the wavelength dependence of optical properties for
liquid aluminum. The results from these preliminary ex-
periments are not presented because they were not con-
ducted with the care used to obtain the final results. In
the final experiments, the offsets were frequently mea-
sured, the intensities were limited to less than 20% of full

scale, the incident laser beam was carefully aligned and
centered on the optical components, the electromagnetic
levitation chamber was purged overnight for each experi-
ment, the specimens were always purified by heating to
high temperatures prior to the optical-property measure-
ments, additional laser dyes were used to fill gaps in the
data, measurements at sufficiently small wavelength inter-
vals were obtained for each dye, and the laboratory tem-
perature was more stable, which reduced offset drifts.

The final results presented here were collected in
separate experiments on five different specimens. Figure
2 shows the optical conductivity o. =4~conkv, and Fig. 3
gives the polarization c.&=n —k for liquid aluminum
plotted as a functions of photon energy; n and k are the
indices of refraction, co is the permittivity of vacuum
(8.854X10 ' F/m), and v is the frequency of the light.
Also presented in the figures are the data for the solid at
room temperature which were recommended by Smith,
Shiles, and Inokuti, shown as a solid line, and the results
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IV. DISCUSSION

The qualities which distinguish the present experimen-
tal investigation of the optical properties of liquid alumi-
num from the two other reports ' on this subject were
that (i) containerless conditions were used, (ii) oxides and
nitrides were removed by vaporization at high tempera-
tures, and (iii) pulsed dye lasers (rather than continuum
sources) were used to provide high spectral resolution
and high signal-to-noise levels in the presence of incan-
descent radiation from the hot specimens.

There is no doubt that the process for removing oxy-
gen and nitrogen from the specimens was successful ~

Chemical analysis on specimens demonstrated approxi-
mately 10 ppm oxygen on processed specimens which ex-
hibited oxide on their surface upon first heating and melt-
ing. The concentration of oxygen was reduced by pro-
cessing to about 0.01 of the estimated solubility limit' of
1000 ppm.
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FIG. 5. Normal spectral emissivity vs wavelength at 1550 K

for liquid aluminum. Data given by the line, for solid aluminum
at room temperature, were calculated from the optical constants
(Ref. 53.

ture dependence in these properties, which tends to be-
come greater with increasing wavelength. The changes
with temperature are small enough that the present re-
sults obtained over the full wavelength range at 1550 K
can be compared directly with the results of Miller at
1173 K and Havstad at 950—1130K.

Figure 5 shows the wavelength dependence of the nor-
mal spectral emissivity c at a temperature of 1550 K.
The curve drawn in the figure shows values for the solid
at room temperatures. These values and the normal
spectral reAectivity R were calculated using the expres-
sion

(n —1) +kv=1 —A=i-
(n+1) +k

It can be seen in Fig. 5 that, despite the large variations
with wavelength that occur in the optical constants of
liquid aluminum, the radiative properties show little
wavelength dependence except in the vicinity of the 1.4-
eV (885-nm) absorption peak.

The light intensities during the 7-ns laser pulses were
very large, on the order of 10 W/cm . About 10%%uo of
the 1 mJ of energy incident on the specimen for each
laser pulse was absorbed and heated the illuminated 5-
mm-diam area. The electronic-to-thermal energy conver-
sion occurs on a time scale of 10 ' s, and the heat
diffused to a depth approximately 260 nm in 7 ns, assum-
ing a thermal diffusivity of 0.1 cm /s. The average tem-
perature rise for the volume of liquid heated during the
7-ns pulse was thus calculated to be 7 K, using a heat
capacity equal to 32 J/(mol K). Since the optical prop-
erties exhibited negligible variations over this tempera-
ture interval, it was concluded that nonlinear effects of
the high laser intensities did not occur.

For the reasons just given, we conclude that the strong
absorption peak at 1.4 eV detected in this work is an in-
trinsic property of liquid aluminum. This confirms the
electronic structure of liquid aluminum detected by soft-
x-ray-emission spectra which were reported by Catterall
and Trotter. The reasons that this structure was not
detected in the previous ellipsometric work of Miller and
of Havstad are not entirely clear.

In inspecting the data of Miller and Havstad, one
finds that their data in the vicinity of the absorption peak
are, in fact, consistent with the present findings. For ex-
ample, there is greater scatter in the data obtained by
Havstad near 1.3 eV than at nearby energies, which may
have resulted from the absorption peak. Also, Miller's
datum at 1.35 eV agrees with our measurements (as do all
of her results in the visible). However, at 1.23 eV, just
outside our energy range, the optical conductivity report-
ed by Miller is nearly twice that obtained by slight extra-
polation of the present results.

There are extrinsic factors which may contribute to the
differences between our results and those of Miller and
Havstad. The levitation and high-temperature processing
techniques that we used enabled exceptionally pure
liquid-aluminum specimens to be obtained. In contrast,
the liquids investigated by Miller and Havstad were sa-
turated with aluminum oxide and niobium, respectively,
as a result of reaction with containers. The aluminum-
oxygen phase diagram' shows an estimated solubility
limit approximately 0.05 mol. % oxygen in liquid alumi-
num at 1000 'C. The aluminum-niobium diagram'
shows that about 4 mol. % niobium will dissolve in liquid
aluminum at the temperatures investigated by Havstad.

The x-ray-emission studies have also identified anoma-
lous behavior associated with oxygen contamination.
Catterall and Trotter observed the peak in the L 23
x-ray-emission spectrum of the liquid in an aluminum ox-
ide crucible. They reported that the absorption peak
disappeared when the liquid occasionally became con-
taminated with an oxide layer. Also, Fischer and Baun'
reported that the KP x-ray-emission linewidth narrowed
when liquid aluminum was heated several hundred de-
grees above the melting point in a zircon crucible.

On the basis of their Lz3 x-ray-emission spectra, Cat-
terall and Trotter concluded that ".. . the peak ob-
served in the spectrum of liquid aluminum indictates the
presence of a 'zone structure' in the liquid, which in turn
appears to imply a pseudo-crystallinity or instantaneous



47 OPTICAL PROPERTIES OF LIQUID ALUMINUM IN THE. . . 11 787

short range order with the atom positions showing a
resemblance to those in the solid. " This view was con-
sistent with the subsequent work of Powell, ' who report-
ed a close similarity in the electron-energy-loss spectra
for liquid and solid aluminum. Knight, Berger, and
Heine" had already predicted on the basis of NMR, mag-
netic susceptibility, electrical conductivity, and other re-
sults that several metals, including aluminum, would un-
dergo little change in their physical structure and elec-
tronic properties upon melting. These predictions have
been confirmed for sodium' and others. The present
work adds further experimental support to this descrip-
tion of the electronic structure for liquid aluminum.

Knight, Berger, and Heine" calculated that the
effective mass m*/I of liquid aluminum was equal to
1.5, based on spin-susceptibility measurements. On the
other hand, when the optical properties of the liquid were
fit to the Drude theory, a value of I*/m of approxi-
mately unity was obtained. The corresponding result for
the effective carrier density was n'/n =0.88, which is
much less than the values typical of liquid metals. Thus
it is now clear that the visible —near-infrared optical prop-
erties of liquid aluminum cannot be fit with a Drude
model. Instead, a model such as that which has been suc-
cessful for the solid may be required, in which both
Drude and parallel-band absorption are taken into ac-
count.

It should be remarked that our own earlier measure-
ments' on aluminum obtained at a wavelength of 633 nm
by He-Ne laser ellipsometry gave values for o. that were
30% smaller than those from the present work. We be-
lieve now that the earlier measurements may have been
made on slightly contaminated specimens. Although
bright and clean aluminum surfaces were obtained in the
earlier work, tarnish on zirconium specimens could not
be removed because of residual nitride contaminants.
Since then, the gas purity has been improved such that

untarnished zirconium is readily obtained.
The temperature dependence of the optical properties

show that, for all wavelengths, n increases and k de-
creases with temperature, which was already known for
A. =633 nm. ' It is evident also that E& increases (becomes
less negative) with temperature at all wavelengths. The
optical-conductivity data show that o. is approximately
constant at the smaller wavelengths and increases slightly
with temperature at the longer wavelengths. This is the
same trend that occurs for the solid, where the tempera-
ture coefficient is negative at wavelengths less than the
absorption peak and positive at longer wavelengths.

These are the first results from a program to investi-
gate the optical properties of liquid metals and alloys in
containerless high temperature conditions by pulsed-
dye-laser spectroscopic ellipsometry. Under container-
less conditions high-temperature liquids are ideal objects
for ellipsometric investigations. They provide very pure
and clean, specularly reAecting surfaces which can be in-
vestigated over a wide temperature range, including un-
dercooled liquids at temperatures as low as 80% of the
melting point. It has been found that liquids display a
perhaps unexpected degree of structure in their optical-
property vs wavelength functions which will be of further
theoretical interest. Measurements on liquid zirconium
are nearly complete and will be reported in the future.
Work is also in progress on liquid nickel and zirconium-
nickel alloys and to extend the measurement capabilities
to a wavelength of approximately 220 nm.
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