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Optical Properties of Metals by Spectroscopic E11ipsometry
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Oak Ridge, Tennessee 37830

Abstract 4

The use of spectroscopic e]]ipsometry'for'the accurate determination
of the optica] properties of 1iquid and solid metals is discussed and
illustrated w1th prev1ous]y pub11shed data for Li and Na. New data on
v 11qu1d Sn and Hg .-from 0. 6 to 3.7 eV are presented Liquid Sn 'is Drude-
Tike. The optical propert1es of Hg dev1ate from the Drude expressions,
~ but simultaneous measurements of ref]ectance and e111psometr1c parameters

y1e]d consistent resu]ts w1th no ev1dence for vector1a1 surface effects.
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Introduction

. - For many years ellipsometry has been a wide]y uéed technique in the
study of surfaces. ft has long been recognized, in theory, that ellip-
sometry is éapable of yie]diﬁg highly accurate values of the bulk optical

' properties for a éTean sample as well as‘being sensitive to very thin
surface films or to small amounts of adsofbed materials. Before the advent
-of ultrahigh vacuum techniques, it was difficult to produce and maintain
sufficiently c1éan.surfaces for the determination of accurate values of the
buTk optical probertfeé of a metal by ellipsometry. Because of this and
the known sensitivity of ellipsometry to surface films, one of its more
routine app]icationé has been td.ﬁonitor a change occurring at a surface
with time (e.g., oxidatibn of the surface), as 1oqg as this dfd not proceed
foo rapidly. A sing]ejellibsometric measurement was quite complex and
“time consﬁming, and extraction of the opticél properfies of the sample from
the measured el]ipsometriC'parameters was computationally challenging. For-
these reasons early ellipsometers were mostly designed for use at a sing]e‘
wavelength., With the development of fast automated ellipsometers and the
almost unjversa1~availabi]ity of adequate computing facilities, spectrb-
-écopic e]iipsometry has now become a very powerful todﬁ, with enormdus

~ .potential, for the study of meté]s [1-5]. Combined with present day
_u]trahigh vacuum techniques, spectroscopic ellipsometry can now yield
accurate bulk optical properties of clean sémp1es. fh addition, simul-
taneous ellipsometric and ref]éctancé measurements 6n the same clean
~sample can yield information about intrinsic properties of the surface.
The application of é11ipsometry to the study of thin surface films‘is

currently expanding in scope. It is anticipated, for example, that‘there
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will be increased use of é]]ipSométry in many bid1ogica] and medical
problems involving mémbranes or macromoiecu]es.on surfaces [6,7]. Inter-
fefometric e]]ibsometfy_[S], ellipsometry combined with surfacé'electro—
- magnetic waves [9], aﬁd the study of multilayer systems by a combination
of interna]Aand external ellipsometry [10] will all, undoubted]y, be
‘ expanded to.a rangerf wave]ehgths. These'épectrOSCOpic ellipsometry -
techniques Wi]] each yield speéific information about the surface that i
is probed. Différeht’tyﬁes of ellipsometric systems with their advantages
and disadvéntages and theAaccuraéies attainable have been reviewed by |
Aspnes [1] and by Kfnosfta and Yamémoto tl]],
' In thiS‘reviéw we will demohstréte the necessity of employing spec-
troscopic e]]ipsomeffy7techniques'fn the déferminétion of accurate va]ues'l
for the optical pfbpérties of sd]id and liquid metals in the energy range
from the infkafed to4the~neaf u]ffavio]et. This energy range, below the
volume plasmon energy for most meta1$, is an ehéfgy range of great interest.
However, the opticé] conductivity is usually very high over much of this
region, and thuﬁ'the normal incidence ref]ecfance'is re]ativé]y insensitive
to the optical‘properties of the metal. »Reflection ellipsometry is far
~more sensitive, both to the optical properties of the bulk metal and to

the surface conditions. Because of this,sensitinty to surface conditions,
early data obtained by spectroscopic ellipsometry for a particular material
were ndt ne;éséari]y reproducible from one expefimental arrangement to the
next. One exambieAis the so-called Mayer-E1 Naby anomaly in the optical
absorption of alkali metals, first reported in 1963. If is only recently
.thét consistent, accurate data characteristic of the clean metal have been

obtained using u1trahigh'vacuum.ref]ection e]lipsometry.,'
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Optical propertiee have been obtained for most metals in their solid
state over an extended energy range. In Section I we discuss recent

studies of the optical properties of solid Li and Na, with emphasis on

~the accuracy'attainable; Optical properties have been obtained for

relatively few liquid metals and, in general, these are over very_]imited

'ehergy ranges. Existing data foh liquid metals are discussed, and new

“data on Tiquid Sn are presented in-Section II. In Section III we present'

new data on liquid Hg.,vThe optical properties of liquid Hg have evoked
particular interest. A cons1stent d1fference has been observed between

the optical propertles deduced from reflectance and from. ellipsometric

spectra, which has 1ed to the proposal of var1ous surface mode]s. We show .

that no rea] d1fferences are found between the opt1ca1 propertles deduced

from ref]ectance and from e111psometr1c measurements and that there is no

evidence for any surface structure for 11qu1d Hg. The opt1ca1 constants
of bulk Hg, obta1ned most accurate]y by e111psometry, are, however, non-

Drude—]rke and this deviation from-c]asswca1'behav1or requires theoret1ca1

~—explanation.

o
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I. Solid Lf and Na

For many years interest in the alkali meta1é centered around:anomalqus
‘structure seen by some workers in the IR to visible regfon of the absorp-
.tien spectrei]As ah.examb1e;;mo§t.of‘the experimental results for solid
Na,<puh]i§hed'up to 1974, are shown in Fig.-1 in the form of the'optical
._4c0nductiv1ty o defined by o = w82/4n; where ¢2 is the imaginary part of.
Athe d1e1ectr1c funct1on and w is the angular frequency of the incident
photons. All of these results were obtained us1ng ellipsometric technlques

"It was realized that, for the a]ka]1 meta]s in th1s energy reg1on, the high

.va1ues observed for ref]ectance make it d1ff1cu1t to obtain accurate values
of the opt1ca] properties. This also applies for other solid and 1Jqu1d metals’
. and will be demonstratéa tor<HgAin Section III. From the data shown in Fig. 1
for solid Na, only Smith's results [12] can beeinterereted in terms-of a ' |
neatTy-fhee-e1ecth6h thedhy.andﬁthe known band structure 6t Ne.m The deuble--
peak structure observed by Mayer and Hietel [13] cannot be explained by a
simple theory and was termed anqma]bus. It‘is to be noted that even studies
performed after the‘development of u1thahigh vacuum teehniques shew sig-
nificantly different spectra, presumably due to such factors as the houghness,’
erystallinity,'granu]artty, and contamination of the surfaces studied.

As part of a program designed to study the optica1'properties ot Tiquid
a1ka11-metals, we determined the optical properties of Na and Li, between
0.6 and 3.8 eV, in the form of thick evaporated solid fi]ms,[14].' The

ellipsometer and experimental'techniques have been described previously [14].

The samples were prepared and measured under ultrahigh vacuum conditions:
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-before and after evaporation, the pressure in the sample compartment was

in the Tow 10'9 torr range. Measurements were made at room temperature

by reflection ellipsometry through a quartz substrate at the quartz-metal

. interface. Our results [14] for solid Na, compared with those of Smith

[]2], are shown in‘Fig. 2. 'The_anoma1ou§ structure reported by Mayer and
Hiete] was not seen: rather Smith's results were confirmed for the first
time. |

Among the wide variety of e]11psometr1c techn1ques, the photometr1c
method of Conn and Eaton [15] was employed in th1s study to measure ¥ and .

A def1ned by tany = r /r and A= A -A ’ respectlvely, where rp and r

P S

~are the ref]ectance amplltudes and Ap and A are the phase changes upon .
ref]ect1on, of the components of the 1nc1dent ]1ght with the electric
vector parallel and perpend1cu1ar to the plane of incidence, respectively.
In th1s method, by sett1ng the po]ar1zer at 45° Y is determined from the
1ntens1ty rat1o I /I of the p and s components of ref]ected light by
tany = (Ip/IS)Z,'and A is determined from the ax1a1 ratio (1min/Imax)
of the ellipse of the reflected light by sinA = sin2£/sin2¢,'where'1min
and Iméx_}are the minimum and maximum intensities measured by rotating.
the ana]yzer around the axis of‘the reflected beam.and tang. '-.(Imn/Imax)l/2
4 The advantage of th1s method is its high sens1t1v1ty in determining
Y. As has been discussed by Sm1th [12], if B is def1ned by ¢y = m - B, B
is ouite sme]] for a highly reflecting surface for which rp/rs'is veny
close to unity. In fact, using the conventional null method, in

which the directly measured quantity is essentially the angle y, Smith

[12] could not obtain reliable values of y from a single reflection at a
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quartZ-Na interface due to theArelative1y low sensitivity of the null
method. 'In:contrast, since the intensity ratio Ip/IS'can be written fon
sma]I values of B as Ip/IS = fanzw :;1 -43,vthe present method is four
“times more sensitive than the null method.. This method has even -
.‘higher sensitivity than the modu[ation method deve]oped by.Jasperson
.:and Schnattar]y E]6Jffnvwhich tie qnantity measured to determine w'is -
(IS _4Ib)/(ls}¥ Ié)=2§.~ The contrast between theannesent.method and
‘the null method~canfbe seen‘élearly;in.Fig.:3;*-Thesya]ues of é
measured by Smith [12] for?a.s{nglé réfléction at a quartz-Na interface |
~at an angle of indidenca of 755‘are plotted using onen circles in the ,‘
1owerApart of Fig, 3;Af§ince no particu]ar'stfucture was found in‘these
data, he had to make mu]tip]e‘ref]ection measnrements, 1n-which he |
actually neasured‘thg quantities 48 and:78 from four and seven neflections
| at quarfz-Na interfaces.. Hisvdata for 48Aare shdwn in the upper part of
Fig. 3 by open circles and these do exhibit a c]ear structure The present
data obta1ned from a s1ng]e ref]ect1on at a 70° ang]e of 1nc1dence and
_presented by filled circles in the f1gure, show a structure s1m11ar to
that in Smith's 48 data. A technique s1m11ar to- the present one has been
Aused in Mayer and H1ete] s study [13] on Na and in a study of so]1d Li by
Mathewson and Myers [7]1. ‘ |

~ As had been found previously by Smith [12] the experimental values
“ of the optical conductivity of solid Na below the fnterband thnesho]d are
considerably larger than the Drude values given bydoD = Nez/h*wzr, if |

9 is evaluated from the m* deduced from the experimental € values, where
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| €y is the real part of the dielectric funcfion, ahd t from the dciconductivity.'
In this expression, N is the deneity of free carriers,.m* is their effective
mass, and t is the relaxation time. Values of €15 obtained by us, for ;o]id

Na are plotted in Fig;'4 as a function .of Xg,the square of the wavelength

in ym. Assuming the simple expression

A o o2 A

€ .=.'1 + 4ﬂNoa - <z;)
to held for €1> Qhere No is the number of atoms per unit volume, a is the
jon core po]arizabiiity, and w, ="(4'nNe2/m*);i, the values of m*/m dbtained;
are 1.07 iﬁ the IR and 1.08‘ie the vaib]e and ultraviolet. The plasmon

energy,-ﬁwp, defined by_e1 =0 js 5.6 eV and 4nN0a, obtained for-)g2 = 0,
is 0.1. | |

' The available measurements of the room temperature optical cenduc-
tivity for’se]id Li cove}ing the energy range from the infrered'to the '
near ultraviolet are presented in Fig. 5. The dafa by Inagaki ef al. [14]

--»~-were~obtained ueing"the~same‘techniques as described for solid Na. Samples
were deposited and measered at room temperatufe, with observations made at
the quartz-lithium interface. Curve A by Mathewson and Myers [17] was

" measured for a Li film on a quartz substkate twelve hours after deposition,

}_curve-B'was measured‘for the same film seven days after deposition; and
curve C was obtained for a Li film on a sapphire substrate. In each case,
Li was depoSited on substrates cooled by liquid nitrogen and then measure-
ments made at room temperature at the vacuum-Li interface; Hunderi's

measurements [18] were made at room temperature at the vacuum-Li interface
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on films which had been prepared by evaporation onto.sapphire substrates
cooled te 80°K; Myers and Sixtensson's results [19] were obtained from
measarementé made at room tembecature at the vacuum-Li interface. The
fi]m_be]ieved to be characteristic of the BCC structure was‘depoéited on
a'sapphife subStFate cooled to‘]SbK, while that believed to be characteristic
_ of the HCP structure was deposited on a sapphire substrate cooled to 80°K.
Both eamp]es were“annea]ed at.room temperature prior to measurements being
made. Mathewsaon and“Myecs [17] stated fhat,‘of their data, curve C was
‘most likely characteristic of the‘BCC structure in Li. They further |
assamed thatlchanées with time indicated a change in crystalline structure
 of their sample. Most of the'Li.films studied by Inagaki et al. [14] were
stable and did not change with time. . For the feQ films that did change,
increased absorption was-seen in the vicinify of 2 éV, rather fhan the
types of change in structure seen by others and indicated by Fig. 5.

" It is known that Li is a difficult metal to.wor‘k with. It is highly
reactive and its crystalline structure is found to depend critically on
the.method of film preparation. As seen in Fig. 5, there is no.demonstrated
consistency in the experimental optical conductivity cpectra obtained fromA
- ellipsometric measurements at room temperature. Assuming-the threshold
- for intefband transitions is given by the energy corresponding to the
.minimum in the conductivity sbectrum, none of the dafa shown in Fig. 5 -
are consistent with simple band-structure calculations. Experimentally
the minima in the different studies lie in the energy range from 1.4 to
2.3 eV, wHereas the predicted value is ﬂa3.0 eV. Possibly, broadening

of the absorption edge may shift the apparent onset of absorption so.
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that the observed minimum for a given curve shouid not ‘be interpreted

" in this way.  However, at this time the data on Li cannot be,exp]éined

- in terms of-simp1e theories.béSed on the nearly-free-electron model of a metal.

‘Rasigni and Rasigni [20] have presented optical constants for Li

between‘O and 10;7 eV, calculated by a Kramers-Kronig analysis of normal

A 1ncidénce.ref1ectance data. The reflectance values between 0.5 and 5 eV

were obtained by direct measurement on a Vacuum-Li}interface at 6°K, while -

from 5.5 -to 10.7 eV'they were calculated from the optical constants deter-

'mined,-at room temperature, by Callcott and Arakawa [21] from observations

of reflectance as a function of ‘angle of incidence at both the vacuum-Li

and substrate-Li interfaces. Their Kramers-Kronig analysis was normalized

- to Inagaki et al. []4] from 2 to 3 eV and to Callcott and Arakawa [21]

from 6.5 to 9 eV. Values of the refractive index, n, and extinction
coefficient,-k;.obtained?by Rasigni and Basigni.are shown in Fig. 6 com-
pared with the same quant{ties obtained by Inagaki:ét al. and Callcott and
Arakawa. It fs seen that, even with the normalization of the-Krémeré-

Kronig ana]ysis.in the 2 to 3 eV region, there are significant differences

 between the optical constants obtained from reflectance and from ellip- .

sometric measurements in the infrared and visible regions.

Li, with its low atomic humber and relatively simple atomic structure,
is of great theoretical interest. Further experimental studies of the
optical properties of solid, and 1iquid, Li under controlled conditions,

coupled with surface characterizations, are required.
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II. Liquid Méta]s
Liquid metal.samp1es'in equi]ibriumnwith their environment are free
of maéroscopié'SQrface roughness effects. In addition, geometrical factors
involving granularity and different crystalline forms of the metal which
can affect the values obtained for the optical proberties of solid metals
.are not encoUntered for liquid metals. Under ultrahigh vacuum conditions,
the surface can a]éoAbe obtained free of contamination. Thus, in principle,
it shou]d be easier to obtain accurate va]ues of the bulk optical propert1es\
of a metal in its 11qu1d state than in its so]1d state. Expgr1menta1]y,
the temperatures required to me1t most metals make optical ﬁeasurements
under ultrahigh vacuum conditions, d1ff1cu1t to perform Consequéntly
there is a re]atlve spars1ty of opt1ca1 data on 11au1d meta]s other than
Hg. R | | | ’

EXisting opticélvdata on 1iquid metals obtained by ellipsometric
techn1ques are mainly attr1butab1e to Kent [22] (cd, Sn, Pb, Bi), Hodgsoni
[23] (Cu 6, Ag, Cd, In, sn, Sb, Te, Hg, Pb, Bi), Lelyuk] et al. [24] (Ga,
Hg), Mayer and Hietel [13] (Na, K, Rb, Cs), Sm1th'F§%j“(Cd “Hg, Pb, Bi},.
“Miller [26] (A1, Fe, Co, Ni, Cu, Ag, Au), Com1ns [27] ( , Cu, Ga, Sn,

AAu, Hg, Pb,'Bi);_and Inagaki et al. [28] (Na). Measurementé of reflett-
ance have been emb]oyed by Schulz [29] (Ga, Hg),%'and Wilson énd Rice [30]
.(In, Hg, Bi). In addition there are 5eve%é]~other determinations of the
optical properties of liquid Hg which.wi11 be referenced in Section III,
Many of these measurements on 1iquid metals are over a very limited energy

range. Exceptions are the reflectance spectra obtained by Wilson - -

and Rice from 2 to 20 eV. It has been'found that the optical properties
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of many liquid metals can be eXp]ained in terms of the simple Drude theory,
at least over limited energy ranges, as long as m*~(or N*, an effective
density of free carriers) and t are treated as adjustable parameters, i.e.,
the optical prdperties of many of the ]iquid metals which have been studied
experimentaj]y can be explained in terms of a nearly-free-electron fheory.
A notabie exception is liquid Hg,ﬁwhich will be discussed in Section III.
.In fact, simple metals, hav1ng weak electron-ion interactions (e.g., Na,

A1, etc. ) are descr1bed by a near]y free- e]ectron theory and can be

'expected to obey the Drude formulae, whereas for meta]s where the scatfer{ng '

.interaction is strong (e.g., transition and rare earth metals, divalent
metals, Be, Hg, Ba, etc.) there are more uncertainties in the theory and
‘more probabi]ity of non-Drude-1ike behauior [31]. In addition band'gaps
character1st1c of 1ong range order are destroyed by me]t1ng, and 1t is

to be expected that the correspond1ng structures would be removed from

the energy spectrum of the.11qu1d metal [31,32].. For several meta]s,
structures in the optical properties df the -solid associated with~tranei-
tiohs from the conduction band to states abpue the Fermi level have not
been observed in the Spectrum for the 1iquid."un fhe other hand, we will
show that structure.for ]iqufd Na appears at the same energy as structure
fOr solid Nal When transitions in the so]id meta] are from the d-bands to
the Fermi ]eve], structure has been found to pers1st in the spectrum for
the liquid [26 30] t Thus, as might. be expected, some short- -range order
exists - in Tiquid metals which is similar to that which exists in the corre-
sponding solid. In fact, from theoretical and experimental arguments; based
principa]1y on correlations between nuclear magnetic'resonance measurements
and electronic structure, Knight and-Berger [33] concluded that a Tiquid

metal possesses a band structure which is very like that of its solid,
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- provided the Short—range structure 1is not é1terediduring melting. A]thqugh
the long-range order, which is normally associated with the existence of
Brillouin zones, is destroyed on melting, they proposed a model which

can lead to a band structure in some liquid metals.

The optical coﬁductivity speétra for solid and liquid Na can be

~ examined from the point of view of the above arguments. Our data for

“solid Na'[i4] havé_been pfesented in Fig. 2, while our data for liquid Na
‘fééj,;pbtained using essentially the same techniques on free surfaces of |
Na“at412O°C, are shown in Fig. 7. In contrast to the case of so]ivaa,

the absbrption properties in 1iquid Na below 2.2 eV can be described wei]

by the simple Drude modg1 of'free-carrier absofﬁtion. Above 2.2 eV,
absorption is greater,tﬁan predicted by the simpleADrude model. Although
Smiih*[34] has shown theoretically that the interband trahsition in so]id.‘
 Na, seen.{n tﬁe region of 3 eV in Fig. 2, should not persist into the_]iquid
phase, Knight and Bérger [33] suggest, from obser?ations of nuclear magnetic |
résonance 1iné shffts in Tiquid and solid alkali mefa]s, that the electronic
structures of the respective.sblids and ]Tquids'are the same. .This would |
justify'our interpretatfon~[28]‘of fhe structure seen in the optical con-
" ductivity of 1iquid sodium above abduf 2.2 eV as being due to a liquid
analog of the interband absorption seen in the spectrum fbr the solid.
_Onvthe other hand, Helman and Baltensperger t35]Ac1aim that this discrepancy
between our experimental results and thé simple Drude formula does not |
arise from an interband transition but from the fact that the ré]axation
time © is frequency dependent when the electron-ion. interaction in the

liquid metal is'proper]y taken. into account.
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We have recently obtained the optical propefties of liquid Sn'[36] at
261°C from ellipsometric measurements for photon energies between 0.62 and
3.7 eV. Meaéurements were made at a vaéuum-liquid Sn interface after con-
'taminants were removed from thé liquid surface using a'stain1ess steel
~scraper. TheAreai and imagiﬁafy parts,'e] and €95 of the dielectric
. funcfion are shown ianig. 8 together with thé values obtained previouﬁ]y
by Kent [22], Hodgson [23] and Comins [27],\ahd the corresponding Drude

2
for our values

curves. Figure 9 shows the variation of (1- e])-] with A~
“of eq.for liquid Sn. This curve is of interest since all data from ‘the
infrared through the ultraviolet fall on a single straight 1ine_yie1ding
aVSiﬁglé va]ue-of.ﬁ* from the. slope. :This is contrary to the results for
: other metals in the solid and 1iquid phases (compare Fig. 4) where different
-va]uesbof~m* are dbtained in the infrared and in the visible .and ultra-
- vioiet regiohs.-.lt is seen fhat 1iquid Sn.behaves like a near]y-freefelectron |
- metal over the fﬁ]].rangé of the,éxperimenta] measurements. There is no evidence
}of»the iﬂterband transitions seen in solid Sn at 1.2 eV and ~3 eV [37]. AA
va]ue'df m*/m ='0.98 +0.05 was obtained from the s]opewof Fig. 9, compared
with m3.0 for solid Sn [36]. The sum rule | o |

_/(; &(w)dw. = % (N_n;r_) 32”;,
where NT is the total electron density, fequireé that‘if some interband
transitions of various electrons disappear on melting, then thé value of

m* representing intraband transitions will decrease. This is true for

Sn [32]..
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The measurement of thé optical propertieé of Tiquid metals over an .
eitended energy range, from the infrared to the vacuum ultravio]ét, deserves
" more attention. In particular, the observation of the optical properties

of a metal in both the so]id and liquid states ob;ained in the same exberi-
.ment under u]trahigﬁ<vacuum conditions by spectroscopic elTipsometry would
be of great interest._ Accurate measurements, on well-characterized sur-
faces, would yieid information of re]evahce to theories of order-disorder

-on.going from the solid to the liquid [38].
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II1. - Lig‘u'id Hg

Mercury would appear, at first, to‘be an easy place to sfart in a
study of tﬁe‘optica] properties Qf liquid metals. - It is easy to handle,
" stable, and liquid at room temperature. Furthermore, it.is re]ativé]y '
easy to obtain a clean Hg sufface.‘ In 1957, Schulz [Z29] surveyed the- |
literature and on the Basis that fhere were many meaéurementsAavailab1e
in the visib]e, some in the ultraviolet, aﬁd a few in the infrared for
iiquid Hg, and on]y.fhe measuremeﬁts by.Kent [Zéj at three wavelengths'in
the visible available for other liquid metalg, came to the concldsion.
that "If the goal is to find a metal which is most 1fke1y to follow the
Drude theory over a long wavelength range, the evidence points toward :
liquid Hg as being the most promiéing metal." Schulz, from his reflectance
measurements, then presented a strong case for the véiidity of the Dfude

theory in 1iduid Hg.‘ Since then a cohsistenf difference has been observed

| between the optica]‘properties deduced frqm reflectance and from ellip-
sometric spectra.” To reconcile the two sets of results, Bloch and Rice
[39] proposed a surface transition zone. From e11fpsometric and reflec-
tance meaéuremeﬁts(made simultaneously on the same samples, Crozier and
Murbhy [40] concluded that such a model, coupled'witﬁ vectorial opticaT
prppertfes for the iiqﬁid Hg; wés consistent with their data; Guidotti
and Rice.[41] probed the 1iquid Hg‘surface directly using an aftenuated
total réf]ection method to excite surface’b]asmons and expressed the
vectoria1 effect in terms of a conductivity in the surface layer which
. is both anisotropic and larger than the value in the bulk. We have recént]y

measured simultaneously the absolute reflectances RS and Rp and the
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ellipsometric parametér A for liquid HQ over the énergy range from 0.6 to
3.7 eV [42]. No systematic differences were found between the optical
_properties deduced from reflectance and from ellipsometry, in contrast to
the results of Croziér and Murphy. Ih this Section we present an analysis
to dembnstrate that neither the previously existing nor our new ellipso-
metric data show evidence for any intrinsic surface structufeiin Tiquid
Hg. By use of a Kramers-Kronig analysis if is then shown that it is the
optical bropeftiéé obtafned froh e]1ipsometriC»measurements that are
representative of liquid Hg. Fina}]y, it is shown that there.is no real
conflict with the optical propefties dedUced from reflectance data as
there are large inherent uncertainties associated with this method when
used for metals in the‘infrared‘fd near ultraviolet energy region. -

| Liquid Hg, c1éanea by'the overflow method previously used by Hodgsbn
[23], Was brought into éontact with a strain-free quartz prism. Measure-
ments were made on this system at atmospheric pressure. At all times dﬁring~
the measurements the sUrfaces could be inépeéted and were found free of

visible contamination. The experimental method of obtaining Rp; R_, and

s
A was almost identical to that used by Crozier and Murphy [40]. The
azimuth setting of the polarizer was fixed at 45° to the plane of inci-
dence. Two sets_offintens%ties 1{0°) and 1(90°), and I1(45°) and I1(135°)
‘were measured for reflection from the quartz-liquid Hg interféce, where
I(A°) is the intensity‘measured with the ana]yzér éetting at A° fo the
plane of incidenée. The 1iquid Hg was then removed and the values of the
intensities IO(O°) and Io(90°) recorded for total internal reflection at
the quartz-air interface. .The angle 6f incidence was determined to be

60.52° from the value of A obtained from these total reflection measure-

ments. Rp and R were given by Rp = I(0°)/IO(0°) and R, = I(90°)/Io(90°),
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respectively, and A was determined from [40] cosA = -cos2&/sin2y, where
' tang = [I‘(45°)/I(135°)]li and tany = [I(0°)/I(90°)]2 TheAparameter ¥
was acfua]ly obtained from tany = [R /R ] _

The die]ectrig functions é] and €, were calculated from the measured

ellipsometric parameters w and A. The values obtained for €05 in the form

Aof the optical conduct1v1ty gy are shown in F1g 10 and those for e] in
Fig. 11. Also shown are previous values appearing in the 11terature [23 f
| 4 25,27;40,'43-47],.a1] of which have apparently been obtained from Y and A
under the same asshﬁption of no surface effects. The notation n6-= 1.00 |
indicates the data.Were obtained at a vatuﬁm (or inert gas)-liquid Hg

= 1.42 at a cyclohexane (n_ = 1.4198)-Tiquid Hg interface,

. interface, n,

and No = nQ at a quartz-liquid Hg interface. The measurements of‘Smith‘
and Stromberg [47] at 2.27 eV also included n = 155084'(benzené) and

= 1.3344 (water). No différenées wére‘fouﬁd in their values of € and
. €9 within their eXperimenta],aﬁcuraCy of four significant figures. Thé
- Drude variations of ¢ and €y were cé]cu]afed from
o 41?{100

= .I - 7 .
- (TMR)ES + iE

where 1T, the relaxation time for free'Carriers, was determined [44] from

T = (m/Nez)oo using the d.c. conductivity o, = 9. 387x10]5 ¢!

- density of free carriers N = 8.158x1022.cm'3 for liquid Hg at 20°C. An

and the

'imperfect gtass~liquid Hg contact [43,44] apparently caused the considerable

difference between the results of Lelyuk et al. [24] and those shown in Figs; 10
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and 11. The experimental data, obtained'in the various studies represented,
are consistent with eachvothef, with no systematic correlations of ¢ or €4
with the value of Noe The dashed curves indicate the'prpbab1e upper and
lower limits of fhe-observed quantities. It is seen that the optica]l
properties'of liquid Hg, as observed by el]ipsometric_measurements, are not
represented By the Drude neér]y-free-e]ectron mode].

The 1ack'of any demonstratedvdiffefences in the experimenta]iva1ues of
o and € for different va]ues-qf N, is strong evidence‘for the absence of
any surfaee'stkucture in‘liquid-Hg If the surface mode]s [39,41] proposed
for liquid Hg were app11cab1e, then measurements made with d1fferent mate-
r1a]s (i.e., different no va]ues)lin contact with the liquid Hg, and analyzed
essuming no surface sfrycture, would give apparent optical propertiés for liquid
Hg whi;h varied as a fuhction of .the value of Noe A _

Consider ]iquid Hg [47], with ¢ = -18.46 + 13,50, covered with a 108 -
thick transparent layer of refractive index ny = 1.45 as shown in Fig. 12.
As defined by Burge and Bennett»[48], we ca]1 the die]ectric'function €,
calculated from the measured ellipsometric parameters y and A for a real
surface under the aesumptiene that the surface i; smooth, homogeneous, and
isotropic, the pseudodielectric function. 'If surfaee structure is present -
on the'rea1 surface, then the'pseudodie1ectric function wi]]; in génera],
be a function,of ¢ and no,-the angle of incidence and the fefractive index -

of the ambient medium, respectively. The calculated pseudodie]ectric functions

~ for the chosen example at a photon energy of 2.27 eV, are shown as functions

of ¢ and nd in Fig. 12. For ¢ = 70°, the variations of £ and €o with n, are

large enough to indicate expérimentally the existence of the surface structureﬁ




- 20 -

Most ellipsometric data are taken at an angle of incidence in the region of 70°

(£ ]0°)band thus, if there is a surface layer on Tiquid Hg wifhipreperties
resembling those shown in Fig. 12, it should show up as systematic differences'
~in o and € with no'in Figs. 10 and 11. Other reasonab]e values of N and
thickness of fhe surface layer 1ead to the same conclusion. Thus lack of
systemétic variations fn o and e] with the va]ue of'n implies that there
is no surface 1ayer or surface 1nhomogene1ty on liquid Hg. A similar
analysis [42] rules out any anisotropy in the optical properties of liquid
Hg in the vicinity of its surface. |

The pseudodielectric function e(n ,$) can be used in Severa] other

tests for surface strecture For example, a va]ue of e(n »$) obtained
for a real surface at a given photon energy.can be used to ‘calculate the
anticipated variation of the reflectance at that energy as a function of

‘.

the refractive index of the ambient medium, Ny and the angle of incidence -

¢~. This quantity, R “,0”) can then be compared with the experi-

ant(

mentally observed quantity, R “5¢"). Assuming the system shown in

exp(

Fig. 12 with n, = 1 and ¢ = 70°, the quantities Rant(no ,0°) and Rexp

(nO”,¢‘) have been calculated. The difference 6R = Rant(¢%7,¢‘) - Rexp
(no’,¢’) has been plotted in Fig. 13 which shows GRp and:GRS as functions

of no’.and o &Y and 6SA, ca]cu]ated for the same system, ére also

shown in.Fig. 13. It is seen that SRp or &A, for no’ # o and large values e
of ¢~ are large enough to be detected, if surface structure exists.

The present measurements of RP on liquid llg were used to perform a 6Rp-check.

For this purpose the ava11ab]e pseudod1e1ectr1c functions obtained w1th Ny = 1

at each energy (Figs. 10 and 11) were used to calculate the anticipated
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value of Rp for ho‘ = nQ and ¢° = 60.52°,4iié;, the actual experimental con-
ditions of our measuremeﬁt of Rp. The anticipated and measuredAvalues of -
Rp for our present‘st&dies on liquid Hg are shown in the tbp part of Fig. 14.
Also shown in-the Jower part of Fig. 14 is a similar comparison for the
measureménts of Crozier and Murphy [40]. In both studies, values of Rp
obtained by direct measurement at the_quartz-]iquid Hg interface and the
cbrresponding calculated quantity both show a systematic deviation from
the Drude valueé, but are in good agreement with each other.

Further .tests for the deteétion of surface structure ffom ellipso-
metric measurements involve searcﬁing«for inconsistencies in the values
of Rp, Rs’ and A measured simu]taheous]y at a given interface. bne method
involves comparing one of these measured quantities with its value as
calculated from the other two. Another method involves ca]cu]atingithe
optical constahts-from three different pairsAof‘the measured quantities.
These tests have been described previously [42]; none show any evidence
for surface -structures in liquid Hg. |

The apparent Drude optical propefties of liquid Hg, which have been
extracted from two:or more reflectance measurements at a given energy,
and which have been thought to be in conflict with the ellipsometric meésure-
menté, can be shoWn [42] to bé unreliable because of the large uncertainties
involved in the reflectance measurements relative to fhe accuracy necessary
to obtain re]iab]é optical properties in this energy range. Figure 15 shows

plots in the €17€) plane of calculated equireflectance curves. For each

curve the type of reflectance measurement is specified by a subscript (R =

reflectance at ¢ = 45° for unpolarized light), the value of the ambient
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‘refractive index is given, and the stated value of the reflectance has been

‘ obtained from the Drdde values of € and €5 for liquid Hg at 2.27 ev. Also

indicated on each curve is an error bar of length 2Rer which corresponds to

r

a typical range of the experimental uncertainty reportéd in the literature.
This error bar specifies a path 2Rerr wide centered on the equireflectance
curve. When two experimental va]hes of reflectance, such as RN(n0 = 1.0)

and R no='],4); at 2.27 eV are used to determine ¢, and ¢, for liquid Hg,

1
the values obtained from the.intersection of the equireflectance curves will

1ie within the overlap région of the corresponding‘paths. Because .the equi-

' ref]ectance,curves are almost parallel, the region of overiap for any two

of the types of -reflectance measurements shown in Fig. 15 extends' from the

top of the graph to beyond the bottom. This demonstrates fhat optical

properties obtained from reflectance measurements have large associated

errors: in the case of Fig. 15, depending on the pair of reflectances, this

error may be w60 to <100%. At lower photon energies the uncertainties

~associated with optical properties determined by this method are even

larger. Bloch and Rice [39] report Ry for various values of n, while

Mueller [49] reports'R and Rg at ¢ = 45° for liduid Hg in contact with

N

sapphire. In both cases, they contend that since they observe values of

reflectance consistent with the Drude values of € and €9 that this proves

the validity of the Drude values.  We have shown that there is a very large

‘uncertainty in the optical properties when they are determined from reflect-

ance measurements, and that observing "Drude" reflectances does not necessarily

~imply Drude values of the optical properties. In fact, we demonstrate in
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Fig. 15 that the reflectances measured by Bloch and Rice and‘by Mueller are
not inconsistent with thé values of gi and €y obtained'by ellipsometry for
liquid Hg at 2.27 eV. These values, using the same notation as in Fig. 10,
are shown in Fig. 15_together with a rectangle of dashed-lines indicating
fhe probable upper and lower limits. In order to determine the optical
constants by.réf1ectance measurements with accuracy comparable to:that of

' the ellipsometric results, ref]ecfances would have to be measured ten to a-

hundred times more accurately than in the experiments so far reported in the

literature. " In fact, the high correlation between the determination of
the optical properties from ref]ectance measurements and the consistency
of those properties with the Drude theory seems to stem from the a priori

assumption, in some cases, of the validity of Drude theory.

Of the reported reflectance measurements, only those of Schulz [29]

~do not fall in the above category. Schulz obtained values of the optical

properties from measurements of R and 6, the phése change for reflectance

at normal incidence. 1In a €17€ plane, equi-ﬁ'and equi-#@ curves cross

nearly at rightvang1es and experimehta] errors infroducé only small

errors into the values determined for € and €9e Similar considerations

appTy to equi-y and equf-A(curves which are emp]oyed'in the ellipsometric

determination of the optical properties. Schu]zfs experiments appear to

have been performed to a high standard of expefimenta] accuracy and exami-
nation of his published papers does not reveal any apparent reason to doubt

the "Drude" values which he obfained [42]. However,'detai1ed Kramers-

Kronig analyses, over a wide energy range [42], show that Drude optical

properties are not possible for liquid Hg, whereas the optical properties
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obtained from ellipsometric measurements are internally consistent with

the available data on Tiquid Hg above the limit of the ellipsometric

measurements at 5 eV.

The Kramervaronig rélation used was that for the phase change on

reflection at normal incidence

G(E)' = = ;T- W dE”,
(@]

If RN(E’) and 6(E) aré cg]cu]ated from the pseudodielectric functions
obtained from e]]ipsbmetric measurements on real surfaces on the -assump-
tion that thereisno sQrface strﬁcture, this Kramers-Kronig relation would
appear to break down in the presence of surface structﬁre. Howevérg
this test for the preéence of surface structure cannot be applied as experi-
mental values of the bseudodielectric function are not‘available over the
whole enérgy épethum; We can use this relation to demonstrate that the
Drude values of b obtained By Schulz are highly unlikely, whereas the
optical properties determined from e11ipsometfic measurementé are probably
correct. | | 7

‘The.measured values of the‘norma1.incidénce reflectance, RN’ obtained
by Wilson aﬁd Rice [30] from 2 to 20 eV are showh in Fig. 16. Wilson and
Rice analyzed these data through'the Kramers-Kronig relation by éssum%ng
the Drude form for RN below 2 eV and an analytic extrapolation of the
measured RN to energies above 20 eV. They obtained values of tﬁe optical

_properties from 2 to 20 eV which are quite close to the Drude values in the

region below 4 eV. This analysis was somewhat circuitous, however, since
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the extrapolation of RN to high energies was chosen to give the Drudé
valué of 6 at 2.0 eV. In an attempt to obtain a more realistic extrapo-
lation of RN'above 20 eV, in the absence of opticél'data fdf eifher 1iquid
or solid Hg, we have used the optical data available in the ]iterafure [50]
qb to 900 eV for two materiais with atomic numbers c]osé to that of Hg

(Z = 80) to estimate values of Ry for Hg. From solid Au (Z = 79),

R N, Au

R

2
)" Ry.a

g = (Ohg/Oay L = 0.476 R

where DHg and DAu are the atomic densities in 1iquid Hg and solid Au,

respectively. Similarly, from solid Bi (Z = 83),
Ry o = (D /Dn:)2 Ry oo = 2,077 R
N,Hg - (OHg/Pgi) Ry,pi = 2:077 Ry gy -

These estimated values of RN are shown in Fig. 16 énd appear to agree
reasonably well with each other above ~ 50 eV, This agreement demonstrates -
that this is a reasohable method of determining RN for high Z materials o
at high enough energies, hence removing a major part of the uncertainty
' invo]vedtin the extrapolations used by Wilson and Rice. Above 900 eV
T we extrapo]ated'RN a;cdrding to an E-4 dépendence. | |

The results of our Kramers-Kronig analyses are demohstrated in Fig.
17. in the form of the difference between 0(E)/E calculated from the Ry
values shown in Fig. 16 and the cofrespondfng Drude values. The two
solid Tines were obtained, in this way, from the RN values of Wilson and

Rice [30] from 2 to 20 eV in combination with the RN values of solid Au ahd

solid Bi, respectively. The two dashed lines were obtained from RN cal-

culated from opticaT properties obtained from ellipsometric measurements
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from 0.2 to 4 eV in combination with the R values of Wilson and Rice from

N

5 to 20 eV and the R, values of Au and Bi, respectively. Also shown

N
in Fig. 17 are ¢(E)/E - OD(E)/E calculated directly from the optical
properties of 1iquid Hg obtained fromiellipsometric measurements as

- summarized in Figs. 10 and 11 and from fhe "Drude values" of‘O(E) obtained

-by Schu]zl[29];_ It is seen that the calculated va1qes of 6(E)/E - OD(E)/E
obtained from e111psometric'measufements lie éséentia]]y Qithin the daShed o
curves. ‘Thus, the Variations}With energy of the plotted function of 6
obtainedAerngh a Kramers-Kronig analysis are consistent with the
ellipsometric optical properties of 11qufd Hg; Just as the estimated

| Ry values using thé Au and Bi data befween 20 and 50 eV obviously set

upper and lower Timits, respectively, on the RN for liquid Hg in this

energy range; the dashed curves in Fig. 17 obtained froﬁ ellipsometric

RN, set reasonable 1imits on the ellipsometric data;'.By a proper choice

of R vbetweeh 20 and 50 eV it is obviously possible to reproduce the

N
ellipsometric values of 6 from the ellipsometric values of Ry using the

Kramers-Kronig relation for @(E).

On the other hand, the "Drude values" of Schulz are fncbnsistent
with a Kramers-Kronig analyéis employing any reasonab]e extfapolation..
One‘pbssible'e§p1anétioh for this discrepanéy is that the Ag film whf;h
Schulz deposited on a mica film in order to make a good mica-Hg contact
did nbt disso]veAaway cémp]ete]y as expected.: .. |
| In conclusion, it has been shown that the obtica] properties obtained

from ellipsometric measurements are representative of bulk liquid Hg. No

evidence is seen in any of the experimental data on liquid Hg for the
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existence of surfaée structure or anomalous éurfacé properties. ‘The
opticé] properties of liquid Hg are not DrUde-]fke. The only known
attempt to explain deviations from the simple Drude theory in liquid

" Hg is due to Smith [51]. Previously, with undue emphasfs given td
reflectance measurements and the expectation of Drude behavior,'the
déviations shown by ellipsometric measurements were suspect. Since it
-has now been established that the ellipsometric values are probably
correct, there is a need for new theoretical efforts to explain the non-

Drude behavior of -1iquid Hg.
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Figure Captions

1. Optical conductivity vs incident photon energy of solid Na at
room temperature. References to the data shown are given in
Ref. 14.

2. Optical conductivity of solid Na obtained by Inagaki et al. [14]
and Smith [12]. '

'3. Values of B defined by ¢ = 45° - 8 for a quartz-Na interface. The
lower open circles are Smith's data [12] obtained by the nyll'
method for a single reflection at an incidence angle of 75° and the

upper open circles are 4p obtaihed from four reflections. The filled
circles are the data of Inagak1 et al. [14] obtained by the photo-
metric metnod.for a s1ng]e reflection at. an incidence-angle of 70°.

4, Real part of the dielectric constant of‘so11d Na [14].

5. Optical conductivity vs incident photon energy of solid Li at room
temperature ’

6. 0pt1ca1 ‘constants of solid Li obtained by Rasigni and Rasigni [20],
Callcott and Arakawa [21] and Inagaki et al. []4]. '

7. Optical conductivity vs incident photon energy of liquid Na
obtained by Inagak1 et al. [28] and Mayer and: Hietel [13].

-8.  Dielectric functions of 1iquid Sn vs incident photon energy. Drude
curves for'Hodgson's data and for our recent results have been
calculated using parameters quoted in Ref.'36.

9. ' The plot of (1-¢,)7" vs A2 for Tiquid Sn at 261°C, with A in um.
- 10.  Optical conductivity vs incident photon energy of 1iquid Hg at room

 temperature. All values were obtained from ellipsometric measure-
ments, as explained in the text. The dashed lines indicate the

probable upper and Tower 1imits of the observed conductivities.




11.

12.

13.

14.

15,

16.

17.
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Values of € Vs incident photon energy for liquid Hg obtained from
e]]ipsometric measurements. The different symbols refer to the

references indicated in Fig.'10.

The pseudodielectric functions € and €, obtained at 2.27 eV for
1iquid Hg covered with a 10 R thick transparent layer of refractive
index 1.45 as functions of the angle of incidence ¢ and the refrac-

tive index, no, of the ambient medium. The dielectric constants

~assumed for Hg are from Smith and Strombefg'[47].

Differences befween the anticipated and experimental values of Rp,
Rs’ Y, and A as functions of nof and ¢~ for the system shown in
Fig. 12. The anticipated values were obtained from the pseudo--

dietectric function e(n. =1, ¢ = 70°).

0 : .
Values of Rp measured at a quartz-liquid Hg interface compared with’
those anticipated from the values of the dielectric function measured
at a free Hg surface.

Equireflectance curves RN; ﬁ;and_Rs presented~1n the €1 -6 plane.
The reflectance values are those corresponding to the Drude values
of the optical properties of Tiquid Hg at 2.27 eV. The type of
reflectance and the refractive index, n,, of the ambient medium are
indicated. The values of €y and €) obtained from ellipsometric
measurements at 2.27 eV are shown using the same symbols as in Fig.
10. The dashed-line rectangle corresponds to the probable upper

and Tower limits of the eilipsometric data as indicated in Figs.
10 and 11. | | Sl .
The RN measured by Wilson and Rice [30] at a vacuum-]iqgid Hg inter-

face combined with values of RNAcalculated from the experimental
optical. properties of solid Au and Bi [50].

The phase shift on reflection 6(E) divided by the photoh<energy E
relative to the Drude values calculated from a Kramers-Kronig

~analysis of RN for the vacuum-liquid Hg interface and from the

dielectric function e.
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