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- ABSTRACT

optical properties of:Nb allojs vere investigated.

SRR TR R

Celorimetric'measurements of absorptivity between 0.2 and 5.5
g ey were taken for Nb samples with 20, 50, and 80% Mo and for 
g yb samples containing 10% 2Zr, 20%.V, and 20% Ta.

; geflectivity data for tuwo ot €hese saméles in the ultraviolst
region and knoun'reflectivities for the pure“metals to 35 ev
provided the basis for extrapolation to high energies. The
data vere Kramers-Kronig analyzed to determine‘the dielectric
tunction. The structure is discussed in terms of interband

transitions as predicted by a rigid band model for the NbMo

alloys.

Hher st
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THEORY AND TERMINOLOGY -

optical properties of solids have to do with the inter—
action of eléctromagnetic.radiation Qith the particles -
electrons and ions - in the material. Although studies of
optical pfoperties originally vere concerned only with
visible light, they have been.extended to inélude a widér
range of photon.energy. |

ﬂaxuell's‘equations for the electric and maghetic fields
iﬁ a solid can be written in microscopic form, in which the
local variations in the fields are nmade explicit. Por
purposes of fhis paper, the macroscopic form of'Maxwell's

equations are more useful. Here the field vectors are an av-

‘erage over a large volume in the sblid to avoid 1oc;1 field

corrections. In Gaussian units one has (1) =

V.8 =0
UxE = - L dB/dt
c :
V.0 = bnp <t
_ _
Uxf = 1 dB/dt 4 b gcond | 4n Jext |
c c ® e |
— -— T e— 1
D =E + LnP
H=8 - bnM

The properties of the medium in which the light travels
are described by the use of - such quantifies as the dielectric
function, €; the'magnetic permeability,)u; and the optical

conductivity, O, where
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All tﬁese quantities are functions of fhe-radiation fre-
Quency,(ﬂ; ‘fhe diélectric function and conductivity are com-
plex, and if~aniéotropic materials are to be included in the
giscussion, both gquantities will be rebreSénted as complex
tensors. As the frequency approaches zero, the real part of
the optical conductivity becomes equal to the electric

conductivity. If ve combine these definitions with NMaxwell's

equations and assume no external charges, and therefore zero

external current density, ve obtain a set of equations which

relate E and H.

.Several simplifications mayvbe made éhen we solve these

equations for a plane monochromatic -light wave incident on 2a

'.saaplé surface, this special choice being made because it .

corresponds to our experimental arrangement. As the wave ap-

proaches the surface, it travels in'a.vacuum where €.=}4=-\-

The alloys undet-investigation have body centered cubic

crystal structure. ®ith respect to a coordinate systen with

three eyuivaleht axes, the dielectric function may be

_expressed as a scalar rather than a tensor quantity (2). -For

'ﬁh? optical frequency range ve take MA=11in the solid as well

¢2 the vacuum. The experiment can be érranged ¥ith s-.or p--
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polarized light incident on the sample surface at a known

‘Amjle (P .

The boundary conditions at the surface are that the .

gangentlal components of E and H and the normal components of.

5 and B be the same on either side.

Let r be the ratio of the amplitudes of the reflected
and incident.navés, and @ be the phase difference between the
tvo wWavesS. The reflectivity, R,_is just rz, since R is the
ratio of the intensities of reflected and incident radiation.
A direct measurement of R and,e at a 'given frequenqy, ),

provides sufficient information for calculation of the die-

~lectric function at that frequency. It may also be deduced

trom measurements of R taken at two different angles of inci-

dence{ or measurements of R for light gf diffe:ent:
polarizations. Hith~thin_filns,.one éan'nedsnnéMbnﬁnfvn;
reflectivity and transmission}‘ o

ﬁhén R and O are measured independently of dnevanother,

1t is not clear that the two quantities are related. But

- vith an argument based on causality it can be shown that (1):

d InR(w' -
.e(w) -—.-2—]-; Iw __n__(w_l ]n[uw)—-:-w_‘]' dw

0 . dw'

This meéns that if we know R for,ail frequéncies, we can

- Cokpute the phase shifts. 1In Qractice,vR is measured dven

- some finite range and values are extrapolated. out51de that

fanqe to use in a numerlcal calculatlon of 6. Integral

- Telations between two functions of frequencies, such as this




one betveen 8 and R, have been given the nanme Kramecs-Kfoﬁig
:elations.,A - B S -

With ‘both R and 6 known, the dielectric fﬁnction may be
calculated as follows: | .
For s-pclarized light,

.é(w) = 22 (w) cos%p + §fn2¢
For p-polarized light, |
e - 2 — [ 1£( -—L——‘*mgz sin’e )% )

Z(w) cosp - Z(w)

\

vhere

] +. r(w)exp(ig(w))
1 + r(w)exp(id(w))

. Z(w) =

Inithe equatioh for p-polarized light, the sign ambiguiiy is
resolved by choosin§ the solution giving a positive value for
fhe imaginary part of the dielectric function (3). .

| once has been determined, other quantities may be cal-
cﬁlated vhich may be more useful>for certain purposes. .The'
‘real and iﬁaginary bartS'of'the éomplex quantities are
defingd so that ¢ = e{+—ez and o =od'~02 . We also héve
€.=(ﬁ + ik)ﬁiwhere nis tﬁe refractive index and k is the ex-
tinction coefficient which describes the damping of the déve
as it travels in an.absorbing.medium. ¢, n, énd k are éiven'

by

Q
I
Lle

€

3
n

[%0{€]2 + ézz +‘e])]% | k = [%0]612 + 622'-.61)]% _
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From similérity in the'spectra.of many metals and the
theory of'electron-bahd struétufe in solids, it is possible
to develop some notion of the expected behavior of
the transition metal alloys being studiedf For a complete-
appreciation 6f the tﬁeory one must take a quantum mechanical
yviewpoint. ﬁach electron exists in a state with a vwell-
defined eﬁergy. Absorption or emission of a - quantum of ener-
gy occurs when the electron makes a transition to another
state. o . ‘ : L

Such a transition represents eithgr an.intrabaﬁd or .
interband contribution to the absorption,'depending‘on wheth-
er the'final and initial states are in the same energy.bénd

or different bands. For metals the conduction band consists

- of both occupied states below the fermi level and empty

states above. Thus the conduction band electrons are the
ones uhicb will be making ihtfaband transitions; A classical
picture is useful,in'vishalizing the intféband éoﬂtribution‘
to absorption. Although it has.limitations, thélresuiting
expression for‘ ¢(w) is the same as would be derived quantum
geéhanically. '

Thé simplest'médel is.thaﬁ-of‘Lorén;z, in which the
eleétfons are treated as classical oscillators. - The time
varying eiectric field exerts a force -eEoexpf-iwt) on the
giectrons. Thej‘are attracfed back to théif equilibrium site

- _ 2 o
in the lattice by a restoring force -mew, x. The oscillation
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is damped by a force mydx/dt. Solving the equation of motion

gives :  eE

The polarization P = -Nex where N is the number of electrons.
The dielectric function is then

: o 9

€= 1 4 baP/E =) 4 —2xle’/m
2 2 .

: (wo -w) - iw

" The free-electron component is obtained from the Lorentz

model with w,= 0 since the conduction electrons are not tied

down to any particular site. The mass m is replaced by an

effective mass m* and 7/may be written as 1/¢ where 4 is the

mean time betveen scattering events. These are the sane
scatterlng events thCh determine the electrical re51st1v1ty
of the sample. With the plasma frequency We defined so that
.2 . ! N
Wp = uﬂNe /0%, one obtains the Drude expression:
Fo L0 N ) ) _ ‘
€=|-T.E_____
. w + iw/T
When .one has experlmenfally determlned values for 6

the. intraband term cannot easily be separated out from the

total.‘ However, at small frequehcieé, the photoh energy is

less than would be necessary for an electron to make a tran-

.Sltlon to one of the empty bands above the Ferml level. In-

this reglon, whlch for metals is in the 1nfrared, the shape

of the dlelecttlc function w111 be as predlcted by the Drude

-Hodel

e it & itk Y TR
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To treat the more complicated shape of the curve at

Ag;@berAenergies we will need to derive the quantum mechanical
expreséion for the dielectric function including interband

BNEREOL S G St h S e

cffects.
To begin, we may write down the Hamiltonian for a solid

vith N electrons per unit volume.

: H—Lg [p - £ASYT 012 g v.(F.)

| - - .9 . .
Zm_j—._l J c J j=1 |
1

, 2 N ,

. +-]—E _e — 1+ EecpeXt( Jt)
£ i,j |r. -7.| i=1
¥ ! J

£ The momentum operator p = -~ihV. V is the periodic crystal

‘potential seen by the electrons. The third summation'gives
the Coulomb enérgy between all pairs of electrons and I is‘
b the energy of the ion cores interdacting with one another (1).

" Band theorists who calculate the eigenstates of such. a-

system use the Hamiltonian H,, obtained. from H by letting the
external fields & and 9 equal zero. The solutions will:be
8loch functions having the periodicity of the lattice,

ﬁﬁ(;) = exp(iEJ-E) u3(E3';) vith energy Ej. Different ap;'
ptoximation methods may be used, the choice depehding on the
System under consideration. . A-simplifying.featuré of all
Atbese'fechniques is that the nuclei are‘considered fixed in
?}ch. Atﬁention is focused 66 the wévéfunctions of 'a single
‘electron, The effect of the other eiectrons’is included in

the fielq acting on the single electron (u){ The wave
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fupctions are expressed as expansions of some complete set of

exact functions, 'in combinations which will give the symmetry

required at different points in the unit cell. Various
parameters can be adjusted to fit known propertieslof the ma-
terial. For Nb and Mo, the eneigy bands have‘been calculated
vith the use'of augmented plane vaves (5,6).

To get at the optiéal properties we.must include the
eftect of the radiation. As before, let the radiation have
time dependence exp(-iwt). Including the spatial dependence
gives E = Eog exp(ifo;;‘-iutjf We‘choose‘the Coulomb gaugé

ext - ext ' '

vith ®°°° = 0 and X% = a4 exp(ik;T -iet). This choice of

gauge insures that A and §~comhute and provides a relation-

~ship between A  and E,. E = 4-(1/c)di/dt so that

Eo = iwd /cC.

‘The difference between H and H, is taken as a
, ‘ -2
perturbation term, H'. The term of order A is dropped and
ve have
A.p

3l

H'-= .

F T

Eo exb(iig.?) 3.v exp(jiwt)

In this last expression for H', the time dependent term has -
been set apart from the rest.

Consider a transition from an initial state Vﬂ with en-

. ergy k.. to a final state V@ with energy E{. These states are

eigenstates of the unperturbed Hamiltonian. Time-dependent
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perturbation theory gives the transition rate,
W =B [ aF Y (- e yexp(ik .T) 5.7y, |26 |
if A £l o/ Pk ) @ T L B (Ee - By - ha)
This is just the transitioh rate betwveen two particular

states. We assume that initially an electron is in state V¥,

vhile state W is empty. W should actually be weighted by
£(E;/T) (1-£(E;/T)) which is the ptobabiiity of the initial

é state being occupied and the final state being empty. f is
the Fermi-Dira;ndistributibn function (7). This factor will
be omitted from here on,lwith the understanding that

: transitions are trom full initial states to empty states.

é ) Look at the squared term in W.r. The states are Bloch’
:uavefqnctions and integration will give zero unless F{=E;+E°.
This is_the conservation of momentum condition. Since ihe
radiation wave vector Eoié much smaller than either'E{ or E;,

"the only possible transitions will be vertical ones, that is,

k- k&z k;. If we define.nif = | dr ug (k,r) Vui(k,r) then the ex-
‘pression for ¥, reduces to a more concise form,
21 eh 2 A= (2 . |
Wis h (nlw Eu) ! a-Mig | 6(Ef B lEl - hw)

Since it ié impossible to identiff transitibns between
-two particular stéfes, we'need an expressidn for the total
nate of transit;ons betweén'anyAsfates invqlvihg tﬁé absorp-
tion of a photon.of a particular energy. All traﬁsitions be-
tveen a given band and a higher, empty band will be included

if ve multiply by the electron density of states, 174w3, and

AR

A e R T
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integ:ate'over I—Space. Then one sums the results for all

pairs of bands between which-transitions will occur. The

total transition rate is
' dk_ |
W= £ [T oW
Lot pands 41(3 if

The energy lost in these t;ansitions is Kw W, (o). It is

.

2 -
also oilw) 2E, , so we can find the conductivity

Aw 2,2 A
_ e % ot nw 12 el - E. - A
o'(w) = 2E02 Ww) = b,ﬂzmzw ‘]‘ dk la'Mif‘ (Ef E; w)‘
and ‘ -
Lyt e h - (A= 12 _ _
(;2(0.)) = ——w--o"(w) = ;—i;z—w—z- J‘ dk la.M]fl G(Ef El - Aw)

Tbe}matrix element EEF is'ﬁot always‘eaéy t§ calculate;
sd-somefimes one apﬁroximates without it. Assuming la.ﬁi{|z
is a slowly varying function of k, it can be pulled outside
ﬁhe intééral. What is left islknoun as the joint density of
states J{w). | -

. _dk '
J(w) = L3 8(E, - E, - hw)

1

One expects that € (w) will be roughly proportional to J(w),
the tw§ curves having structure at the same values of w,
though not corresponding exactly in magnitude_evetyuhere.
Such an assumption was made by Pickett and Allen (8), vwho
usedAfhe band calculations for Nb and Mo to thain_J(w),.
¥hich they then compared with experimental results for e@»);

Thg joint deﬁsity of states may be expressed as a |

Surface integral'instead of a volume ‘integral.
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] ds
'J(w) R | v (€, - Ei)‘

rhe integration is performed over the surface in k-space for

vhich Ef(i) - Ei(i) =hw, In this form it is clear that

_gtates for which the denominator equals zero will make a

large contribution to the inteéral. Such points are calléd
critical points and correspond to maxima, nininma, or -saddle
points in EF—E;. Symmetry critical points are those at which
VVE}== v E; =0. Their-occurrence may be predicted solaly on
the basié of'the symmetry requirements at parficular values

of k. Some symmetry points commonly referred to are illus-

‘trated in figure 1. In semiconductors, features due to crit-

‘ical points have been identified in experimental curves of

g(w)or €(w). In metals, it has been found that critical

point structure is there but does not show up clearly, per-

_haps because of a larger background of intraband transitions.

Also, meﬁals'seem to have latge voLumesvin E-space for which
the denominator is small, but not Zero.

The general procedure as has been described is used for
pure metals, To sum up briefly, one starté uifh a periodic
lattice ‘potential term in the Haﬁiltonién.' Then the energy
bands arevcalculated, and the location of the Fermi level is
determined by the number oflvaience electrons. These
electrons, of course, fill the lowest energy states in the

bands. If light is absorbed in di:ect‘interband transifions,
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time deéendgnt pérturbation theory gives an expression for
{he:idaginary partAof the dielectric function, uhich.in the
constant métrix'approximation will be proportional to the
joint density of states. |

| For the bcc transition metals Nb and Ho, this aéproach-
has been successful (9,10,11,12). With the direct transi-
tion model, peaks in the experiméntal ¢, curve have been |
jdentified with transitions occurring at particular :egions‘
or points in E-space. Howevef, the opfical data and »
calculafioné done thus far for such metals have not been able’

to rule out absorption by indirect transitions (12). For

~alloys, an impurity is probably ihvdlved in such a transi-

tion. 'othép mechahisms are also possible'(13)° " If some of.
the momentum is carriedvawaf by impurify scattering, a.
éhonon,'o: sdme‘otper’mechanish,zue ma} no longer assumé the’
transition is'vertical.

.The'very fact of alloying means increased disorder. The

-arrangement of tvo types of nuclei make the crystdl'latﬁice

‘non-periodic. Thus the uavevectof'may not even be-a good'

quantum number under these conditions. But wve would like to

be able to describe the alioys'in“a methodical way, based on

§ur understanding'of the pute metals. To describe alloys, ve
- bust make some modifications in the methods used in tteatingA

.the_pure‘metais. At this point in time, alloy theory is

under development and we have a Choice of several different
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approaches. Ptoposed models include the rigid band model
(RBH),-the'virtual crystal model (VBHM), the coherent po{en-
tial approximation (CPA), and the_virtu&l bound state (VBS)
(14,15) . | '

RBM was thé first model suggested for alloys. Acdording
to it, one assumes the band structure of the pure metal
persists unchanged‘when a second type of atom is introduced
into the latfice. The electron concentration, though,
changes 1if the.two atoms have a different valence number, and
this éauses a\cortesponding change in Fecmi level. Apart

from this change in Fermi lével, the treatment is the same as

" for the pure metal which is the solvent and vwhose enefgy

bands are known. RBHM predicts no change in the spectra for

‘alloys of two metals with the same valence number. Two of

the alloys we examine are of this type, NbTa and NbV. A lim-
itation of the RBM is that it cannot in general be applied to

ailoys in which the concentrations of the tvo types of atoms

~are nearly equal.' Some workers have improved the RBM by

taking into accodnt localized screening of the éolute atoms
(1&)‘. o '

The RBM has been applied to noble me;alé alloyed with
small amounts of a polyvélent metal. The system of NbMo
alloys is é good candidate for treatment according to the

RBM, because the pure metals Nb and Mo have nearly identical

energy bands. For any intermediate compdsitions, then, the
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Fermi level‘uould be in betveen the Fermi ieQel for Nb and
that for Mo. Imagine a transition between st;tes juét on
either side of tha Permi level for some alloy composition.
Por some other composition, it-may'happen that these same two
states are both below the Fermi level, A tramsition would

not occur in the latter case, because the higher energy state

is already occupied. ¥#e expect that‘what differences we see

- will be due to those states which are above the Fermi level

for. one alloy and belovw for another.

.The VCM is similar to the RBM in that it is appllcable
to metals in which the electrons are non-localized. VCHN,
unlike RBM, allows for changes in the shape of the energy
bands on alloying. The VCH useé,as its starting point the -

periodic crystal potentials for the two metals. One then

" vrrtes the potential for the alloy lattice as a linear combi-

nation of the two pure metal potentials. The coefficients in

"the linear combination are the concentration of the metal

atoms occurring in the alloy. After writing this potential,
one must use it in solving‘the Hamiitonian and computiﬁg the
energy baﬁds for the ailoy. This linear relationship amounts
to an assumption that the electron wave function is nearly
equal in magn;tuda at both types of atoms. If an electron

shows a preference for one atom type, as might be the case

- vith a d-electron, then one atom type would be charged with

respect to the other, and the VCH vould not hold so well.
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With either the vcHM or'CPA, any concentration of an-
alléy may be considered. CPA has pro&ed to be especialiy_
useful in treating alloys with strong localvpotentials,‘suqh
as transition metals. The Cuﬁi alloy system has been
¢horoughly studied using a CPA.approach (14) . The CPA is
vased on multiple scatteringAtheory fbr disordered systenms.
gn'electron ﬁnaergdes scattering from the atoms of either
type as it moves in the alloy. CPA findé exactly'the scat-
zering from one scatterer; replacing all the res£ by an ef-
iecti§e nedium in which ﬁo scattering of electrqns occurs.
In the CPA one starts with the density of states for the tvwo .

pure metals which are combined toc form the alloy. Using

4tbése as a starting point, one then must arrive at a denéity

ot states for the alloy, which will in genefal not be a

linear combination of the densities 6f states of the metals,

~Dut‘something more complicated.

The VBS model has been primarily used for noble metal-

transition metal alloys. The transition metal impurity will

_have assiciated with it both s and 4 electronAstates; thé,

toble metal itself has only s states. VBS theorizes that the
density of states of the Alloy iill diffef from that of the
Pure metal by the addition of a peak~centerea at the resonant
énergy level of the impurity d states. Optical absorption

vill be due to transitions from 4 to s states as well as

‘tansitions from one s state to another. VBS is linited to
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1o¥ iméurity cbncentrations for which the interaction of im-
purities vith each other can be ignored. It may be applied
té a ﬁost metal with a d-state provided that the energy of
the d-electrons in the host metal does not come close or
overlap with. the energy of the.virtual state. It is
asentioned ohly for the sake of.completeness,'since it is not
readily applicable to the trgnsition metal alloys here under
investigation} |

| It will be interesting to learn ifvthereris an increase

in indirect transitions in the alloys as compared to the pure

getals (16). An increase in scattering by the non-periodié

'alloy Jattice would cause more interactions in which an

optically excited electron drops to a lower'energy staté, or

another electron recombines with a hole. If the lifetime for

such proceéses is short, then the uncertainty prinéiple tells

.Us that the energy absorbed in the transition to the excited

state will not be exactly known. Such an increase in scat-

tering and indirect transitions would show up as broadening.

" of the absorption spectra of the alloys...
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EXPERIMENTAL TECHNIQUES

The material from which the alloys were made'was ob-
vained within the Ames~La50ratory, ERDA. The ingredients"
yere measured out in the correct proportions by veight so as
to give the desired final composition and then were electron
peam melted. 'I used a spark cutter to cﬁt slices of approxi-
sate dimensions .44% x .37% x ,07" from each button, choosing
sections which appeared relatively free of small holes or im-
pdritieé. Roggh polishing was done with water on #600 emery
paper.

The worked 'surface vas removed-by electropolishing. All
samples with 80 or 90 percent Nb wére electropolished in a 2%
sulfuric acid solution at aboﬁt 200K. N5 and Ta will not
electropolish in perchloric acid as wi;l othefs-of'the‘tran—
sition metals. For the samples with 50 and 80 percent Mo,
u;e'of a 6% perchloric in methanol solution resulted in.a
sdtisfactory‘surface.. |

The final surfaces looked smooth and'shihy to the eye.

“Grain boundaries, pits, and some impurities were visible vhen

the samples were viewved under the microscope, but'these

dccounted for only small fractions of the .total surface area.

The meaéuréd‘refiectivity vill be determined largely by the

drea of surface of- the alloy itself. '
After the final polish_and'befofe they céuld be loaded

}nto the calorimeter, the samples vere exposéd to air for
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stervals veryiﬁq from 10 to 30 miﬁutes. During this time an
sri1de layer forms on the surface, but it will be thin because
(bese metals oxidize slowly (17).

The calorimetric method with which the lowv energy data
¢as obtained will be described briefly since a thorough
geport may be found elsewhere }18,19).

After passing through a double prism monochroma tor, the.
gight beam is focused on a flat, polished sample'surface uith
a near normal angle of 1nc1dence° An absorber is positioned
so as to catch the portion of the beam reflected from the
sanple. The absorber is ceatedAuith gold black, a mate:iai

vhich will absorb over 99 perceht of the 1light it receives

"tor all frequencies in our range of interest. Both Sample

and absorber heat up, the temperature changes depending on

the emouhtlof radiant energy absorbed. A steady state, con-

. Stant temperature guickly results as the heat due to

radiation ' is balanced by the same amount of heat lost by con-

duction through cobper wires to the_baSe~ef.the flange Hhicﬁ
acts as thermal grdund. | |

Small heat capac1t1es are desirable to glve apprec1ab1e‘
Changes in temperature even vhen the incident power is small.'
Por thls reason the calorlmeter ls malntalned at a tempera-

ture near 4.2 K while in operation. It is immersed in a

‘devar of liquid helium, which in turn fits within an outer

devar containing liquid nitrogen.
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Before cooling, the calorimeter ié pumped oﬁt to a
pressure of about 10“6 torr. An ion pump»keeps the vacudm
qood,'and once helium has been added, the pressure drops to
10'8 torr or less. This vacuun minimi;es heat icss by con-
duction or by convection and prevents a rapid boil off of
helium which would othervisé ortcur.

Carbon resiétor thermometers wﬁose resistivitiss vary
rapidly with temperature near 4.2 K are mounted o= copper
blocks in back of the.sample and absorber. The cizcuitry.is
arranged so thai one measures the voltage across tkz thermom-

eter resistor using a potentiometer.. The voltagz could be

- used to find the temperature, but this'is not dozz since a

"comparison technique will allow the absdrptivity cf the

sample to be determined.

‘Heater resistdrs, each 1000 ohms, are attactzi to the
copper blocks behind the sample and absorber. zz cuts off
the light with a shutter and turns on and adjusts *he heater

current until the potentiometer reads the same voitzge as be-

- fore. The assumption ‘is that a given amount of zzwar will

result in the same equilibrium temperature, whetizr applied

as light or electrical péuer. The fine adjﬁstmentz are made

"¥with the help of null detectors whose zero points zre set to

coincide with the thermometer voltage when light =s%iines on

the sample.

renm
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For a thick sample there is no fransmission dnd the ab-
5opptiyity, A, is equal to 1 - the reflectivity, R, We meas-
ure directly Vv, and Vg, the voltages across standard
resistors ;n pafallel with the absorbef and sample, respec-
fively. (v, 7Y) gives the ratio of tﬁe power at the
absorber'to that at the s;mplel Then, since A is the ratio

of. power at the sample to total incident pover, we have
]

2
B (VS/Va)

A =

The data are taken point by pdint, with the photon ener-
gy known from the drum number on the monochromator. It has

been calibrated using as references atomic emission and at-

‘sospheric absorption lines, interference filters, and, in

the infrared region, a polystyrene film with known
transmission. With the appropriate combination of the

globar, tungstén filament bulb, or mercury arc lamp, and

-quartz.or.calcium fluoride priSms, slit width can be adjusted

to give sufficient incident pover for photon energies from

0.2 to 4.5 or more eV,

An alternative method which has been often used in de-

termining reflectivity is one in which the intensities of the

;ﬁcidentfand ;efléctéd'beams'are'directiy méasured. For
-bighly teflecfiné metals, a small ﬁncertainty‘in these‘héas-
ured‘intensities giies a much laréer error in the calculated
reflecti\}ity, and for these Séﬁples the calorimetric

technique has a definite advantage. Above 5 eV there is no
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good -high intensity light source to be used with the
calorimeter. Furthermore, prisms wvhich are transparent for
visible light have lower transmission for ultrav1olet
radiation. Since the reflectivity of metals is typically
such lower at high frequencies than in the infrared and
visible_range, Calorimetry has no special advantdge for the
gltraviolet, |

| The vacuum ultrayiolet M€asurements were taken by C. G.
Olson using synchroton radiation from the electron storage
rinq facility located at Stoughton, wisconsin (20,21)..

Sev-

eral differences may be noted. A gratlng monochromator is

- used, and the light incident on the sample is polarlzed The

sample is mounted w1th1n the vacuum system at room tempera-

ture. Data may be obtalned Hlth thls egulpment between 2 and

Jb ev of photon energy.. The curve in the overlap ‘region is
drawn so as to glve a smooth fit between the calorlmeter data

and the data from Stoughton.‘
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ANALYSIS AND DISCUSSION OF RESULTS

The data obtained with the calorimeter are displayed in

'gggures 2 and 3. What is shown is a smoothed cur#e drawn

¢prough the experimental points. Scatter among data points
accurfed mostly at the limitq, for photon energy g:eater than
3.0 eV or less than 0.3 eV, The most that the data points
g}pically diﬁfered fron the smoothed curve was by 0.02 in ab-

solute value for absorptivity. Some curves do not extend as

-tar because fever measurements were completed.

Figure 2 shows the measu;ed absorptivity for three Nblo
alloys, and for comparison, the previously measured:absorp-
tivity for Nb and Mo. The four elements most closely
sdjacent to Nb iﬁ the periodic table are Zr an¢ Mo (same row)"
aud.Q_and Ta (sameAcplumﬁ); Figure 3ishows the absorptivity |
of fbur Nb alloy samples, each containing 10 ofAQQ percént of
one ot these elements.  Thé abs&fptivit& of Nb itsélf is in-
cluded for easy refefenée. Note that the curvés for the
ollofs are comparable in magnitude to those tor the pure
setals and show definite'gtrpcture. This alone suggests that
the alloys do havé~well-defined energy band$ in'spite of'the
81§otdei int;oduced‘by the bresenée pf’tuo.tfpes of atoms. Vé
vould expect thé structure to shov broadening and flatfenihg
‘°f Péaks if there was a large increase in the number of
Indirect transitions as coﬁpéted to the pure metals. The NbV

Curve is more smeared out than the others, so indirect
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eransitions could élay a part in-the behavior of this alloy.
gor the rest of them,'we proceed #with the assumption that‘i
1s a good quantum number and that‘aLl transitions are direct;

To better compare with the theoretical predictions-frém
the density of states we,need to perform the Kramers-~Kronig
analysis for the phase shift a&d then calculate the dielec-
tric function or the optical cohductivity. The .shape of ths
smaginary dielectric function is dominated by a large nega-
(ive:slope due to a background‘of intraband ébsorptiony
#ultiplying by a factor of photon energy makes. the features
ot the curve stand out more cle&rly fiom the background. The
:cénductivity is pfoporiionai tO‘tﬁiS product 6f pﬁotoﬁ enerqgy
‘times imaginary dielectric fﬁnction,:so»we chose to show the
conducfivity. |

The'Kf&mers-Kronig integral ié evaluatedAnumeficaily
.¥ith a trapezoidal approximation. Our computer progranm is’
based on one developed by Kreiger, Olechha{ and Story‘(22).
For the analysis wé took 10 degrees as the'éngle of incidenée
and assumed p4polarization. For smélllangles, thé result is-
rathér insensitive to the angle used. The light used in the
" calorimetric work is of undetermiﬁed pqlariiatibn, but the
'hiQhAénergy ektfapolations were based on data from'thé stor-
3ge ring vhich wvere taken using p-polarized light.

Lock at fiéure'u. Here are the reflectivity results  for

¥b(80) Mo(20) sample to 30 eV. The data from the calorimeter

.
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and froﬁ‘stoughton have been smoothly joined at abéut‘4.1 ev.
The dashed line gives the high energy data for pure Nb. .The
lower part of the figure shows the calculated conductivity.
The solid Eurve uses the data from the sample out to 36 ev,
The.dashed curve shows the effect of using the pure Nb
reflectivity data ébove 4.1 eV in lieu of that of the sanmple.
sﬁch an extrapolation was necessary for the other alloys for
thch high energy data qere not yet available. ‘' So we would
like to estimate how m;ch error is introduced by the proce-
d&ré; | |

‘The errors introduced by extrapolations in the unknown

region of the spectra can be more thoroughly investigated

using .an exact expression for a model system giving both

-reflectivity and conductivity. The reflectivity is then

used, with or without made-up extrapolations as the data from
vhich the conductivity may be calculated numerically (23).

Although the dashed conductivity curve in figure 4 has

extra bumps at higher energies, it is encouraging to observe

that at low energies - less than 5.0 eV - the two curves have

. peaks appearing at nearLy'identiéal vaiues of phéton eneréy.',

There is some change in magnitude, however.. ¥e will thus be
able to draw conclusions about the energy of photons absorbed

in inpérband transitions, although we will be cautious about

‘comparing the relative importance of such transitions.
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The conductivity piottedvas a function of photon energqgy
s shown in figures 5 and 6. For all the predominantly Nb
alloys in figure 6, the high energy extrapolation used in
calculating the conductivity was that of pure Nb. In each
case the calorimeter data was dsed to as high a vélue of |
photon eﬁergy as possible, |

In tigure 5, the curves for Nb(100), Mo (100), and
gb(BO)Mo(ZO) used data from Stoaghton to exténd the

calorimeter data to higher energy for use in the numerical

calculation of the conductivity. For the Nb(50) Mo (50)

sanple, the reflectivity used for any given frequency in the

altraviolet wvas an average of the reflectivity for Nb and Mo

“tor that frequency. The daté for the Nb(20) Mo (80) sample was

extrapolated to higher energieé using the data for Mo (100).

The'graphs of conduct ivity will now be discussed with

. teference to the energy bands. This giies a way to relate

absorption of a particular photon energy to the points at k-

space at which transitiomns involving this photon occcur.

The energy bands in figure 8 are for Nb; those for Mo

. are comparable, with the Fermi level shifted up about 0.12

BY. A relativistic calculgtion would look ﬁearly the same
except that in places where the bands cross, relativistic
Considerations remove the degeneraéy. The bands‘app;oach'
tach other, then bend avay iithoutuactually crpssing., An‘ex~

*2ple of such a crossing is the one between the second and
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eptcd lovest energy bandé nenr G. There will be spin orbit
3p®itti“9 for some of the relativistic bands and a.breakdown
= the selection rules. The spin orbit effects are too small
¢s shov up in these metals.

starting at low energies, ve have interband transitions
~e4xnn1ng to occur at 0.9 eV in photon energy for Nb.
taterband transitions show up at lower energles as the Mo
concentration increases - 0.85 eV for 50% Mo, 0.7 eV for 80%
ég; and 0.6 eV for pure Mo. For the Nb(80)Ta(20) sample,
taterband transitions seem to start at 0.8 eV. The onset of
taterband transitions occurs somewhat higher in energy for
zhe Nbf and NbZr alloys - at 0.95 and 1.1 eV respectively.
tt is difficult'to assign these lovw energy transitions to any
}articular.:egion in k-space. |

Between 1.0 and 2.0 eV, curves for.the'samples with 50%
4t more Nb increase-linenrly with no outstanding features.
for the 80% Mo sdmple fhere~is a broad shoulder centered
tround 1.3 ev. In the pnfe Mo spectra this same feafure
;hovs»np as a more abrubt shoulder at 1.8 eV. Most likeiy
this corresponds to transitions from band 3 at the Permi
tevel to band 4 near A in the Brlllou1n zone (12),

Next there is a relatively strong peak nzar 2.4 eV which
‘@Oﬁs'up_in all the samples. This absorption has been iden-
*lfied as being due to transitions from the third.bandlat 2

' the next higher band running parallel with the same Z,
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symmetry (8,10). This peak,Seems strongest in the alloys.
uith:more Mo, uhich.has an édditional Qaiénce elecfron. The
1§wef band is only partly filled in Nb. The Fermi levei vill
increase with gréater Mo concentration, thus giving horé
filled states in the lower band, and a greater probability of
transitions occurring. Such an. effect could explain the
shift in sharpness of the 2.Q.ev peak. Absorption at 2.4 eV
might also be broﬁght about in Mo by transitions from states
at'tge’Fermi level in band ubnear A to band 5.

Additional peaks. occur near 4,2 ev,_and for Nb, ;t 5.2
év. The position 6f the one péak shifts from 4.4 for the Nb
rich alloys to‘u.z for those composed mostly of HMo.
xransifions accounting for the 4.3 ev peak'areAthought to
inciude ones-from band 2 to Q at N, and thosé from band 1 to
u'along the G direction and near A (10). Transitioné from ‘

band 3 to band 5, near A vhich involve an absorption dﬁ |

slightly less energy, 4.0 eV, will be important only in the

Mo rich alloy (12). Pickett and Allen also find that some of .

the absorption at this energy is due to transitiohs at k =

(12, 14, 1/4) (8). The additional peak in Nb at 5.2 eV has

been. identified with transitions from band 2 to band 5 near

N. " | | . |
Abovets.o eV it becomes pfogressively.mofe ditficult‘tO»

nake assignﬁents of particular bands in'i-spade which give

rise to absorption at particular energies.

/
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our only basis for choosing among the different théories_
vhich have been proposed for dealing with alloys is to see
ﬁou vell our experimental results can be understood in terms
of the tﬁedries. A

We begin with the rigid band model (RBM). Theoretical
predictions of the conductivity for a series‘of NbMo alloys.
are shown for comparison in figure 7. The curves are based

on the joint density of states calculated by Pickett and
Allen in the rigid band approximation. What is shown

represents only the interband contribution to conductivity.

‘Above 3 eV, the density of states, and thus the conductivity
. will be essentially the same for Nb and Mo. The peak at 2.4

" eV for all compositions is in excellent agreement vith the

experimental data.

Theory predicts humps at 1.55 and 1.8 eV for Nb, and

~again at 1.8 eV for an 80% Nb 20%'Mo'composition. There is a

'suggeétion of a veak hump in the 20% Mo .data at 1.7 eV, but

nothing at all in the Nb data in this region. However, even

. moderate changes in the matrix elements would account for a

peak not appearing in the conductivity curve which does

-. appear in the joint density of states. ‘A broad shoulder.

. appears near 1.6 eV inlthé curve calculated for an 80% Mo

compositivon. In the curve calculated for pure Mo, the
shoulder becomes more abrupt and occurs at 2.1 evV. Here

there is good qualitative agreement with the shape of the ex-
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perimental curve(‘but the predicted position of fhe shoulders
is .3 eV higher than the actual positions. )

| The other models for alloys - the cbherent potential ap-
proximatién(C?A), or the virtual crystal model (VCM) - are
gore difficult to éompare with fhe data. What is really
peeded to evaluate the usefulness of thésé theories as ap-

plied to the bcc transition metals is some theoretical

calculations to compare with experiment. The CPA might vell
give qood\agreement, with the exception of NbZr, cince the
density of states for Zr would be that of the hexagonal

crystal structure, vhile the alloy is cubic.
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CONCLUSIONS

As a result of this study of NbMo alloys of three dif-
terent comfositiohs we can say that the rigid band model
gives fairly good agreement with the ekperimental data. The
copbanation of these two pértigular transition metals does
sot appear to be unique. When Nb ié alloyed with Ta, 2r and
f,.a definite energy band struqture persists, in spite of the.
gisorder introduced as a result of alloying. Méré

éalculations must be done, however, to decide whether other

"godels for alloys give a picture which is also in good

sgreement with the data.

Regardless of which theory we choose,iwe might expect to
tind trends as we go across a row or down a column in the
periodic table. Yet our measurements do not show»fhe Nb
spectra Shifting one way with the addition of Mo and the
feverse vay when a;loying with Zr. Nor{are shifts'in oppo—._
#lte directions observed vhen we compare NbV wifh NbTa. .fhié
jroup of alloYs.presénts séme intriguing‘puzzles( and further

study seems in order.
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F;GURES'
Pigure 1. Points in reciprocal space f'ox;' body cénﬁered

‘Mitc crystal structure.
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Figure Z. Low energy absorptivity of NbMo alloys of varying compbsition."

" The data were taken vith the calorimeter.



 d R AP IR Aty o S e CareaASCa v < n L aa o N L - St e e s . Y R S N S ! 5 e prianile DONCIIII 7 RS BRI e
bt i bl 2 g “’ & 2 By o B " . 2 A - G NCN

1O ' I — : : .

o9k — Nb(100) - "’ ]
' e N'b (90) Zr (10) S -
—=Nb (80)V(20) . |
C8r —---Nb (80)Ta(20) ", R 4
'~ ——=Nb(80)Mo(20)
0.7k . i
> o6 T o
- ]
> »
~ 05F .I
e
o 04L
wn [¥9]
e8] [+,
< o3t .
0.2 .
| i 1 1 |
2.0 3.0 40 5.0

PHOTON ENERGY
?igdre 3. Low énergy absorptivity of Nb alloyed with the transition metal

adjacent to it in the periodic table. The data were taken with the calorimeter




CONDUGTIVITY (105 sec)

37

1.0¢
09
0.8
07
0.6
0.5
04
0.3
0.2
ol
00
40.

REFLECTIVITY

T
1

) S : ' Y

30.

20.

oF IR | | 4

0. 1 1 1 — 1
.00 50 100 150 200 250 30.0
PHOTON ENERGY (eV)

Figure 4. Reflectivity data and the conductivity re-

' sulfing from Kramers-Kronig'analysis of the data. Solid

curves use data of Nb(80)Mo(20). ~Dashed curves use data for

Nb above 4.2 evV.
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