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The dielectric functions of NjAl polycrystalline alloys were measured by spectroscopic ellipsometry in the
energy range of 1.5-5.4 eV. The samples werg _MAl, alloys with x=0.2625,0.2525,0.25,0.244, and
0.2359. One broad peak was observed in the optical-conductivity spectra around 4.4 eV. The band structures
and the optical conductivity were calculated in thes@u structure with the linearized-augmented-plane-wave
method. By including both energy-dependent broadening and an approximate self-energy correction the cal-
culated optical-conductivity spectrum gives quite good agreement with experiment. The calculation shows that
the main contribution to the 4.4 eV peak comes from khpoints close to thd’-M-R plane and near the
midpoints of theX-M line andI"-M line. [S0163-18207)03008-7

Ni;_,Al, intermetallic compounds have received consid-is 0.203«g per unit cell, which is close to the experimental
erable attention because of their unusual physical propertiesalue of 0.23:5 per unit cell}! at a lattice constant of 3.583
It forms very stableB2 phase(cubic CsCl structurewith  A(=6.771 a.u.
0.4<x=0.55 and undergoes martensitic transformation from Min, Freeman, and Jansensed the self-consistent full-
B2 phase to face-centered-tetragonal phase foear 0.38.  potential linearized-augmented-plane-wak&PW) method
The NizAl compounds exhibit weak itinerant ferromag- to investigate the electronic structure and magnetic proper-
netism withT.=41 K and strong exchange-enhanced paraties of NisAl. They performed both paramagnetic and spin-
magnetic properties for 73.5—74.5 at. % Ni concentratfons.polarized calculations. The energy of the ferromagnetic state
Dhar et al®* measured the heat capacity of i alloys is slightly (~1 mRy) lower than the paramagnetic state at
under the influence of magnetic fields in the 1.5-20 K rangdhe experimental lattice constant. The calculated magnetic
and found an upturn i€/ T-versusT?2 plots in the low tem- Moment was 0.1&g per Ni atom and the total moment was
perature region. They interpreted the upturn as an indicatioR-44ug per cell. Although the calculated total moment was
of the enhancement of the effective electronic mass due tBVice as large as observed, the authors argued that the spin-
spin fluctuations. orbit interaction might re(_ﬂuce the cqlculatgq magn_etlc mo-

The energy band structures of )il were calculated sev- ment to 0.2Gg per cell, since the spin-orbit mtgractpn re-
eral times to understand the magnetic properties of thguced the exchang_e SDI'ttmg by_40%. Xuetal” studied
alloys>®8-1°Hackenbracht and Kaler® calculated the para- the structural stability of NjAl using an all-electron self-

. A . consistent local-density linear-muffin-tin-orbitaLMTO)
Srg?r?r:)eotll;ibza;r:jd Sg:r?;ure:tr?jfcﬁ rléN"?(‘)I’ran;ledS?nznd tt:: method for different crystal structures and for different

i . _ h ; cubic L(1,), tet | PO,y), and h I

augmented-spherical-wa¥&SW) method. Using the local- oo SUPIc L1y), tetragonal DO), and hexagona

) L ; . DO0,g). They found that thgweakly) ferromagnetic cubic
density approximation for the paramagnetic calculations andy, .y re is the most stable phase. Their calculated magnetic
the local spin density approximation for the spin-polarized

. i ) - moment(0.71ug per cel) was even larger than that of Ref.
calculation, they calculated various physical quantities sucly however they found that it was reduced remarkably to

as the density of states, the magnetic moment and its preg: 46, per cell if the spin-orbit interaction was included. In
sure derivative, lattice constants, bulk modulus, and heats gfjg paper we are concerned with room temperature optical
formation. Their calculated magnetic moment ofsNi is  experiments and our calculations are therefore for the para-
m=0.092ug per unit cell, which is only 40% of the experi- magnetic state. Since two states, one above the Fermi level
mental valué?! Later Buiting, Kibler, and Muellet used the and one below the Fermi level, are involved in the optical
same method to derive a high-precision density of states afansitions, the measurements in optical properties can give
NizAl. By comparing the calculated specific heat with theus more information about the electronic structures of the
experiment they concluded that Mil was still in the fluc-  alloys.

tuation regime even though it is in a ferromagnetic state. Khan et al™ used the self-consistent LMTO method
They found that the magnetic moment almost vanishes at theithin the atomic sphere approximation to calculate the band
experimental lattice consta8.568 A=6.743 a.u. while it  structure and the optical conductivity. They calculated the
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Fig. 1. The overall shape of spectrum and the position of the
broad peak at 4.4 eV are in good agreement with the previ-
ous measurement of Ref. 12. However, there is a large dif-
ference in the magnitude of the optical conductivity. Our
measurement is almost 50% larger than that of Ref. 12. The
difference is probably due to the surface roughness of the
sample. In Ref. 12 the authors useduin diam diamond
powder, which is significantly larger than our final grade of
alumina powder(0.05 wm). The large diameter of the pol-
ishing powder makes the sample surface rougher and the
surface roughness of the sample is approximately the same
order of the final grade of the polishing powder. In addition,
diamond powder is harder and therefore can severely damage
the sample surface more than alumina. The rougher the
sample surface the smaller the reflectivity and, in turn, the
FIG. 1. Optical conductivities of Ni_,Al, alloys. Note that the ~Smaller the optical conductivity. To check this point we ap-
zero of the optical conductivity is suppressed. plied the three-phase model to simulate the spectrum of Ref.
12 in which the rough overlayer was modeled as a mixture

optical-conductivity spectra with and without the inclusion Of void and bulk material with a void fractiofi, and thick-

of the dipole-transition-matrix elements and found that the'ess d. We used the Bruggeman effective medium
inclusion of the matrix elements is very crucial to make the@Pproximatiori’ to obtain the dielectric function of the over-
calculated spectra coincide with the measured one. They alddyer- For the dielectric function of the bulk we used our
suggested that broadening and self-energy corrections m@(perimer!tal Qata. If, is small the dielectric function of the

improve the agreement between the experiment and th@verlayer is given b&;

o(10"sec™)

theory. ~
The dielectric function of NjAl was measured by spec- = 7 1-3f e-1 1
troscopic ellipsometry in the 0.5-5.3 eV region by van der €o=¢€ V2e—1)’ @)

Heide et all? The optical-conductivity spectrum showed a

weak shoulder at 0.86 eV and a broad, pronounced peak athere’e, and’e are the dielectric functions of the overlayer
4.32 eV. The authors claimed that the experimental resultand the bulk, respectivelyf,,=0.14 andd= 926 A give a
are in good agreement with the theory in which they calcuspectrum very close to that of Ref. 12. Although they mea-
lated the spectrum using the band structure of Ref. 6 withousured the dielectric functions in an UHV chamber, the effect

inclusion of the dipole-transition-matrix elements. of a rough surface, about 900 A thick, is larger than that of
In this work we report experimental and theoretical resultghe oxide overlayer 50 A thick
of the optical-conductivity spectra of jl alloys. The mea- We also observed the broad and pronounced peak at 4.4

sured optical conductivity is almost 50% larger than that ofeV but could not observe the weak shoulder at 0.86 eV be-
Ref. 12 in the 1.5-5.4 eV range. In the course of the opticalcause it is outside the spectral limit of our measurement sys-
conductivity calculation we included the dipole-transition- tem.
matrix elements. After the theoretical optical-conductivity =~ To determine the origin of the 4.4 eV peak we performed
spectrum was obtained an energy-dependent broadening wiagnd structure and optical-conductivity calculations for the
applied. The broadened spectrum was further fitted to th@aramagnetic phase using the LAPW mettiad the local-
experimental one using-fitting procedure(see text below  density approximation! The lattice constant was 3.568 A
The \ fitting, which is originated from a simplified attempt (=6.7425 a.y. and the muffin-tin radii were 1.231 A
to account for the self-energy correction to the excited(=2.3265 a.u. and 1.270 A=2.400 a.u. for Al and Ni,
states is particularly important because it markedly im- respectively. A muffin-tin potential was used. The calculated
proves the agreement between the experimentally and the@nergy band structure along high-symmetry lines is shown in
retically determined peak positions. The calculated opticalFig. 2. The band structure and the density of states are simi-
conductivity spectrum before broadening and after applyingar to those obtained in previous calculatiors’® The only
the A fitting is very similar to that of Ref. 10, however, our notable difference in the band structures between ours and
interpretation differs. that of Ref. 12 and Ref. 8 is the energy location of the 16th
The samples were those of Refs. 3 and 4. They werdand at theR point and the shape of this band along the
mechanically polished with a series of alumina powdersM-R-X direction. In Ref. 8 it is located only 0.1 eV below
down to 0.05um diameter. The samples were then cleanedhe Fermi leveE, and has a local maximum at tRepoint,
using acetone and methanol in an ultrasonic cleaner. Wwhile in Ref. 12 and our work it is located 0.5 eV below
measured the dielectric functions using a spectroscopiEr and has a local minimum at thB point along the
rotating-analyzer ellipsomet€rat room temperature. We did M-R-X direction, but has a local maximum near fRepoint
not put the sample in the vacuum chamber. Therefore thalong theR-X direction.
sample surface was covered by an oxide film whose maxi- The band structure of Ref. 10 is different from ours and
mum thickness~50 A might cause errors in measurementthat of Ref. 12 at a few points. First, there are missing bands
up to about 1942 such as the 13th band in tliepoint and the 16th bands at the
The measured optical-conductivity spectra are shown iX, M, and R paints if they are compared to our and the
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FIG. 2. Band structure of NAI in the Au;Cu structure along spectrum(see Fig. 4 of Ref. 10shows that the magnitude of
high-symmetry lines. The optical direct interband transitions COM€1he 6.0 eV peak is-2.9x 10'° sec! which is close to the
sponding to the 1 eV and 4.4 eV peaks are denoted by the Shoﬁlagn.itude of the. 432 eV ' peak of Ref 12
arfows and long arrows, respectively. (~3x10% sec?), while it is only % of our measurement.
Since the calculated spectrum shows sharp structures, which
. A are not present in a real experiment because of lifetime ef-
16th and _17th bands at one third BEX direction is ra_ther fects and the experimental spectral resolution, it should be
large, while our calculation shows almost no splitting. Iny,q4ened if theory is to have any chance to agree with ex-
Ref. 10 it is not clear that the calculation includes Sp'n'orb'tperiment Broadening reduces the magnitude of peaks and

coupling, while we included the spin-orbit coupling during gear5 out many sharp structures. The calculated spectrum
the self-consistent calculation. This may explain why thecan be “adjusted” to the measured one in the peak position
17th, 18th, and 19th band at tiRepoint do not split in Ref.

by aA-fitting proceduregsee Fig. 2 however, it is very hard
10 while they do in our calculation. In Ref. 12 and Refn® y g p urd lg. 2 however, itis very

: bi linar th band lit and to match the magnitude if the theoretical result of Ref. 10 is
spin-orhit coupling these bands are not split and are 0ccu~,seq Meanwhile our calculation is almost twice as large in

pied. In our calculation the 17th band is split from the 18thma ; ;

, _ . gnitude as that of Ref. 10. Our calculation also shows
and the 19t.h bands apd the 17th band is Qccu'p|ec.i. Third, the, me sharp peaks below 1 eV and broad peaks around 7.5 eV
17th band is unoccupied all along tReX direction in Ref. 57417 eV, These are missed or too weak to be discernible in
10, however, a fairly large portion of the 17th band in the,o calculation of Ref. 10.

R-X direction is occupied for our case and oth&ts. The calculated optical conductivity was broadened using

In Ref. 12 the authors compared the experimental SpeCGy,, energy-dependent Lorentzian broadening function of
trum to the theoretical one by using the band structure caly;qn I'(E)=AE?/eV, whereE=[E;(k)—E;(k)] in eV, to

. . . . ] ] L]

culation of Ref. 6, and they did not include the dipole- g 1ate the imaginary part of the quasiparticle self-energy.
transition matrix elements, in other words, they evaluatedy;o et the upper limit of (E), =2 eV for agreement be-
just the joint density of states divided by the angular fre- max
qguency of the incident photonJdgos/w). The calculated

other band structurési? Second, the splitting between the

Jpos/ @ spectrum shows two peakat 3.4 eV and 3.9 eV 10—

close to the experimental peak at 4.4 eV and the authors

assigned these peaks as the origin of the experimental one ol

even though their energies are smaller than the experimental [

one. They also identified the peaks as transitions from bands = el

3,4, 5, and 6 to bands 14, 15, and 16 in the neighborhood of g :

theT" point. However, the inclusion of the dipole-transition R [

matrix elements is essential for optical-conductivity calcula- B 40r

tions and frequently gives completely different results from a : . ]
Jpos/ w analysis. Indeed our results and those of Ref. 10, 20 —
which included the dipole-transition matrix elements in the [ ]
optical-conductivity calculation, show significantly different ol
spectra and thus our interpretation is different from that 0 1 2 3 4 5 6
given in Ref. 12. Energy(eV)

As we see in Fig. 3, the shape of the calculated optical-
conductivity spectrum with the dipole-transition matrix ele-  FIG. 4. Experimentalsolid line) and theoretical optical conduc-
ments is very similar to that of Ref. 10. However, there is ativities of NizAl. The theoretical ones are calculated wittashed
discrepancy in the magnitudes. In Ref. 10 the calculatedine) and without(dotted ling the \ fitting after broadening.
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tween experiment and calculation. The broadened, calculated Before broadening and fitting we did not include any
spectrum shows a broad peak around 5.5 eV which is higheidjustable or empirical parameters to make the theoretical
in energy than the experimental one. To account for thigspectrum coincide with the measured one. The broadening
discrepancy we used a fitting which has the effect of and\ fitting are optimized to give a theoretical spectrum
changing the excited-state energiegk) relative to the en- which agrees with the measured one in both the magnitude
ergies E, (k) calculated from the ground-state potential, and the energy position of the 4.4 eV peak.
given by We have identified the band pair and tetrahe@esions
. in k space which provide the dominant contributions to the
En(kK)=Eq(k)+N[En(k) —Eg]. (2)  various spectral features by keeping track of that information

Although the parametex is dependent on the band index during the optical-conductivity calculations with appropriate
n and the wave vectok, we assumed it constant. Thus a energy windows(defining the different spectral featujes
positive X has the effect of raising the energies of statesThe main contribution to the 4.4 eV pedk5 eV peak in the
above and |0wering those bekﬂ\# : and hence the peaks in theorw arises from transitions Inltlatlng from bandm% of

the “bare” excitation spectrum are shifted to higher energy.Ni d character and 50% of mixture of Ni and Ap charac-

A negative\ shifts bare peaks to lower energies. While weter) to k points of thel'-M-R plane and the midpoints of the
have written Eq(2) as a self-energy correction to individual nearX-M line and thel’-M line to band 18having a similar
states(following Ref. 7), this is perhaps misleading, in that character to band)3 The strong transitions are shown by
we are using a rather simplified correction which is beinglong arrows in Fig. 2. Very small contributions come from
imposed for the purpose of fitting the excitation spectrum. Itthe transitions from band 2 to band 16 located just above
is really only concerned with the difference of the self- E_ at thek point near thel’ point. Overall there are only
energy correctiongfor the initial and final statgs Thus a  small contributions fronk points in the neighborhood of the
negative\ is likely to arise from a large positive self-energy r point, unlike the conclusion of Ref. 12.

correction on the initial state and a smgfbositive) correc- With the inclusion of the dipole-transition-matrix ele-
tion to the flna_l state. This is md_eed a highly S|mpI|f|e<_j Pro- ments we found large peaks around the 5.5 eV region, while
cedure to avoid the very complicated task of evaluating inyhare are two peaks at 3.4 and 3.9 eV in Ref. 12 where the

dividual state self-energy corrections. dipole-transition-matrix elements are not included. Although

We can now _calculate the Correcte_d optical _cons_tant%he dipole-transition-matrix elements were included in the
however, three different forms of equations are given in the

. . . . . calculation of the optical-conductivity in Ref. 10, the authors
literature. In Ref. 7 the imaginary part of the dielectric func- """ ) . . .
tion is assign the two peaks in their calculated optical conductivity

spectrum to the same origin &f points as that of Ref. 12.

The two peaks are not explicitly identified in Ref. 10, how-
3 ever, we assume that they are the ones shown at 4.8 and 5.5

eV. The assignments are not correct for two reasons; first, the
and in Ref. 18 the optical conductivity is inclusion of the dipole-transition-matrix elements in the
optical-conductivity calculation changes the peak positions

1

~ w
€(w)= 7€

1+

(}(w): ;20 e ) (4) in the optical spectra from the assignments of Ref. 12, and
(I+0)7 11+X second, the energies of the two transitions listed do not agree
Both formulas do not satisfy the sum rule with the peak positions of the calculated spectrum, e.g., we
find ~ 3.8 eV for the transitions from bands 3 and 4 to bands
o mne? 14 and 15 near thE point and~3.23 eV for the transitions
fo o(w)do= om ) from bands 5 and 6 to bands 14 and 15 near the same sym-
metry point.

wherem, e, andn are the electronic mass, charge, and con- |n Ref. 12 there is a weak shoulder around 0.8 eV in the
cent_ra_tion, rgspectively. In Ref. 19 thefitted optical con- experimental spectrum. After broadening anditting our
ductivity is given by calculation shows a strong peak at 1 eV and we assign this
1 peak to the shoulder around 0.8 eV. For this peak most of the
w . . . .
— 0| ——], (6) strong transitions arise frok points near théM point, from
I+a 11+ band 9(mainly Ni d characterto bands 18 and 160% of
which satisfies the sum rule of E¢5). Therefore the de- Ni d character and 50% of mixture of Ni and Ap charac-
nominator of the prefactor of right hand side of E§) ter), and 1/3 way ofl'-X line, from band 17(mainly Ni d
should be squared and that of E4) should not be squared. characterto band 18.
Both experimental and theoreticékith and without thex In summary, we have measured the dielectric functions of
fitting) spectra are shown in Fig. 4. The broadened opticalNi ;Al alloys. Our measured optical conductivity is almost
conductivity spectrum reproduces the shape of the experb0% larger than a previous measuremiérithe discrepancy
mental one, however, the magnitude and peak position dwas hypothesized to be due to the rough overlayer of the
not match. Withx = —0.18 the shape and the magnitude of previous sample. The rough overlayer was modeled as a
the theoretical spectra agree fairly well with the experimentamixture of void and bulk and the fitting results provide a
one. The absolute value of is larger than those of CoAl plausible explanation for the difference in the two measure-
(A=-0.15) (Ref. 19 and Ni (\=—0.12)18 ments. Band structure and optical-conductivity spectra were

o(w)=
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calculated using the LAPW method. The calculated opticall8; both bands are similar, with at least 50%d\tharacters,
conductivity, with empirically adjusted reah(fitting) and  with the dipole transitions primarily fronp-d matrix ele-
imaginary(broadeningparts of the quasiparticle self-energy, ments on the Ni site.

exhibits good agreement with experiment. The origin of the We wish to thank Professor K. A. Gschneidner, Jr. for
main peak(4.4 eV) of the optical-conductivity spectrum is providing NisAl alloys. The Ames Laboratory is operated

transitions at thek points near thd-M-R plane and mid- for the U. S. Department of Energy by lowa State University
points of theX-M line and thd™-M line from band 3 to band under Contract No. W-7405-Eng-82.
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