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Optical properties of itinerant UGas: Ellipsometric measurements and first-principles theory
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The optical properties of the intermetallic compound Y®Bave been determined by means of ellipsometric
measurements. To cover the range from 0.7 to 9.5 eV a laboratory ellipsometer and a synchrotron ellipsometer
have been used. The experimental results are compared to a computation of the optical properties from a
first-principles band-structure calculation on the basis of local spin-density functional theory. The rather good
agreement between the calculated and experimental spectra corroborates the itinerant charactef of the 5
electrons in UGa

[. INTRODUCTION been the measurement of the near-normal incidence reflec-
tivity over a wide energy range and the subsequent Kramers-
The compound UGgis a member of the large family of Kronig transformation of the spectra to compute the optical
uranium binaries ™3, which crystallize in the cubic struc- conductivity. While this technique gives excellent data if
ture of the AuCy type. Depending on whethetis ap-band  single crystals are available and can be cleaved, serious prob-
or d-band element various magnetic behaviors are observegsms can arise if the surface has to be polished. The polish-
spanning from Pauli paramagnetism (YSUGe;), through  ing process introduces scratches that scatter the light. Gener-
spin-fluctuating heavy fermion (Ugh to long-range local- ally, the measured reflectivity deviates more from the true
moment magnetic ordering (UBb The uranium gallide oc-  reflectivity the higher the photon enerdyVia the Kramers-
cupies a special position among the<{phases(with X  Kronig integral, parts of these errors are spread over the full
being an element from group IlIA of the Periodic Tabl®  optical conductivity spectrum. The optical conductivity
between weakly temperature-dependent paramagnetig UAtomes out too low, mainly at higher energies. Thermal an-
and antiferromagnetic Uln The compound orders nealing, chemical or electrochemical etching may help to
antiferromagnetically” at Ty=67 K and exhibits metallic heal or to remove the damaged surface. However, every new
conductivity>* Comprehensive studies of the bulk magnetic,material will require a detailed study of the necessary param-
electrical transport, and thermal characteristics of poly- andters to prevent the formation of a nonstoichiometric surface
single-crystalline UGa (Refs. 5—7 have revealed that its by a preferred evaporation or solution of one of the constitu-
magnetism has an itinerant-electron nature. This hypothesients. To our knowledge, this procedure has not yet been
has recently been corroborated by neutron diffraction meaapplied successfully to actinides. An attempt for Mp&ave
surements of the magnetic properties of a single crystgboor results for thermal annealing as well as for chemical
where a significant difference in the magnetic form factoretching. In the latter case the magneto-optical Kerr rotation
determined above and beldly, has been evidencéBuch a  and ellipticity could at least be improved but the optical re-
behavior is reconciled with the theory of itinerant flectivity decreased?
antiferromagnetisrfil. The electronic structure of UGzhas An interesting alternative to the measurement of the re-
been calculated by several authors on the basis of local spiitectivity over a large spectral range constitutes ellipsometry.
density-functional theory-*?1t has been established that the In this case, one is independent of an integral relation and the
5f electrons form a narrow band near the Fermi level that ierrors at high energies do not affect the data at lower ener-
strongly hybridized with the broad conduction bandsgfd  gies. In addition, since one does not measure a reflected in-
character. A characteristic feature of itinerant magnetism iensity, but the azimuth and the ratio of the small to the large
UGa; is its unusual sensitivity to pressure and magneticaxis of the polarization ellipse after reflection, isotropic scat-
field, both factors causing a drastic reconstruction of thedering losses are expected to cancel each other. A quantita-
Fermi surface”"1? tive description of the scattering due to polishing scratches
Optical spectroscopy is a powerful and nondestructiveon the surface is complex and outside the scope of this paper.
technique to study the electronic structure of solids. Severalhere exist some models which can be useful in limiting
actinide and rare-earth compounds and alloys have beerases. Specifically, if the diffracting object is large compared
studied in great detail and important conclusions about théo the wavelength\ of the radiation, Kirchhoff's theory of
energy, the width, and the degree of localizatiorf efates  diffraction is a valuable approadkee, for example, Ref. 15
could be drawrt® The most frequently used technique hasThis scalar theory gives a scattering which is independent of
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the polarization, indicating that the reflected intensity is idendirst-principles calculations. This is particularly relevant for
tical for parallel and perpendicular polarization and equal tahe study of lanthanide and actinide compounds. For these
f-electron compounds, the pertinent question that is to be
470 ms) 2 addressed always is that of the degree of localization, i.e.,
R=Ro exp{—( X ) : (1) whether thef’s are localized or delocalized. In the case of
transition metals, where the: electrons are delocalized, the
whereR, is the reflectivity of the perfectly smooth sample 9€neral experience that was gained from optical property cal-
anda, . is the root-mean-square valuedii, y), expressing culations is that normally flr_st-prlnc_lples ban_d-structure
the roughness of ax-y surface. Besides neglecting the vec- tN€Cry, employing the local spin-density approximatff?
tor character of the electromagnetic field, Kirchhoff's theory (LSDA) provides a very good explanation of the measured
does not take into account interactions between diffractingPectra. On the contrary, fdrelectron materials where the
objects. Since our samples have obtained a final polishin 's are Iocall_ze_d or have ate_ndency towards localization, fthe
with diamond paste with a grain size of 250-nm diameter th SDA d\_escr|pt|0n can be quite poor. In that case alternative
scattering structures are smaller than 250 nm and Kirchhoff§l€ctronic structure approaches, like the LSBi method,
theory does not apply. A model which treats the scattering of' tréating thef’s as semicore electrons, have to be invoked
light off particles that are smaller than the wavelength isto ach|e_ve a satisfactory explanqtlon of the optical proper_nes.
Mie’s theory®® In this theory the scattering of a planar wave A Prominent example of that situation among the uranium
off metallic spheres is treated in sperical coordinates. Th€0Mpounds is that of the uranium monochalcqgen?&e@.
solution leads to an expansion in series of electric and maglNe important notion that has evolved from optical property
netic partial waves. The first electric partial wave Cc)rre_calcul.atllons forf-electrqn materials is that the appropqate
sponds to Rayleigh scattering and goes as’1lts consid- descnptmgzgf thef's ywll reproduce the measured optlca_l
eration is sufficient if the diameter of the particle is smallerSPectrunt>?® Using this notion, it has been demonstrated in
than approximately one-tenth of the wavelength of light in-the last few years for severa(! léganll_Jm compounds that these
side the particle, i.e.,2<\/(10n), wheren is the refractive ~Nave delocalized Belectrons® **In light of this notion, we
index of the scattering particle. For larger particles more andnvestigate in the present work the nature of thEsSin
more partial waves have to be taken into account and thE/Ga from the optical properties.
frequency dependence of the scattering is reduced from the In the following we first outline in Sec. Il the sample
1/w* dependence. Interference effects can cause enhandg:eparation and experimental optical setup, and the basics of
ments or reductions of the transmitted intendftyMie’s f[he theory in Sec. lll. Ogr results are present_ed and discussed
theory also neglects interactions between the particles, and 8t Sec. IV, and conclusions are formulated in Sec. V.
course, a rough surface is not composed of sperical particles.
Nevertheless, from the size of the scratches, W_hic_h we e§ti- Il. EXPERIMENT
mate to be in the order of one-tenth of the polishing grain
diameter, i.e., about 25 nm, we think that the theories of Mie Single crystals of UGawere grown by the flux method.
or Rayleigh are better starting points to a qualitative discusThe starting constituenté8 at.% U+92 at.% Ga were
sion of scattering losses than Kirchhoff's theory. In any caseplaced in an alumina crucible, vacuum sealed in a quartz
both limits, Kirchhoff's and Rayleigh’s theories, predict a tube and heated in a resistance furnace up to 1100 °C, held at
scattering which increases with decreasing wavelength, ithis temperature for 48 h and eventually slowly cooled down
agreement with the experience of many materials for whicho 450 °C at the rate of 8 deg/h. The excess of metallic Ga
the reflectivity has been measured on polished and cleaveslas removed by dissolving in Wood's alloy. The obtained
crystals’® As long as the polarization dependence of scattersingle crystals had the form of cubes of a few mm on a side.
ing can be neglected, ellipsometry ought to give better datX-ray diffraction measurements by the Laue technique
for the reflectivity and the other optical functions than near-showed the natural faces of the cubes to be typic@l31)
normal incidence-reflectivity measurements on polished sumplanes.
faces. The single crystals of UGahave been polished consecu-
The drawback of ellipticity measurements is that they retively with corundum and diamond polishing pastes with
quire polarizing devices and that the spot at the sample site igrain sizes decreasing from 15 to 0.28n. The surfaces
larger under oblique than under normal incidence. The latteobtained are mirrorlike to the naked eye. However, under an
can lead to a reduction of the intensity falling on the detectooptical microscope with high magnification one observes
for the usual small size of “exotic” materials and the former scratches, inhomogeneities, and dendrites. An attempt to im-
fact limits even more the spectral range. To extend the speg@rove the surface quality by removing electrochemically the
tral range beyond the range of 0.7 to 4 eV of our laboratoryuppermost layer failed. The surface appeared to be stable
ellipsometer, we have used the synchrotron source in Berliagainst chemical degradation including oxidation. The
(BESSY ). Here we report for an actinide compound, ellip- samples were mounted in the sample holders of the two
sometric measurements between 0.7 and 4 eV taken apectrometers and the chamber was evacuated in the
Braunschweig with a xenon high-pressure lamp and betweevacuum-UV spectrometer to a pressure of 4T orr, while
3 and 9.5 eV taken at BESSY | with a 2m-Seyain the infrared and the visible spectral range the measure-
monochromatot® ments were performed in air.
The powerfulness of optical spectroscopy as a technique The laboratory spectrometer is a rotating analyzer ellip-
to investigate the electronic structure becomes even morsometer (RAE). The polarizer and analyzer are Glan-
impressive when measured optical spectra are combined witthompson prisms made from quartz. The analyzer is driven
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by a synchronous motor with a frequency of 9 Hz. During ' ' ' '

one rotation of the analyzer 72 points on the ellipse are re- UGa,

corded, from which the azimutl, and the ellipticity 7 T=300K 4

=al/b of the reflected light are derived using a Fourier analy-

sis. Since the sample is mounted on a goniometer, the angle

of incidencea of the light from the monochromator can be

varied continuously from 60 ° to 85 °. The present measure-

ments have been performed with=75°. The azimuth of

the incoming lightd; was chosen as 60° and the detector

was a silicon-pin diode or a cooled Ge detector. 20 .
The BESSY ellipsometer also uses a rotating analyzer, 0 2 s p 8 10

with 50 measurements for 360 ° rotation of the analyzer. Photon energy (eV)

Since the polarization direction of the synchrotron radiation

is fixed the polarization direction of the incoming light must ~ FIG. 1. The reflectivity of UGaas calculated from ellipsomet-

be rotated out of the plane of incidence of the sample byic measurements on twold.iffe.rent samples at 300 K. The diﬁgrence

tilting the whole spectrometer. This limits the azimuth of the'" the hlgh-energy reflectivity is expected to result from the differ-

incoming light to 20 °. The angle of incidence is 67.5° and®nt surface quality.

the light detector is a UV-sensitive silicon-pin diode.
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for the first-principles calculation of the optical conductivity.

In the present work we employ a relativistic version of the

augmented-spherical-wav&SW) method® to evaluate the
First-principles calculations of optical properties com-LSDA band energies and wave functions. For numerical de-

monly apply the Kubo linear-response formalism, which re-tails of the computation of Eq2) at zero temperature we

lates the optical conductivity to the electronic structure of therefer to Ref. 29.

solid. The linear-response expression for the diagonal com-

ponent of the optical conductivity is, in a single-particle for- IV. RESULTS AND DISCUSSION

mulation, given by

lll. THEORY

A. Experimental determination of o(w)

—ie? f(En) — F(Epri) From the rotation of the azimuth= 6, — 6; , wherer and
U(w):3m2ﬁv Ek: / wn(K) i stand for reflected and incident beam, respectively, and the
ue b n’ ellipticity » one computes the complex reflection ratio for
Hﬁn’(k) light polarized parallel and perpendicular to the plane of in-
- . (2 cidence:
—w+ o, (K)+ir?t
HereE, are the single-particle band energiéfg,) is the p= "n_ (c9t0—| ”)(tan?i“?’p) _ &)
Fermi-Dirac distribution,V,. the unit-cell volume, and rs (1+ipcotd)(l-iyytand;)

hwnn (K)=En—Eqi. A phenomenological lifetime param-  r,q coefficienty, takes into account the nonperfect polar-
eter 7 is included in the formalism in order to account ap-j,ation of the polarizer. The complex dielectric function
proximately for the finite lifetime of the optically excited ¢(w) follows as
Bloch electron states. The dipole allowed optical transitions
between the single-particle staes) and|n’k) are selected
by the matrix elements of the relativistic momentum opera- e=
tor, I, =mc({nk|a@|n’k), where « is the standard Dirac
matrix. The present formulation is relativistic, because this iFor metals it is preferable to plot the optical conductivity
mandatory for actinide compounds in which the spin-orbito(w)=07(w)+io,(w), given by
splitting of the 5 energy levels is of the order of 1 eV. In the
limit of vanishing relativistic effects the canonical momen-
tum is regainedI~ —i%V + O(1/c?).2® The single-particle
wave functiongnk) and energie€,,, that occur in Eq(2)
are calculated within the framework of the LSBA2° The multiplication of£(w) with @ reduces the strong
Equation(2) contains both the interbaride.,n#n’) and  frequency dependence of the free carriers and allows for a
the intraband f=n") contribution to the optical conductiv- better comparison of experiment and theory for the interband
ity. The latter contribution is, for zero temperature, due totransitions. Two measurements have been performed with
electron states at the Fermi energy, and contributes therefotmth spectrometers for two different, polished surfaces. Fig-
only at small photon energies. It adopts the form of a Drudeure 1 exhibits the reflectivity specti(w) for the two sur-
type conductivity, o"""®=oy/(1+iw7p). The intraband faces as computed from the complex dielectric function. We
lifetime 5 and the interband lifetime of the excited states see that for a different surface quality the difference of the
(which can be differentare the only two unknown quantities reflectivities still increases with increasing photon energy,
in Eqg. (2). However, approximate values are known bothalthough to first order, scattering losses are expected to drop
from experiments and from previous experience gained fronout of the reflectivity computed from ellipsometric measure-
ab initio calculations’® Thereby all is known that is required ments. This indicates either that the scattering is polarization

2

1P ) ara sira+ i, 4

1+p

o
O'ZIE(S_].). (5)
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S, dered UGg, which proved the ground state to be antiferro-
(a) experiment magnetically ordered. We have calculated the optical con-
| ductivity of UGg in the paramagnetic and in the
| antiferromagnetic state. The obtained conductivity spectra
I are practically identical. In Fig. 2 the experimentsl(w),
A i N o,(w) are shown in the two top panels, in the two middle
panels we show the calculated interband-anjyando-,, and
{b) interband theory in the two bottom panels the total theoretieakpectra, i.e.,
| intra- and interband added. The obvious effect of the intra-

band Drude part is to increase, and o, below 2 eV, in
accordance with the experimental shape. We have depicted
the small peaks visible in the measured spectrum by ar-

rows. These peaks, which are caused by strong interband
() theory optical transitions, are expected to be characteristic for the
material. From the middle panels it can be seen that very
similar weak peaks are present in the calculated interband-

only o4 spectrum. The energy positions of the theory peaks
are consistent with experiment, but the calculated “hump”
at 5 eV is broader than the corresponding experimental peak.

024680246810 Also the theoreticalr; does not drop-off as much as the
Photon energy (eV) experimentabr; does. The interband-onty, shows, further-

FIG. 2. Comparison of the experimental and calculated conduc O/ ¢ & shoulder just below 7 eV which very vaguely is

tivity o(w)=01(w)+ios(w) of UGa. The experimental conduc- presl?m 'r? exﬁe”hmem' tOO'IThe meaﬁumg spectrum s
tivity at 300 K is shown in the top pane{s). Note that— o,(w) is _sma er than the theory result, especia y_ above 5 eV‘TQ‘S
depicted in the right-hand panels. The calculated interband condud® "elated too through a Kramers-Kronig transformation,

tivity is given in the middle panelgb), and the total theoretical this is again due to the stronger decrease of the measyred
(intraband plus interbandonductivity in the bottom panel®). As we mentioned before, a perfect surface would lead to

larger optical conductivities in the high-energy range.

dependent and thus affects the reflectivity ratio or that the With respect to our computation, we remark that a con-
polishing breaks local symmetries of the surrounding of thetant interband lifetimgi~—~=0.41 eV has been applied.
atoms which alters the electronic structure. Since both specthe intraband lifetime used &, =0.54 eV and the cal-
tra show similar structures, we conclude that the observe@ulated intraband Drude conductivityy=4.4x 10°s™*. In
structures are likely to be intrinsic to UGaut we have to the calculations we included the Gal 4tates in the basis.
admit that a perfect surface would possibly have larger reThese are unoccupied, yet play a role by providing allowed
flectivities and optical conductivities in the high energy final states for optical transitions from the occupied Ga 4
range. states.

The obtained reflectivityFig. 1) and optical conductivity The small peaks inr;(w) are the features typical of
spectra, which are shown in Fig.(®p panely are typical UGa. Which parts of the band structure are responsible for
for metals.R(w) and o;(w) decrease from large values at these? In the band structure there are too many hybridized

low photon energies to small values at large photon energie®ands to make an identification tractable. However, we may
However, there is no clear plasma minimum. This is in con-2ddress the question from a consideration of the transition-

trast to the spectra found in the uranium Matrix elementME). In our calculation the unit-cell vol-
monochalcogenidé$®* and resembles more the case ofume is divided into atomic spheres around the nuclei and a
uranium®>*2Thus on empirical grounds, UGappears to be tiny interstitial volume. Therefore the integral over the whole

a material with strongly hybridized conduction states. Theréinit cell for the dipole matrix elements can be written as a
is neither an indication of free electrons with small damping,Sum over an integral over the spheres about U and about the
nor a sharp peak which one might assign to a transition frongalliums and over the interstitiabee Ref. 28 In the calcu-
narrowf states into a conduction band. This qualitative dis-lation we can “by hand” switch off the contribution tH,,

cussion gains support from the comparison with theoryon either the U or on the Ga spheres. THes are thus
which is addressed in the following. separated in U and Ga contributions, but the band energies

used for computing Eq2) are the hybridized,, of UGas.

In Fig. 3 we show the result of this procedure on the calcu-
lated interband conductivity. The top panels of Fig. 3 gives
As we mentioned already in the Introduction, the LSDA the experimentat;(w), o,(w) for sake of comparison. The

band structure of paramagnetic UGmas calculated recently middle panels showr;, o, computed with the U ME’s

by various methodsyiz., the nonrelativistic tight-binding switched off and the bottom panels with the Ga ME’s
method’® the full-potential linear-muffin-tin-orbitalLMTO) switched off. The correspondence between the experimental
method!®!! and the relativistic ASW methotf. The latter  conductivities and the ones calculated with transitions on the
study also investigated the ground-state total energies of bofalliums only is immediately seen. The three small peaks in
(collinean ferromagnetically and antiferromagnetically or- the measured; are present in the calculation with the ME’s

-
o

6 (10"°s™)

N A O 0 O N & O 0 O N & O O

(=)

B. Comparison experiment and theory
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O, o, conductivity has been determined by means of ellipsometric
(a) experiment measurements from 0.7 to 9.5 eV using both a laboratory and
a synchrotron ellipsometer. This procedure is preferable over
I | near-normal incidence reflectivity measurements for materi-
als where the reflecting surface cannot be prepared by cleav-
T age. The reflectivity of two different UGasamples with dif-
ferent surface preparation has been calculated from the
(b) Ga transitions only measured complex optical conductivity. A dependence of the
reflectivity on the surface preparation has been observed.
The measured components of the complex optical con-
ductivity are compared to a calculation of the spectra from
first-principles band-structure theory. The measwegdand
o, decrease stronger at higher energies than the first-

N
() U transitions only principles spectra. While we have done our best to prepare
the reflecting surface as well as possible, we anticipate that
/\ this decrease is related to the still not perfect surface. The
energy positions of the three typifying peaks in the measured
o1, however, should not depend on this. These three peaks
are predicted by ouab initio calculation. The overall good
0 2 46 80 2 46 810 agreement between measured and calculated spectra leads us
Photon energy (eV) to conclude that the Belectrons in UGaare itinerant. Our

conclusion concerning the nature of thd ®lectrons in

FIG. 3. Decomposition of the calculated interband optical con—UG d th i ind d by th . istent
ductivity in contributions on the Ga atoms and on the U atom. The g—an € magnetism induced by them—IS consisten

middle panelgb) show the resultingr;, o, when the optical ma- With @ number of other experiments which all suggest

trix elements on U are switched off, i.e., only transitions on the Gadtineracy>®#12UGa; is therefore a prominent example of a

are taken into account. The bottom pangs show the resulting uranium intermetallic compound having itinerant &lec-

spectra when only the transitions on U are accounted for. The tofrons. This is an unusual finding, especially in view of the

panels(a) depict the experimentat;, o, for comparison. large lattice constant,=4.248 A and the large U-U dis-
tance. In the calculated band structure ttfés5orm a nar-

on U switched off(see the arrows in Fig.)3but not when row band at the Fermi energy that is hybridized with the Ga

the Ga ME’s are switched off. The characteristic peaks argalence bands:? From the rather good agreement between

thus dominantly due to optical interband transitions on themeasured and calculated optical spectra we also conclude

galliums. The broad hump at 4-6 eV in the interband-onlythat the hybridization of the Bs with the gallidespd orbit-

oy is mainly due to transitions on U. This hump is only als is indeed responsible for the delocalization, as predicted

weakly present in the measured. A tentative explanation by band-structure theory. Such a delocalization mechanism

for chemically or electrochemically treated surfaces could ba&vas previously already proposed for the YGand URR

that the surface becomes Ga rich. We emphasize, howevatompounds®3*

that the samples used were not treated chemically or electro-

chemically. In addition, we note that the fact that the band

energies of UGa—and not those of Ga—are used in the ACKNOWLEDGMENTS
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