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Optical properties of itinerant UGa3: Ellipsometric measurements and first-principles theory
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The optical properties of the intermetallic compound UGa3 have 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 character of the 5f
electrons in UGa3.
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I. INTRODUCTION

The compound UGa3 is a member of the large family o
uranium binaries UX3, which crystallize in the cubic struc
ture of the AuCu3 type. Depending on whetherX is ap-band
or d-band element various magnetic behaviors are obser
spanning from Pauli paramagnetism (USi3 , UGe3), through
spin-fluctuating heavy fermion (USn3), to long-range local-
moment magnetic ordering (UPb3). The uranium gallide oc-
cupies a special position among the UX3 phases~with X
being an element from group IIIA of the Periodic Table!, in
between weakly temperature-dependent paramagnetic U3
and antiferromagnetic UIn3. The compound orders
antiferromagnetically1,2 at TN567 K and exhibits metallic
conductivity.3,4 Comprehensive studies of the bulk magnet
electrical transport, and thermal characteristics of poly- a
single-crystalline UGa3 ~Refs. 5–7! have revealed that its
magnetism has an itinerant-electron nature. This hypoth
has recently been corroborated by neutron diffraction m
surements of the magnetic properties of a single cry
where a significant difference in the magnetic form fac
determined above and belowTN has been evidenced.8 Such a
behavior is reconciled with the theory of itinera
antiferromagnetism.8 The electronic structure of UGa3 has
been calculated by several authors on the basis of local
density-functional theory.9–12 It has been established that th
5 f electrons form a narrow band near the Fermi level tha
strongly hybridized with the broad conduction band ofspd
character. A characteristic feature of itinerant magnetism
UGa3 is its unusual sensitivity to pressure and magne
field, both factors causing a drastic reconstruction of
Fermi surface.5–7,12

Optical spectroscopy is a powerful and nondestruct
technique to study the electronic structure of solids. Sev
actinide and rare-earth compounds and alloys have b
studied in great detail and important conclusions about
energy, the width, and the degree of localization off states
could be drawn.13 The most frequently used technique h
PRB 610163-1829/2000/61~11!/7415~6!/$15.00
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been the measurement of the near-normal incidence re
tivity over a wide energy range and the subsequent Kram
Kronig transformation of the spectra to compute the opti
conductivity. While this technique gives excellent data
single crystals are available and can be cleaved, serious p
lems can arise if the surface has to be polished. The pol
ing process introduces scratches that scatter the light. Ge
ally, the measured reflectivity deviates more from the tr
reflectivity the higher the photon energy.13 Via the Kramers-
Kronig integral, parts of these errors are spread over the
optical conductivity spectrum. The optical conductivi
comes out too low, mainly at higher energies. Thermal
nealing, chemical or electrochemical etching may help
heal or to remove the damaged surface. However, every
material will require a detailed study of the necessary para
eters to prevent the formation of a nonstoichiometric surf
by a preferred evaporation or solution of one of the const
ents. To our knowledge, this procedure has not yet b
applied successfully to actinides. An attempt for MnPt3 gave
poor results for thermal annealing as well as for chemi
etching. In the latter case the magneto-optical Kerr rotat
and ellipticity could at least be improved but the optical r
flectivity decreased.14

An interesting alternative to the measurement of the
flectivity over a large spectral range constitutes ellipsome
In this case, one is independent of an integral relation and
errors at high energies do not affect the data at lower e
gies. In addition, since one does not measure a reflected
tensity, but the azimuth and the ratio of the small to the la
axis of the polarization ellipse after reflection, isotropic sc
tering losses are expected to cancel each other. A quan
tive description of the scattering due to polishing scratc
on the surface is complex and outside the scope of this pa
There exist some models which can be useful in limiti
cases. Specifically, if the diffracting object is large compa
to the wavelengthl of the radiation, Kirchhoff’s theory of
diffraction is a valuable approach~see, for example, Ref. 15!.
This scalar theory gives a scattering which is independen
7415 ©2000 The American Physical Society
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the polarization, indicating that the reflected intensity is ide
tical for parallel and perpendicular polarization and equa

R5R0 expF2S 4ps rms

l D 2G , ~1!

whereR0 is the reflectivity of the perfectly smooth samp
ands rms is the root-mean-square value ofz(x,y), expressing
the roughness of anx-y surface. Besides neglecting the ve
tor character of the electromagnetic field, Kirchhoff’s theo
does not take into account interactions between diffrac
objects. Since our samples have obtained a final polish
with diamond paste with a grain size of 250-nm diameter
scattering structures are smaller than 250 nm and Kirchho
theory does not apply. A model which treats the scattering
light off particles that are smaller than the wavelength
Mie’s theory.16 In this theory the scattering of a planar wa
off metallic spheres is treated in sperical coordinates. T
solution leads to an expansion in series of electric and m
netic partial waves. The first electric partial wave cor
sponds to Rayleigh scattering and goes as 1/v4. Its consid-
eration is sufficient if the diameter of the particle is smal
than approximately one-tenth of the wavelength of light
side the particle, i.e., 2r ,l/(10n), wheren is the refractive
index of the scattering particle. For larger particles more a
more partial waves have to be taken into account and
frequency dependence of the scattering is reduced from
1/v4 dependence. Interference effects can cause enha
ments or reductions of the transmitted intensity.17 Mie’s
theory also neglects interactions between the particles, an
course, a rough surface is not composed of sperical parti
Nevertheless, from the size of the scratches, which we e
mate to be in the order of one-tenth of the polishing gr
diameter, i.e., about 25 nm, we think that the theories of M
or Rayleigh are better starting points to a qualitative disc
sion of scattering losses than Kirchhoff’s theory. In any ca
both limits, Kirchhoff’s and Rayleigh’s theories, predict
scattering which increases with decreasing wavelength
agreement with the experience of many materials for wh
the reflectivity has been measured on polished and clea
crystals.13 As long as the polarization dependence of scat
ing can be neglected, ellipsometry ought to give better d
for the reflectivity and the other optical functions than ne
normal incidence-reflectivity measurements on polished
faces.

The drawback of ellipticity measurements is that they
quire polarizing devices and that the spot at the sample si
larger under oblique than under normal incidence. The la
can lead to a reduction of the intensity falling on the detec
for the usual small size of ‘‘exotic’’ materials and the form
fact limits even more the spectral range. To extend the sp
tral range beyond the range of 0.7 to 4 eV of our laborat
ellipsometer, we have used the synchrotron source in Be
~BESSY I!. Here we report for an actinide compound, elli
sometric measurements between 0.7 and 4 eV take
Braunschweig with a xenon high-pressure lamp and betw
3 and 9.5 eV taken at BESSY I with a 2m-Se
monochromator.18

The powerfulness of optical spectroscopy as a techni
to investigate the electronic structure becomes even m
impressive when measured optical spectra are combined
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first-principles calculations. This is particularly relevant f
the study of lanthanide and actinide compounds. For th
f-electron compounds, the pertinent question that is to
addressed always is that of the degree of localization,
whether thef ’s are localized or delocalized. In the case
transition metals, where thed electrons are delocalized, th
general experience that was gained from optical property
culations is that normally first-principles band-structu
theory, employing the local spin-density approximation19,20

~LSDA! provides a very good explanation of the measu
spectra. On the contrary, forf-electron materials where th
f ’s are localized or have a tendency towards localization,
LSDA description can be quite poor. In that case alternat
electronic structure approaches, like the LSDA1U method,
or treating thef ’s as semicore electrons, have to be invok
to achieve a satisfactory explanation of the optical propert
A prominent example of that situation among the uraniu
compounds is that of the uranium monochalcogenides.21–24

The important notion that has evolved from optical prope
calculations forf-electron materials is that the appropria
description of thef ’s will reproduce the measured optica
spectrum.25,26 Using this notion, it has been demonstrated
the last few years for several uranium compounds that th
have delocalized 5f electrons.26–28In light of this notion, we
investigate in the present work the nature of the 5f ’s in
UGa3 from the optical properties.

In the following we first outline in Sec. II the sampl
preparation and experimental optical setup, and the basic
the theory in Sec. III. Our results are presented and discu
in Sec. IV, and conclusions are formulated in Sec. V.

II. EXPERIMENT

Single crystals of UGa3 were grown by the flux method
The starting constituents~8 at. % U192 at. % Ga! were
placed in an alumina crucible, vacuum sealed in a qua
tube and heated in a resistance furnace up to 1100 °C, he
this temperature for 48 h and eventually slowly cooled do
to 450 °C at the rate of 8 deg/h. The excess of metallic
was removed by dissolving in Wood’s alloy. The obtain
single crystals had the form of cubes of a few mm on a si
X-ray diffraction measurements by the Laue techniq
showed the natural faces of the cubes to be typically~001!
planes.

The single crystals of UGa3 have been polished consec
tively with corundum and diamond polishing pastes w
grain sizes decreasing from 15 to 0.25mm. The surfaces
obtained are mirrorlike to the naked eye. However, under
optical microscope with high magnification one observ
scratches, inhomogeneities, and dendrites. An attempt to
prove the surface quality by removing electrochemically
uppermost layer failed. The surface appeared to be st
against chemical degradation including oxidation. T
samples were mounted in the sample holders of the
spectrometers and the chamber was evacuated in
vacuum-UV spectrometer to a pressure of 1028 Torr, while
in the infrared and the visible spectral range the meas
ments were performed in air.

The laboratory spectrometer is a rotating analyzer el
someter ~RAE!. The polarizer and analyzer are Gla
Thompson prisms made from quartz. The analyzer is dri



ng
re

ly
ng
e
re

to

ze
e
io
st
b

he
nd

-
re
th
om
r-

-
p-
d
n

ra

s i
bi
e
n-

-
to
fo

de

s
th
o
d

y.
he

de-

the
or
in-

r-
n

ity

r a
and
with
ig-

e
the
gy,
rop

re-
tion

-
nce
r-

PRB 61 7417OPTICAL PROPERTIES OF ITINERANT UGa3: . . .
by a synchronous motor with a frequency of 9 Hz. Duri
one rotation of the analyzer 72 points on the ellipse are
corded, from which the azimuthu r and the ellipticity h
5a/b of the reflected light are derived using a Fourier ana
sis. Since the sample is mounted on a goniometer, the a
of incidencea of the light from the monochromator can b
varied continuously from 60 ° to 85 °. The present measu
ments have been performed witha575 °. The azimuth of
the incoming lightu i was chosen as 60 ° and the detec
was a silicon-pin diode or a cooled Ge detector.

The BESSY ellipsometer also uses a rotating analy
with 50 measurements for 360 ° rotation of the analyz
Since the polarization direction of the synchrotron radiat
is fixed the polarization direction of the incoming light mu
be rotated out of the plane of incidence of the sample
tilting the whole spectrometer. This limits the azimuth of t
incoming light to 20 °. The angle of incidence is 67.5 ° a
the light detector is a UV-sensitive silicon-pin diode.

III. THEORY

First-principles calculations of optical properties com
monly apply the Kubo linear-response formalism, which
lates the optical conductivity to the electronic structure of
solid. The linear-response expression for the diagonal c
ponent of the optical conductivity is, in a single-particle fo
mulation, given by

s~v!5
2 ie2

3m2\Vuc
(

k
(
nn8

f ~Enk!2 f ~En8k!

vnn8~k!

3
Pnn8

2
~k!

2v1vnn8~k!1 i t21
. ~2!

HereEnk are the single-particle band energies,f (Enk) is the
Fermi-Dirac distribution, Vuc the unit-cell volume, and
\vnn8(k)[Enk2En8k . A phenomenological lifetime param
eter t is included in the formalism in order to account a
proximately for the finite lifetime of the optically excite
Bloch electron states. The dipole allowed optical transitio
between the single-particle statesunk& andun8k& are selected
by the matrix elements of the relativistic momentum ope
tor, Pnn85mĉ nkuaun8k&, where a is the standard Dirac
matrix. The present formulation is relativistic, because thi
mandatory for actinide compounds in which the spin-or
splitting of the 5f energy levels is of the order of 1 eV. In th
limit of vanishing relativistic effects the canonical mome
tum is regained,P'2 i\“1O(1/c2).23 The single-particle
wave functionsunk& and energiesEnk that occur in Eq.~2!
are calculated within the framework of the LSDA.19,20

Equation~2! contains both the interband~i.e., nÞn8) and
the intraband (n5n8) contribution to the optical conductiv
ity. The latter contribution is, for zero temperature, due
electron states at the Fermi energy, and contributes there
only at small photon energies. It adopts the form of a Dru
type conductivity, s intra5s0 /(11 ivtD). The intraband
lifetime tD and the interband lifetimet of the excited states
~which can be different! are the only two unknown quantitie
in Eq. ~2!. However, approximate values are known bo
from experiments and from previous experience gained fr
ab initio calculations.29 Thereby all is known that is require
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for the first-principles calculation of the optical conductivit
In the present work we employ a relativistic version of t
augmented-spherical-wave~ASW! method30 to evaluate the
LSDA band energies and wave functions. For numerical
tails of the computation of Eq.~2! at zero temperature we
refer to Ref. 29.

IV. RESULTS AND DISCUSSION

A. Experimental determination of s„v…

From the rotation of the azimuthu5u r2u i , wherer and
i stand for reflected and incident beam, respectively, and
ellipticity h one computes the complex reflection ratio f
light polarized parallel and perpendicular to the plane of
cidence:

r5
r p

r s
5

~cotu2 ih!~ tanu i1 igp!

~11 ih cotu!~12 igp tanu i !
. ~3!

The coefficientgp takes into account the nonperfect pola
ization of the polarizer. The complex dielectric functio
«(v) follows as

«5S 12r

11r D 2

tan2a sin2a1sin2a. ~4!

For metals it is preferable to plot the optical conductiv
s(v)5s1(v)1 is2(v), given by

s5 i
v

4p
~«21!. ~5!

The multiplication of «(v) with v reduces the strong
frequency dependence of the free carriers and allows fo
better comparison of experiment and theory for the interb
transitions. Two measurements have been performed
both spectrometers for two different, polished surfaces. F
ure 1 exhibits the reflectivity spectraR(v) for the two sur-
faces as computed from the complex dielectric function. W
see that for a different surface quality the difference of
reflectivities still increases with increasing photon ener
although to first order, scattering losses are expected to d
out of the reflectivity computed from ellipsometric measu
ments. This indicates either that the scattering is polariza

FIG. 1. The reflectivity of UGa3 as calculated from ellipsomet
ric measurements on two different samples at 300 K. The differe
in the high-energy reflectivity is expected to result from the diffe
ent surface quality.
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7418 PRB 61J. SCHOENESet al.
dependent and thus affects the reflectivity ratio or that
polishing breaks local symmetries of the surrounding of
atoms which alters the electronic structure. Since both sp
tra show similar structures, we conclude that the obser
structures are likely to be intrinsic to UGa3 but we have to
admit that a perfect surface would possibly have larger
flectivities and optical conductivities in the high ener
range.

The obtained reflectivity~Fig. 1! and optical conductivity
spectra, which are shown in Fig. 2~top panels!, are typical
for metals.R(v) and s1(v) decrease from large values
low photon energies to small values at large photon energ
However, there is no clear plasma minimum. This is in co
trast to the spectra found in the uraniu
monochalcogenides13,31 and resembles more the case
uranium.31,32Thus on empirical grounds, UGa3 appears to be
a material with strongly hybridized conduction states. Th
is neither an indication of free electrons with small dampin
nor a sharp peak which one might assign to a transition fr
narrow f states into a conduction band. This qualitative d
cussion gains support from the comparison with theo
which is addressed in the following.

B. Comparison experiment and theory

As we mentioned already in the Introduction, the LSD
band structure of paramagnetic UGa3 was calculated recently
by various methods,viz., the nonrelativistic tight-binding
method,9 the full-potential linear-muffin-tin-orbital~LMTO!
method,10,11 and the relativistic ASW method.12 The latter
study also investigated the ground-state total energies of
~collinear! ferromagnetically and antiferromagnetically o

FIG. 2. Comparison of the experimental and calculated cond
tivity s(v)5s1(v)1 is2(v) of UGa3. The experimental conduc
tivity at 300 K is shown in the top panels~a!. Note that2s2(v) is
depicted in the right-hand panels. The calculated interband con
tivity is given in the middle panels~b!, and the total theoretica
~intraband plus interband! conductivity in the bottom panels~c!.
e
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dered UGa3, which proved the ground state to be antiferr
magnetically ordered. We have calculated the optical c
ductivity of UGa3 in the paramagnetic and in th
antiferromagnetic state. The obtained conductivity spec
are practically identical. In Fig. 2 the experimentals1(v),
s2(v) are shown in the two top panels, in the two midd
panels we show the calculated interband-onlys1 ands2, and
in the two bottom panels the total theoreticals spectra, i.e.,
intra- and interband added. The obvious effect of the int
band Drude part is to increases1 and s2 below 2 eV, in
accordance with the experimental shape. We have depi
the small peaks visible in the measureds1 spectrum by ar-
rows. These peaks, which are caused by strong interb
optical transitions, are expected to be characteristic for
material. From the middle panels it can be seen that v
similar weak peaks are present in the calculated interba
only s1 spectrum. The energy positions of the theory pea
are consistent with experiment, but the calculated ‘‘hum
at 5 eV is broader than the corresponding experimental p
Also the theoreticals1 does not drop-off as much as th
experimentals1 does. The interband-onlys1 shows, further-
more, a shoulder just below 7 eV which very vaguely
present in experiment, too. The measureds2 spectrum is
smaller than the theory result, especially above 5 eV. Ass2
is related tos1 through a Kramers-Kronig transformation
this is again due to the stronger decrease of the measures1.
As we mentioned before, a perfect surface would lead
larger optical conductivities in the high-energy range.

With respect to our computation, we remark that a co
stant interband lifetime\t2150.41 eV has been applied
The intraband lifetime used is\tD

2150.54 eV and the cal-
culated intraband Drude conductivitys054.431015s21. In
the calculations we included the Ga 4d states in the basis
These are unoccupied, yet play a role by providing allow
final states for optical transitions from the occupied Gap
states.

The small peaks ins1(v) are the features typical o
UGa3. Which parts of the band structure are responsible
these? In the band structure there are too many hybrid
bands to make an identification tractable. However, we m
address the question from a consideration of the transit
matrix elements~ME!. In our calculation the unit-cell vol-
ume is divided into atomic spheres around the nuclei an
tiny interstitial volume. Therefore the integral over the who
unit cell for the dipole matrix elements can be written as
sum over an integral over the spheres about U and abou
galliums and over the interstitial~see Ref. 29!. In the calcu-
lation we can ‘‘by hand’’ switch off the contribution toPnn8
on either the U or on the Ga spheres. TheP’s are thus
separated in U and Ga contributions, but the band ener
used for computing Eq.~2! are the hybridizedEnk of UGa3.
In Fig. 3 we show the result of this procedure on the cal
lated interband conductivity. The top panels of Fig. 3 giv
the experimentals1(v), s2(v) for sake of comparison. The
middle panels shows1 , s2 computed with the U ME’s
switched off and the bottom panels with the Ga ME
switched off. The correspondence between the experime
conductivities and the ones calculated with transitions on
galliums only is immediately seen. The three small peaks
the measureds1 are present in the calculation with the ME

c-

c-
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on U switched off~see the arrows in Fig. 3!, but not when
the Ga ME’s are switched off. The characteristic peaks
thus dominantly due to optical interband transitions on
galliums. The broad hump at 4–6 eV in the interband-o
s1 is mainly due to transitions on U. This hump is on
weakly present in the measureds1. A tentative explanation
for chemically or electrochemically treated surfaces could
that the surface becomes Ga rich. We emphasize, howe
that the samples used were not treated chemically or ele
chemically. In addition, we note that the fact that the ba
energies of UGa3—and not those of Ga—are used in th
computation of Eq.~2! implies that the hybridized UGa3
bands in combination with the ME’s are responsible for
three peaks.

V. CONCLUSIONS

We have employed the optical properties of UGa3 to in-
vestigate the nature of the 5f electrons. The complex optica

FIG. 3. Decomposition of the calculated interband optical c
ductivity in contributions on the Ga atoms and on the U atom. T
middle panels~b! show the resultings1 , s2, when the optical ma-
trix elements on U are switched off, i.e., only transitions on the
are taken into account. The bottom panels~c! show the resulting
spectra when only the transitions on U are accounted for. The
panels~a! depict the experimentals1 , s2 for comparison.
s
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conductivity has been determined by means of ellipsome
measurements from 0.7 to 9.5 eV using both a laboratory
a synchrotron ellipsometer. This procedure is preferable o
near-normal incidence reflectivity measurements for mat
als where the reflecting surface cannot be prepared by cl
age. The reflectivity of two different UGa3 samples with dif-
ferent surface preparation has been calculated from
measured complex optical conductivity. A dependence of
reflectivity on the surface preparation has been observed

The measured components of the complex optical c
ductivity are compared to a calculation of the spectra fr
first-principles band-structure theory. The measureds1 and
s2 decrease stronger at higher energies than the fi
principles spectra. While we have done our best to prep
the reflecting surface as well as possible, we anticipate
this decrease is related to the still not perfect surface.
energy positions of the three typifying peaks in the measu
s1, however, should not depend on this. These three pe
are predicted by ourab initio calculation. The overall good
agreement between measured and calculated spectra lea
to conclude that the 5f electrons in UGa3 are itinerant. Our
conclusion concerning the nature of the 5f electrons in
UGa3—and the magnetism induced by them—is consist
with a number of other experiments which all sugge
itineracy.1,5,6,8,12UGa3 is therefore a prominent example of
uranium intermetallic compound having itinerant 5f elec-
trons. This is an unusual finding, especially in view of t
large lattice constanta054.248 Å and the large U-U dis
tance. In the calculated band structure the 5f ’s form a nar-
row band at the Fermi energy that is hybridized with the
valence bands.11,12 From the rather good agreement betwe
measured and calculated optical spectra we also conc
that the hybridization of the 5f ’s with the gallidespd orbit-
als is indeed responsible for the delocalization, as predic
by band-structure theory. Such a delocalization mechan
was previously already proposed for the UGe3 and URh3
compounds.33,34
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