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PHYSICAL REVIEW B VOLUME 35, NUMBER 9

Optical properties of UBet3, CeBet3, and ThBet3

15 MARCH 1987-II
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Department of Physics and Astronomy, University of Kentucky, Lexington, Kentucky 40506

E. T. Arakawa
Health and Safety Research Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee 37831

J. L. Smith and Z. Fisk
Materials Science and Technology Division, Los Alamos National Laboratory, Los Alamos, Ne~ Mexico 87545

(Received 7 August 1986)

We report the results of optical reflectivity rneasurernents on MBelq(M =U, Ce,Th) from 0. 1 to 30
eV at T =300 K. The dielectric function e(u) =el+i e2(~) is determined from a Kramers-Kronig
analysis of the data. The intraband and interband contributions to e(c~) were separated via a low-

energy Drude analysis. The following free-carrier plasma frequencies were obtained:

ca&(UBel3) =5.9 eV, co~(CeBe13)=5.3 eV, and co~(ThBel3)=4. 4 eV. Estimated values for the optical
mass of the free carriers fall in the range 1(m pt (2 for the three beryllides, consistent with the

presence of a wide band at E~-. If a value of mo„, =1 is chosen, the values of ~~ are consistent with

3.4 (UBel3), 2.8 (CeBe13), and 2.0 (ThBe&3) free carriers per MBel~ formula unit. Prominent struc-

ture in e. &,„„d is observed in all three compounds at =2 and = 13 eV and are tentatively assigned to

Be(2s~2p) transitions. M-atom-dependent structure in the spectra is also observed and identified

with the d and f states near Et The re. s. ults for UBe, 3 are discussed in terms of recent energy-band

calculations, but a true quantitatitve comparison of the data and theory will have to await calcula-

tion of the dielectric functions from the band-structure results.

I. INTRODUCTION

The isostructural M Be» compounds (M
=Ce, Th, U, Np, Pu, La, Lu, . . . ) provide an excellent op-
portunity to study systematically the unusual electrical
and magnetic properties of narrow d and f-band -metals.
A wide variety of low-temperature phenomena have been
observed in these beryllides which crystallize in the cubic
NaZn» structure with eight formula units per unit cell,
Several exhibit heavy-fermion behavior' (UBe», NpBe»,
and PuBe, 3), a term which has become synonomous with
very large electronic contributions to the low-temperature
specific heat. Of all the MBe» compounds, UBe» has
been the most extensively studied. This is primarily due
to the observation of the unusual nature of the supercon-
ductivity in this material (T, =0.9 K), in addition to the
report of an exceptionally large specific-heat coefficient
y*(T~O)=1100 mJ/molK . NpBe, 3 and PuBe, 3 have
been reported to exhibit either itinerant magnetism or
Kondo-type behavior. In this paper we present results of
optical reflectance studies of the UBe», CeBe i 3, and
ThBe, ; compounds (cf. Table I), which exhibit a wide

range of y* values. Our optical data are collected over
the photon energy range 0.1 to 30 eV which is sufficiently
wide to allow an accurate determination of the dielectric
function e( )c=oi+ei eq via a Kramers-Kronig (KK)
analysis of the data. We are able to separate the intra-
and interband contributions to e(co) and identify systemat-
ic variations in the low-energy data due to transitions in-
volving M-atom states. Higher-energy structure is ob-
served and associated with transitions between Be states.

A quantitative understanding of the properties of
heavy-fermion materials in general, and the MBe» com-
pounds in particular, will necessarily require the identifi-
cation of those phenomena which can be understood on
the basis of sophisticated energy-band calculations with
correlations taken into approximate account, and those
phenomena that require explanation through careful treat-
ment of more subtle cooperative or many-body interac-
tions. The interband contribution to e'q(co) is related to
the joint electronic density of states (JDOS) and therefore
provides an important experimental quantity for compar-
ison with energy-band theory. Recently, several groups
have been investigating the band structure and the

TABLE I. Selected properties of MBel3 (M =U, Ce, Th) ~

UBel3

CeBel3
ThBe l3

M valance

7s 6d5f'

6s25d 4f
7s 26d

y (mJ jmolK )

1100 (Ref. 3)

115 (Ref. 24)
7. 1 (Ref. 25)

a„(A') (8 f.u. )

10.256

10.375
10.395

p(300 K) (pAcm)

115 (Ref. 3)
90 (Ref. 22)
68 (Ref. 23)
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single-particle density of states (DOS) (Ref. 6) of UBe~3.
We compare our results to these calculations. A more
quantitative comparison with energy band theory will re-
quire the subsequent calculation of the intraband and in-
terband contributions to e(0,co).

I.O

0.8—

I I I I I I I II
045

I I I I I I I I)

II. EXPERIMENTAL DETAILS

Polycrystalline samples were prepared by arc melting
stoichiometric amounts of M and Be under argon using a
single-arc plasma furnace. Since the MBe~3 lattice is cu-
bic, the dielectric tensor is isotropic and polycrystalline
samples are sufficient to determine the optical constants
(e~, e2). Plates several mm thick with approximate planar
dimensions 8)&5 mm were cut from the arc-melted but-
tons and polished to an optical finish on one side using
conventional techniques. The final polish was carried out
using 0.05-pm A1203 powder (Linde). The sample sur-
faces to be measured were necessarily exposed to air be-
fore measurement.

The reflectance data R(co) were taken at near-normal
incidence in the energy range 0. l &~& 30 eV using four
spectrometers described in detail elsewhere. ' In the
high-energy region (fico&4 eV) the absolute reflectance
was measured using vacuum sample chambers equipped
with a rotatable detector so that both the incident and re-
flected radiation could be intercepted by the same detec-
tor. Below -6 eV the sample reflectance was measured
relative to a calibrated MgFz-overcoated Al film. Values
for e

&
and ez were also determined directly from

ellipsometric studies of the samples in the energy range
1—3 eV. Details of ellipsometry apparatus can also be
found in the literature.

a) 0.6—
C3

0.4—

0.2—

O. I IO.O

Photon Energy fire (eV)

FICx. 2. Reflectance R(~) vs photon energy (fico) for CeBe/3.
Weak low-energy structure in R(co) which is associated with
peaks in E2 b d are indicated by the arrows.

III. RESULTS

In Fig. 1 we display, using a logarithmic energy scale,
the reflectance spectra for UBe&3 (solid line), Be (dashed
line), ' and BeO (dotted line). " The Be data by Seignac
and Robin' was taken in situ on evaporated films, while
the BeO data by Roessler et al. is on polished single crys-
tals. " Later work on polycrystalline and amorphous BeO
has been published by Grundler et a$. ' Our
ellipsometry-based reflectance values for UBe&3 are identi-
fied in the figure by the solid circles and are seen to be in
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FIG. 1 Reflectance R{u) vs photon energy (~) for UBe&3,
Be (film) (Ref. 10) and crystalline BeO (Ref. 11). The solid cir-
cles are values of R(co) obtained from ellipsometry.

FIG. 3. Reflectance R(cu) vs photon energy (A~) for ThBe&3.
Weak low-energy structure in R(co) which is associated with
peaks in e2 b,„„dare indicated by the arrows.
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good agreement with the values we obtained at near-
normal incidence. Similar good agreement is found for
CeBe» and ThBe». Furthermore, the ellipsometry data,
which directly yields values for e& and ez, were used to
confirm the validity of the Kramers-Kronig analyses.
The spectra of Be and BeO have been included in Fig. 1

for comparison purposes. Be is a semimetal and BeO a
wide gap insulator. Values for the BeO band gap have
been reported' in the range 9.6—10.6 eV for polycrystal-
line and crystalline samples, and 7.0 eV for amorphous
BeO. Since our MBe» samples are polished and handled
in air, it is likely that an oxide of Be will form on the op-
tical surface prior to measurement. As can be seen in Fig.
1, we would not expect spurious structure in the MBe»
data below —10 eV from BeO . The sharp structure at
—10.5 eV in BeO (Fig. 1) has been identified with exciton

bands, " which appear noticeably broadened and down-
shifted in polycrystalline and amorphous BeO. The crys-
talline BeO feature at —12.5 eV in Fig. 1 is also present
in polycrystalline BeO, absent in the amorphous BeG
spectrum, ' and close in energy to a —13 eV feature we
observe in UBe», CeBe», and ThBe». We therefore can-
not rule out the possibility that the —13 eV features in
our MBe» data are associated with an amorphous oxide
of Be on the surface, however, we see no evidence for the
BeO band gap in our data.

The overall shape of the reflectance curves for the
MBet3 materials (Figs. 1—3) is indeed quite similar for
two reasons: (1) there is M-atom-independent strong in-
terband absorption above —1 eV and (2) all compounds
exhibit comparable free-carrier absorption. Nevertheless,
differences between compounds are readily recognized
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FIQ. 4. (a)—(c) Kramers-Kronig results for e& and e& for (a) UBe&3, (b) CeBe», and (c) ThBe&3.
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when the optical reflectance data are transformed to ob-
tain the dielectric function E(cu) and the separation of
intra- and interband contributions to e(co) is accom-
plished. We next describe briefly the Kramers-Kronig
(KK) procedure used to obtain e(co) from the reflectance
data R(cd).

The dielectric functions e~(co) and E2(co) are related
algebraically to R (cd) and the phase shift 8(co) between in-
cident and reflected electric fields, where 9(m) is given

13

id ~ 1n[R(cd)/R(co')]
d8 co

2
dc'

vr CO —CO

and Acu is the photon energy. t9 is not measured directly,
but it is computed from Eq. (1) using a low-energy data
extension consistent with the metallic nature of the sam-
ples (i.e., Drude model for the free carriers), and a high-
energy extension of the form R -ru . ' Recent optical
studies of UBe» reported by Bonn et al., ' have carried
out a KK analysis of their data using a high-energy exten-
sion based on elemental Be. As can be seen in Fig. 1,
there is considerable difference in the UBe» and Be spec-
tra above —1 eV. Thus, the results of their KK analysis
in the near-ir and visible region should not be considered
quantitative. Their KK results in the far-ir region, how-
ever, are less sensitive to the details of the high-energy
data extension.

In Figs. 4(a)—4(c) we display our KK results for e&(cd)
and e2(co) for the UBe~3, CeBe~3, and ThBe~3 compounds
for 0&Ace&30 eV. At low energy, e& and ez are dominat-
ed by the intraband contribution —they therefore turn,

respectively, sharply negative and positive as co~0. The
first zero crossing of e~(co), and the corresponding sharp
peak in the electron energy-loss function Im( —I/e) (Fig.
5) in the 7—9-eV region for UBe, 3, CeBe, 3, and ThBe~3,
are identified with the intraband or free-carrier plasmon.
A comment about the first zero crossing of e& is in order.
This zero crossing is identified with the "screened" plas-
ma frequency cop, and the value of cop is affected by both
the free carrier and interband contributions to e&. co& is
referred to as the "unscreened" or "bare" plasma frequen-
cy. The zero crossing of e& would occur at co& in the ab-
sence of interband absorption. For the case of the MBe»
compounds, the interband contribution to e(cu) is negative
for ~-~&, and this creates the somewhat unusual, but not
uncommon, situation where cuz ~co&. The metals Ag and
Au exhibit the more common relation co& & co&, that is, the
interband absorption downshifts the zero crossing of e& to
energies significantly below cop. The Im( —I /e) function
for Be obtained by Seignac and Robin' is plotted ( X —, )

in the figure for comparison to the MBe» results. Above—10 eV the form of the energy-loss spectra of the MBe»
compounds suggest that the -20 eV plasmon of pristine
Be is split by M-atom hybridization in the MBe» com-
pounds.

IV. DISCUSSION

The dielectric function e(co) can be written as the sum
of three contributions

~free( ~ ) +~bound( ~ ) + ~phonon( ~ )

where ef„„eb«„d, and epI, pQQQ respectively, are the free-
carrier, bound charge (or interband), and phonon contri-
butions. We are unable to observe the phonon contribu-
tion in the MBe» compounds due to the strong low-
energy contribution from free carriers. The separation of
the free-carrier and interband contributions to the dielec-
tric function is accomplished in the standard way by fit-
ting the low-energy region, which is assumed to be dom-
inated by free-carrier absorption, to a Drude dielectric
function'

er„e(cd ) =e —
Cup /[cd(Cu+ i /r)], (3)

where e (real) is the contribution from the core, r is the
average free-carrier lifetime, and co& is the "bare" or "un-
screened" plasma frequency given by

cop
——(47rne /m, p,

)'~~, (4)

I I I

0 5 10 15 20 25 30 35
Photon Energy fi~(eV)

FICx. 5. Electron energy-loss functions Im( —1/e) vs photon
energy (Ace) for UBe», CeBe&3, and ThBe&3 and Be (Ref. 10).

n is the carrier concentration, m, ~, is the optical electron-
ic mass, and e is the electronic charge.

In Fig. 6 we plot (fico@'q) ' versus (fuu) which yields a
straight line for a Drude-like free-carrier contribution to
eq(cu). At the lowest energies, the data (dots) are seen to
asymptotically approach the calculated (solid line) linear
behavior. The values of the Drude Parameters (rdp, r) for
UBe», CeBe», and ThBe» obtained from these fits to the
low-energy data can be found in Table II. The plasma
frequencies m~ for the three beryllides are found to fall in
the range 4 (firdp (6 eV: cop(UBe~3) =5.9 eV,
cop(CeBe~3)=5. 3 eV, and cop(ThBe~3)=4. 4 eV. With in-
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creasing energy, as interband absorption becomes measur-
able relative to the strong free-carrier background, the
data in Fig. 6 drop below the calculated free-carrier com-
ponent.

The optical conductivity cr(co) is related to e2 via the re-
lation 0(co) =cue2/4~. As co~0, cr(co)~crd„where od, is
the zero-frequency conductivity determined from a longi-
tudinal electric field (i.e., electrical resistivity measure-
ments). We extrapolate our optical conductivity data to
zero frequency via the Drude function [Eq. (3)]. The va-
lidity of the extrapolation presumes that the carrier life-
time w is independent of frequency and that the

FICx. 6. (Acoe2) ' vs (Ace) for UBel3, CeBel3, and ThBel3.
The solid lines are calculated in the Drude approximation and
the solid circles represent the data. The data fall below the solid
line at higher energy due to interband absorption. Values for
the plasma frequency (co~) and carrier lifetime (~) can be found
in Table II.

we compare the values of our zero-frequency conductivi-
ty, crt„,(0) to od, . The agreement for UBe» and CeBe&3 ls
seen to be good, indicating these materials behave as ordi-
nary Drude metals at T=300 K. The far-ir study of
UBe» by Bonn et al. ' reached the same conclusion.
Below 100 K, they also report' interesting departures
from Drude behavior for UBe». To the best of our
knowledge, no value for crd, (ThBe&3) is available in the
literature, so we cannot compare optical and transport
data for this material. However, in light of the UBe» and
CeBe» results, it is reasonable to expect that ThBe» also
exhibits Drude behavior at 300 K.
behavior at 300 K.

Values for the optical mass m, p, can be obtained from
estimates of the free-carrier density n and experimental
values for co~. The results are summarized in Table II.
The optical mass is the dynamical band mass averaged
over all occupied states. If the Be(2s) band is full, which
we believe is consistent with the UBe» calculations of
Pickett et al. , then the conduction electron density n is
derived from the M-atom valence electron density. Per
MBe» formula unit (f.u.), we then estimate n to be 4(6),
4, and 4 electrons for UBe», CeBe», and ThBe», respec-
tively. For UBe» the two estimates correspond to the
omission (inclusion) of the U(7s ) electrons. These as-
sumptions regarding n lead to optical masses in the range
m, ~, —1—2m, for all three beryllides (Table II). On the
other hand, if we set m, ~, =m, in Eq. (4), the plasma fre-
quencies are found to be consistent with 3.4, 2.8, and 2.0
conduction electrons per MBe» formula unit for UBe»,
CeBe», and ThBe», respectively.

If the low values of m pt 1 2 are associated with d or
f states, this would seem to require strong hybridization
of the M-atom states with Be states to form wide (approx-
imately several eV) bands. If high mass carriers in narrow
d or f bands are also present, their contribution to the
"bare" plasma frequency can be masked by the contribu-
tion from the low mass carriers. ' On the basis of our op-
tical studies carried out at room temperature we therefore
cannot rule out the existence of narrow ( « 1 eV) f bands
at EF. A narrow, f-like feature [full width at half max-
imum (FWHM)=150 meV] at EF has been observed at
low temperature in photoemission studies of UBe» by
Arko et al. ' The feature broadens with increasing tem-
perature and disappears above 150 K. Our values for
m, ~, are consistent with wide f-character bands near EF
that have been reported by Parks et al. ' [ultraviolet

TABLE II. Drude parameters (T=300 K) for UBel3, CeBel3, and ThBel3. cr(co~0) and od,
represent, respectively, the optical conductivity extrapolated to zero frequency (via the Drude approxi-
mation) and the electrical conductivity obtained from transport measurements.

UBel3

CeBe&3
ThBe)3

Ago (eV)

5.9

5.3
4.4

10' w (sec)

1.5

2.5
1.9

a(co ~0)
(mQ ' cm ')

10

14
7.7

~dc
(mO ' cm ')

8.7 (Ref. 2)
11.1 (Ref. 22)
14.7 (Ref. 23)

am opt

(no. e/f. u. )

1.2 {4e)
2. 1 (6e)
1.4 (4e)
2.0 (4e)

'The m,*pt estimates are based on the free-carrier density per MBel3 formula unit shown in parentheses
[e.g. , (4e ) means 4 conduction electrons per MBe» formula unit].
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feature may be associated with BeO on the surface. The
weaker structure riding on the -2-eV Be peaks is specific
to the individual M atom and these shoulders or weaker
peaks are identified in the figures. Below 1 eV, as seen in
the low-energy panel in Figs. 7(a)—7(c), the structure in
Ep b d depends strongly on the particular M atom. This
structure is therefore identified with interband absorption
between initial and/or final M-atom states. These low-
energy interband features are reasonably narrow and cor-
respond to weak structure in the reflectance (marked by
arrows in Figs. 1—3) which is dominated by free-carrier
absorption in this region. Low-energy peaks in ez bQUnd are
observed for ThBe~3 (0.41,0.79 eV) and CeBe&3 (0.45,0.57
eV) but not in UBe~3. Instead of peaks, a low-energy con-
tinuum is observed for UBe&3 with a threshold near 0.45
eV. We cannot confirm the observation of a structure at
0.3 eV in the spectra of UBe&3 reported by Bonn et al. '

At 0.3 our UBe&3 data are dominated by a Drude, free-
carrier background consistent with the linear behavior
displayed in Fig. 6. The scatter in our UBe&3 reflectance
data near 0.3 eV is —+0.2%.

As discussed above, all three beryllides display a peak
in ez b „„d at -2 eV exhibiting a high-energy tail. We
have therefore assigned these -2 eV features to transi-
tions between initial and final states of primarily Be char-
acter. The non-f density of states (DOS) for UBe~3 re-
ported by Pickett et aI. exhibits a peak -2 eV below the
Fermi level, EI;. Presumably, this peak in the DOS con-
tains significant contributions from Be(2s ) states and
could provide the source of initial states for the -2 eV
peak we observe in the UBe&3, CeBe&3, and ThBe&; spec-
tra. Final states (above E~) with strong electric dipole
coupling to the Be(2s) states would be Be(2p), or Be(2p)
states hybridized with M-atom states. The supply of ini-
tial Be(2s) states in the non-f DOS of Pickett et al. ap-
pears to extend to -8 eV below Ez, and this could ac-
count for the high-energy tail on the -2 eV features in
ez b,„„d we observe in all three beryllides. This assignment
must remain somewhat tentative until JDOS calculations
are available. The matrix elements for U(5f~5f) optical
transitions should be weaker than the Be(2s ~2p ).

Nevertheless, the calculated density of U(5f) states is
high, exhibiting two narrow peaks split by —1 eV, with
Et; pinned in the lower peak. One might therefore expect
to observe structure in ez b,„„d near —1 eV in UBe». We
do not observe a peak in this region, which may indicate
that the optical matrix elements are small or strongly k
dependent.

V. CONCLUSIONS

We have been able to separate the intra- and interband
contributions to the dielectric function for UBe&3, ThBe&3,
and CeBe». Comparable values for the plasma frequency
and carrier lifetimes were observed in these compounds
consistent with the presence of reasonably wide conduc-
tion bands cut by EF. The optical conductivity, extrapo-
lated to zero frequency, is in good agreement with the dc
electrical conductivity which indicates that the dominant
carriers exhibit ordinary Drude behavior at 300 K. Con-
siderable structure is observed in ez b,„„d, some of which
can be tentatively assigned to Be(2s-2p) transitions be-
cause these features are independent of the particular M
atom. Structure in ez b,„„d is also found which is M-atom
dependent, and is assigned to transitions involving M-
atom states near EF. Finally, in view of the complex na-
ture of the band structure in the MBe~3 compounds, we
conclude that if optical data are to provide a quantiative
test for these energy band models, the theoretical results
will have to be extended to include the calculation of the
intraband and interband contributions to the dielectric
function.
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