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Changes in the electronic structure of cerium due to variations in close packing
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Here we use electron energy-loss spectroscopy in a monochromated transmission electron microscope with
100 meV energy resolution and 2 Å spatial resolution to show that the electronic structure of face centered
cubicg and double hexagonal close-packedb cerium are considerably different, contrary to previous assump-
tions in literature. These results are supported by synchrotron-radiation-based x-ray absorption, multielectronic
atomic spectral simulations, and local density approximation calculations, illustrating that changes in$111%
stacking sequences can drive substantial electronic changes in close-packed phases of cerium that have a
similar atomic volume.
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Metals whose ground state lie at the transition betw
magnetic and superconductive behavior exhibit crysta
graphic phase instability.1–3 Near this transition, smal
changes in temperature, pressure, and chemistry can c
transformations to occur, often allowing multiple cryst
phases to coexist in metastable equilibrium. Therefore,
quiring single-phase samples of metals at or near this tra
tion, such as manganese~four phases!, cerium~four phases!,
and plutonium~six phases!, is uncertain, rendering spectro
scopic techniques with low spatial resolution questionab4

Producing large single crystals of these metals is even m
difficult, and for many of them has yet to be accomplish
Rather than struggling to generate single-phase or sin
crystal samples of these complex metals, one may take
route of using an experimental technique that probes sm
portions of a sample, circumventing crystal grow
problems.5,6 Cerium, which is an archetypal correlate
f -electron metal that exhibits notorious phase instability,
generated decades of experimental frustration and un
tainty, and is a benchmark metal with which to experime
with a small probe.

At ambient pressure, Ce metal exhibits four allotrop
phases between absolute zero and its melting temperatu
1071 K: a, b, g, andd. There are large hystereses betwe
the transformations ofa, b, andg, causing phase boundarie
to be kinetic approximations and mixtures of two or ev
three phases to metastably persist in the thermodynamic
single-phase fields.7,8 When fccg-Ce transforms to fcca-Ce
upon cooling, it undergoes an isostructural volume colla
of 17%. Several interpretations have been made as to
this collapse occurs, such as the promotion of the single
calized 4f electron,9 Kondo volume collapse,10 and a metal-
to-insulator Mott transition.11 However, this issue has yet t
be resolved, and there is even new evidence showing a c
bination of effects.12

While there have been copious investigations of thea
→g transformation, theb phase has been to a great deg
ignored. This is because it has long been assumed tha
g-Ce and dhcpb-Ce have an almost identical electron
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structure due to the fact both are close packed with a co
dination number of 12, have a similar atomic volume, a
contain onef electron that is completely, or close to com
pletely, localized.1,13 At the same time, the coexistence ofb
andg in cerium samples is pervasive and has plagued sp
troscopic and structural experiments. Here, we overcome
problem by using electron energy-loss spectroscopy~EELS!
in a monochromated transmission electron microsc
~TEM!, and present EELS spectra ofg- and b-Ce, as evi-
denced by single-crystal diffraction patterns. Using EEL
synchrotron-radiation-based x-ray absorption~XAS!, multi-
electronic spectral simulations with an atomic model, a
local density approximation~LDA ! calculations based on
density-functional theory with the general gradient appro
mation, we show that there is in fact a significant differen
in electronic structure between the fccg phase and the dhcp
b phase of Ce.

EELS spectra were acquired from Ce metal samples
99.9% purity. Samples were thinned to electron transpare
in an ion mill, then vacuum transferred to the monoch
mated FEI Tecnai-200 kV field-emission-gun TEM to min
mize oxidation. The monochromated electron source of
TEM @upper-right inset in Fig. 1~a!# enables 100 meV energ
resolution, which is about 10 times better than current TEM
at 1 eV. This increased energy resolution is imperative for
in order to resolve the fine structure of theN4,5 (4d→4 f )
andM4,5 (3d→4 f ) peaks. All spectra were reproduced n
merous times using a sample thickness of approximately
inelastic mean free path~40 nm!, as calculated by the zero
loss and plasmon peaks. Background removal was perfor
using a power-law extrapolation and various window pla
ments to ensure correct and consistent background remo
Multiple spectra were recorded, aligned, and summed to
timize the signal-to-noise ratio and to maintain optimal e
ergy resolution.

In the microscope, theb and g phases could readily be
identified in imaging mode by diffraction contrast, then ve
fied via single-crystal diffraction patterns. Theb phase was
either present initially at room temperature withg as a two-
©2004 The American Physical Society04-1
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phase mixture, or was formed by repeatedly cooling ag-Ce
samplein situ with a liquid-He holder. The process of phas
identification is illustrated in Fig. 1, where~a! is a bright-
field TEM image of a two-phase mixture ofb- andg-Ce, and
~b! and~c! are single-crystal diffraction patterns ofb andg,
respectively. The electron beam can be focused so that E

FIG. 1. ~Color! ~a! A bright-field TEM image of a two-phase

mixture of b- and g-Ce near a@112̄0#bi@110#g zone axis.~b! A

@112̄0# diffraction pattern fromb and~c! a @110# diffraction pattern
from g. In fcc, the $111% planes repeat̄ ABC¯ , while in dhcp
they repeat̄ ABAC̄ , meaning the dhcpb structure consists of
alternating cubic and hexagonal layers. While single-phase sam
of b-Ce can be produced~Ref. 30!, for a number of reasons it is
exceedingly difficult to prepare the samples for analysis by XA
For instance, when a bulk sample ofb cerium is filed, sanded, or
sputter cleaned and annealed, the surface transforms tog-Ce. This
leaves the option of growing a thin film ofb-Ce. However, attempts
at this~Refs. 13, 31! have proved ambiguous with respect to whic
phase is actually being examined. The ambiguity arises due to
fact that low-energy electron diffraction yields a hexagonal patt
that could be either~111! fcc-g or ~0001! dhcp-b. The monochro-
mated TEM removes this uncertainty. The upper-right inset in~a!
shows the monochomated electron beam prior to insertion of
energy-selecting slit. The beam is elongated as a function of ene
allowing the removal of electrons with large positive or negati
energy deviations.
19310
LS

spectra can be recorded from an area with a diameter of
Upon examination of the scale bar in Fig. 1~a!, it is obvious
that the problem of sampling multiple phases when record
spectra from crystallographically unstable metals is alle
ated.

X-ray absorption spectra were acquired at Beamline 7.
the Advanced Light Source14 from Ce thin films deposited on
a Cu substrate at 170 K. A base vacuum of 10211 Torr was
maintained to ensure minimal surface oxidation, except d
ing deposition, when the pressure elevated to 10210 Torr. A
wide-scan photoemission spectra taken athv51250 eV
showed no detectable O 1s, 2p, or 2s peak above the noise
indicate minimal oxygen on the sample. Since the oxyg
cross section is low and the mean free path is large athv
51250 eV, we also performed a higher resolution scan us
hv5127 eV and found the O 2p edge was almost nonexis
ent. It should be noted that this is operating on resonan
However, studies of Pu~Ref. 15! have shown that even o
resonance the sensitivity of the O 2p peak to slight amount
of oxidation remains high.

Theoretical x-ray absorption spectra were calculated
intermediate coupling using Cowan’s relativistic Hartre
Fock code16 taking into account Coulomb, exchange, a
spin- orbit interaction on an equal footing. Resonant Aug
decay to the photoemission continuum states was inclu
using thet-matrix approach,17 which gives the lifetime of the
individual multiplet lines and hence their broadening. The
fore, no artificial broadening needed to be applied.

The N4,5 (4d→4 f ) andM4,5 (3d→4 f ) edges of Ce are
shown in Fig. 2, where the upper spectrum is XAS, t
middle is EELS, and the lower is a multielectronic atom
calculation.17–19 There are two important points to notic
here. First, the extremely close match between the mu
electronic atomic calculations and the EELS and XAS sp
tra, including the fine structure of both theN4,5 and M4,5
transitions, illustrate that the spectral simulations have
deed captured the fundamental underlying physics. Sec
the close comparison between the XAS and EELS spe
demonstrate that the EELS transitions are certainly opera
in the dipole limit, as observed previously.5 This affords con-
fidence in interpretation of the EELS spectra.

The rare-earth metals exhibit the sameN4,5 (4d→4 f )
spectral shape, where a pre-peak structure emanates at
photon energies followed by a broad continuum peak
higher photon energies.20 This behavior has been explaine
previously by Dehmer,21 Starace,22 and Sugar,23 where the
Coulomb and exchange interactions between the partially
cupied 4d and 4f final state levels drive the splitting of thes
angular-momentum-coupled states, producing an ene
splitting on the scale of 20 eV. The prepeak structure rema
as individual peaks but at higher photon energies, where
outgoing electron can actually escape, coupling to the c
tinuum states generates a large, broad peak, that is referr
as the giant resonance.24 The prepeaks are of atomic chara
ter, and thus, in Ce are rather insensitive to the phase of
metal. Only ina-Ce is a slight broadening of the pre-pea
observed due tod- f hybridization.25 Therefore, it is within
the giant resonance that one must look for electronic chan
between different phases of Ce.
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When we overlay theN4,5 (4d→4 f ) EELS edges forb-
and g-Ce in Fig. 3~a!, we find that while the prepeaks ar
unchanged, the giant resonance ofb is more pointed and
about 2 eV narrower. This is a surprisingly large differen
between the two phases. While we would like to simulate
spectral differences, calculations that take into account
initial state, final state, and crystal structure have yet to re
the capability to describe transitions intof states. The atomic
calculations used here take into account multiplet struct
core-hole effects, and autoionization, but they are insens
to crystal structure. This means that the structural differen
betweenb andg Ce due to stacking sequence of the clo
packed$111% planes cannot be accounted for with such c
culations. Therefore, we calculated thes, p, d, and f pro-
jected density of states~DOS! for both fccg- and dhcpb-Ce
using DFT.26 In these projected DOS in Figs. 3~b! and 3~c!, it
can be seen that thef spectral weight is higher in peak A fo
g-Ce, while it is higher in peak B forb-Ce. Also, the overall
f spectral weight is centered at a slightly lower energy inb.
The calculated DOS also indicate that valence-band ph

FIG. 2. A series of spectra showing both theN4,5 (4d→4 f ) and
M4,5 (3d→4 f ) transitions for cerium. The ability of the multielec
tronic atomic calculations to replicate the XAS and EELS spectra
closely demonstrates the strongly atomic nature off electrons in
cerium metal. Notice that the spectra from XAS and EELS from
monochromated TEM are essentially identical in both resolut
and form. The TEM’s ability to form a 2 Å probe means that spec
tral investigations of highly site-specific regions of a sample, s
as interfaces, dislocations, grain boundaries, etc., can be perfo
with very high energy resolution. The additional capability
record images and diffraction patterns is of great importance
lanthanide and actinide metals where a mixture of multiple crys
lographic phases is common.
19310
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emission spectra of the occupied DOS ofb andg should be
different. This can be seen by examining the arrowed inse
both Figs. 3~b! and 3~c!. Here, the dominant peak at th
Fermi level and the shoulder at approximately 200 meV
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FIG. 3. ~Color! ~a! The N4,5 (4d→4 f ) EELS edge for bothb-
andg-Ce. The giant resonance of theb spectra is approximately 2
eV narrower and more pointed than theg spectra, which is a sur-
prisingly large difference between two close-packed metals wit
similar atomic volume.~b! and ~c! The calculateds, p, d, and f
projected density of states~DOS! for ~b! b and~c! g. A coarse mesh
was used in the calculation so that differences between the sp
could be more easily visualized. The differences in thef projected
DOS betweeng and b are evident by examining peaks A and B
which shift in weight between the two phases. Notice that the
cupied DOS below the Fermi level@arrowed in ~b! and ~c!# are
different for g and b, indicating that valence-band photoemissio
spectra should be considerably different for the two phases.
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markedly smaller in theb DOS calculations, indicating a
higher DOS near the Fermi energy forg-Ce relative tob-Ce.

The salient point of these results is that our experime
and calculated spectra suggestb- andg-Ce have differentf
electronic structure, contrary to assumptions in previous
erature. Here, simple changes in stacking sequence see
drive considerable modifications in thef electronic structure.
For the lanthanides, the observed structural sequence
→samarium-type→dhcp→fcc has been explained in term
of d-band occupancy (Nd) by Duthie and Pettifor,27 where
an increase inNd from 1.5 to 2.7 fuels the structural chang
The dhcp structure is stabilized by an occupation ofd elec-
trons between 2.2 to 2.5Nd . However, here we see that the
are considerable changes in thef electronic structure of Ce
due to changes in$111% stacking sequence and, therefo
that the electronic structure of ‘‘localized’’ or ‘‘g-like’’
phases in Ce is not solely due to valenced electrons. In
condensed matter, the outer electron wave functions ove
and if their energy and symmetry is appropriate, hybridi
tion will arise. The hybridization strength between thef
and s, p, andd band states in the lanthanides depends
only on the energy and symmetry of the available states,
on the arrangement and number of the neighboring atom28
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electronic structure of the metal. This behavior is again
fected by crystal structure. Therefore, both the occupied
unoccupied density of states of Ce is affected by change
crystal structure. Otherf -electron metals that exhibit mul
tiple phases near large volume changes due to localiz
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