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this follows directly from the noncompact symme-
try of the model.
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FIG. 1. Density of states p(E) in a weakly disordered
solid above two dimensions showing the existence of
mobility edges at +E, and flow under renormalization-
group trans formations.

calized.
Finally, noting that t is the dimensionless re-

sistance, we see that in Eq. (26) we have derived
from first principles the P function of Abrahams
et al." (tcc i/g of this reference). This justifies
the assumption of one-parameter scaling. " Fur-
ther we note that it is crucial for their arguments
that the sign of the first correction term in the P
function be negative. As we have pointed out,
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Anomalous L3/L2 White-Line Ratios in the 3d Transition Metals
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The L» near-edge fine structure has been investigated in electron-energy-loss spectra
from thin films of 3d transition metals and an unexpected departure from the statistical
I-3/L2 "white-line" intensity ratio of 2:1 is reported. For Ti, a ratio of 0.7:1 is ob-
served, while for Fe and Ni the ratio exceeds 3:1, indicating a systematic trend within
the period. It is suggested that many-electron effects may be important.

PACS numbers: 78.70.Dm, 73.60.Dt

In this Letter we report an anomaly in the rela-
tive excitation probabilities of I-, and I-, inner-
core levels in the 3d transition metals, which we

have studied with electron-energy-loss spectros-
copy (EELS). At small momentum transfer the
matrix element in the cross section for inelastic
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scattering of fast electrons has the dipole form
(Al =+ 1) so that the spectrum is equivalent to the
x-ray absorption spectrum (XAS). Under these
conditions the I,, and L2 edges display strongly
peaked "white lines"~ corresponding to transitions
from 2p, ~, and 2p, ~ levels, respectively, to un-
occupied 3d states of high density. Such spectral
features are sensitive to electronic structure and

are therefore valuable for probing chemical com-
position. Although the existence of these lines is
well known, no systematic detailed calculations
have been performed except for Ni (Ref. 2) and

V (Ref. 3), primarily because of difficulties in
calculating state densities several electronvolts
above the Fermi level. On the basis of the 2j+1
degeneracy of the initial core states and in a one-
electron model, an L~/L, white-line ratio of 2:1
is expected, as is confirmed by x-ray absorption
data on the 5d transition elements. 4 We report
striking deviations from this value and have been
unable to find an acceptable explanation. Depar-
ture from a statistical ratio has been reported'
for Pt but was attributed to spin-orbit splitting
in the 5d band giving partly vacant d, ~2 but filled
d, ~2 states. The selection rules on j forbid 2p~~,- d, ]2 transitions and so the I, line is absent.
For the 3d transition metals, however, the spin-
orbit splitting is too small for such an effect to
occur.

Some x-ray absorption data exist for 2p excita-
tion in the 3d transition elements. "However,
because of experimental difficulties (thin samples
and monochromator requirements), it is only re-
cently that instrumental advances have made pos-
sible synchrotron-radiation measurements on
these L edges. ' In EELS, thin samples (a few
hundred angstroms) are also necessary to avoid
plural scattering by valence electrons, but unifor-
mity need only be commensurate with the probe
size -2 p, m or less. EELS thus offers an attrac-
tive alternative to XAS at energies ~2 keV. No
EELS measurements have been made resolving
the L» edges in the 3d transition metals, except
those by Trebbia for Sc, Ti, V, and Mn. We
have extended these with improved resolution to
Ti, Cr, Fe, Ni, and Cu.

EELS spectra were recorded in an electron-
microscope-Wien-filter spectrometer system
described previously. " A 2-LL(. m-diam beam of
75-keV electrons is focused on the sample and
allowed to pass into the energy analyzer. Such
small probe sizes allow us to obtain near-edge
fine structure and hence chemical information on
a microscopic scale. Spectra are collected for

scattering angles up to 2 mrad or 0.3 A ~ momen-
tum transfer, for which the dipole approximation
is valid. The energy resolution of -1.4 eV is de-
termined by the incident-beam energy spread.
Our samples were thin polycrystalline films pre-
pared by electron beam evaporation. Thicknesses
were measured as 150 A for Ti and Cr, 100 A for
Ni, and 250 A for Fe and Cu. These were thin
enouch for plural scattering to be small near core
threshold. In the case of Ti a 40-A Cr film was
evaporated on each side to protect against oxida-
tion, which we estimate as &1(FI& from the oxygen
K-edge intensity compared with that in TiO, pre-
pared by heating the metal film in air. All sam-
ples including TiO, were characterized by elec-
tron d~ffl action in situ before and after data col-
lection. No significant oxide rings were detected
in any of the metals.

Figure 1 shows our experimental data at the
L23 edges with energies referenced to the L3
threshold (Table I). The spin-orbit splitting var-
ies from 6 eV in Ti to 20 eV in Cu. All the tran-
sition metals display strong white lines corre-
sponding to transitions to a narrow 3d band and
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FIG. 1. L23-shell excitation in tbe 3d transition met-
als and Cu.
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TABLE I. L» threshold energies, L3/L2 ratios,
and theoretical core-level widths from Krause {Ref.
12). Lp

Lg

5:.

Metal
Energy (eV)
L3 ratio

Core width (ev)
L) Lp

Lp

Ti
Cr
Fe
Ni
Cu

458
575
706
855
931

464
584
719
872
951

0.7
1.5
3.4
3.3
2.1

0.22.
0.27
0.36
0.48
0.56

0.33
0 47
0.65
0.88
1.10

we observe a decreasing L, linewidth across the
period as this band fiQs, as expected. For Cu
(3d") only steps are seen with L,/L, ratio close
to 2:1. We can estimate I,,/I. , white~line intensi-
ty ratios by measuring peak areas. Each core
edge can be roughly modeled as the sum of the
sharp peak plus a step function due to transitions
to the Qat d portion of the final density of states.
Our data and the calculations" show no large
intensity modulations beyond the L3 white line
which could significantly alter the observed L,
intensity. We extrapolate the step levels back
from the tails of the L, and I, peaks to extract
the white-line contribution. For Ti where over-
lap occurs, we use an iterative procedure to find
the peak shapes. We obtain values of I.,/I, 2 ra-
tios of 0.8, 1.2, 3.0, and 3.1 for Ti, Cr, Fe,
and Ni, respectively. Since Cu behaves statis-
tically, this systematic anomalous trend seems
specifically related to the white lines. To make
a more quantitative determination of the intensity
ratios, we use the following procedure. The
background intensity before the edge is first sub-
tracted empirically by fitting an inverse power
law, ~E ", where E is energy loss and r is a
constant - 3. It is assumed that the observed
spectrum S(E) is obtained from a line shape C(E),
which includes instrumental broadening, evinced
with strength g and h at the I ~ and I,, energies
Q3 and E„resp ectively,

S(E) =f C(E')[ge(E-E, -E')

+ k5(E E, —E')j dE'. (1)—
The core-edge line shape is then recovered from
Eq. (1) by deconvoluting S(E) by the sum of these
two 5 functions, giving a rigorous method of sepa-
ration provided the two edges possess identical
shapes. Incorrect 5-function ratios (g/k) cause
residual peaks or dips at the L, energy as illus-
trated in Fig. 2 for Ni where a value of 3.3:1 is
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FIG. 2. ¹iL3 white-line shape obtained from de-
convolution of experimental data by a pair of 4 functions
weighted 3.3:1and separated by 17 eV (solid curve).
Deviations from this ratio leave residual peaks (dotted
curve, g/h = 5:1) or dips (dashed curve, g/h = 2:1) at
the 12 energy.
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found. Values listed for the other elements in
Table I agree well with the area measurements
above and are accurate to within -+ 10%%uo.

Our Ni data are consistent with XAS measure-
ments of Bonnelle, ' who explains an observed L,/
L2 peak intensity ratio of 4:1 in terms of an in-
creased L, level width. A previous one-electron
calculation for Ni also invokes a greater L,
width to obtain agreement with experiment. This
effect arises in the 3d transition metals since
Coster-Eronig decay channels give a shorter L,-
hole lifetime relative to the L, hole. However,
recent data ' indicate that although this difference
is greatest in Fe and Ni, the L, width exceeds
the L, by & 0.5 eV. Taking into account our in-
strumental resolution we estimate the total ef-
fect on the L,/L2 integrated intensity ratio as
~1', which does not adetluately explain our mea-
sured values. Another source of core-level
broadening is multiplet splitting of the core
states by their interaction with unpaired vacant
3d states. This effect is strongest for Cr and Fe
in the middle of the period and XPS data taken
far above threshold show that multiplet splitting
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produces asymmetrical shoulders on the I, and
I., peaks. ~ However, the XPS L,/L, ratios are
near 2:1 across the entire period, suggesting
that final-state effects are responsible for the
anomalous EELS ratios. Our spectrum for Ti
agrees with EELS data of Trebbia recorded at- 2.5 eV resolution. This author suggests the ob-
served reversal of L, and L, intensities is only
apparent and is caused by the natural linewidth
being comparable with the spin-orbit splitting.

Nonstatistical results have been predicted in
nonmetals, '4 and we also observe this in the 3d-
transition-metal oxides. L» edges in Ti and TiO,
are shown in Fig. 3. In the oxide both lines are
split into two maxima identified' as due to crystal
field splitting, where octahedral coordination of
Ti atoms with oxygen splits the degenerate 3d
states. A "chemical shift" of the core level by
charge transfer from Ti to 0 modified by an ex-
citonic shift of the final state moves the L, onset
up in energy by-2 eV in TiO~. It is also seen
that the oxide peaks in Fig. 3 are narrower and
more symmetrical than the skewed line shape in
the metal and this behavior is attributed to core
excitons' in Ti02 which is an insulator. It is in-
teresting that the observed L,/L, ratio of —0.8:l
in T~O, as measured by the 5-function deconvolu-
tion is close to that of the metal, suggesting the
importance of atomic factors. Results for the
other oxides indicate that L,/L, ratios are sys-
tematically higher than in the corresponding
metals and these will be published separately.
Kotani and Toyozawa~4 have described an exci-

Lp

tonic theory which gives anomalously low L,/L,
ratios in nonmetals due to exchange interaction
between two-particle states involving the hole and
the photoelectron. We believe that our results
also require some many-electron explanation.
Recently, Citrin, Wertheim, and Schluter" have
shown that an anomalous Ls/L, jump ratio of- 3:1 in Na metal can be explained by spin-orbit
exchange, in the same way as for nonmetals. It
may be possible that an exchange interaction in-
volving the 3d states occurs in the transition
metals. For the 3p levels, which have much
greater overlap with the 3d bands, core-hole in-
teractions do alter the observed XAS and ultra-
violet-photoelectron spectra near threshold. The
2p levels are, however, much more deeply bound,
and hence overlap effects are expected to be
smaller. " To assess the importance of such
many-body effects, it would be useful to compare
our results with one-electro. calculations and
recent developments now make this possible.

In conclusion this is the first time that nonsta-
tistical L,/L, white-line ratios have been ob-
served in a metal. This effect is much larger
than the previously studied many-electron edge-
singularity problem" and deserves further theo-
retical investigation. Moreover, a good under-
standing of variations in white-line intensities be-
tween metals and oxides could prove important
for the characterization of materials on a submi-
cron sc@.e.
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FIG. 3. Comparison of L» edges in Ti and TiO, .
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ERRATA

RADIATION-INDUCED BISTABILITY IN JOSEPH-
SON JUNCTIONS. Subodh R. Shenoy and G. S.
Agarwal [Phys. Rev. Lett. 44, 1524 (1980)].

In Eqs. (1), (2), and (6) T(k, a&) should be T(k,
&o,). Insert a factor of —, on the right-hand side of
Eq. (2) and above (2), substitute K=A/c'. In the
second and ninth lines below (Vb), respectively,
replace N by (a7a) and substitute f, =1+1/(243Q),
N ' =N ' +-'(5' 2/Q)N ' . In making numeri-
cal estimates, a bandwidth factor of —,', has been
included.

MEASUREMENT OF THE COSMIC-BACKGROUND
LARGE-SCALE ANISOTROPY IN THE MILLIMET-
RIC REGION. R. Fabbri, I. Guidi, F. Melchiorri,
and V. Natale [Phys. Rev. Lett. 44, 1563 (1980)].

The equation on page 1564, left column, line 23
should read

b T/T=0. 244I/I=(3. 5+2'2) xl0
In Fig. 3, page 1565, the abscissa label R. A.

should be replaced by 0, and the axis numbers
should be modified according to 0- 0', 4- 40', S
-80', etc.
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