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Resonant x-ray Raman scattering studies using synchrotron radiation
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Synchrotron radiation is used to study resonant x-ray Raman scattering from copper metal. The study extends
from above the K absorption edge resonance to 500 eV below it.

Resonant Raman scattering in the visible is a
technique which is undergoing a rapid growth as
more tuneable lasers become available. Resonant
Raman scattering in the x-ray region is theoretically
expected, however its experimental presence has
only recently been detected by Sparks. ~ He showed
that the intensity of scattering varied from one
material to another in a. manner consistent with res-
onant enhancement due to the Eabsorption edge
approaching the fixed incident frequency. He was
not able to study the resonant response of a single
material, because of the lack of intense tuneable
sources in the x-ray region. In this work synchro-
tron radiationis used to study, for the first time,
the x-ray resonant Raman response of a single
system, Cu metal, as the incident frequency is
swept through the resonance condition.

The white, naturally collimated synchrotron
radiation, which is two orders of magnitude bright-
er than the fixed emission lines from x-ray tubes
and five to six orders of magnitude brighter than
the bremsstrahlung emission from an x-ray tube,
impinges upon a grooved silicon crystal (220 re-
flection 2d = 3.84 A) which functions as a monochro-
mator, i.e. , &u&=nvldsin8, ~,=~, cot8&8. The
quantity 8 8 is fixed by the slit size (1 mm) and dis-
tance from the source (22 m) tobe 4. 5 arcsec. The
quantity n is the order number indicating the possible
presence of higher harmonics. In this expeximent
the intensity at the second harmonic was down by
about three orders of magnitude. The monochro-
matized radiation is then incident on a copper sam-
ple inclined 45' to the beam. The scattexed radia-
tion is collected and energy analyzed at 90' from
the incident beam direction by an intrinsic Ge de-
tector which has a Gaussian resolution function
with a sigma of 102 eV.

The experimental procedure was to fix the in-
cident energy, collect the scattered radiation until
sufficient statistics were accumulated, change the
incident energy, and repeat the procedure. Since
absolute energy calibration to better than a volt
was fairly difficult to obtain in this experiment,
the results are given relative to the absorption
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FIG. 1. Plot of the ratio transmitted to incident in-
tensity for copper metal in the region of the K absorp-
tion edge. This ratio is proportional to the attenuation.
The zero of energy "the edge" corresponds to the break
in the dispersion curve shown in Fig. 2.

edge of Cu (see Fig. I) measured by placing a thin
Cu sample between two ion chambers and measur-
ing the ratio of the incident to transmitted inten-
sity as the incident energy was scanned in the ab-
sorption edge region.

The spectra taken using the solid-state detector
with the incident energy far away from resonance
were identical in shape to that previously observed
by Sparks. The spectra taken in the resonant
region looked qualitatively like the resolution func-
tion but quantitatively varied in peak position,
shape and intensity as one varied the incident en-
ergy with respect to the absorption edge.

In a typical electronic x-ray Raman process an
x ray of frequency wave vector and polarization
(m~, q~, c~) is scattered into the state (~3, q~, e2).
The energy and momentum transferred in the pro-
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FIG. 2. Dependence of the peak position of the I.
electron to continuum transition as the incident frequen-
cy co~ is tuned in the region of the K absorption edge.
The solid line is the result of theoretical calculations
using Eq. (5).

cess being given to an electronic excitation of the
system. In this work we focus on the transitions
which have a final state which has an I. hole and an
additional electron in the continuum. For that
transition we ha.ve summarized in Figs. 2 and 3 the
results of our study for the dependence of the peak
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FIG. 3. Integrated intensity of the I. electron to con-

tinuum transition. as the incident frequency ~& is tuned
in the region of the K absorption edge. The solid line
is Kq. (6).
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FIG. 4. Relevant energy levels for a simple metal.

position and the integrated intensity on the incident
energy. The main observations we will want to
discuss are the following: (i) The flatness and non-
linearity of the dispersion above and below the edge,
respectively. (ii) Why the edge occurs where it
does in metallic copper with respect to the attenua-
tion curve shown in Fig. l. (iii) The dependence of
the integrated intensity on the energy difference of
the input from the E threshold.

The coupling of the x ray to the electrons is de-
scribed by the usual nonrelativistic interaction
Hamiltonian. To second order in the radiation field
bothy~ and p.X terms contribute. In this experi-
.ment the polarization of the x rays from the syn-
chrotron is such that «z ~ «2~ 0 so that the A term
is negligibly small. Under suitable experimental
conditions interference effects between those two
terms can give important information.

The electronic process involved is shown sche-
matically in Fig. 4. An electron is promoted to
a P-like continuum state from the deep lying K
hole by the incoming photon. Another electron
from the filled I. shell drops into the X hole leav-
ing a hole in the I. shell. The excited electron may
be anywhere in the continuum. The spectrum of
the outgoing radiation is continuous towards lower
energy starting at a value, ~&=~& -(++Er). The
threshold for a real absorption process occurs
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where

X(l-nI) ~1lfy(~ 5[(gp -((d-2( »I+A)2],

The states i S) and [ P) are one-electron atomic
wave functions characterizing the bound JC- (life-
time I'») and L-shell electrons, respectively,
while the state ) k) and Fermi function n„- describe
the conduction-electron wave function.

%'hen the real pax't of the energy denominator in
Eq. (2) vanishes (incident energy above threshold),
the second-order process factors into an absorp-
tion followed by emission, e. i. , (K~ characteristic
lines)

E( „~,) =(r,) 'W '(,) W "(&o,), (2)

with &2 = A» —Az. Equation (3) simply states that
the excited state of the system builds up at a rate
W and a time (I"») ~ where upon it fluoresces at a
fixed frequency A» —A . Above threshold Eq. (3)
quite accurately describes the observed flatness
of the spectrum.

when (dg —Qg +Eg
In addition to the simple one-electron transition

depicted in Fig. 4 a number of important final-
state effects can also be present: (i) The outgoing
electron may scatter from its neighbors. (ii) The
outgoing electron or hole may excite the Fermi sea
leaving behind several electron-hole pairs, and the
hole may interact with the excited electrons.

The first final-state effect modifies the matrix
element for the absorption and leads to a modified
form of E-shell extended x-ray absorption fine
structux e. There is a real qualitative difference
however. Since the E hole in this Raman process
is off the energy shell, the hole only gets a limited
amount of time to detect the fact that the outgoing
electron has scattered from its neighbors. As
one tunes ~z below the real absorption edge this
time becomes shortex' and the structure associated
with such scattering should become weaker. Since
the scale of extended x-ray absorption fine struc-
ture is only tens of volts we would not expect to
see it in the current low resolution experiment.

The second set of effects give rise to modifica-
tions of the spectrum which are analogous to soft
x-ray edge singularities which have been discussed
in detail by several authors 'Fo.r the purpose of
the current low-resolution experiment it is suffi-
cient to analyze the process neglecting such many-
body effects.

The one electx on rate for scattering including
only the resonant term is given by

err(rr„rr, ) (,) (
e' )' " rr'rr

The E absorption threshold in metal is sharp
since the density of states at the Fermi surface
(threshold) is finite. Thus the break in Fig. 2
corresponds closely to the peak in Fig. l (see
arrow A). In an insulator, because of the low den-
sity of states we would expect the break to occur
somewhat soonex on the absorption curve, i.e. ,
somewhat near arrow S in Fig. 1.

Below threshold we may rewrite Eq. (l) as

deaf((d(s &2)
Wabs( + A A )

dQ) 2
Q)2

(A» —A2 -(o2) + I »

Since the absorption rate depends solely on the E
absorption process it varies on an energy scale
determined by the E-shell binding energy. In this
experiment this means that it is slowly varying
and may be evaluated at threshold, i.e. , W~'(0).
The frequency dependence which is present comes
from the energy denominator in Eq. (4).

To obain the experimentally observed shape we
convolve the resonance denominator with the ex-
perimental resolution function, i.e. ,

dP( ) WNls (O)
'(y(-Q2+»»

d(u2 (2»)'"o 0 (A» —A2 —(d') + I'»

x exp[- ((d 2 —~ ')2/2c 2].

The over-all intensity in the line is

f(~,) W~'(O) [(A, -A,)/I;]
x [-,' v- tan '(E»+ A» -(g,)/I'»].

For (E»+A»-(d()/I'»» I,
f(~,) W '(O)(A, -A, )/(E, +A»-»).

Equation (5) was used to generate theoretical
spectra whose peak positions as a function of (dz

are plotted as a solid line in Fig. 2. The agx'ce-
ment between theory and experiment for the disper-
sion is very good. The nonlinear nature of the
dispersion (i.e. , ~(eh~2) is caused by the effect
of the finite resolution function on the changing
shape of the resonant Raman transition as one
moves away from resonance. The shape going
from an essentially I orentzian K emission lines
at x esonance to a sharp abosrption edge with a
slowly falling intensity far from resonance. In
Fig. 3 the measured area of the L, Raman transi-
tion is plotted as a function of [-,'.» tan (E»—+ A»
-(d, )/I'»], where the data points were arbitrarily
nox malized and I'z was chosen as 0.74 eV. The
solid line is the theoretically expected dependence
and agrees quite mell with the measured points.

With the limitations on resolution inherent in
this study we see that the agreement between theory
and experiment for the L resonant Raman transi-
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tion is very good. However, the importance of
this study lies not so much in this agreement as it
does in revealing that high-resolution studies will
be possible with synchrotron radiation, which
could provide additional information about absorp-
tion-edge phenomena and extended fine structure. '
In addition, we should point out that these tech-
niques need not be limited only to transitions in-

volving the L electrons but can also be used to
study other more weakly bound electrons with the
conduction electrons being of special interest.

ACKNOWLEDGMENT

Discussions with S. Doniach are greatly ac-
knowledged.

~Research partly supported by the Stanford Synchrotron
Radiation Project, NSF Grant No. GH 39525, in col-
laboration with the Stanford Linear Accelerator Center.

~C. J. Sparks, Jr. , Phys. Rev. Lett. ~33 262 (1974).
L. Azaroff, Rev. Mod. Phys. ~35 1012 (1963).

3P. Nozibres and E. Abraharns, Phys. Rev. B ~10

3099 (1974).
4D. L. Walters and C. P. Bhalla, Phys. Rev. A ~3

1919 (1971).
~~Y. B. Bannett and I. Freund, Phys. Rev. Lett. ~34

372 (1975


