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We analyze the physics of resonant inelastic x-ray scattering particularly frondttrarssition-metal series.
We discuss what types and with what intensity we may expect to observe various final states, by considering
an array of many particle dynamical effects. We conclude with the results of an experiment gsS&iS
[S0163-182698)01217-X

INTRODUCTION transfer. They will compliment experiments such as resonant
light scattering which are confined to nearly zero momen-
Inelastic x-ray scattering from electrons in condensedum and inelastic electron scatteringhich is confined to
matter systems is a rapidly developing field which promisesmall momentum transfer and microscopically thin samples.
to give us detailed information about the excited states of In this paper, we will focus on a discussion and analysis
these systemsWhen the incident x-ray energy is far from of the various physical phenomena which arise in such reso-
any atomic absorption edges in the sample, inelastic scattenant scattering experiments particularly from thed 3
ing measures the dynamic structure factor of the electronitransition-metal series. Since the resonant process is very
excitation spectrum. In some materials the low-lying elecdocal, exciting electron-hole pairs at a single atomic site, we
tronic charge excitation spectrum consists of, for examplewill consider the role of the strong Coulomb interactions in
collective features such as plasmons, spin waves, excitontjese strongly correlated systems in accessing final excited
and a single-particle-like continuum related to the bandstates which, for example, involve a hole on one site and an
structure. The excitation energies of these spectral featuredectron on a neighboring site such as in a charge transfer or
and their momentum dependence can tell us a great deakciton.
about the role of electronic correlations, as well as the be- We will not try to give a complete treatment of a particu-
havior of the material. lar sophisticated model problem since in a real solid there are
Because(10 KeV) hard x rays have a wave vectgy  too many diverse phenomena to consider. Instead, we will
=2m/N,=5A"1, they are particularly well matched to emphasize the order of magnitude of the various effects and
studying the excitation spectrum over the entire Brillouinstay away from detailed calculations. We will also address
zone. However, because the scattering of x rays from eledhe important issue of momentum transfer and conservation
trons is weak, diffuse, and spread out in energy, and becaus$e the context of the resonant inelastic cross section.
the absolute energy resolution is so smalAhg/\, We will then present the results of an experiment in the
<10 %), most inelastic studies have been restricted to sysclassic Mott-Hubbard system NigSe 5 (Ref. 6 which un-
tems with low x-ray absorption in order to keep the scatterdergoes a metal-insulator transition &=80K in our
ing volume high. sample’ Our discussion will center on the momentum de-
Recently, it has been demonstrated that large enhanc@endence of the position and intensity of a well-defined fea-
ments in the scattering cross section can be achieved whdure in the inelastic scattering spectra with an energy loss of
the incident x-ray energy is tuned near to an atomic absorpabout 5.5 eV in the insulating phase. We associate this fea-
tion edge of one of the atomic species in the samipliach  ture with the creation of an exciton involving the excitation
as resonant enhancements have made it possible to studf an electron from a sulfur state to the upper Hubbadd 3
magnetic structure in a broad range of interesting condensdehnd associated with the nickel. The momentum dependence
matter system$, resonance effects are now making it pos-of this feature clearly demonstrates that the momentum
sible to study interesting electronic excitations previously in-transferred to the system is carried, at least in part, by the
accessible to inelastic x-ray scattering. In many electron sydinal excited state as it is in the simpler nonresonant excita-
tems interactions between electrons makes the possibtion processes.
excited states very interesting and the coupling to them ex- In a typical scattering experiment, an x ray of eneasy,
tremely difficult to analyze even for the case of nonresonanpolarizatione;, and momenturrg,(h=1) scatters weakly
scattering. On resonance, because of coupling to the dedm the electronic system in an initigground many-body
atomic core hole, the analysis is even more difficult and posstate|i) to a final state ¢,,s,,9,). This leaves the system
sibly more interesting. Experiments with energy resolutionsn an electronically excited staté) with momentumq=q,
of 100 meV, which will soon be possible, should enable us to—q; and energyo=w;—w,. In the nonrelativistic limit
study relevant excited states as a function of momentunfw;<mc=5x10 eV), the matrix element for scattering,
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to second order in the electromagnetic field is given by
2
M=—
mc?

<f|pq1’ £1|n><n|pq2'£2|i>
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herep,==,e'%" is the density operatop,==;p;e'%" is the
momentum operator. The energiegE,) are the energy of
the ground(intermediaté state of the interacting many-body
system with correlated wave function )|n)).

Whenw; is not near the binding energy of an atomic core
state, Eq(1) is dominated by the first term on the right-hand
side and the scattering cross sectiormatO can be written

as
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which is only a function ofq and w. Since €*mc?)?
=102 cn? is small and since the number of interesting
(valence electrons,n=10?2cm 3, the total scattering is
rather weak. This is why, as mentioned above, even with th
best synchrotron sources, inelastic scattering rates are |
and it is thus only possible to do nonresonant inelastic sca
tering experiments on materials with small absorption.
When the incident x-ray energy is tuned near to the bind
ing energy of a deep core level of an atom in the system, th
second term in Eq(l) dominates the cross section. In this

case the energy denominator can vanish and the cross secti
can become large. However, the cross section also becom

more complicated than E€R), in that the nature of the cou-
pling to the excited statdf) depends on the presence of the
intermediate statgn) which contains an almost real, strongly

perturbing core hole. Nevertheless the cross section can sti

be written as in Eq(2). It is

=) S oz
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do B
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The finiteq resonant Raman operatOy, conserves momen-
tum and gets large whed, is near an absorption edge. In
principle Oq is a function ofw,, qi, 0., &1, &. The tensor
character ng/’ arises from the momentum operator in the
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FIG. 1. Perturbation theory diagrams for the interaction of x-ray
photons of momenturg, g, with band electrons.

In order to better understand many of the interesting as-
pects of Eq(3), we now turn to a discussion of some of the
physics contained in the resonance process.

THEORETICAL CONSIDERATIONS

To establish a framework for discussing the various
physical processes involved and to include Coulomb interac-
tions we choose to represent the scattering processes by a set

f time ordered Feynman diagrams which are nothing more
en pictorial representations of the various terms in the per-

perturbation terms include the coupling of the x rays to the

system, which is weak, as well as the coupling of the elec-

ons to each other and to the nuclei via their Coulomb in-
eractions, which is not. Since the various Coulomb cou-

%ngs are not weak we will often have to sum many terms in
E%e perturbation series in the Coulomb interactions between
€lectrons to display a given effect. In many cases this can be
easily represented graphically.

The x rays primarily interact with the system to make
lectron holes pairs. In Fig.(d), an x ray of momentung;
wiggly line) is annihilated and an electron is excited from a
filled band staten’ to an empty band state. Energy is not
conserved if the electron-hole pair is an intermediate state,
however, crystal momentum, i.e., momentum plus or minus
some reciprocal lattice vect#t,, is conserved at each vertex.
The electrons and holegmpty states propagating in the
valence bands of the material are represented by solid lines.
Those lines going ugforward in time are electrons while
those going dowr(backward in time are holes. Since the
hole in one of the inner sheli$or example a hole in th&
shel) plays a unique role, we will designate it by a double

matrix elements. As we shall see, this implies that we carsolid line, and label it with a. The fact that the solid lines
couple to transverse and spin excitations as well as longituepresents a band state means that we have already implicitly

dinal excitations.

included all the multiple elastic scattering of the electrons

No one has successfully given a complete many-body defrom the nuclei and from the meafin the local density

scription of the operator:)g]‘ﬁ.9 However, making the as-

sensg charge of the other electroriexchange includedin

sumption that the intermediate state energy denominator cahe details of these states. The scattering due tggherm

be replaced by some average energy allows one to sum ovir Eg. (1), can also create an electron-hole pair at a single
intermediate states and reduce the problem to the calculatiorertex where the initial photon is destroyed and the final one
of an autocorrelation function, as in the nonresonant case, afreated see Fig. 1b)].

a simple operator such %.10 Such approaches are not
generally valid and we will discuss their limitations later in
the article.

The photons can also couple to phonons by two quite
distinct mechanisms. The first and most commonly accepted
way is to first excite an electron hole pair and then have
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FIG. 2. (a) Electron Coulomb scattering diagrafiiy) screening
of the bare Coulomb interactigdotted line in(a)] by valence band
electron hole pairs.

either the electron or hole scatter quasielastically from the

X-RAY SCATTERING 11109
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FIG. 3. The lowest order noninteracting matrix element for reso-
nant inelastic x-ray scattering.

is of order one andiw,p) refers to some good one electron
approximation to a valence band wave function with a crys-
tal momentunmp.

In the absence of Coulombic effects the energy denomi-

nucleus or equivalently the deeply bound electrons creating Bator in Eq.(4) has a real singularity. The singularity means

phonon and |eaving an electron hole pair_ The second is t{hat the Second Order matl’iX element describing Scattering,
couple directly to the center of mass motion as discussed byas become a single photon absorption process, followed by
Platzman, Tzoal? and Sette? In either case, processes in- & single photon emission. The divergence is nothing more
volving phonons lead to momentum nonconserving effectsthan a statement of the fact that the time available for ab-
As far as the electronic excitations are concerned, such eforption under steady state conditions is infifi@f course
fects will lead in many cases to a broad featureless backh a real system with Coulomb interactions the core hole

ground which can often be ignored. In any event they willdecays predominantly nonradiatively with a lifetifie*. To

not be of primary concern to us here, although we will dis-

cuss some aspects of them.
In addition to coupling to the electromagne(eM) field

take this into account it is acceptable to repladdey I'. For
scattering near & edgel’ comes primarily from the Auger
decay of the & core hole to a &, 2p hole, i.e., it is nonra-

the electrons can couple to each other by direct Coulompiative. In transition metals such as Ni and Cis a few eV

interactions(dashed ling see Fig. 2a). Each dashed line
corresponds to a matrix elementp,(k)=[4me?/ (k
+K)?]F(K,), wherek=k;—k,. The form factorF(K)

for the Coulomb matrix element for different reciprocal lat-

and the particle hole pairs which are excited have energies
AEag=E1s— E5p which are nearly a kilovolt.

When the incident and emitted photons are much closer in
energy tham\E, 4, the lifetimel” is a good way of phenom-

tice vectorsK, depends on the Fourier transform of the enologically including a host of many-body effects that do
Bloch parts of the scattering electrons wave functions. Fonot interest us. It correctly limits the size of the resonant
the electron gas, i.e., electrons in a uniform positive backenhancement, and gives us a rough estimate of the amount of

ground,F(Kn)zaovKn.

x rays which are scattered and which still conserve energy

In order to include cooperative effects in a mean fielg@nd momentum. In addition it tells us correctly that a range

random-phase approximatiofiRPA) sense, e.g., plasmons
for free electronlike metals, we generally scregg(k) by
the dielectric function. More precisely we replagg(k) by

dn(K)/e(k,w). The replacement is equivalent to changing

the bare(dashegl Coulomb line in Fig. 2a) into a dressed
(braided Coulomb line pictorially represented by the infinite
set of diagrams shown in Fig(l®. When there are signifi-
cant band structure effectsk,w) is a tensor, e.gg, o (K, )
with (n,n’ band indices and the situation is more compli-

cated, i.e., the various interband terms represented b

enn(K,@) with n#n’ must be included:'®

Near resonance and in tladsenceof any interaction ef-
fects the time ordered diagram which dominates the res
nance cross section is shown in Fig. 3. This process leads
a matrix elements—0),

_(13]p,- £2€'% "2|v,p— ) (v, p+ [Py - £1€/% 1| 1s)
0 m(Ev,p+ql_Els_w1+i5) .

(4)

Q_

of states off the energy shell of the orderbfix the resonant
matrix element.

At the intermediate state energies for hard x rays con-
densed matter systems have a continuum of energies. Thus
no single intermediate state dominates the scattering process
and most of the intermediate states which contribute are off
the energy shell by an amouht However, independent of
the many electron origins df, it is always true that if there
is one photon in and one photon out the many-body system is

ft in an excited state with momentupand energyw. The
fetime of the core hole willnot contribute to the width of
features in the spectrum. For example, in a semiconductor
the band edge will be sharp, i.e., spectrometer resolution lim-
{Bed. An excitonic feature will be there with a width deter-
mined by its decay. Moreover, it should be possible to ob-
serve sharp many-body features, provided they have large
enough matrix elements. In general though, there are almost
always a rather broad continuum of states even at excitation
energies of 10 eV and the presence of a peak implies some-
thing more subtle about the many electron system.

Here, Ay is dimensionless and its contribution to the cross The most obvious and common examples are a plasmon

section is given relative to the leading term in E). which

or a spin wave collective state. For the case of a simple metal
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such as aluminum we will predict that the plasmon excitation The noninteracting expression forms the basis for all the
will be present at lowg and that it will disperse exactly as in early discussions of resonant x-ray scattering. Carlisle
the nonresonant case. et al1® have applied a one electron single particle description
Now that we have digressed a bit, discussing at leasio a set of experiments in graphite. They where able to show
qualitatively how some Coulomb effects modify our inter- & correlation between the noninteracting picture and the band
pretation of Eq.(4) even in the noninteracting approxima- Structure of Graphite. Veenendet al’ developed a theory
tion, let's go back to Eq(4) for some more discussion of the Of resonant x-ray scattering for the rare earths which was one
physics. The matrix elements in E@f) are clearly very lo-  €lectron in character and made the additional assumption that
cal. They involve matrix elements of the single particle mo-the energyE, in the denominator could be replaced by some
mentum operatop sandwiched betweenka shell (1s) core  average or typicakE,. This assumption is in their case not
wave function which is very confined compared to the in-quantitatively accurate becaukeis smaller than separation
coming x rays wavelength, and a partially filled valence bandetween various bands. For example, in” Nithe dominant
(VB) electronic wave function which is spread out. This transition at resonance is to the 4evel. The P levels, etc.,
means we need the atomic part of the VB wave function. Theare roughly 10 V away, so that with=2 eV these transi-
evaluation of such matrix elements has been carried out fdions are down by almost one order of magnitude from the
theL shell (2p) core wave function in rare-earth compoundsenergy denominator alone and another factor of 2 or so from
by Carraetal’ and at the soft x-ray edges such as inthe matrix element. Replacing the denominator by an aver-
graphité® and Cak.* ageE, means we takéin an atomic picturgall p levels 4p,
When we excite near thi€ edge of a transition metal ion 5p, continuum, etc., weighted only by their matrix element.
the matrix elements are even more local. However, the bes# better approximatioitfor I' small) is to take one state, i.e.,
one electron estimate of the local part of the wave functiorin our case only p. Nevertheless, in Ref. 9 they do show
involves one additional bit of physical intuition. Suppose thatthat their theoretical noninteracting average energy approxi-
the valence state of nickel in our transition-metal compoundnation does reproduce some symmetry features of the ex-
is approximately Ni ™, i.e., it has a 8% configuration. The periments by Hamalaineet al,'> who probed excitations
dipole allowed transition to the first empty state, which is anear the Dysprosiurh; edge with inelastic x-ray scattering.
valence band state in the solid, is to a VB state, which has at Despite all the complications associated with explicitly
small distance from the Ni* 4p atomic character. However, evaluating Eq.(3) it is quite clear from Fig.(3) that this
because the transition is so high in enerdye=9 keV) itis  resonant coupling leads tosingle electron-hole pair with a
sudden. Since the core hole is slow to relax it is much betteparticular weighting which depends primarily on the energy
to think of the 40 atomic wave function as thepdin a Cut™* denominator in the intermediate state, and which conserves
with (3d®, 4p) configuration, i.e., th&+1 atom describes crystal momentum. Since crystal momentum is conserved,
the frozen hole in the atom with charge this resonant process is a bit similar to having the opeyator
We have used a local density approximat{€DA) atom  acting on the ground state just as in the nonresonant case.
progrant® to evaluate matrix elements relevant to Ni There is, of course, an enhanced magnitude. However, there
(S15/S& 5. For Ni ™ in the frozen hole approximations as is an important distinction which is related to the general
discussed above the important matrix elements ar@roperties of the resonant operator. For the first term in Eqg.
(4p|r[1s)=0.6 a.u. and3d|r(d/dr)|1s)|1s)=0.01a.u. Us- (1) the density operator is preciselp,, where p,

ing these matrix elements,[&=2 eV and aq;=2 a.u., we =Epvn,n,a;+q’n, a, n Creates an electron at momentyrq
find that the resonant cross section is roughly a factor of 10@nd a hole with momenturp. In contrast, for the resonant
larger than its nonresonant counterpart. process the:)g/’ in Eq. (3) may be written schematically,

While the matrix elements are local, the coherent effect of
adding up many matrix elements involving tightly bound
electrons at different lattice sites should for a noninteracting OgP= 2 Agﬁ(p’ql’wl-qZ-“’z)a;q,n'ap,n’ ®)
system lead to overall crystal momentum conservdtion. p.n.n
However, in our case, in the presence of interaction effectsvhere the subscript 0 oA means no Coulomb interaction.
momentum conservation forka shell hole intermediate state  To next order(first) in the Coulomb interactions among
is a bit subtle and interesting. Sindethe Auger width is the electrons and between the virtual core hole and the elec-
>AE,,, whereAE; is the band width of the 4 core hole, trons we must consider the scattering processes depicted by
the deep core hole has no idea it is in a crystal lattice. Difthe diagrams shown in Fig."8.While it is possible to evalu-
ferent matrix elements from different lattice sites will not ate such terms in some detall it is really unnecessary, since
interfere. Instead the initial x-ray photon gives its momentumwe really want to know their approximate size and possibly
to the outgoing electron and to a recoiling transition metalwhat new kinds of final excited states can be reached. Ulti-
ion. Sincel'> wp , the lattice Debye frequency, the momen- mately, we might also want to consider how the details of the
tum given the single transition metal ion is returned to thematrix element might influence the line shape.
electronic system when the final x-ray photon is emitted. The Because the perturbation diagrams in Fig. 4 all have one
emission of a real phonon in this process leads to momentumesonant denominator and one extra Coulomb interaction
breaking. The size of such a momentum breaking procesthey will generally be of ordef¢)/I'=1 relative to the zeroth
caused by the intermediate state recoil will be small, i.e., obrder diagram shown in Fig. 3. Diagrams I-IV in Fig(as
order wp /T" relative to the momentum conserving piece for Fig. 3) lead to a single pair final state. Insofar as the pair
since most intermediate states are off the energy shell by as on the same transition metal site, this process is simply a
amountl’. modification of the amplitudé, Eq. (5). However, often the
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I I has a 1¢? piece and is of ordefh)/I'=1 as discussed earlier.
So we conclude that diagrams I-lll in Fig. 4 are roughly
equal and an order of magnitude larger than the noninteract-
ing expression Eq4) in most transition-metal compounds.

In addition they can lead to charge transfer excitons. In the
charge transfer case the Coulomb matrix element has an
overlap factor in it which probably makes the matrix element
somewhat smaller than the noninteracting overall (see

Fig. 3.

Diagram Il (Fig. 4) also describes the coupling between a
virtual absorption process and a true nonresonant Raman
process. As we have already discussed the off energy shell
electron-hole pair present just before the Coulomb interac-
tion could be the pair produced in a “real” luminescence
process. Since for our final state it is virtual, i.e., off the
energy shell, it lives a short time decaying into the Raman-
like final state by means of a Coulomb coupling. If the real
final state is characterized by a sharp peak, e.g., the pair is an
exciton or a plasmon as discussed below, then this type of
lowest order virtual coupling to the continuum of lumines-
cence states can change the line shape leading to a so-called
Fano line shap?’ If the final state is a continuum, then the
line shape will also be distorted in a different way which we
discuss in some detdif.

Diagram IV is an interesting one. The dipole matrix ele-
ment at the first vertex producegpdike electron. Since for
the transition metal sulfides and oxides this state is about 15
eV above the occupiedd3states, it is quite extended. Thip
state can scatter from the core hole falling easily intoda 3
state on a neighboring transition-metal site. The annihilation

FIG. 4. The first order Coulomb interactighorizontal dotted  of the occupied 8 implies we have transferred alZlectron
line) corrections to resonant inelastic x-ray scattering. from one site to another. However, it is important to note that

this diagram does not have thegd/dependence of the other
important low-lying excitations involve the excitation of an three diagrams, and it is reduced by one order of magnitude
electron from the catiorfe.g., oxygeh to the anion(e.g., by the quadropole matrix element involved in the firal
coppel on a neighboring lattice site, a so-called charge—S transition, but there is no overlap as in the charge trans-
transfer excitation. To zeroth ordéFig. 3 in the Coulomb  fer case.
interaction such excitations are very weak since there is littte Diagram V in Fig. 4, which is also lowest order in the
overlap in the wave function, for example, of an electron onCoulomb interaction, leads directly to two pair final states,
a neighboring oxygen with the localized core states of d.e., it breaks momentum conservation and it behaves a bit
Ni** to create such an extended excitation. However, in dialike™
grams I-I1ll in Fig. 4 such excitations are present, i.e., the
Auger-like pair produced by the dashed Coulomb line can be > .
on different sites because of the substantial overlap of the = PPk +qi)- ©®)
outer electrons at different sites.

Diagrams | and Il are shakeup process produced by thef course the coefficient weighting the two pair shakeup
intermediate stateptelectron 5 hole. The pair produced is operator is not simply unity but depends in detail as in Eq.
in the final state so the Coulomb matrix element contains &4), on the initial photon energy as well as the exact single
1/g? factor. In addition the final vertex is again dipole al- particle states which are excited in the final state. Such a two
lowed, i.e., the $ electron falls back into theslhole. Dia-  pair process breaks the single pair momentum conservation
gram lIl for Ni** the initial photon resonantly creates the 4 and allows us to observe states which because of some se-
state and a 4 hole. The final photon is emitted at the next lection rule are almost orthogonal tg|i). It is well known
vertex and the & core hole changes into (@ipole allowed by now that resonant Raman light scattering spectra from
2p core hole. The matrix element is dipole allowed andcarriers in the fractional quantum Hall regime are dominated
about one to two orders of magnitude larger than the 4 by this kind of two pair shakeup proceSsMore precisely,
matrix element which dominates diagrams Il and Ill. Never-such experiments rather conclusively show the presence of a
theless, it has an intermediate state which is off the energiwo magneto-Roton bound state. The sharp, feature is very
shell by the binding of the 2 (1 keV) which means thatitis specific to the quantum Hall systems but the finite intensity
suppressed by roughlye)/(Ez,— E;)=10"2 The final nearqg=0A"1 (only regime accessible with lights related
vertex is Coulomb-like, i.e., the2hole annihilates creating to Fig. 4, diagram V. The lowest order two pair shakeup
the particle hole pair in the valence band. The matrix elementoupling mechanism is the same in both systems.
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The vertex¢, A is shorthand for the sum of diagrams 1-1V

in Fig. 4, where the final state is now on the same transition-
metal site. The nonresonant process has a similar structure
except therédg=1 andA =Qq(q,w), where

80(q,a)):1_¢qQo(q,w) (8)

and g, is the mean field Lindhard function. Screening the
Coulomb interaction this way sums all of the terms with
powers of 1¢?, i.e., it gives us a physically meaningful re-
sult at low momentum transfers.
The form of Eq.(7) tells us that in resonant scattering, as
in nonresonant, there will be a peak at a zercegfq,w),
i.e., a collective plasmon mode in simple metal appears with
a modified strength. Since such a mode in any real material
has a width, the complicated form of the vertex distorts the
FIG. 5. A schematic picture of a possible two magnon inelasticshape. In addition sincA, and A#1, as in the nonresonant
x-ray scattering process. case, there will be incomplete screening of the single particle
continuum. In a simple metal, at log all the weight in the
For strongly correlated Mott-Hubbard insulators such aspectrum is in the plasmdhFor resonant scattering a finite
two pair processes could enable us to observe a two-magndraction of the scattering will be in the particle hole con-
process. More specifically two electrons are excited on tinuum. In a real sense the resonant process couples to trans-
neighboring sites, with at least one in an emptsgtate. Then verse currents which are unscreened, and the weight in the
in perturbation theory a simple Coulomb exchange procesk®w-energy particle hole continuum is for simple metals
which has quite a large matrix element allows thelectron  roughly proportional to
assumed to be on site 1 and have for example spin up to
wind up in ad-like state on site 2 while the electron on site _|A—Qo(q,)
2 with spin down winds up in d state on site Isee Fig. 3. | Qo(q,0)
The two holes left in the figure reflect the fact that we have i o
annihilated the electrons which were occupying the orbitaln many instance$A |>[Qq| and all of the weight is in the
originally and replaced them with the electrons of oppositeSingle particle continuum even at low momentum transfers.
spin. The exchange of the two spins in the antiferromagnetic [N transition-metal complexes such as hiSe s the
Mott-Hubbard insulator is a two magnon process whose deScreening problem is obviously much more complex. There
tailed shape depends on the initial x-ray energy and on this no well defined zero of the real partq,w) primarily be-
momentum transferred. In the case under discussion it wilfause interband transitions are strong and overlap with any
also depend on the initial frequenay;. Such x-ray experi- Z€ro of the real part. In suph materialsvill par-t|ally screen
ments should clearly display the two magnon piece in antithe effects of the 1g° matrix elem.ent and _ultlmately soften
ferromagnetically ordered insulators. the dependence of the cross sectionjgbarticularly at mod-
Our discussion has been based on simple arguments abdtfit @=1 a.u.) momentum transfers.
the nature of a few low order terms in a perturbation expan-
sion. Such arguments make it very clear that an important RESONANT INELASTIC X-RAY SCATTERING

2

(€)

aspect of the resonant x-ray scattering process, is that be- IN Ni(S/S9,
cause the excitegp state is so high in energy, a resonant h ied ke cl h leadi
scattering in transition metal oxides can easily acedisthe As we have tried to make clear, the processes leading to

fesonant inelastic x-ray scattering are somewhat more com-
plex and interesting than the nonresonant one. A complete
heoretical understanding is at best very difficult. Therefore,
In this section we will attempt to shed some light on these
resonant processes by describing them in the context of a
recent experimental result.

electronic excited states including those which involve nea
or next-near neighbor overlap and those which have ma
netic character. Our discussion emphasizes the fact th
simple energy conservation implies that the nonradiative in
termediate state lifetim& ~ does notlimit the resolution

but does limit the size of enhancement which is still very ; . : . .
significant. We will focus on inelastic scattering measurements in the

In order to include many important higher order Coulombclassic Mott-Hubbard system (#/Se,. NiS, is an insulator

effects as discussed we simply screen the bare dashed Caiftd NiS@ is a metal. The trinary alloy N&, -,Se), has a

lomb interaction by the dielectric constanttensoy phase qllagram whlgh mcludgs an insulator-metal transmon

&, (K, ), which amounts to summing bubbles as in Fig. g and antlferromagnet|sm. For instance, the alloy N, 5 is

For the resonant single pair scattering this implies that th& nonmagnetic insulator at room temperature and becomes

amplitude is giver(neglecting local field effecisschemati- Metallic upon cooling belowf ;=85 K. The main valence

cally by the operator band features are the N|(i$ electrons anq the S/SepS
states. The highest occupied state, according to £bia,a
half-filled Ni e; band (31) which via strong Coulomb cor-

+ oo ) relations splits into an upper and lower Hubbard band with a

paa- gap of abouty~5 eV.?! The antibonding $p=*, between

A
pg+ Pt

Orc= go(0Q, )

a
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FIG. 6. The absorption profile of x rays near tKeedge of
nickel in NiS,.
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the upper and lower Hubbard bands, then becomes the high- @ (V)
est occupied stafé.In this picture, Ni$ is a charge transfer _ _ _
insulator with a gap of about 2 efRefs. 14 and 1Bbetween FIG. 7. The resonant inelastic spectrum of NiSes for w;

the Sppm* and the upper Hubbard band. In the inelastic=8344 €eV.
x-ray scattering measurements of Ref. 23, with an energy
resolution 1 eV, we focus on electronic excitations amonglhe well defined feature at 5 eV tracks the incident energy,
these valence states at intermediate energy trarfsfers. i.e., it has a roughly constant energy loss. The peak intensity
We start our discussion of experimental results with aalso decreases rapidly as the incident energy is varied from
description of the x-ray absorption, which is directly related8.344 keV and cannot be detected above background when
to the first vertex in Fig. 3. All of the data we show were w; is +/— 5 from 8.344 keV.
measured at the dedicated inelastic scattering beamline X21 Figure 8 shows the spectrum taken with an energy of
at the National Synchrotron Light Source. Figure 6 shows8.344 keV plotted versuAE for four different momentum
the absorption profile near the Ki edge in Ni$ measured transfers. The data is shown out A&E=15 eV in order to
by monitoring the NiKa emission lines(7.478 and 7.461 emphasize the peak at 5 eV. Here, the quasielastic scattering
keV) with an energy dispersive detector. As discussed aboveés centered ahE=0 eV and the large positive slope at the
the feature at 8.344 keV can be thought of as a dipole trarhigher energy-loss is the tail of thed34p excitation de-
sition from a Ni"*|1s) core state to an unoccupied scribed in the previous paragrafgee Fig 7. In addition to
Cu*™(Z+1)|4p) band state. We can also see the weakethe peak at 5 eV we also note a weaker peak at 9.5 eV. The
feature at 8.3325 keV, which can be ascribed to the quadrunomentum transfer dependence of the spectra in Fig. 8 is
polar|1s) to |3d) transition. The ratio in intensities of these seen as both a variation in the position and intensity of the
two features of roughly a factor of 50 is consistent with ourpeak near 5 eV. Ag=1.5A"! the peak position iAE
LDA estimate of the matrix elements. The resonance en=>5.5¢eV and atj=4.2 A~! the peak position hasecreased
hancement occurs at the 8.344 keV feature. to AE=5 eV or by about one-half a linewidth. Perhaps more
Figure 7 shows inelastic scattering of x rays in NiSe 5
with the incident energy tuned to the peak of the absorption , .
at 8.344 keV. The energy of the scattered photons was ana- NiS, ;Se
lyzed with a spherically bentl m radiug Si(553 crystal 80 I T-112K
placed 1 m from the sample. Since the intrinsic resolution of
the Si553) is approximately 50 meV, the energy resolution

(insulator) J

of 1 eV was determined by a combination of the incident & >
energy resolutiod0.7 eV at 8.4 keV as determined by the % 40 | 3
Si(220 ] monochromator and the size of the x-ray spotonthe 2 e
sample. The very bright peak at zero energy l0A& € E g uf
—E,=0) is quasielastic scattering from the sample, which §

includes contributions from phonons whose energie$00 = 00 |

meV) are too small to resolveThe remaining features are
resonant inelastic x-ray scattering.
The rather broad peak centered at an energy loss of 15 eV
we ascribe to the excitation of al3lectron on the nickel to
the empty 4 state. This broad peak has only a weak 0
dependence which would indicate that it is dominated by the
direct procesgFig. 3. In addition it is so broad that it is
difficult to determine how it moves with; . FIG. 8. Theq dependence of the charge transfer exciton in
The spectrum below the energy loss is more interestingNiS, :Se s,

0 5 10 15
Energy-Loss, o (eV)
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dramatic, is that over the same momentum-transfer rangaf enhanced cross sections. Relaxed selection rules at finite
the integrated intensity drops by roughly an order of magni-nomentum transfer and the presence of a core hole in the
tude. The peak at 9.5 eV is too weak to make quantitativéntermediate state can lead to very interesting final states
statements regarding itsdependence, but does seem to de-including, for example, the charge-transfer excitations ob-
crease in intensity ag increases. The rapid decrease of in-served in NigsSeys. We have described how the dispersion
tensity withq ties these features in the Raman spectrum t@f such excited states arises in a perturbation expansion of
the Coulomb shakeup process described in Fig. 4, diagrani§€ Coulomb interactions among electrons. That this is the
I-IIl. Diagram |, for instance, would give rise to agl/ C€ase is made clear with the measurements in, 888
behavior where 2 n<4. The exact value of will clearly where the dispersion of a charge-transfer-ll_ke_eXC|tat|on is
depend on screening effects and on the range refative to observed and the spectral weight of that excitation decreases

. ) . strongly with increasingy. Such a decrease is consistent
112 screening length. In NjSSe, 5 it was observed tham with the Coulomb coupling picture.

. . . . We have stressed the fact, that independent of complex

We tentatively identify the feature at 5.5 eV with a charge any-body interactions, that if there is Fc))ne photon in zlaond
transfer exciton, associated with the complex consisting o ne photon out whethe’r on or off resonance, the many-body

Ty T . o , ,
Nf' thang 6:)(135/55) Nld I. ;’h|s object in tk;e pher;o:penACJ:ECng system being probed is left in an excited state with momen-
(l e_ u+ Sr_ndo el—i asa en;zrgyec r?r? nota 'O)R " tum g and energyw. This leads us to the conclusion that the
—fp—ép dB Pd'U erEsDHaBbs,aare € one ??C fON " \width of the features observed in the elastic spectrum are
energies andJp andUp the Hubbar o7nz45|te FepUISIVE €N- i, 4ependent of the effects that lead to the core hole lifetime
ergies of an added carrier. Zhamg al.”<" have analyzed

. . . : I". We predict that the spectral width of any excitation such
dispersion properties of such excitons fobQuO,Cl,. The P P y

f 95 eV velv identi ith . as a plasmon or an exciton at a band edge in a semiconduc-
eature at 9.5 eV we tentatively identify with a transition v "t instance, will be determined only by its own decay

from a S/Seppo or 7 bonding orbital to an unoccupied S/Se e and not the core hole lifetime.
ppo* antibonding orbital. This peak is not seen in pure NiS
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