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Fermi-edge singularities in x-ray spectra of strongly correlated fermions
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We discuss the problem of x-ray absorption irDadimensional system of interacting fermions and, in
particular, those features in the x-ray spectra that can be used to discriminate between conventional Fermi
liquids and “strange metals.” We find that the x-ray Fermi edge singularities can still be present, although
modified, even if the density of states vanishes at the Fermi energy, and that, in general, the relationship
between the two appears to be quite subtle.

Since its foundation in the late 1950s, the theory of Fermisudden perturbation the ground states of an infinite Fermi
liquids has come a long way exploring the limits of its own System before and after the perturbation was switched on
applicability. However, the quest for possible departuresappear to be strictly orthogonal to each other.
from conventional Fermi-liquid behavior still remains one of [N the problem of the x-ray-induced photoemission such a
the mainstreams of modern condensed-matter theory. steplike time-dependent perturbatiof(t) =VO(t) corre-

It is well known that Fermi liquids can be more easily sponds to the attractive potential of a deep core level stripped

destroyed in low dimensions. As a common example, in on(gﬁc its electron by an incident x-ray photon. Following the

A ) R . instantaneous shakeup, the initial ground st&e of the
spatial dlmenS|or.(1D) ;he Ferm|-||qU|q theory utterly fails Fermi system tends tor:eadjust and gvolves irﬂto)athe final one
even for a seemingly innocuous arbitrary weak short-rang

repulsion. The corresponding non-Fermi-liqihFL) metal- ?\/) by virtue of creating coherent multiple particle-hole

i i ch zed b law d . lati airs. These bosonic excitations dominate in the action
Ic state Is characterized by power-law decaying correlatiors ) describing the process of relaxation of the initial
functions and is referred to as the Luttinger liquidL)

_ i _ ground state and lead to the suppression of the time-
which can be thought of as a marginal deformation of thedependent overlap between the two ground staf@gv)
Fermi liquid. _ o  ~exgd—Sdb)] at timest— .

It is generally believed that in higheD(>1) spatial di- Being closely related to the Green function of a localized
mensions a NFL behavior can stem from Sufficiently |0ng-core hole described by the Operatt(n'),s the Over|ap factor
ranged and/or retardedsingular”) interactions. However, controls the shape of the photoemission peak corresponding
the necessary criteria remain unknown, which leaves roono the absorption of hard x-ray photons that knock core elec-
for a NFL regime to occur even as a result of nonsingulatrons out of the system
(e.g., screengdepulsive interactions. .

In theory, a NFL behavior is commonly expected to mani- P(w)OCImJ dteiwt<-|-d(t)d‘r(0)>_ (1)
fest itself in single electron spectroscopy and, in particular, 0

in angular resolved photoemission at low energies of inCiHerew is the photon energy measured from the threshold

dent photons. However, even for such a widely recognizedqya| o the sum of the binding energy of the core level and
candidate for a “strange metal” as the normal state of thene exit work function for the runaway electron.

high T, cuprates, direct deduction of any ultimate evidence | the standard Fermi-liquid case the actiBg.(t) di-
of the NFL behavior(e.g., electron self-energyfrom the  yerges logarithmically, which gives rise to the asymmetrical

photoemission data has proven to be a tedioustask. power-law singularity of the absorption péak
In the present paper, we discuss a different kind of feature
that has already been extensively studied in a variety of con- P(w)*0(w)|w| 112 %51 (2)

ventional metals: the Fermi-edge singularitiegs in high-
energy x-ray absorption. First predicted theoretically for | )
weakly interacting (Fermi-liquid-like) metals back in zero temperature the peak remains shéfw) = («w).

19672 the FES became one of the hallmarks of many-body _ 1 n€ Partial phase shiff, in Eq. (2) is equal to the product
Fermi systems. However, the effect of interactions in theof one of the angular momer.1tum harmon|c§ of the FPur|er
conduction band on the FES has not drawn much attentiorffansformed core hole potentigdrV(r)e'" ") =3,Y,(Q
except for the case of the 1D LL's studied by a number of—Q")V,(kg) (throughout this paper we include all the angu-
authors*® lar momentum quantum numbers into the definition of )

In retrospect, the FES provided the first example of aand the density of state@©OS) in the conduction band
much more generic phenomenon of the “orthogonality ca-v(w)=1/7fdk ImG(k,w) taken at the Fermi energyr

tastrophe”(OC). The latter implies that in the presence of a =v (0v=0):

that would have been absent in an insulating state where at
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tand=—Vive. @ 0,08 D]=Key Q- Q) (VD)8 =1).  (5)

At first sight, Eq.(3) seems to imply that DOS must remain Noncommutativity of the density operators at the same point
finite for the divergencé2) to occur. In order to find a pos- of the Fermi surface can be interpreted as the “chiral
sible caveat in this seemingly unavoidable conclusion, weanomaly” which reflects, in compliance with the Luttinger
consider the simplest, short-range isotropic, core-hole potenheorem, conservation of the total number of states enclosed
tial V(r)=V4(r) and, following the original work by No- by the nominal Fermi surface in the presence of interactions
zieres and De Dominicijntroduce a transient Green func- between fermions.
tion G(t,t'|V) which allows the OC action to be cast in the  In the case of sufficiently weak spin-independent interac-
form S,o(t)=[odV' [idt G(t,t'|V"). tions theK matrix reduces to the unk =&, . By intro-
For free fermions this Green function obeys the equatiorducing the K matrix into the theory one can incorporate
strong correlations between fermions of opposite spins which
t modify the very kinematics of the system and cannot be
g(t,t’|V)=G(O,t—t’)+Vfodt"g(t,t”|V)G(0,t”—t’), treated as regular quadratic Landau-type terms in the effec-
@) tive Lagrangian.

Although the conduction-band fermiogs,.(r,t) couple to
which relates it to the time dependence of the propagatoihe forward-scattering core hole potential only via the charge
G(r,t) of the conduction-band fermions in the absence of thelensity operatorfdrS ! (NV(r) ¥ (r)~VZaZ .5, we
core hole potential. keep the spin degrees of freedom as well, thereby leaving

The above, naive, conclusion would then imply that everopen the possibility of incorporating the above-mentioned
with the interaction effects taken into account, the localexclusion principle-type spin-dependent correlations in the
value of the propagatoG(0,t) would have to retain its conduction band. Then the relevant part of the Lagrangian
Fermi-liquid-like ««1/t behavior, the exponent in the power- reads as
law divergence(2) being determined by the corresponding R
prefactor. - _, ig—veQq

However, this condition would be much too stringent, be- L:Z f dqpﬁ(Q)K(m/(Q)ﬂ—Pﬁ (—a)
cause Eq(4) appears to be missing important vertex correc- @ q
tions that describe the effect of the electron interactions on 1 " "
the coupling to the core hole potenthd(r). ) > f dapg(DFaa(Dpg,(—a)

In the extensively studied case of the 1D LL, for example, 0.0/
crucial relevance of the vertex corrections can be seen from >
the fact that although the faster-thar-décay of the fermion +d'(ig—Eg)d—(Vd'd—Ep) 2 j dapg(a@), (6)
propagatorG(0,t)=t~ (2979”4 whereg is the Luttinger _ @
parameter (&2g<1 for short-range repulsive interactions Where we introduced a generalizeghomentum and/or
does imply a vanishing DOS, the FES retain their algebraidrequency-dependentandau functiorF ¢ () to describe
behavior with theg-dependent exponerts. thg sp|n-mdepender(t‘re&dqal”) part of the forward scat-

In the 1D case of purely forward scattering off the core-tering between the conduction-band fermions.
hole potential, one can relate the robustness of the FES to the The quantity of primary physical interest is the x-ray
fact that the density of particle-hole pairs with small mo-@bsorption/emission intensity in the processes of electron
menta given by the integral of the density correlation func-transfer from the core level to the conduction band and vice
tion y(w,q) maintains its noninteracting functional form: Versa
I3 x(w,9)dg= w.* .

This property is due to the known asymptotically exact I(w)oclmf dte/ (@ Er~Edip (1),
cancellation between the self-energy and vertex interaction 0
corrections to the density correlation function at small mo- , , ,
menta. In order to account for both types of corrections the D(t—t ):<Td(t)¢”(0’t)‘/’z(o’t d't ) @)
previous studigsresorted to the standard method of 1D The amplitud€7) can be conveniently expressed as a Gauss-
bosonization. ian average that has to be taken with respect to the Lagrang-

Inspired by the success of 1D bosonization, there has began (6)

a strong res(Y:(sent effort toward extending this method to higher

dimensions.® In what follows we employ the “tomogra- . N o

phic” version of this techniquésee Ref. ¥, which is capable D(t)« < exr{ ! % J dqf do(Ja(tw.q)dg(—a)

of yielding asymptotically exact results provided that fermi-

ons undergo predominantly forward scattering due to the in- ) -

teractions in the conduction band and the core-hole potential. +VJ(t’w)Pﬁ(_Q))} > , ®)

Under these conditions the Lagrangian of the problem can
be expressed solely in terms of the bosonic partial densitiewhere the source densities
pg(r,t) associated with different points on the Fermi surface - -
parametrized by the unit vectél. These degrees of freedom Jﬁ(t’w,q)zl——eA, j(t,w)= 1-e
obey the infinite algebra w—VveQq

C)
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represent a conduction-band fermion and an immobile coréo construct an alternate bosonization scheme, thanks to the
hole, respectively, whiled;g(q) is an auxiliary Hubbard- effectively 1D character of the radial motion of noninteract-
ing fermions in thes-wave orbital channél.

: - . Turning now h lications of th ve formalism
In order to perform the averaging explicitly one first has urning now to the applications of the above formalism,

o we first consider the limit of an exclusively “intra-
to compute the kernel of the angular decomposition for th%mograph” spin-independent interaction that can only

density Correlatoli((w.q)=E(),@r2mﬂngﬁ,(w,q). Inprac-  couple fermions with the same direction of the momenta:

Stratonovich variable conjugate ﬁt?)(q).

tice, this amounts to inverting the operator K=1andFgaa (q)x8(Q—Q'). A straightforward analysis
. shows that, similarly to the chiral 1D case, the only effect of
-1 (0.q)= 5(Q_Q,)Kw_VF(QQ) “1Fg 4.(q) such an interaction is a multiplicative renormalization of the
X0 (@9 (Qq) 0,019 Fermi velocityvg and, accordingly, the phase shifi:that

(10) determine the, otherwise unaltered, FES exponents.

. . . . . Therefore, in order for a quasi-1D LL-like behavior to
Ha_vmg carried out the Gaussian functional averaging ON@ccur inD > 1-dimensions, the spin-independent fermion in-
arrives at the resultD(t)« exd —St)] where the total . A .

bosonic actiorS(t) consists of the three different contriby- €raction must couple each tomographto its antipodal one

tions that can be identified with, respectively, the time deat —Q: Faa/(a)xs(Q—0")+5(Q+Q).

pendence of the local conduction-band propag#¢0,t) In this situation the effective Luttinger parameter appears
which is directly related to DOS: to be given by the ratig=vg/c between the Fermi velocity
and the speed of zero sound that can be read off from the
Xa.0(®,0) low-q limit of the density correlator: x(w,q)
Sdos(t)_j dw(l— COSwt)lmJ dq W, (11) :EQ(QQ)Z/[(DZ—CZ(QQ)Z].

Then, in a close analogy with the situation in the 1D LL,
the “excitonic” term due to the interaction between the con-coupling between the opposite points on the Fermi surface
duction band and the core hole in the final state: gives rise to, both, vanishing DOR/(w)~|w|(9+10~2)4)

and modified, yet nonzero, FES exponents

1— coswt —
Sot)=V [ 60 2N s, [ g XL0D
QI

ve(gQ) p(w)oc|w|—1+2g32|5|2/7r2,
(12)
and the OC ternper se I(w)ocV(w)|w|—2960/7r+2932|6|2/7r2 (15)
1- coswt . . . -
Soc(t)=V2f do———— ImAZ daxg o(w,0). where the phase shift} are given by Eq(3) with a finite v¢
@ 2.0’ (13 corresponding to the noninteracting cagel.

As follows from Egs.(15), repulsive interactions weaken
We first comment on the use of Eqd.1)—(13) in the free the OC exponent via the reduced compressibility, thereby
limit where one is supposed to recover the known results oénhancing the overlagd|V) between the initial and the final
Refs. 2 and 3 by simply putting the Landau function equal toground states.
zero. An effective 1D LL-like behavior was conjectured in the
Although for a sufficiently weak attractive core hole po- very beginning of the highl. saga on the basis of such
tential (0< ,<1) we do reproduce the expected results forsuggestive experimental findings about the normal state of
Ssos=logt and S.,= (2Vve/7)logt, the expression fo,.  the highT, cuprates as the anomalous power-law decay of
turns out to be formally divergent. This nonphysical diver-the optical conductivity o(w)><w *"2* with «=0.15
gence is solely due to our assumption of a strictly forward=0.05, the «1/T? temperature dependence of the low-
scattering off the core-hole, for in this extreme limit all the frequency limit of the magnetic susceptibility at momentum
angular harmonics of the core-hole potential become equatj=(,7), the =~ tail of the electron spectral function

V=V, and therefore the sum ImG(k,w), the linear c-axis tunneling density of states
dI/dV~V, and others?®
2 V2=2 V2 (14) Thus far, traditional perturbative analyses did not provide
) = supporting evidence that the above quasi-1D regime may

. L i indeed occur in a low-density weakly interacting system of
diverges. As a result, the vanishing OC factor exf{J) in fermions with a spherical Fermi surface. Nonetheless, one
I(w) outpowers any divergence that may result from the ex¢an expect the situation to be different in paramagnetic lat-
citonic DOS enhancement at the location of the core holegjce systems close to half filling where the Hubbard-like no-
and, as a result, all the FES are gone. double-occupancy constraint gives rise to the off-diagonal

However, for any realistic core-hole potentd(r) the  yatrix elementK,, _,= ¢/ in Eqg. (5) which are propor-
sum(14) is finite, and the overall energy dependence of thgjgnal to the on-shell phase shift 7/2< ¢<0 for a pair of
x-ray absorption near the threshold assumes its classic@imions with opposite spirs.
form: I(w)oc(cu)|w|[‘2‘50’”+22I‘512“72].2*3 Indeed, even in the absence of any coupling between dif-

It is worthwhile mentioning that the opposite case of anferent tomographs the modified commutation relatiébs
isotropic core hole potential{=0 for all | #0) allows one alone give rise to the anticipated spin-charge separation and
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change the OC exponent that enters bBitw) and | (w) realistic core-hole potential, however, the non-forward-
from 23,62/ 7% to [1+2¢/7+ 1+ (2¢/7)?]|2,6% =%  scattering contribution is likely to become increasingly more
while leaving DOS unaltered. and more important ab—0.

In principle, the asymmetrical profile of the photoemis- Indeed, in the framework of the conventional cluster ex-
sion peakP(w) can be measured in absorption of hard x rayspansion that does not rely on any bosonic representation, Eq.
that knock core electrons out of the system, whereas measurt3) appears to be merely the first significakt=(2) term in
ing |(w) requires soft x rays that can only promote corethe infinite seriesS,.=3,S{¢, whereSoc V¥ is given by a
electrons up to the conduction band. In practice, howeverggnyolution of thek—1 functionsy(w,q).
for the exponents in question to be reliably deduced from a |, analogy with the 1D backscattering problem where Eq.

real x-ray spectrum, all the absorption lines and thresholdfl?,) yields SK«t2(1-9(-15 it is conceivable that the re-
ocC !

must be sufficiently sharp and well separated from one an- ) . ; .
other. summation of the formally divergent series may result in

Furthermore, if the core-hole potential can be approxi-sococlog.t’ and tr_lerefore at thg Iowe_st energies a universal
. . PP algebraic behavior would set in, which then would be con-
mated bAy thAe first two orbital hgrmomckl,(ﬂ—ﬂ )~Vo ~ trolled by a universalindependent of the strength of a ge-
+V1Y1(2—-Q7), then by measuring the two exponents in neric non-forward-scattering core-hole potentiaponent.
Egs.(15) and invoking the Friedel sum rule 26, =) one However, regardless of whether or not this regime could
might be able to extract the numerical values of both the,o \vashed out by the photoemission line broadening, the

relevant phase shiftso, ?rt]ﬁ th? Lutttlﬂgefr t%ar?_rC(T'tl?rthat | universal exponents themselves cannot provide much insight
SErves as a measure of the strength ot the LL-Ike COMelg ., the nature of electron correlations in the conduction

tions in the conduction band. band.

ha\jig: \?vg%tlzet:ee;/rllzenr?az;g:vc())frtﬁ(fa tggg?srﬁeq;?asl-g)e?: To summarize, in this paper we considered the problem of
P y'sp Q—ray absorption in the presence of interactions in the con-

even if the core hole has afinite, as opposed to infinite, MaSHuction band. By restricting our attention to the case of the

SS,iEcJuC:tiglpl %b?ﬁgﬁlinpvg?nﬂlﬂibsiég awm::giﬂ;cr’]gtlreaf;(\:’\gitlhisth?orward-scattering core-hole potential we were able to incor-
d N o porate the fermion interactions in the framework of the to-

known_ to reduce theaFumber of density excitations, thereb)ﬁqographic bosonization approach. We found that a vanish-

Sm?ﬁg:]e%c}:]ee I(:)Ees iondi.rect manifestation of the “tomoara- ing single-particle DOS does not necessarily preclude the
' 9ra- ayistence of the FES in the x-ray spectra, which then offer an

phic” picture of fermion scattering would be an observation . i . .
of the FES in valence-band photoemission which creates ?t?oenp;;?re]gt r;\::?i);] ;Lg;ﬁﬁ'gg;:é;;nany body correlations in

mobile hole in the valence bard.

The above results are valid as long as the core-hole po- The authors acknowledge support from the NSF under
tential can be considered as a predominantly forward scatsrant No. DMR-9104873 and the hospitality at the Aspen
terer, and the bosonized thedi§ remains Gaussian. For a Center for Physics where this work was completed.
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