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We report a theoretical analysis of x-ray magnetic circular dichroism (XMCD) at the Cr-L edge in half-metallic
ferromagnetic CrO,. First, since the XMCD spectrum is the difference between the x-ray absorption spectra
(XAS) for right- and left-handed circularly polarized x rays, a general perturbative method of calculating
XAS spectra is developed by means of the Keldysh Green’s function technique for nonequilibrium states.
Subsequently, it is applied to the analysis of XMCD of half-metallic ferromagnetic CrO,. Calculated XAS
and XMCD spectra are compared with several previous experimental data. It is clearly shown that effects
of the atomiclike Coulomb interaction between the 2p and 3d states are indispensable ingredients to yield
good agreement with the experiments. Such strong 2p-3d correlation may originate from a peculiarity of the
half-metallic ferromagnetic state. Evaluation of the validity of sum rules is made within our framework.
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I. INTRODUCTION

Half-metallic ferromagnets (HMF), where one of two spin
states takes no density of states at the Fermi level, have
attracted considerable attention because of basic interests in
their unusual magnetic properties as well as their possible
applications to spintronic devices [1-4]. CrO, has been a
leading candidate of HMF since the first theoretical pre-
diction by an electronic structure calculation within local
density approximation (LDA) [5]. Many subsequent calcula-
tions (LDA or LDA+U) have supported basically this initial
prediction of half-metallic ferromagnetism in CrO, [6-13].
Although more advanced calculations implemented with dy-
namical mean-field theory (DMFT) suggest emergence of
the so-called nonquasiparticle states near the Fermi energy
[14,15], they have not been observed experimentally in CrO,.
To confirm the realization of the half-metallic ferromagnetic
state, a number of experiments have been conducted. Specif-
ically, this includes point-contact Andreev reflection (P =
96%) [16], CrO,/1/Al junction (P = 92%) [17], and a re-
cent spin-resolved photoemission spectroscopy (P = 100% at
40 K) [18], where P is the spin-polarization ratio at the Fermi
level. Assuming that experimental values of P can be reduced
by imperfect sample quality, surface, or boundary conditions,
we may consider these measured values of P will be suf-
ficiently high to convince ones that complete half-metallic
P = 100% should be indeed realized under ideal conditions.

X-ray magnetic circular dichroism (XMCD) has been
one of the powerful tools to study magnetic properties
of ferromagnets [19-22]. Particularly, for XMCD at the
transition-metal L edge the so-called sum rules often enable
one to extract selectively the transition-metal d-electron spin
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and orbital moments, taking full advantage of element and
orbital specificity in x-ray absorption spectroscopy (XAS)
[23,24]. Several XMCD measurements at the Cr-L edge have
been performed for CrO, in these two or three decades, and re-
produced consistent spectral line shapes among them [25-30].
To explain the experimental spectral lines theoretically, sev-
eral calculations of XMCD spectra have been reported. The
earliest calculation is based on a ligand field multiplet (LFM)
model [25], which appears to well describe the observed spec-
trum by assuming the atomic Cr3d? state. Another result of
crystal-field multiplet (CFM) calculation agreeing with exper-
imental XMCD spectral lines is found in Ref. [31]. However,
the reliability of this agreement seems to be limited because
of qualitative discrepancy in the underlying XAS spectrum, as
seen in Sec. IIT A. This is not so surprising, if it is noted that
CrO, is a metal with itinerant electrons. Thus, one will natu-
rally expect that more accurate description should be based on
an electron band picture. In fact, theoretical calculations based
on first-principles electronic structures have been presented
[32,33]. However, it is found that an early calculation based on
the full-potential linear muffin-tin orbital (FPLMTO) method
[32] shows significant deviation from experiments: first, the
so-called branching ratio (BR) (L3/L,) in XAS is significantly
larger than experimental observations. Second, the calculated
XMCD spectral line as a function of absorbed photon en-
ergy appears to deviate significantly from the experimental
lines. Another calculated XMCD spectral line by WIEN2K [34]
appears to deviate from the experimental lines as much as
the previous calculation. To resolve this difficulty in spectral
line shape, Baadji and collaborators presented an explanation
based on nonmagnetic natural birefringence dichroism [33].
In this study, we analyze theoretically the XMCD at the
Cr-L edge in half-metallic ferromagnetic CrO;. Particularly,
we make an attempt to explain the XMCD spectral line shapes
as well as the small BR in XAS, using accurate itinerant
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electron bands obtained by means of first-principles calcu-
lations. While we do not assume natural and birefringence
dichroism, we try to take enough account of the effects of
Coulomb interaction between the 2p core hole and excited
3d electrons. For our methodology, we develop a general
theoretical framework based on Keldysh many-body pertur-
bation theory for nonequilibrium states in Sec. II. Numerical
calculations and comparison with previous experimental data
are made for CrO, in Sec. III. Also, a critical evaluation of the
validity of the sum rules is made from our theoretical point of
view. Finally, concluding remarks are given in Sec. I'V.

As aresult of our study, it is shown that the 2p-3d Coulomb
interaction plays an essential role in explaining experimental
spectra, and it is suggested that the previous calculations may
have overlooked or underestimated the strong effects of the
2p-3d interaction. It has been known over many years that
formation of bound states (or multiple scattering) between 2p
core hole and excited 3d electrons reduces the BR in XAS
significantly [35-38]. Also in Ref. [32], it is mentioned that
the calculation of BR in CrO, may be improved by including
the 2p-3d interaction. In this sense, our explanation given in
this work is more conventional than the previous one based
on natural birefringence dichroism. However, it is more re-
markable that, to explain the experimental XMCD line shape,
we need to use atomiclike large values of 2p-3d Coulomb
interaction without reduction. This may be attributed to a
peculiarity of the half-metallic ferromagnetic state in CrO,.

II. THEORY

A. Half-metallic ferromagnetic state in CrO,

To describe the ferromagnetic ground state of CrO,, we
carry out band structure calculations and construct tight-
binding models using the maximally localized Wannier
functions for Cr-d and O-p states [39—41]. CrO, has the
tetragonal P4,/mnm structure with lattice constants a =
4.412 A, ¢ =2.916 A, and the oxygen position parameter u =
0.303 [42-44]. For the relevant setting to the WIEN2K band
calculations, 20 x 20 x 20 k points, Perdew-Burke-Ernzerhof
(PBE) exchange-correlation functional [45], and Ryt Kmax =
7.0 are used, where Ryt and K. are the smallest atomic
sphere radius and the largest wave number of the plane-wave
expansion of the wave function, respectively. Since the unit
cell contains two Cr and four O atoms, we include 22 Wannier
orbitals in total. To define the local Cr-d orbitals, we take
the local Cartesian coordinate frame shown in Fig. 1. We
consider two ways of describing the ferromagnetic state: (i)
After performing Wannier fitting for the nonmagnetic band
structure, we introduce the Hubbard-type onsite interaction at
Cr site:
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FIG. 1. Upper: Local coordinate frame and xy Wannier orbital
in a unit cell of CrO,. Lower: Total DOS and partial DOS of Cr-d
orbitals in the ferromagnetic state.
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where d;;, (dtla) is the annihilation (creation) operator of d
electron with spin o in orbital state [ (xy, xz, yz, x> - yz, and
3z% — r?) at Cr site i. By applying mean-field approximation
(MFA) to H;, with u=22 eV, ¥’ =0.6u, j=j =0.2u,
we obtain the half-metallic ferromagnetic ground state. The
one-electron energies determined by the Wannier fitting are
—0.55, —0.45, 0.88, and 1.02 eV for the xy, xz/yz, x2— yz,
and 3z% — r? states, respectively, with respect to the Fermi en-
ergy. (ii) After performing GGA or GGA+U (U = 1,2,3 eV,
J = 0.87 eV) calculation with spin polarization, we obtain
the half-metallic ferromagnetic state. Subsequently, we apply
Wannier fitting to the spin-up and -down bands individually. In
the both approaches, we include the Cr-3d spin-orbit coupling
by adding the term
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with &35 = 0.047 eV determined by an atomic calculation for
Cr. Diagonalizing the 22-orbital tight-binding Hamiltonian,
we have the band energies E,(k) and the diagonaliza-
tion matrix u;, ,(k), where a is band index. All of the
above approaches lead to half-metallic ferromagnetic states
with similar values of magnetic moment at Cr site (2.0
up/Cr). Previous x-ray photoemission spectroscopies sug-
gested the presence of a peak around 1 eV, which agree with
LDA~+U 3 eV) rather than plain LDA calculations [18,46—
48]. However, a close comparison of band dispersion with
a recent ARPES experiment [49] suggests that the MFA
or GGA+U with U =1 eV is better than GGA+U with
U > 2 eV (see Supplemental Material [50]). Several previous
studies suggest weak electron correlations in CrO; [9,13,49],
while arguments on the strength of electron correlations in
CrO; do not seem to converge yet. In addition, as we shall
explain below, XMCD spectral line shapes obtained by the
MFA, GGA, or GGA+U with U = 1 eV are more consistent
with experiments. To make the following discussions specific,
we use the results based on the electron bands by MFA.
Calculated density of states (DOS) within MFA is displayed
in Fig. 1, and all the band structures by the above approaches
are shown in the Supplemental Material [50].

B. 2p core levels

Before presenting a formula for XMCD intensity, we deter-
mine 2p core level eigenstates. In contrast to the d states, since
the 2p core states are almost localized at each of transition-
metal sites, we may assume completely flat dispersion for the
2p states. In this assumption, the 2p level Hamiltonian is given
by

H2p =& Z Z pjnrpmr + ";:2p Z Z Ly - Srr’pjnrpm'f"

m T mm' Tt
3)

where m,m' = —1,0, 1 and 7, v’ =1, | denote orbital mag-
netic quantum number and spin states, respectively, p;,; is
the annihilation operator for 2p,,, electrons, and the second
term of the right-hand side is spin-orbit coupling. In this
section, site index i is not explicitly shown for simplicity.
H,, is diagonalized easily, and the twofold-degenerate 2p; >
doublets and fourfold-degenerate 2p3,, quartets are obtained
with the following energy eigenvalues: &), , = &2, — &, and
E2pyyy = E2p + &,/2. In magnetic materials, the 2p levels are
subject to an effective field by magnetically polarized nd
electrons through the 2p-nd Coulomb interaction. The 2p-nd
Coulomb interaction is expressed as

Hpg =YY 3" Vypua(mr,lo; '’ m't)p}, d} dyo pu,
mm' tt’ 1! oo’
4)

where V,y(mt,lo;l'c’,m't’) is the onsite 2p-nd Coulomb
integrals. Within the mean-field level, we can consider the ef-
fective field on the 2p states by adding the following effective
potential term:

Vap = Z Z Z Z Voa(mt,loyl'c’,m't")

mm' Tt ' oo’
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where (d;ad,rar) is determined for the magnetic ground state.
The actual 2p levels are determined by diagonalizing the
effective Hamiltonian

I:I2p = H2p + V2p- (6)

Hereafter we refer to the eigenstates of H, » a8 2p,. The new
six eigenstates are expressed by superpositions of the original

2pme States:
DD 12pme) e (7)

m=+1,0,—17=1,}

|2pa> =

Thus, the degenerate 2p;,, doublets and 2p3,, quartets are
recombined to form the six nondegenerate levels 2p, in ferro-
magnetic states. Throughout this paper, we refer to this effect
as core-level splitting (CLS).

In the calculations for CrO, below, we use the following
parameter values: &, = 5.60 eV, &, = —575.9 eV in set-
ting the Fermi energy to zero. V), is determined using the
Slater-Condon parameters, F,?d = 1.60, szd =6.52, G},d =
4.79, Gf,d =2.72 in units of eV. The values of Flfd, G[l)d,
and Gid are determined by the Cowan’s atomic code for the
configuration 2p53d4 at Cr [60,61], since the 3d electron
occupation is Ny = 3.73 (3.80) in the ferromagnetic (non-
magnetic) state determined in Sec. Il A. Here note that the d
electron occupation is between Cr3d* and Cr3d3 (Cr** and
Cr3t) rather than near Cr3d? (Cr*t). Using these parameters,
we obtain &, = —577.51, —577.02, —569.64, —569.00,
—568.23, —567.93 in units of eV for the ferromagnetic state
determined in Sec. IT A.

C. Perturbative formulation of XAS

Concerning the electron-photon interaction, the relevant
Hamiltonian to 2p — nd absorption is expressed as

Hy = Z Z Wd,,2p,, (qu, e) Z qud]l,_qlo-pkma > (8)

qe [m ko

where yge is the annihilation operator of absorbed photon
with wave number q, frequency w, and polarization vector e.
Wy, 2p, (qo, €) is given within the electric dipole approxima-
tion by

Wy 2p,, (Q, €) = —iew? (ndj|e - ¥12p,), ©)

where e is the elementary charge, and we have used natural
units, i.e., c = i = 1 [62]. The relation &iw = c|q| in ordinary
units is simply expressed as @ = |q| in natural units. For
photons with right- and left-circular polarization (RCP/LCP),

e=eg) = %(en + ie;), (10)
where e, and e, point along the parallel and perpendicular
directions to the plane of incidence, respectively.

Now we consider a process that a photon (qw, e) is intro-
duced at infinite past (f = —o00), and subsequently the photon
is absorbed by the electron system. Within the first order in
Hj, the probability amplitude of photon absorption before
t =ty is given by

[Vge(t0)) = —i/

—0Q

4]

drU (1o, DHAU (1, —00)yg[0),  (11)
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where |0) is the initial ground state with no photons, and
U(t, u) is the bare time-evolution operator unperturbed with
respect to Hy. U(t, u) can be decoupled in the form of a
product of the time-evolution operators for the electron and
photon systems:

Ut,u) = efinh(tfu)efiHcl(tfu), (12)

where H, is the Hamiltonian only for electrons (strongly
correlated in general), and Hpy is the Hamiltonian only for
free photons:

Hop =Y 0o Vae (13)
qe

with @ = |q|. The probability of photon absorption is given
by the square of norm of the amplitude:

Pqe(IO) = <I/fqe(t0)|¢/qe(t0)>
= /0 dtfo dt’ (0| ygeU (—o0o0, ! YH U (t', 1)U (19, 1)

X HAU (1, —00) 4 10). (14)

XAS intensity is defined by the number of annihilated photons
per unit time, and therefore obtained by differentiating Py (%))
in foy:

d Pye (1
I(quw, e) = %.

15)
By substituting Eq. (14) into (15), contracting the photon
creation and annihilation operators, and then taking the limit
to — 00, we have the following expression of XAS intensity:

I(qw, e) = / ” dsAge(s)e™, (16)

where Age(s) is given by
Age(t’ — 1) = (0T [, (1 Hye (1)]10). (17)

Here Tk[...] means a time-grdered product along the so-
called Keldysh contour [63]. Hge(?) is given by

Haye(t) = ™ goe™ 1, (18)
with

ﬁqe = Z Z Wq,,2p,, (qo, e)dlz+q10pkn1a~ (19)

Im ko

Age(t’ —t) can be calculated perturbatively by using the
Keldysh diagrammatic technique for nonequilibrium many-
electron systems. We may safely assume that only a single
pair of 2p hole and nd electron remains in the final state since
such processes dominantly contribute to the XAS intensity.
Under this assumption, the XAS diagram becomes Fig. 2(a),
where the shaded triangle represents the electron-photon in-
teraction vertex which is generally renormalized by electron
correlations. Hereafter, we use shorthand notation like lo =
¢, '’ = ¢’ for d electron states. The XAS intensity is given

(@)

(b)
nd

2p
N n£;7\2p+ nd 2p +
nd
n;?\\ho

FIG. 2. (a) Diagrammatic representation of the 2p — nd XAS
intensity. Wavy, thick, and thin lines represent the propagators
(Green’s functions) of photon, core 2p, and conduction nd electrons,
respectively. Shaded triangular vertex represents a renormalized
electron-photon interaction. (b) Ladder vertex correction for the
electron-photon interaction vertex. Dashed lines represent the 2p-nd
Coulomb interaction.

4

by

I(qo, ) = ) Wj,,, (qo, Wy, 25, (qo, )
aft!

XIE:/OOdgG"'()G_(k T o), (20)
— — )G, (K, £ + w),
N - e 2T 2P g'¢

where Gzrpa (¢) and G, {(k, ¢) are the Keldysh Green’s func-
tions for the 2p and nd electrons, respectively. Wy, 2, (qo, €)
is a renormalized vertex, which is different from the bare
W, 2p, (qo, €). For G;rpa (¢) and G;; (k, €), we use the explicit
form

Gy, (&) = 2mis(e — &2p,), (21)

Geo(k e) = =270 Y upr o (K, (K1 — naildle — Eq(K)],

a

(22)

where n,x is the electron occupancy of the ath band at k and
u; 4(K) is the d,-electron element of diagonalization matrix.
Substituting Egs. (21) and (22) into (20), we have

I(qw, e) =27 Z Wdt,’zpa (qu, &)Wy, 2p, (qu, €)

ot
x> ttgr a0 (O[T — 1]

ak
x 8[e2p, + @ — E4(K)]. (23)
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The XAS and XMCD intensities are calculated by
I(qw) = I(qw, eg) + I(qu, eL), (24)
Al(qw) = I(qw, eg) — I(qu, eL). (25)

For the purpose of discussions on sum rules, we define the
integrated XAS and XMCD intensities:

Slor, o] = f " dol(qo), 26)

1
)

AS[w;, w;] E/ do Al(qw). 227)

W]

By setting w; and w; to the lowest- and highest-energy cutoffs,
respectively, to cover both the L3 and L, weights, we have
the total integrated XAS intensity S; = S[w;, w;] and the
integrated XMCD intensity from the lowest energy AS(w) =
AS[w;, w]. By restricting the integration range [w;, @] to just
cover the L3 or L, excitation energy, we have the partial inte-
grated XAS and XMCD intensities for the L3 /L, excitations:

St5/1, = Slor, o], (28)
AS1y/1, = ASlwy, @2]. (29)

In terms of the sum rules [23,24], these integrated intensities
are related to various moments of d electrons:

AS, + ASy, 3L,

== 30

S, 4H, (30)

—ASy, +2AS, 287+ 7T, 31
St ~ 2H;

where H; is the total hole number of d states, Ly, Sz, and
T; are the [001] components of orbital, spin, and magnetic
dipole moments of the d electrons, respectively. In this paper,
the components along the crystallographic [100], [010], and
[001] directions are denoted by X, Y, and Z, respectively. The
propagation vector ¢ of incident photons is always set to be
parallel to the magnetization M.

J

1
Wi, 2p, (qe. €) = Wy, 2p, (o, €) — > Wy, 2, (qo, &)y >

o818
Thus, Wy, 2, (qw, €) within LVC is obtained by solving

3 S, + Z Z ug o (Kuz, (K[l — ".lak] v

w &€
oa's + 2Pu

—E, (k) +il,

D. Ladder vertex correction

It has been known that in transition-metal L-edge XAS, 2p-
nd Coulomb interaction plays an essential role to yield good
agreement with experiment [35-37]. Physically, this means
2p-nd Coulomb interaction causes a bound state between the
excited 2p hole and nd electron. We include this effect by
the ladder vertex correction (LVC). To do this, we collect the
contributions from the diagrammatic series shown in Fig. 2(b),
and obtain the following equation to determine the corrected
Wdc,Zpo, (qu e) :

Wi, 2p,(qQ, €) = wy, 2p, (qo, €)

+i Z Wa,, 2p, (Qo, e)f 20y (

a't1g
N Z GClCz(k’ &€+ w)VPd(a/v g6, a),

(32)
where wy, 25, (q, €) is the bare part:

Z Wd, 2p,, (qw, e)uma,a~ (33)

m=-—1,0,1

Wa, 2p, (qw, €) =

Ggpa (k, &) and Gz'] o (k, ¢) are the usual causal Green’s func-
tions: for the 2p states,
1

k,e) = ————F—, 34)

217“ & — &p, — inp

and for the nd states,

Gonlkoe) = > ug o, OGSk ), (33)

Gilk, ) = ———% "k 36)
e—E,K)+i§ e—EuKk)—1id

The 2p-nd interaction Vy,4(o',¢;¢’, ) is related to

Vya(mo, 3¢, m'c") appearing in Eq. (4) by

Vl’d(a/’ g; C/’ Ol) = Z Z Vpd(mo—’ g; C/v m/o—/)u:w’a/um’a’,a-

mm oo (37)
By substituting Egs. (34)—(36) into (32) and carrying out the
frequency integration, we have

e, (KU, L1 — k]
— E,(K) + i,

Ve, c;¢q, o). 38
o+ 62y pa (0, E5 81, ) (33)
ak o

pd(()[/, é-; ;‘17 a)}WdcszPa’ (qa), e) = wd{’zpn (q(,(), e). (39)

The XMCD spectral intensity with LVC is calculated using this corrected Wy, 2,, (qo, €) in Eq. (23). If we neglect the effects of

LVC, we use the bare wy, 2, (qo, €) instead of Wy, 2, (qo, €).

III. RESULTS

A. XAS spectra

Before discussing XMCD, we make a comparison of XAS
spectral line shape with experiments to check the validity of

(

calculations because the XMCD intensity is the difference
between the XAS intensities for right and left helicities. Here
it should be noted that CrO, is a metastable state at room
temperature in the atmosphere and its surface tends to be
coated with Cr,O3 [58]. Therefore, we need to be careful in
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FIG. 3. Comparison of results of XAS intensity. Upper: Two
experimental curves. The Expt. 1 and Expt. 2 curves are reproduced
from Refs. [26] and [58], respectively. Middle: Calculated results
in this work. The three curves are for different values of I';, =
0.3,0.6,0.9 eV. Lower: Results of previous CFM and FPLMTO
calculations, reproduced from Refs. [31] and [32], respectively. All
the curves are horizontally shifted from the original energy positions
to align the main L; peak positions exactly to that of the Expt. 1
curve. Each thick horizontal bar at the left-hand side indicates the
baseline for the corresponding curve.

comparing with experimental XAS spectra. In the upper panel
of Fig. 3, two experimental XAS lines are reproduced from
Refs. [26,58]. The deviation of the Expt. 1 curve from the
Expt. 2 curve could possibly be attributed to surface Cr,O3
since the Expt. 2 curve contains only a negligible (if at all)

contribution of a Cr,O3 signal according to Ref. [58]. How-
ever, we note that the energy positions of the five features
denoted as A—E seem much consistent between the two exper-
imental spectra. Therefore, we assume those five features are
intrinsic for CrO; and their energy positions are quantitatively
reliable. For reference, the XAS spectrum of antiferromag-
netic Cr,O3 calculated within the present framework is given
in the Supplemental Material [50], where we find five spectral
features corresponding to a—e as well as in CrO,.

In the middle panel of Fig. 3, calculated XAS spectra I (qw)
are displayed for three values of I';,. The five features A-E
are assigned well to the five features a—e in the calculated
curves, although it is somewhat uncomfortable that the feature
b (only visible for I';, = 0.3 eV) is much weaker than B
and the features a and d appear at lower energy than A and
D by about 1 eV, respectively. The BR defined by Sz,/Sz,
is estimated to be 1.11 in the present calculation, showing
significant reduction from the statistical value 2. This value
should be compared with an experimental value 1.24, which
is estimated from the integrated XAS curve in Ref. [26]. As
has been discussed by many authors, this reduction can be
explained as an effect of 2p-3d interaction [35-38]. As seen
later in Sec. III D, the BR calculated without CLS and LVC is
exactly 2.00, which clearly disagrees with experiments.

Here we insert a comment on the effects of the relaxation
factor I';,. Although we treat I';, as constant in absorbed
x-ray energy for simplicity in this study, we have to consider
that I';, acquires an energy dependence in more elaborate
calculations. In a more microscopic level, since I';, corre-
sponds to the imaginary part of the 2p-state self-energy arising
from relaxation processes of the 2p hole, such processes
should be identified and included in the calculations explicitly.
Previously, such relaxation processes were considered within
lowest-order perturbative calculations for the Ko emission
(XES) and its circular dichroism (XMCPE) in ferromagnetic
transition metals, leading to asymmetric XES line shape with
characteristic broad tail structures [64,65]. As well as in the
XES calculations, the energy dependence of the imaginary
part of the 2p self-energy can change each broadness, asym-
metry, and intensity height of the features a—e individually,
thereby possibly yielding some correction to the calculated
XAS line shape.

Finally, in the bottom panel of Fig. 3, the results of the pre-
vious CFM and FPLMTO calculations [31,32] are displayed
for comparison. The CFM result shows qualitative discrep-
ancy with the experimental lines: A preedge peak around
575 eV and a peak around 584 eV between the L3 and L,
weights are seen, while such structures are absent in exper-
imental spectra as well as in the band-based spectra.

B. XMCD spectra

In the upper panel of Fig. 4, calculated helicity-resolved
XAS spectra I(qw, eg/; ) are compared with the experimental
results of Ref. [26]. We have taken small I';, = 0.3 eV to
make inherent structures visible, although they may be ac-
tually invisible in experiments. In the lower panel of Fig. 4,
calculated XMCD spectral intensity Al(qw) and its integrated
intensity AS(w) are compared with the experiment. Here
we note that the XMCD spectra can less possibly contain a
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— Right-circ. pol.

Calc. -== Left -circ. pol.

XAS intensity (arb. units)
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XMCD intensity (arb. units)
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X-ray energy (eV)

FIG. 4. Upper: Experimental and calculated XAS spectra for
RCP/LCP. The L; and L, XAS peaks are located around 580- and
588-eV excitation energies, respectively. Lower: XMCD spectrum
Al(qw) and integrated intensity AS(w). Experimental data are read
from Ref. [26].

contribution from surface Cr,O3 since Cr,Oj3 is an antifer-
romagnet and therefore its contribution will be eliminated
by taking the difference between the helicity-resolved XAS
spectra. The calculated curves overall agree well with the
experiment. However, still some deviations are seen: (i) First,
the horizontal position of the first low-energy dip around 576—
577 eV is lower by 1 eV than in the experiment. (ii) Compared
with the experiment, the dip around 580 eV is shallower, and
the peak around 581-582 eV is higher. In other words, both
the dip and peak structures in the calculation deviate upward
from the experimental ones. (iii) The small peak around 586—
587 eV takes a positive value at the local maximum, although
it should be negative according to the experiment. These de-
viations seem to arise from those in positions and intensities
of peaks and fine features in XAS spectra. For example, the
deviation (i) originates from the deviation in energy positions
between the features A and a in the underlying XAS spectra
given in Sec. III A. The deviation (ii) arises from the following

M//[001]

M//[100]

XMCD intensity (arb. units)

565 570 575 580 585 590 595 600 605
X-ray energy (eV)

FIG. 5. XMCD spectra for different cases of magnetization di-
rection, M//[001] and M//[100]. For the calculation, we used I';, =
0.6 eV. Experimental data are read from Ref. [27].

difference between the calculation and the experiment: the
maximum intensity at the Lz XAS peak is almost the same
between RCP and LCP in the calculation, although it is clearly
higher for LCP than for RCP in the experiment. Origins of
these incompatibilities are not clear at present. Inaccuracy
not only in the electronic structure but in the approximate
treatment of XAS can be responsible for them.

XMCD spectra based on the band structures by GGA and
GGA+U are displayed in the Supplemental Material [50].
The XMCD line shapes by GGA and GGA+U withU < 1eV
appear to be similar to those of MFA, keeping agreement
with experiments. On the other hand, for larger U > 2 eV,
discrepancies with experiments become noticeable: Relative
depth of the first dip around 576-577 eV to the second dip at
580 eV becomes larger. In addition, the XMCD curve tends
to have a negative dip around 585 eV. Thus, if GGA+U with
U > 2 eV is used, compatibility in spectral line shape with
experiments becomes worse.

C. Anisotropy of XMCD spectra

The XMCD spectrum has been observed to show a charac-
teristic dependence on the direction of magnetization [27,28].
As shown in Fig. 5, the XMCD line shows a notable change
in sign from negative for M//[001] to positive for M//[100]
around 588 eV. The calculation reproduces well this sign
change. We investigate which electron excitations are respon-
sible for the sign change around this energy, by allowing only
one of the five Cr-3d orbitals to accept electrons and suppress-
ing the others. This investigation shows that the negative sign
for M//[001] originates from the excitations relevant to the
Cr-3d;,2_,» orbital. In the case of M//[001], this negative sign
is dominantly reflected in the total XMCD line. On the other
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1
1
vl
g
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X-ray energy (eV)

FIG. 6. From top to bottom, solid curves represent the XMCD
spectra calculated with (i) no corrections, (ii) only LVC, (iii) only
CLS, and (iv) full corrections (CLS and LVC). Dashed curve rep-
resents experimental data read from Ref. [25]. Downward arrows
indicate the minimum position between the calculated L; and L,
XAS peaks, where the Ly and L, excitations are assumed to be
separated.

hand, in the case of M//[100], the 3d;, orbital brings about
a dominant positive contribution to overcome the negative
contribution from the 3d;,_,» orbital. The tendency to this
sign change is reproduced also within the GGA and GGA+U
calculations [50].

Concerning the anisotropy of moments, the orbital and
spin moments are very isotropic: Ly for M//[001] and Ly
for M//[100] are both —0.033, and S for M//[001] and Sx
for M//[100] are both 1.032 per Cr atom. On the other hand,
the magnetic dipole moment exhibits some anisotropy: 7 for
M//[001] and Ty for M//[100] are —0.077 and 0.039, respec-
tively. These results do not agree with the large anisotropy
stressed in Ref. [27], but are consistent with LSDA(+OP)
calculation [66] in the order of magnitude and sign.

D. Effects of 2p-3d interaction on XMCD spectra

To inspect the effects of 2p-3d interaction, we present
the XMCD spectral line shapes calculated with and with-
out CLS and LVC in Fig. 6. If we omit either of the
CLS and LVC corrections, we cannot obtain agreement with

experiments. On the other hand, it should be noted that the
spectral line shape without both the CLS and LVC corrections
(the top curve in Fig. 6) is very similar to those obtained
in Refs. [32,34]. Therefore, the previous XMCD calculations
based on the first-principles calculations may have overlooked
or underestimated the effects of the 2p-3d interaction both
in the description of 2p core-level splitting (CLS) and 2p-3d
bound-state formation (LVC). While the MFA and GGA+U
with U < 1 eV both give similar XMCD spectral line shapes
as already mentioned in Sec. III B, the CLS and LVC both
give a strong influence on the XMCD spectral line shape. This
means clearly that the careful description of the 2p-3d corre-
lations is much more crucial for explaining the experimental
spectra than the improvement of the 3d electron bands.

To see the influence of the 2p-3d interaction on the BR
and XMCD integrated intensity, the calculated values of them
are listed in the lower five lines of Table 1. Excitation energy
separating the L3 and L, spectral weights is determined by the
position of the local minimum between the L3 and L, peaks of
XAS spectrum. According to the results, the reduction of BR
arises mainly from LVC and not from CLS. On the other hand,
the relative weight of dichroism to the whole XAS weight
ASy,/1,/S1 becomes much suppressed by either of CLS and
LVC.

E. Evaluation of sum rules

The sum rules have often been utilized to extract the local
orbital and spin moments at magnetic ions in solids. This
unique advantage has distinguished XMCD from other exper-
imental techniques on magnetism. Extraction of the moments
by the sum rules has sometimes been successful for late 3d
transition elements such as Fe, Ni, and Co, where the 2p
spin-orbit coupling is sufficiently large to separate the L3 and
L, weights clearly [67-71]. However, for middle and early 3d
transition elements where the L3-L, separation is not so large,
the validity and accuracy of the sum rules have sometimes
been questioned [20,70-72]. To examine the validity of the
sum rules in the case of CrO,, we summarize the calculated
results of the relevant moments and the right- and left-hand
sides of Egs. (30) and (31) in Table I. As seen in Table I, the
orbital sum rule [Eq. (30)] holds well, even if CLS and LVC
are included. On the other hand, the spin sum rule [Eq. (31)]
is violated by including CLS and LVC. In general, the orbital
sum rule holds robustly, compared with the spin sum rule,
because of the following reason: Only what is necessary for
the orbital sum rule to hold is that the space formed by the
total six 2p,, states is formed equivalently by the original 2p,,,
states. This is clearly satisfied robustly. On the other hand,
for the spin sum rule to hold, the two spaces formed by the
low-energy two (L) and the high-energy four (L3) of the six
2p states need to be formed individually by the 2p;,, and
2psj, states, respectively. Not only CLS but LVC violates
this requirement, since CLS causes hybridization between
the 2p;,, and 2p3, states in the ground state and the LVC
processes include dynamical transitions between them.

If we apply the spin sum rule to the calculated XMCD
intensity, then the value of Sz + (7/2)T; is excessively un-
derestimated, as explained in the following. If we use the
values of Hy, AS;,/SL, and AS;,/S; in Table I, then we expect
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TABLE I. Upper two lines: calculated values of the d-electron (-hole) number N, (H,;) and various moments of orbital Ly, spin Sz, and
magnetic dipole 77, per Cr atom. For the moments, the [001] components are shown. Lower five lines: calculated branching ratio (BR) and
integrated XMCD intensities normalized by the total integrated XAS intensity. In the two columns of the right-hand side, calculated values of
the right- and left-hand sides of Eqgs. (30) and (31) are shown in boldface.

Ny (Hy) Ly Sz T; — i e
3.73 (6.27) —0.033 1.032 —0.077 0.00395 0.121
St ASy, ASy, ASp, +ASL —ASL,+2AS],
B (52) 5 5 a S

(i) No corrections 2.00 —0.0355 0.0395 0.00393 0.114

(ii) Only LVC 1.02 —0.0266 0.0306 0.00393 0.0877
(iii) Only CLS 2.17 —0.0125 0.0165 0.00395 0.0456
(iv) CLS and LVC 1.11 —0.0080 0.0120 0.00395 0.0320

Sz 4+ (7/2)T; = 0.20, which is much smaller than the true
value 0.76. This value corresponds to 73% discrepancy, which
is larger than 56%, a result of a cluster calculation for Cr3d*
in an octahedral situation [72]. As mentioned in Sec. III B, the
dip and peak around 580-582 eV in the calculated XMCD
intensity deviate upward from the experimental ones. This
deviation leads to underestimation of the absolute value of
negative AS;,/S;. However, this underestimation seems to be
corrected at most by a factor of 2, according to the bottom
integrated-intensity curve of Fig. 4, where note that the high-
energy cutoff of L; excitations is 584 eV. Therefore, if we
assume AS;, /S, = —0.016, then AS;,/S; = 0.020, and con-
sequently we obtain the estimation [—ASz, + 2AS8.,1/S. =
0.056. Some experiments have assumed Cr3d? (H; = 8), al-
though the calculation gives smaller H; = 6.27. If we use
this overestimated H; = 8, we obtain Sz + (7/2)T; = 0.45
at most. However, this still reaches only 59% of the true
value 0.76. Thus, in the case of CrO,, the validity of the spin
sum rule cannot be supported within the present analysis. We
should note also that (7/2)T; is not negligibly small, com-
pared with Sz. Therefore, extraction of the true spin moment
value by means of the spin sum rule is quite problematic,
although a correction scheme has been proposed in Ref. [20].
Thus, as well as early local multiplet calculations [70-72],
our method based on accurate electron bands can demonstrate
the inapplicability of the spin sum rule to early 3d transition-
metal compounds.

IV. CONCLUDING REMARKS

In this paper we have presented a perturbative method for
calculating XAS and XMCD spectra by means of the Keldysh
Green’s function technique. It is worthwhile to mention the
advantages, disadvantages, similarities, and differences of our
approach, in comparison with the other approaches reviewed
in Ref. [73]. The advantages over LFM or CFM calculations
are similar to those of LDA+DMFT method [73]: (i) Charge
transfer processes not only from neighboring ligand sites but
also from 3d states away from the absorbing site are accu-
rately taken into account. (ii) Ambiguities in the choice of
model parameters are much reduced since the crystal-field
splitting and metal-ligand transfers are almost nonempirically
determined by the first-principles band calculations. How-
ever, in contrast to the LDA+DMFT approach, our approach
(within MFA, GGA, or GGA+U) does not need mapping to

a corresponding impurity problem and solving it. Therefore,
our approach requires only much less cost in numerical cal-
culations than the DMFT approaches. If the MFA Green’s
functions are replaced with DMFT ones, further effects of
electron correlations can be included as well as in DMFT, in
exchange for the less cost in calculations. Another remark-
able difference from the LDA4+DMFT approach is that our
approach includes such bound-state-formation processes as
described by the Bethe-Salpeter equation (BSE). This will be
easily understood, if it is noted that Fig. 2(b) and Eq. (32) are
the field-theoretic expression of the BSE, where V,; plays a
role of the Bethe-Salpeter kernel. However, it should be noted
that our approach differs from the DFT-based BSE approaches
reviewed in Refs. [74,75]: In the DFT-based BSE approaches
all electrons are involved and the 2p-3d interaction is calcu-
lated by a first-principles DFT manner, whereas our approach
simply includes only the relevant orbitals to the 2p — 3d
XAS process and employs the atomic Hartree-Fock calcu-
lation to evaluate the 2p-3d interaction. Compared with the
LDA-+DMEFT and DFT-based BSE approaches, our approach
requires only less expensive numerical calculations because
of the above-mentioned simplicities, thereby making it more
feasible to calculate XAS and XMCD intensities in more com-
plex ordering states such as ferrimagnetic states characterized
by several kinds of magnetic atoms and ordering wave vectors.
A possible disadvantage of our approach is that the Slater-
Condon F,q and Gpg need to be chosen by a semiempirical
way, when the Wannier orbitals are less localized and not
similar to atomic orbitals.

Applying our method to half-metallic ferromagnetic CrO,,
we have obtained XMCD spectral line shapes agreeing well
with experiments. We have shown that the atomiclike strong
interaction between the 2p and 3d states is an indispensable
ingredient to yield the good agreement. It is suggested that
the previous XMCD calculations may have overlooked or
underestimated the notable effects of the 2p-3d interaction.
Concerning the sum rules, it has been demonstrated that while
the orbital sum rule holds well, the spin sum rule does not
hold, leading to excessive underestimation of the spin mo-
ment.

As usually done in local multiplet calculations of XAS
[35,61], the Slater-Condon parameters are reduced to 70%—
80% of those obtained by atomic Hartree-Fock calculations.
Also to our experience, such reduction is often required to
yield agreement with experiments. However, in the case of
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CrO,, to obtain the agreement with experiments, we have
used the values of szd, G,I;d’ and Gf]d without reduction.
Necessity of such reduction is considered to arise from a solid-
state effect absent in atomic situations, e.g., most possibly a
screening caused by conduction electrons. This consideration
leads us to the idea that such screening processes are not
active sufficiently to weaken the 2p-3d Coulomb interaction
in CrO,. This will be plausible if the fact is noted that spin
relaxations in HFM are largely suppressed due to the absence
of spin-flip processes near the Fermi energy. Therefore, it

may be possible to regard the atomiclike 2p-3d interaction
as a peculiar feature of HFM. Validity of this perspective on
the 2p-3d interaction in HFM is still left to be investigated
extensively.
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