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ABSTRACT. This project was aimed at building the transverse dynamical spin susceptibility
with the TD-LDA and the recently-developed Quasparticle Self-Consisent Approximations,
which determines an optimum quasiparticle picture in a self-consistent manner within the
GW approximation.

Our main results were published into two papers, (J. Phys. Cond. Matt. 20, 95214 (2008),
and Phys. Rev. B83, 060404(R) (2011). In the first paper we present spin wave dispersions for
MnO, NiO, and a-MnAs based on quasiparticle self-consistent GW approximation (QSGW).
For MnO and NiO, QSGW results are in rather good agreement with experiments, in contrast
to the LDA and LDA+U descriptions. For a-MnAs, we find a collinear ferromagnetic ground
state in QSGW, while this phase is unstable in the LDA.

In the second, we apply TD-LDA to the CaFeAsy — the first attempt the first ab ini-
tio calculation of dynamical susceptibililty in a system with complex electronic structure
Magnetic excitations in the striped phase of CaFegAss are studied as a function of local
moment amplitude. We find a new kind of excitation: sharp resonances of Stoner-like (itin-
erant) excitations at energies comparable to the Néel temperature, originating largely from
a narrow band of Fe d states near the Fermi level, and coexisting with more conventional
(localized) spin waves. Both kinds of excitations can show multiple branches, highlighting
the inadequacy of a description based on a localized spin model.

Here we report on the findings of these two papers.

1. INTRODUCTION

The magnetic linear response is a fundamental property of solids. It is given by the spin
susceptibility when the spin-orbit coupling is neglected (as we will do in this article). The spin
susceptibility is equivalent with the spin fluctuations, as can be seen from the fluctuation-
dissipation theorem. Low-energy spin fluctuations can control some low energy phenomena
such as magnetic phase transitions, and contribute to resistivity through spin-flip scattering
of electrons. Antiferro(AF)-magnetic spin-fluctuations can play an important role in high-T¢
superconductors [1, 2. It is also the central quantity entering into the description of quantum-
critical phenomena [3, 4]. We expect that reliable first-principle methods to calculate the spin
susceptibility should give important clues to understand these phenomena. In this paper,
we concentrate on the magnetically-ordered systems, where the spin susceptibility should be
dominated by spin waves (SW) at low energy.

In spite of the recent development of such methods, we still have large class of systems
where we can hardly calculate the spin susceptibility, e.g, as discussed in Ref.[5]. A typical
example is MnO; Solovyev and Terakura gave an analysis for the calculation of its SW energies
[6]. Then they showed main problem is in the non-interacting one-body Hamiltonian H° from
which we calculate the non-interacting spin susceptibility used for the calculation of the SW
energies. H° given by the local density approximation (LDA), LDA+U, or even the optimized
effective potential (OEP) [7] are not adequate. In the LDA+4U case, they traced the error to

a misalignment of the O(2p) bands relative to the Mn(3d) bands. It is impossible to choose
1
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the U parameter to correct the misalignment, because the U parameter can only control the
exchange splitting within 3d bands. A possibility may be adding some other parameter in
addition to U so as to correct the misalignment; however, such a procedure including more
parameters become less universal. This situation is somehow similar with the case of optical
response (dielectric function) calculation for semiconductors, where H? given by LDA is with
too small band gap, thus requires some additional correction like scissors operator. Our case
for the spin susceptibility for MnO is rather worse; LDA supplies too problematic H° to be
corrected in a simple manner.

Another possibility is to obtain H? by some hybrid functional; it has been shown that it
can work as explained below, however, it could be problematic from the view of universality.
Muscat, Wander, and Harrison claimed that a functional B3LYP [8, 9] (containing 20% of Fock
exchange) works even for solids. However, Franchini, Bayer, Podloucky, Paier and Kresse [10]
showed that a little different functional, PBEO is better than B3LYP in order to obtain better
agreement with experiments as for the exchange interaction. PBEQ is a combination of 25%
of the Fock exchange with a generalized-gradient approximation(GGA) [11]. However, such a
functional could be not so universal, mainly because the effect of screening (therefore the ratio
of the Fock exchange) are dependent on materials. In fact, de P. R. Moreira, Illas, and Martin
[12] reported that a hybrid functional containing 35% of Fock exchange gives best results for
NiO; the ratio of the Fock exchange is rather different from the case of MnO by Franchini et al.
This is somehow consistent with latest careful examinations by Fuchs Furthmuller, Bechstedt,
Shishkin and Kresse [13] and Paier, Marsman, and Kresse [14]; they clarify the fact that a
hybrid functional should be limited, because the screening effects (corresponding to the ratio
of the Fock exchange) can be material-dependent. These seem to indicate a difficulty to pick
up an universally-applicable hybrid functional. This difficulty becomes more problematic
when we treat inhomogeneous systems, e.g, to treat the Schotkey-barrier problem, where the
screening effects are very different in metal side and in semiconductor side.

Considering these facts, it is necessary to start from good H° without such problems. Our
recently-developed quasiparticle self-consistent GW method (QSGW), which includes the
above screened exchange effects in a satisfactory manner [15, 16, 17, 18, 19, 20, 21]. QSGW
determines a reference system of H® representing optimum quasiparticle (QP) picture in the
sense of Landau-Silin Fermi liquid theory. As discussed in Ref.[19], it is based on a self-
consistent perturbation theory within all-electron full-potential GW approximation (GWA),
but it is conceptually very different from the usual full self-consistent GW. QSGW self-
consistently determines not only H°, but also the screened interaction W, and the Green’s
function G simultaneously.

We have shown that QSGW gives QP energies, spin moments, dielectric functions and so
on in good agreement with experiments for wide range of materials. There are systematic
but a little disagreement from experiments. For example, as shown in Fig.1 in Ref.[17], we
see error that calculated band gaps are systematically larger than those by experiments. A
recent development by Shishkin, Marsman and Kresse [21] confirmed our conjecture [17] that
the inclusion of electron-hole correlation effect in W will correct the error. Their method is a
simplified version of the full Bethe-Salpeter equation (BSE) for W; it includes only the static
and spatially-local part of the first-order term in the BSE, based on the procedure given by
Sottile, Olevano, and Reining [22]. However, since the band-gap error itself is small enough,
such simplifications may cause no problem. Considering this success, we believe that QSGW
is a basis for future development of the electronic structure calculations.

In this paper, we treat MnO and NiO with AF ordering I (AF-II) [23], and a-MnAs. a-
MnAs is NiAs-type grown on GaAs epitaxially, thus is a candidate for spintronics applications
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[24]. For this purpose, we have developed a procedure to calculate the spin susceptibility at
zero temperature. It is a general procedure for a given self-consistent method which determines
HO, even when H° contains non-local potentials as in the Hartree-Fock method. We then
apply it to LDA, and to QSGW. After we explain the method in the next section, we will
show SW energies obtained with QSGW are in good agreement with experiments for MnO
and NiO. See Ref.[19] for dielectric functions for NiO and MnO. For MnAs, our calculation
shows that a collinear FM ground state is stable in QSGW though it does not in LDA.

At the end of introduction, we give a discussion to justify using the one-particle picture
(band picture) of “Mott insulator” for MnO and NiO; it is essentially given by Terakura,
Williams, Oguchi, and Kiibler in 1984 [23] (in the following discussion, “charge transfer type”
or “Mott type” does not matter). Based on the one-particle picture, the existence of some spin
moment (or exchange splitting, equivalently) at each cation site is very essential to make the
system insulator. This is consistent with the experimental facts that all the established “Mott
insulator” are accompanied with the AF (or some) magnetic ordering. Thus the concept “Mott
insulator vs Band insulator” often referred to is misleading, or rather confusing. In order to
keep the system insulating, any ordering of spin moment is possible provided the system
retains a sufficiently large enough exchange splitting at each site (we need to use the non-
collinear mean-field method). In this picture, metal-insulator transition at zero-temperature
(e.g, consider a case to compress NiO) is nothing but the first-order transition from magnetic-
phase to the non-magnetic phase described by a band picture. On the other hand, the
transition at finite temperature to para-magnetic phase occurs because of the entropy effects
due to the accumulation of SWs; then the transition is not accompanied with the metal-
insulator transition because the exchange splitting (or local moment) at each site is kept
even above the Néel temperature Tx. This picture is very different from that assumed in
Refs.[25, 5], where they emphasize the priority of their method LDA + U + “dynamical mean
field theory (DMFET)”. On the contrary to their claim, we insists that our treatment should
be prior and much closer to reality for such systems, because of the following reasons.

i) One-particle treatment in our QSGW allows us to perform parameter-free
accurate calculations where we treat all the electrons on the same footing; this
is very critical because of the relative position of cation 3d bands to O(2p) is im-
portant (also their hybridization; we have no SW dispersion without hybridiza-
tion). Further, we are free from uncontrollable double-counting problem [26],
nor the parameter like U which is externally introduced by hand. In contrast,
LDA+U+DMFT carries these same problems which are in LDA4U, or rather
highly tangled. Thus it is better to take a calculation by LDA4+U+DMFT as
a model in cases. As an example, we guess that the distribution probability
of the number of 5f electrons in §-Plutonium calculated by LDA+U+DMFT
[27] will be easily changed if we shift the relative position (and hybridization)
of 5f band with respect to other bands.

ii) The DMFT at zero temperature takes into account the quantum-mechanical
onsite fluctuation which is not included within the one-particle picture; it al-
lows a system to be an insulator without magnetic order. However, we expect
that such quantum-mechanical fluctuation is not essentially important to de-
termine its ground state for materials like NiO and MnO. This is based on our
findings that QSGW results can well reproduce the optical response [19, 15],
and also the magnetic responses as shown in this paper. These QSGW results
are not perfect, however, supplies us a good enough starting point. For ex-
ample, in order to describe the d-d multiplet intra transitions (e.g, see Fig.6
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of Ref.[28] by Fujimori and Minami; they are very weak in comparison with
interband transitions), it may be easier to start from the cluster models or so;
however, parameters used in these models will be determined by QSGWeven
in such a case.

iii) At finite temperature, the DMFT can take into account not only such
quantum-mechanical fluctuations, but also the onsite thermal fluctuations si-
multaneously; this is an advantage of DMFT. However, in MnO and NiO,
low-energy primary fluctuations are limited to the transverse spin fluctuations
except phonons. These can be included in DMFT but it is essentially described
by the local-moment-disorder [29] as the thermal average of the one-particle
picture. Thus no advantage of DMFT if only the thermal fluctuations are
important.

2. METHOD FOR SPIN SUSCEPTIBILITY CALCULATION

We may divide first-principle methods to calculate SW energies into three classes; (A), (B),
and (C). (A) is from the Heisenberg Hamiltonian, whose exchange parameters J are deter-
mined from the total energy differences of a set of different spin configurations [30, 31, 32]. (B)
and (C) are based on perturbation. (B) estimates J from static infinitesimal spin rotations [33,
34]. We go through the Heisenberg model even in (B). In contrast, (C) determines SW energies
directly from the poles in the transverse spin susceptibility x*~(r,r’,t —#') (defined below) in
the random phase approximation (RPA) or time-dependent LDA (TDLDA) [35, 36, 37]. (C)
gives the spectrum including life time, and spin-flip excitations. Because (C) is technically
difficult, (A) or (B) have been mainly used. (B) is regarded as a simplification of (C); but
real implementations entail further approximations.

Our method belongs to (C). Our formalism is applicable to any H° even if it contains
non-local potential. At the beginning, we introduce some notations to treat the time-ordered
transverse spin susceptibility

(1) T (et —t) = —i(T(ST(r, )5~ (¢, ))).

(...) denotes the expectation value for the ground state; 7'(...) means time-ordering, and
SE(r,t) = S%(r,t) + iSY(r,t) are the Heisenberg operators of spin density. Since we as-
sume collinear magnetic ordering for the ground state, we have ($%(r,t)) = (S¥(r,t)) = 0;
2(8%(r,t)) = M(r) = n'(r) — nt(r). n'(r) and n!(r) mean up and down electron densi-
ties. M,(r) is the component of M (r) on the the magnetic sites a in unit cell. The Fourier
transform of y7~ is

1 .
@ (T w) = 3G (),
q

where T is a lattice translation vector, and N the number of sites. r,r’ are limited to a unit
cell.

Next we derive two conditions Eq. (4) and Eq. (5) below, which x*~ rigorously satisfies.
Taking the time derivative of Eq. (1), we obtain

% /dgr/XJr(r’,r,t’ —t)

B = [ @S W) o) i [ ST, 5 @ )a - o),
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where [A, B] = AB — BA. H denotes the total Hamiltonian of the system. We have used
% = i[H,ST(r',t')]. We assume H has rotational symmetry in spin space, so that
[H, [ &3 S*(x/,#)] = 0. Then the first term in the right-hand side is zero. The second term
reduces to M(r) because [ST(r/,t), 5™ (r,t)] = 25%(r,t)d(r — r'). Thus Eq. (3) is reduced to
be

M(r)
(4) g ne) = 21,

w

where 2 denotes the unit-cell volume. Note that Eq. (4) is satisfied for any w. At w — 0,
this means that M(r) is the eigenfunction of X;r;o(rv r’,w) with divergent eigenvalue; this
is because a magnetic ground state is degenerate for homogeneous spin rotation. Another
condition is the asymptotic behavior as w — co. It is given as

M) S0 — 4y + 0(1)u?).

(5) X rw) —
This can be easily derived from the spectrum representation of XxT~. We use Eq. (4) and
Eq. (5) to determine the effective interaction U in the following.

As in Ref. [38], we define the effective interaction U(r,r’,w) as the difference between

(xT7)~! and the non-interacting counterpart: (XOJF*)f1 (r,r,w);

(6) ()= () T

In TDLDA, U is the second derivative of the exchange-correlation energy, U(r,r') = —§?Ey. /0S5t (r)6S~(r') =
It(r)d(r —r’), which is local U(r,r’) x é(r — r’), w-independent, and positive. Then we can
show that x*~ in TDLDA satisfies conditions Eq. (4) and Eq. (5) automatically [39]. In the
case of H? containing nonlocal potentials (e.g. in the case of the Hartree-Fock method), U is
no longer independent of w. This is because the natural expansion of Y™~ in the many-body
perturbation theory requires solving the Bethe-Salpeter Eq. for the two-body propagator
X" (r1,ro;r3, 14, w), thus U defined in Eq. (6) is not directly identified as a kinds of dia-
grams. Ref.[37] did not pay attention to this point. We can calculate x°T~ in Eq. (6) as

XO+7(I' r’ w) §U§C \Ijiinl ‘Ilk’ ’T( )\Ijlt’n/T( /)\Ijknl(r/)
q [ w — ek'n/T_eknl)‘i"Lé

kn| kK'n/1

(7) “g’fc i Vi (0) Wrermry (0) Wi, () Wi (1)
—w — Ekl—ﬁk/ /T)‘i"l/(; ’

kn| k'n'l

where k' = q + k. %" (r,r',w = 0) is negative definite matrix. Our definition of xy*~ and
also X7~ can be different in sign from other definitions in the literature because we start
from Eq. (1).

In order to realize an efficient computational method, we assume that the magnetization
is confined to magnetic atomic sites, and we explicitly treat only a degree of freedom of spin
rotation per each site. Then we can determine U with the help of Eq. (4) and Eq. (5) as in
the following. As a choice to extract the degrees of freedom, we consider a matrix D(q,w) as

(8) (D(d@))aw / dr / e (0 (1,1 w)ew (),

and D%(q,w) defined in the same manner. The dimension of the matrix D(q,w) is the
number of magnetic sites. Here we define e, (r) = My (r)/M, where M, = [, d®*rM,(r); and
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define &,(r) so that &,(r) o eq(r) and [ d3req(r)eq(r) = 1; thus €q(r) = eq(r)/ [, dPr(eq(r))?.
Corresponding to Eq. (6), we define the effective interaction (U(q,w))aa as

(9) (D(q,w)) ™! = (D(q,w)) " +U(q,w).

For the calculation of DY(q,w) from Eq. (7), we use the tetrahedron technique [19], which
allow us to use fewer k points in the first Brillouin zone (BZ) than those required for the
sampling method [37]. U defined in Eq. (9) should include all the downfolded contributions
from all the other degrees of freedom. We now assume that U is g-independent and site-
diagonal, so that it can be written as U,y (q,w) = Uy(w)dge. Since Eq. (4) reduces to a

constraint Y ,(D(q = 0,w))yq = My/w, we determine U, (w) from

Us(w) = iéaa/ _ (Zb My(D%(q = 07w))b—a1> .

Ma Ma aa’ "
With this U, (w) for Eq. (9), we finally have

(10) (D(q,w)) ™" = ~b00r — J(q, ),

M,
(1) Taw) = =(Da.w)) "+ (Zb (D= 0’”)>ba1> S

Eq. (5) reduces to (D(q,w)),,. — 27-0aar &t W — 00; (D(q,w)),. given by Eq. (10) gives this
correct asymptotic behavior. Note that we determine U just from the requirement Eq. (4)
because of our approximations “onsite only U” and “a basis per magnetic site”. If we need to
go beyond such approximation (e.g. multiple basis per site), it will be necessary to introduce
additional informations, e.g. a part of x(q,w = 0) evaluated by numerical linear-response
calculations (perform the QSGW self-consistent calculations with bias fields). By Fourier
transformation, we can transform (D(q,w))qq into Drp(w); the same is also for DY, .J and
so on. Here R = Ta is the composite index to specify an atom in the crystal. For later
discussion we define

0 -1 5aa’
(12) Ta.w) = ~(Da.w) ™ + petts

where DY, (w) is shorthand for DY, p,(w); it is T independent. The second term in Eq. (12)
is included just in order to remove the onsite term from J. Then Eq. (11) can be written as

(13) Taw) = Jaw) - (Z20RI9=0) )5,

Here, the second term (onsite term) in Eq. (12) is irrelevant because of the cancellation
between two terms in Eq. (13).

The preceding development for (D(q,w))™! facilitates a comparison with the Heisenberg
model, whose Hamiltonian is H = — Y p > JHoSkr-Sr (R = Ta). As shown in Appendix
A, the inverse of the susceptibility in the Heisenberg model is:

(14) (D™(q,w)) ™" = -0aa = T(a),

a
where M, = |2Sg|. Let us compare Eq. (14) with Eq. (10). This J(q) is given by Eq. (25),
which is almost the same as Eq. (13); only the difference is whether we use J’ or J. This
suggests how to construct the Heisenberg model which reproduces Eq. (10) as good as possible;
a possibility is that we simply assign J(q,w = 0) (neglecting the w-dependence) as J"(q). We
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have confirmed that this approximation is good enough to reproduce SW energies in the case
for MnO and NiO. However, it is not true in the case of a-MnAs; then we have used another
procedure given by Katsnelson and Lichtenstein [39]: we identify J(q,w = (SW energy at q))
as J't. This construction exactly reproduces SW energies calculated from D%,

As a further approximation to calculate J(q,w = 0), we can expand it in real space as
(omit w for simplicity)

Onp Opp 1 1
15)  —Jpp = (D% )t — B — (DO pp + DYoL CREL o~ pOoff_—_
(15) RR (Drr) D% (DRrORR RR ) D% D% RR D%/
where we use Eq. (12); we use notation that onsite part D% = D%, and the off-site part
D%‘}%ﬂ, = D%R, — D%R, Orr - Here we have used the assumption that Dj,’g%, are small in com-
parison with onsite term D%. This approximation corresponds to the usual second-order
perturbation scheme of the total energy; if the spin rotation perfectly follows the rotation
of the one-particle potential, DL% is trivial; it is equal to the difference of the one-particle

potential between spins (exchange-correlation potential in the case of DF) because DLO is the
R

inverse linear-response to determine the one-particle potential for given spin rotation. Essen-
tially the same equation as Eq. (15) was used in Refs. [33, 34]. In cases, this approximation
is somehow mixed up with the “long wave approximation” to expanding J around D°(q = 0)
[38]; however, they should be differentiated. In order to have rough estimate of Jrp/, we can
further reduce this to the two sites model as originally presented by Anderson and Hasegawa
[40, 41]. For an AF magnetic pair (half-filled case), we obtain the following estimate:

1 oot 1 4¢2

16 Jpp ~ ——D%T_— ,
(16) RR Dr BR Dp AEo M

where t denotes the transfer integral, and AF,, is the onsite exchange splitting. We have
used D ~ %ex, and Drpr ~ %ﬂx X (AQEtex)Z.

Some additional comments. Our formalism here is not applicable to the non-magnetic
systems, where M(r) = 0 everywhere. Then we need to determine U in other ways. A
possibility is utilizing the static numerical linear-response calculations; it gives the information
of the static (w = 0) part of le' ~ directly (easiest spin-polarization mode at each site). Then
it will be possible to determine U from such informations together with some additional
assumptions. In the case of systems like Gd where the d shell and f shell can polarize
separately, we may need to extend our formulation so as to include non-locality of U (e.g. U

can be parametrized as U;ji; where 4, j, k, [ are atomic eigenfunction basis for d or f channel).

3. RESULT AND DISCUSSION

3.1. MnO and NiO. Fig. 1 shows the calculated SW energies w(q) for MnO and NiO. (We
used 1728 k-points in the BZ for all calculations, including MnAs.) w(q) calculated from the
LDA is too large, as earlier workers have found|[6, 5]. The detailed shape of w(q) is different
from earlier work however: in Ref. [5], peaks in w(q) occur near 200 meV for NiO, much lower
than what we find. QSGW predicts w(q) in good agreement with experimental data.

The difference of results between QSGW and LDA is understood by Eq. (16). Jrr between
nearest AF sites essentially determine the SW energies (exactly speaking, three J parameters
as shown in Table 1). The LDA severely underestimates AFEq. This can be corrected by
LDA+U, however, Solovyev and Terakura [6] showed that it fails to reproduce SW energies
as we mentioned in the introduction. This means that the transfer ¢ is also wrong in LDA+U;;
in fact ¢ is through the hybridization with Oxygen 2p (superexchange). In other words, the
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agreements with SW experiments in QSGW indicates that both of them are well described by
QSGW . Together with the fact that QSGW showed good agreements with optical experiments
[15, 19] for MnO and NiO, we claim that our one-particle picture given by QSGW captures
the essence of the physics for these systems. Our claim here is opposite to Refs.[25, 5] where
they claimed that the one-particle picture can not capture the essence.

I
® expt. NiO
L ——QSGW 4
300 DA
200 + -
Q
=
1007 + < -
L2242 (444
X r M

FIGURE 1. (color online) Spin wave dispersion w(q) for MnO and NiO calcu-
lated from the LDA and QSGW. Solid line without symbols in MnO or dots
in NiO (red) are experimental values [42, 43]. We used experimental lattice
constants 4.55 and 4.17 A for MnO and NiO respectively.

arbitrary unit

MnAs| | Tm[x ()]l
on [—K

FIGURE 2. (color online) Im part of Tr[x"~ (k,w)] for QSGW. Data are for 6
k-points, all along the I'=K line. The k-point is i/6 K (thus i=6 falls at K).
Peak positions and full-width-half-maxima are shown in the I'—K line of Fig. 3.
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FIGURE 3. (color online) Spin wave dispersion w(q) in a-MnAs. QSGW re-
sults (circles) are enveloped by hatched regions, which indicate the full-width
at half-maximum of the spin wave, and is a measure of the rate of SW decay.
LDA (squares) predicts negative SW energies around K; indicating that the
collinear FM ground state is not stable. The experimental lattice constants
a=3.70 A and c¢/a =1.54 were used.

T T T T T T T T T T T T T ]
QSGW (majority)z

80F
60F

8 60F (m1n0r1ty)_:

LDA

states/(eV cell)

o
(=)

(majority) :

(minority)::
U
-5 0 ev 5 10

FIGURE 4. (color online) quasiparticle DOS for a-MnAs. Lighter hatchings
indicate total DOS; darker(black and red) hatchings indicate the partial d
contribution, whose centers of gravity are shown by arrows. The Fermi energy
is at zero.

3.2. a-MnAs. Because a-MnAs is observed to be a FM with a moment of 3.4up[44], we
construct H® assuming a FM ground state. Inspection of the density of states (DOS) in
Fig. 4, shows that QSGW predicts AFEq ~ 1.0eV larger the LDA. This difference is reflected
in the spin moment: M,= 3.51up in QSGW, 3.02up in LDA. Fig. 2 shows the imaginary part
of Tr[x"(q,w)] along ' — K line. Sharp SW peaks are seen at small q; they broaden with
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increasing q. Fig. 3 shows the peak positions, corresponding to SW energies w(q). Hatchmarks
indicate the full-width at half-maximum, extracted from data such as that depicted in Fig. 2.
This corresponds to the inverse lifetime of a SW which decays into spin-flip excitations.
(Our calculation gives no width for MnO and NiO, because of the large gap for the spin-flip
excitations). SW peaks are well identified all the way to the BZ boundary. We find that the
collinear FM ground state is not stable in the LDA: as Fig. 3 shows, w(q) < 0 around K.
(Among all possible collinear configurations, the FM state may be the most stable. We did
not succeed in finding any collinear configuration more stable than the FM one. A similar
conclusion was drawn for the PBE GGA functional [31].) On the other hand, QSGW predicts
stable collinear ground state, that is, w(q) > 0 everywhere. However, even in QSGW, the
SW energies are still low around K, which is a vector that connects nearest neighbor Mn sites
in x-y plane. If this SW energy is further lowered for some reason, we may have a frustrated
spin system because of the triangle (honeycomb) lattice of the Mn sites. This could be related
to the anomalous phase diagram of MnAs, which can easily occur through the small changes
in lattice structure associated with higher-temperature phases.

We can qualitatively understand the difference of SW energies between QSGW and LDA
from the difference of AF.. Let us consider the energy difference of FM and AFM states for
two-site model as illustrated in Ref.[41]. Then the energy gain of a FM pair is independent
of AFE when some of majority states are occupied (less than half filling); we measure the
energy from the majority spin’s atomic level as the zero. In contrast, the gain of a AFM pair
increases with decreasing AFq.. Overall, the LDA with its smaller AF., should contain a
stronger AFM tendency.

TABLE 1. Magnetic parameters calculated by QSGW and LDA (in paren-
thesis). Muffin-tin radii R for cations were taken to be 2.48 (MnO), 2.33
(NiO), and 2.42 (MnAs) a.u. M, is the spin moment within the muf-
fin tin. Our approximation is equivalent to the assumption for U as
Ur,r',w) = >, (U2 +wU! + ..)eq(r)eq(r') in Eq. (6). Then U? is writ-
ten as U = [ & [ d*req(r)e,(r')U(r,r',w = 0). Exchange parameters
Ji4, J1—, Jo are shown for MnO and NiO. Total spin moments for MnAs are
7.00p5/cell(QSGW) and 5.89u 5 /cell (LDA). Our definition of Jy4, Ji_, Js fol-
lows that of Ref. [6], except we distinguish J;4 and J;_[42].

MnO NiO a-MnAs
Ul(eV) 2.43 (0.95) 4.91 (1.64) 1.08 (0.93)
M, (uB) 4.61 (4.35) 1.71 (1.21) 3.51 (3.02)
Jir (meV)  -2.8 (-14.7) -0.77 (0.3)
Ji- -4.8 (-14.7)  -1.00 (0.3)
Jo -4.7 (-20.5) -14.7 (-28.3)
Ty or T, (K) 111 275 510
(experiment) 122! 5231 400

3.3. Determined Parameters and related Quantities. Table 1 shows the effective in-
teraction U? (interaction between unit spins). In NiO and MnO, U? as calculated by LDA
is much smaller than the QSGW result. This is because the LDA underestimates bandgaps
in NiO and MnO, thus overestimates the screening. U? is twice larger in NiO than in MnO.
This is because M,(r) is more localized in NiO; in fact, the QSGW dielectric constants €., are
similar (éx = 3.8(MnO) and 4.3(NiO)[19]), suggesting that the screened Coulomb interaction
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U(r,r’) is similar in the two materials. U is smaller in MnAs than in MnO, because it is a
metal.

For MnO and NiO, we confirmed that Jrp is non-negligible only for the three nearest-
neighbors (NN) (Table 1). Ji4 and Jj_ refer to 1st NN, spins parallel and spins antiparallel,
respectively. Jy refers to 2nd NN [42]. J14 and Ji— by QSGW are quite different in MnO,
while in LDA Ji4 ~ Jj_, resulting in w(M) ~ 0 in that case.

. . . . (D)1, .
For MnAs in QSGW, the expansion coefficients written as (M ~!),0 = %L}:o, is

rather dependent on q; nor is (M 1),y o d4er. Off-diagonal contributions of (M 1), give
~10 % contribution to SW energies. In addition, its inverse of the diagonal element 1/(M~1),,
is reduced by ~ 0.5up at certain points in the BZ. In this case, mapping to a Heisenberg
Hamiltonian has less clear physical meaning.

3.4. Calculation of Ty and T, based on the Heisenberg model. From obtained Jip/,
we estimated Ty (T, for MnAs) for QSGW (Table 1) using the cluster variation method
adapted to the Heisenberg model [46], which assumes classical dynamics of spins under H. In
NiO, the calculated Ty is only ~ 50% of experiment. There are two important effects that
explain the discrepancy: (a) QSGW overestimates the dd exchange splitting [17, 19], and
(b) the classical treatment of quantum dynamics of spins under H. Both effects will increase
Tn. Considering that QSGW well reproduces SW energies (Fig. 1), the errors connected
with (a) would not seem to be so serious in MnO and NiO. (b) can be rather important,
especially when the local moment is small. This is a general problem as discussed in Ref. [5]:
Heisenberg parameters that reproduce SW energies well in NiO do not yield a correspondingly
good Ty. If we multiply our classical Tx by a factor S(S+1)/592 ~ 1.86 (as 28 = M, = 1.71),
which is the ratio of quantum to classical Tx in mean field theory, we have better agreement
with experiment. This is what Hutching et al. used [43]. On the other hand, evaluation of
the quantum Heisenberg model using a Green’s function technique show that the mean-field
theory rather strongly overestimates quantum corrections [47]. Also, Ty is already close to the
experimental value in MnQO. This is explained in part because correction (b) is less important
in MnO, since S is larger. Further, we have large contributions to Tn from Jy+ in MnO, but
not in NiO. Around Ty, J14+ and J;_ will tend to approach some average value, which reduces
w(q) and therefore Tx (recall w(M)=0 when J;4y=J;_). The temperature-dependence of J is
not accounted for here.

Jrr exhibits long-ranged, oscillatory behavior in MnAs: its envelope falls off as |[R — R/
as predicted by RKKY theory for a metal. Consequently, it is not so meaningful to estimate
T. from just a few NN, as was done recently [31, 32]. Shells up to 25th-neighbors are required
to converge T to within 5% or so. The calculated T. is 110K too high in comparison with
experiment. Taking (a) into account will improve the agreement; however, there are many
factors that make a precise calculation very difficult. We also need to take (b) into account;
in addition, other factors such as assumptions within the Heisenberg model, may give non-
negligible contributions.

In conclusion, we present a simple method to calculate spin susceptibility, and applied it in
the QSGW method. SW energies for MnO and NiO are in good agreement with experiments;
in a-MnAs the FM ground state is stable, which also agrees with experiment (to our knowl-
edge, no SW energies have been published in a-MnAs). LDA results come out very differently
in each material. By mapping to the Heisenberg model, we estimated Tx or T.. We found
some disagreement with experiments, and discussed some possible explanations.

| 3
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APPENDIX A. STATIC J(q) CALCULATION—- HEISENBERG MODEL

We derive the linear response to an external magnetic field B for the Heisenberg model,
whose Hamiltonian is given as

(17) H=- Z Z JTaT'a’STa - S0/ + GUB Z Sta - Bra,

Ta T'a’ Ta
where St, is the spin at Ta (T is for primitive cell, a specify magnetic site in a cell).
Jrara = 0. Jrarer = J1r0/Te- The equation of motion —ihSt, = [H, S1,] is written as

(18) hSTa = STa X (2 Z JTaT’a’ST’a’ - gNBBTa>
Ta’

We introduce gupB = 2b, and S, = SQra + ASTy. SQra is the static spin configuration.
Then Eq. (18) reduces to

ﬁASTa = SOTa X (2 Z JTaT/a’AST/a’> + ASp, X (2 Z JTaT/a/ST/a’> — 2S%a X brg
Ta’ Ta’

(19) = Z (QSOTGJTaT’a’) X AST/a/ — (2 Z JTaT’a’SOT/a/> X ASTa — QSOTa X bTa
T'a/ Ta’

Introducing the Fourier transform, ASt, = £ > AS, (k)ek(T+a) Eq. (19) reduces to

(20) R4S, (k) =) (zsgjaa/ (k) — (22 Jaar (O)Sg//> 5aa/> x ASy (k) — 28° x by (k).

a/

Assuming AS,(k) o< e " we have

(21) Z (WST(M, + ngaa/ (k) - (Z Jaar (O)Sg”> 5aa/> X Asa/(k) = Sg X ba(k)'

a/ a//

Let us consider the collinear ground state. Then SU = S,e, (S, is the size of spin, including
sign). We have

) (g%) ASy (k) + 3 <Jaa/<k> - (Z SiJ <o>sa~> 5) e, x ASy (k) = e; x by (k).

a/

Using S = S+ em;iey +S- eﬁ;% + S%e., and e, x (e, *+ ie,) = Fi(e, + ie,) we have,

(23 5 (5 ) 57009 = 8060,
21 5 (S 1)) 520) = 1 ),
where

(25) Jaa (k) = Jpar (k) — (Z SiJaau (o)sa//> Saar

Only the difference between J,q (k) and J,u (k) are diagonal parts. These are determined so
that [ d®kJa(k) = 0. Eq. (23) is the same as Eq. (14).
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Low ENERGY, COHERENT, STONER-LIKE EXCITATIONS IN CAFEAS,

Magnetic interactions are likely to play a key role in mediating superconductivity in the
recently discovered family of iron pnictides; however, their character is not yet well understood
[1, 2, 3]. In particular, whether the system is best described in terms of large, local magnetic
moments centered at each Fe site, in which case elementary excitations are collective spin
waves (SWs) or are itinerant (elementary excitations characterized by single-particle electron-
hole transitions) is a subject of great debate. This classification also depends on the energy
scale of interest. The most relevant energy scale in CaFesAso and other pnictides ranges
to about twice the Néel temperature, i.e. 2Tny=~40 meV. Unfortunately, neutron scattering
experiments have focused on the character of excitations in the 150-200 meV range [4, 5] , much
larger than energy that stabilizes observed magnetism or superconductivity. Experiments in
Refs. [4, 5], while very similar, take completely different points of view concerning the magnetic
excitations that they observe. There is a similar dichotomy in theoretical analyses of magnetic
interactions[6, 7]. Model descriptions usually postulate a local-moments picture [8]. Most ab
initio studies start from the local spin-density approximation (LSDA) to density functional
theory. While the LSDA traditionally favors itinerant magnetism (weak on-site Coulomb
correlations), practitioners strongly disagree about the character of pnictides; indeed the
same results are used as a proof of both localized and itinerant descriptions [7, 6].

The dynamic magnetic susceptibility (DMS) is the central quantity that uniquely character-
izes magnetic excitations. It can elucidate the origins of magnetic interactions and distinguish
between localized and itinerant character. However, it is difficult to compute in practice; stud-
ies to date have been limited to a few simple systems. Here we adapt an all-electron linear
response technique developed recently [9, 10] to calculate the transverse DMS, x(q,w). Aside
from SWs seen in neutron scattering, we find low energy particle-hole excitations at low g,
and also at high ¢. In stark contrast to conventional particle-hole excitations in the Stoner
continuum, they can be sharply peaked in energy (resonances) and can be measured.

The full transverse DMS x(r,1’, q,w) is a function of coordinates r and r’ (confined to the
unit cell). Tt is obtained from the non-interacting susceptibility xo(r,r’,q,w) via the standard
relation [11]

(1) X =xo[1—xol] ™"

where [ is the exchange-correlation kernel. When computed within the time-dependent LSDA
(TDLDA) I is local: I=I(r)d(r —r’) [11]. The xo can be obtained from the band structure
using the all-electron methodology we developed [9, 10]. Imy( originates from spin-flip tran-
sitions between occupied states at k and unoccupied states at k 4+ q: it is a k-resolved joint
density of states D decorated by products P of four wave functions [10]

(2) D(k,q,w) = F(el)(1 = f(eg43))3(w — eq + €

(3) Imyy ~ = / dwd®kP(r,v', k,q) x D(k,q,w)

Because of the computational burden Eq. (3) poses, we make a simplification, mapping xo
onto the local magnetization density which is assumed to rotate rigidly. The full xo(r,r’, q,w)
simplifies to the discrete matrix xo(R,R’, q,w) associated with pairs of magnetic sites (R, R’)
in the unit cell; and I(r) simplifies to a diagonal matrix Igr. In Ref. [10] we show that we
need not compute I explicitly but can determine it from a sum rule. I can be identified with
the Stoner parameter in models. We essentially follow the procedure described in detail in
Ref. [10], and obtain x(q,w) as a 4 x 4 matrix corresponding to the four Fe sites in the unit
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FIGURE 1. (Color online) (a) N(E), in units of eV~! per cell containing one
Fe atom. Data are shown for M=0.4up and 1.1up. Both kinds of transitions
are reflected in peaks in x0(¢g=0,w), shown in panel (c) for M=0.4, 0.8, and
1.1pup. (b) N(EF) as a function of moment M. The blue vertical bar denotes
the experimental moment. It also approximately demarcates the transition
from itinerant to localized behavior. (c) bare susceptibility xo(¢g=0,w) in the
same units. The text discusses the significance of the arrows in panels (a) and

().

cell. For Fe and Ni these approximations yield results in rather good agreement with the full
TDLDA results. To make connection with neutron experiments, spectra are obtained from
the matrix element » g g/ < e R\ (R, R/, q,w)|e’®R" > For brevity we omit indices RR/
henceforth.

We analyze the low-temperature (striped) phase of CaFesAsy within the LSDA, and show
how these states depend critically on the Zeeman field generated by the Fe magnetic moment
M. We do this by varying the Fe-As bond length Rpe_as: its main effect is to control the
magnetic moment M, which in turn strongly affects the character of magnetic interaction.
Similar changes can be accomplished by other means (e.g. with the external B field), as we
will report elsewhere. Results for tetragonal and orthorhombic striped structures are very
similar, suggesting that the slight difference in measured a and b lattice parameters plays a
minor role in the magnetic structure. Experimental lattice parameters were employed[12].

In Fig. 1(a), the density of states N(E) is shown over a 2 eV energy window for a small
and large moment case (M=0.4up and 1.1up). Particularly of note is a sharp peak near Ep,
of width ~50 meV. This narrow band is found to consist almost entirely of majority-spin Fe
dyy and dy. orbitals. The peak falls slightly below Er for M=0.4up and slightly above for
M=1.1up. Thus, as Rpe—as is smoothly varied so that M changes continuously, this peak
passes through Er. As a result N(Ep) reaches a maximum around M=0.8up (Fig. 1(b)).
The fact that this unusual dependence originates in the magnetic part of the Hamiltonian
can be verified by repeating the calculation in the nonmagnetic case. As Fig. 1 (b) shows,
the nonmagnetic N(Er) is large, and approximately independent of Rp._as. In summary,
the magnetic splitting produces a pseudogap in N(F) for large M; the pseudogap shrinks
as M decreases and causes a narrow band of Fe d states to pass through Ef, creating a
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sharp maximum in N(Er) near M=0.8up. As we will show in the following, this moment
demarcates a point of transition from itinerant to localized behavior (see also Ref. [13]).

Next we turn to magnetic excitations. In the standard picture of magnons, Imyo(w) is
significant only for frequencies exceeding the magnetic (Stoner) splitting of the d bands,
6cll_6ch:I M (c¢f Eq. 2). In such cases Imyy is small at low (¢,w) and well defined magnons
appear at energies near |1 — IRexo| = 0 (¢f Eq. 1). As Imyg increases the SW spectrum w(q)
broadens; as Imy( becomes large the spectrum can become incoherent, or (Stoner) peaks can
arise from Imyg, possibly enhanced by small 1 — IRex(. Figure 1(c) shows Imy((¢=0,w) on
a broad energy scale. The description of N(F) leads to a classification of Stoner transitions
into three main types.

(1) Excitations from the usual Stoner splitting. In a rigid-band model, no bands are spin-
split but the d states, which are split by IM. Only they contribute to Imy(¢g=0,w) because
all other pairs of states are spatially orthogonal and their cell average vanishes. The vertical
arrows in Fig. 1(c) demarcate I M, assuming I~1 eV known to apply to 3d transition metals.
Peaks which approximately correspond to I M we identify with the usual Stoner splitting. The
splitting can be seen in the density of states (DOS), Fig. 1 (a) for M=1.1up; it is indicated
by a large red arrow showing transitions between Fe states (largely d,. and d;,) near —0.4 eV
to unoccupied d states below 1 eV.

(2) Transitions to states of (dyy,dy,d,.) character just above the psueudogap, depicted
by a small red arrow in Fig. 1(a), and slanting arrows in Fig. 1(d). These are the excita-
tions probably detected in neutron measurements [4, 5]. This pseudogap is well defined for
M>1.1up, but is modified as M decreases, which leads to the following:

(3) Near M=0.8up, the narrow d band passes through Er, opening up channels, not previ-
ously considered, for low-energy, particle-hole transitions within this band. When M reaches
0.4pp, this band has mostly passed through Er and the pseudogap practically disappears.

What makes the pnictide systems so unusual is that Imyg is already large at very low
energies (~10 meV) once the sharp peak in N (F) approaches Er. One of our central findings is
that this system undergoes a transition from localized to a coexistence of localized and itinerant
behavior as M decreases from M>1.1up to M ~0.8up. Moreover, the itinerant character is
of an unusual type: elementary excitations are mostly single particle-hole like: they can be
well defined in energy and g. Those represent coherent excitations. The dependence of N(Ef)
on M is not only responsible for them, but also may explain the unusual linear temperature-
dependence of paramagnetic susceptibility, and the appearance of a Lifshitz transition with
Co doping [14].

Figure 2 focuses on the antiferromagnetic (AFM) line, q=[H00]27/a. Panel (a) shows
the full Imy (w) for M=1.1up for several g-points spanning the entire line, 0<H<1. At low
q, peaks @ in x are sharp; and @ depends on H in the expected manner (woxH). @ reaches
a maximum near H=1/2 (Figure 2(b)), for all three values of M. The peaks broaden with
increasing ¢; nevertheless we can associate them with magnons, because they coincide closely
with vanishing |1 —IReyo| and I is not too large. The magnon character is preserved for most
q at all moments, as Figure 2(b) shows: but for H>0.8 the peaks are strongly broadened,
especially for small M. @ is in good agreement with neutron data of Ref.[5], except that
neutron data are apparently smaller than large M calculations predict [15].

One experimental measure of the validity of the local-moment picture is the ratio of half-
width at half-maximum I' to @, shown in Figure 2(d). For large M and most of ¢, I/ ~0.15-
0.18. For intermediate and small M, I'/w >0.2 for a wide diapason of ¢q. This is significant: it
reflects the increasing Stoner character of the elementary excitations. Were there an abrupt
transition into a conventional Stoner continuum as argued in Ref. [5], it would be marked by
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FIGURE 2. (Color online) Imyx(q,w) along the AFM axis, q=[H,0,0]27/a. (a)
Imy(w) for various H and M=1.1up. Extracted from Imy(H,w) are peak
positions w(H) (meV) and half-width at half-maximum I'. (b) and (d) depict
w and the ratio I'/w, for the three moments shown in the key. Panel (b) also
depicts, as solid lines, contours |1 — IReyo| = 0 in the (w, H) plane, for M=1.1
and 0.4up. Panel (¢) shows Imy(H=0.9,w) for the three moments.

an abrupt change in I'/@w. This is not observed; yet damping appears to increase with energy
and ¢, reflecting normal metallic behavior.

Spectra for H=0.9 (Figure 2(c¢)) adumbrate two important findings of this work. When
M=0.8up, a sharp peak in x(w) appears near 10 meV. There is a sharp peak in yo(w) at
w10 meV also, classifying this as a particle-hole excitation originating from the narrow d
band depicted in Figure 1. Being well defined in energy it is coherent, analogous to a SW,
only with a much larger I'/w. Yet it is strongly enhanced by collective interactions, since
|1 — IRexo| ranges between 0.1 and 0.2 for w<100 meV. This new kind of itinerant excitation
will be seen at many values of ¢, typically at small q. The reader many note the sharp rise
and fall in I'/w at small ¢ in Figure 2(d). This anomaly reflects a point where a SW and a
particle-hole excitation coalesce to the same @.

Returning to H=0.9 when M=1.1, there is a standard (broadened) SW at 200 meV; cf
contours in Figure 2(b). A second, low-energy excitation can be resolved near 120 meV. This
is no corresponding zero in the denominator in Eq. (1), but no strong peak in xo(w), either.
This excitation must be classified as a hybrid intermediate between Stoner excitations and
SWs. Only a single peak remains when M=0.4up and the peak in N(E) has mostly passed
through Ep (Figure 1).

Along the ferromagnetic (FM) line q=(0,K,0)27/a, x(w) is more complex, and more dif-
ficult to interpret. At M=1.1up sharp, well defined collective excitations are found at low
q, and broaden with increasing ¢. There is a reasonably close correspondence with the ze-
ros of |1 — IRexo| and peaks in y, as Figure 3(b) shows. The M=0.8up case is roughly
similar, except that for K >0.4 excitations cannot be described by a single peak. Note that
for fixed ¢, propagating spin fluctuations (characterized by peaks at w) can exist at multiple
energies — with the magnetic analog of the dielectric function passing through zero and sus-
taining plasmons at multiple energies. Peaks in y(w) can broaden as a consequence of this;
the K=7/12, 9/12 and 11/12 data of Fig. 3(a) are broadened in part by this mechanism as
distinct from the usual one (intermixing of Stoner excitations). Second, consider how dw/0q
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F1cure 3. (Color online) Imy(q,w) along the FM axis, q=[0,K,0]27/a. (a)
Imy(w) at K= 1/12, 3/12, 5/12, 7/12, 9/12, 11/12, for M=0.8up. Strong
Stoner excitations can be seen for K=1/12 and 3/12 near w~10-20 meV. (b):
Contours |1 — IRexo| = 0 in the (w, K) plane, for M=1.1up and 0.8, anal-
ogous to Figure 2(b), and dominant peak positions @ obtained by a nonlinear
least-squares fit of one or two Gaussian functions to y(w) over the region where
peaks occur.

changes with M for K>0.5 (Fig. 3(b)). When M=1.1up, @ increases monotonically with
K. For M=0.8up, @ has a complex structure but apparently reaches a maximum before K
reaches 1. The fact that dw/dq changes sign is significant: it marks the disappearance of
magnetic frustration between the ferromagnetically aligned spins at low moments, and the
emergence of stable FM order along [010], characteristic of local-moment behavior (see also
Ref.[16]). Experimentally, Ref. [5] reports dw/0¢>0 for K>0.5. While our calculations pro-
vide a clear physical interpretation, we note significant differences in the moment where we
observe this effect (M=0.8-1.1up) and the effective spin (S=0.2) used in Ref.[5]. Finally, we
find that the collective mode frequencies (spin wave spectrum) only weakly depend on M,
even for large M.

FIGURE 4. (Color online) Imx(q,w) along the ¢ axis, q=[0,0,L]27/c. (a)
Imy(w) at values of L listed in the key, for M=0.8up. When M=1.1up (not
shown) the spectrum is well characterized by a single sharp peak at any L.
When M=0.8 or 0.4up the SW peak remains, but a low-energy Stoner exci-
tation coexists with it. The latter are most pronounced for larger L but can
be resolved at every L. (b) Peak positions (single for M=1.1up, double for
M=0.8 and 0.4up).

0 50 100 150 wmevV) % 01 02 03 04

Elementary excitations along the ¢ axis, q=(0,0,L)27 /¢, bring into highest relief the transi-
tion from pure local-moment behavior (collective excitations), to one where coherent itinerant
Stoner and collective excitations coexist. Collective excitations are found for all L and all
M. For M=1.1up, a single peak is found: excitations are well described by the Heisenberg
model with weak damping. Comparing Figure 4(b) to Figs. 2(b) and 3(b), it is apparent that
w rises much more slowly along L than along H or K, confirming that interplane interactions
are weak. When M drops to 0.8u 3, a second-low energy peak at @’ emerges at energies below
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20 meV, for small ¢ along [0,K,0], and for all ¢ along [0,0,L], coexisting with the collective
excitation. Why these transitions are absent for M=1.1up and are so strong at M=0.8up can

be understood in terms of roughly cylindrical Fermi surface at k=(1/2,0,k.). Single spin-flip

1
k+q

are responsible for this peak (see Eq. 2). They originate from “hot spots” where N (GL) and

N((—:ll(+q) are both large.

From the SW welocities, (0w/0q)q4—0, anisotropy of the exchange couplings can be de-
termined [7, 16, 17]. We find moderate in-plane and out-of-plane anisotropies, and predict
vy/v,=0.55 and find v./v,=0.35, where v,=490meV-A. Neutron scattering experiments [17, 3]
have measured with v./v,_p to be ~0.2-0.5.

In summary, we broadly confirm the experimental findings of Refs. [4, 5], that there is
a spectrum of magnetic excitations of the striped phase of CaFeyAss, which for the most
part are weakly damped at small ¢ and more strongly damped at large ¢. A new kind of
excitation was found, which originates from single particle-hole transitions within a narrow
band of states near Er, renormalized by a small denominator |1 — IRexg|. They appear when
the Fe moment falls below a threshold, at which point the narrow band passes through Ef.
The character of itineracy is novel: excitations occur at low-energy, at energy scales typically
below Ty, and can be sharply peaked, and thus coherent. The distinction between the two
kinds of excitations is particularly observable in the anomalous dependence of I'/@ on ¢ in
Figure 2(d). Collective spin-wave-like excitations also are unusual: multiple branches are
found at some q. Finally, at higher ¢ we find that the SW velocity changes sign, which is also
observed experimentally at similar values of M.

Overall, a picture emerges where localized and itinerant magnetic carriers coexist and
influence each other. This description falls well outside the framework of a local-moments
model such as the Heisenberg Hamiltonian. Additional low-energy neutron experiments are
required to check the existence of these itinerant excitations.

transitions between occupied states elT( and an unoccupied states € separated by ~10 meV
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