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In highly out-of-equilibrium states of matter, such as those induced by a pump laser, the applicability of
well-established spectroscopic probes of magnetic order are called into question. Here we address the validity of
x-ray absorption techniques in pump laser conditions, focusing on magnetic linear dichroism (MLD), a crucial
probe of antiferromagnetic (AFM) order. We directly compute the dynamics of the square of the spin moment
and compare the results to those obtained via the MLD response. For AFM FePd the agreement between these
distinct routes to the magnetic moment severely degrades at pulse fluences greater than ∼1 mJ/cm2, indicating
a breakdown of the MLD response as an accurate probe of the transient moment. This contrasts with the MLD
for ferromagnetic FePt, which reliably tracks the moment for fluences (and absorbed energies) up to an order
of magnitude greater than the breakdown threshold for AFM FePd. We find the underlying microscopic reason
for this to be increased laser induced excitations out of the d band in AFM FePd, where this increase is made
possible by the AFM pseudogap.
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Introduction. Antiferromagnets exhibit a variety of desir-
able characteristics [1–11], for instance, reversible current-
driven switching at terahertz speed [2], identifying them as
key materials for future spintronics technologies. The mag-
netization dynamics of antiferromagnetic (AFM) materials
has, furthermore, proved to be exceptionally interesting at
ultrafast times [6–9], with pump laser induced switching of
AFM to ferromagnetic (FM) order on femtosecond timescales
being recently proposed [12]. The early time spin dynam-
ics of AFM matter thus presents rich possibilities for the
control of magnetism by light. Investigation of this ultrafast
regime, however, relies on accurate measurement techniques
to probe the transient magnetic order. Unfortunately, the stan-
dard spectroscopic tool for probing ultrafast element-specific
spin dynamics, magnetic circular dichroism (MCD), is inap-
plicable in situations of zero net magnetic moment. Magnetic
linear dichroism (MLD), on the other hand, has quadratic
dependence on the magnetization and so can be observed
in both antiferromagnets and ferromagnets [13–15]. MLD
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therefore represents a key spectroscopic technique for inves-
tigating laser-pumped AFM order, and indeed, a number of
recent experiments probing the time evolution of AFM order
via MLD were performed [16,17]. It is thus timely to establish
the reliability of this probe as a measure of transient moments
in highly nonequilibrium AFM matter and to identify what, if
any, problems may arise in this context.

Both MCD and MLD are types of x-ray absorption spec-
troscopy based on the principle that the magnetization of a
material can be estimated from its resonant x-ray absorption
edges [15]. For example, at the spin split M-edge or L-edge
electrons are excited by a probe laser pulse from 3p or 2p
states below the Fermi energy to empty d states above the
Fermi energy. The intensity of excitation allows one to count
the number of empty d states, and given that the d band can al-
ways accommodate five spin up and five spin down electrons,
this allows one to determine the moment on an atom. For a
circularly polarized pulse the dichroic response (the difference
in response to right and left circularly polarized light, i.e.,
the MCD) is proportional to the magnetic moment, while for
a linearly polarized probe pulse the difference between the
parallel and perpendicular response functions, relative to the
quantization axis, is proportional to the square of the magnetic
moment. One should stress that this estimation of the moment
from empty state counting, while exact for an isolated atom,
becomes approximate in solids for which the lower-symmetry
crystallographic environment and concomitant hybridization
of angular momentum channels complicate the “counting
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principle” underlying MCD [15,18]. Nevertheless, numerous
experiments attest to the success of MCD and MLD as probes
of magnetic order in the ground state.

An investigation of the measurement of transient MCD
[19] found that pulses with higher incident power densities
trigger significant failures of the MCD to track the tran-
sient magnetization in the elemental ferromagnets Co and Ni.
This failure could be attributed to excitation of charge from
bands of d character to bands of delocalized character, made
possible by the hybridization of d with relatively delocal-
ized states in solids [19], resulting in violations of transient
d-band state counting and overestimation of demagnetization
by MCD. It is thus crucial to ask how this physics mani-
fests in the MLD response of antiferromagnets, particularly
given the quite different electronic structure in transition metal
antiferromagnets.

To study the ability of MLD to accurately track the tran-
sient spin moment, we compare a prototypical ferromagnet,
FePt, to its closest AFM analog, FePd. Strikingly, we find that
the failure of MLD to track the moment in AFM FePd occurs
at an order of magnitude less absorbed energy than required
to induced failure of the MCD response in FM FePt. We
identify the underlying microscopic reason to be dramatically
increased loss of d-band moment to delocalized states at the
same absorbed energy, driven by increased d-sp hybridization
at the AFM pseudogap. As a corollary, we confirm that both
MCD and MLD remain reliable tools to track the d-band
moment on these timescales, even when failing to track the
total moment.

Methods. In the present work we use the fully ab ini-
tio method of time-dependent density functional theory
(TD-DFT). This method has been shown to be very successful
at describing the dynamics of spins in laser-pumped solids
[20–22]. Within TD-DFT and its linear response extension
[19,23–25] two distinct schemes can be used to obtain the
magnetic moment. In scheme (i) the magnetization density
m(r, t ) can be calculated directly from the expectation of the
spin operator ŝ,

m(r, t ) =
∑

j

ψ∗
j (r, t ) ŝ ψ j (r, t ), (1)

where ψ j is the spinor-valued wave function with index
j obtained from the solution of the TD-DFT Hamiltonian
[24]. The magnetic moment M(t) can then be calculated by
integrating m(r, t ) over space r. This method of determining
the magnetic moment represents the gold standard within
TD-DFT in the sense that it is completely free from ap-
proximation for a given exchange-correlation functional. In
scheme (ii) the magnitudes of the local magnetic moments
can be calculated from the responses of the material to probe
pulses (x-ray beams). Such a response is given by a dielec-
tric response tensor ε, which is the change in density of the
material upon perturbation by the probe pulse. Scheme (ii)
follows a pump-probe experimental technique for obtaining
the moments, but we compute rather than measure the tran-
sient response for various pump-probe delays. Our method
of calculating the transient response function ε of a pumped
system at the M and L resonant absorption edges within TD-
DFT has already been studied extensively and demonstrated
to be in very good agreement with experiment [19–21]. For

MLD the relation between the response and the magnetization
is [26]

M2 ∝ Im(ε‖ − ε⊥), (2)

where ‖ and ⊥ are defined relative to the direction of the
magnetic moment M (for example, ε‖ is the dielectric re-
sponse parallel to the direction of M). For MCD a different
relationship exists (see Refs. [15,19]).

Computational details. All calculations were performed
using the highly accurate full potential linearized augmented
plane-wave method [27], as implemented in the ELK [28,29]
code. A fcc unit cell with a lattice parameter of 3.21 Å was
used for AFM FePd and AFM FePt, while for FM FePt a
lattice parameter of 3.53 Å was used. The magnitudes of the
ground state Fe moments are identical in AFM FePd and FM
FePt, with a value of 2.77 μB, where in the case of FePt the Pt
atom acquires a small induced moment of 0.35 μB.

The Brillouin zone was sampled with a 10 × 10 × 8
k-point mesh for both materials. To calculate the spin dynam-
ics we used the ab initio state-of-the-art fully noncollinear
spin-dependent version [29,30] of TD-DFT [23] with the
adiabatic local spin density approximation for the exchange-
correlation potential. Spin-orbit coupling was included in all
calculations. For time propagation the algorithm detailed in
Ref. [29] was used with a time step of 2.42 as. We evaluate the
response functions at the L3 peak [26], for which we employ
the bootstrap kernel [25] to treat excitonic effects, with a
smearing of 0.9 eV, a value derived from the GW -calculated
average width of the semicore p3/2 and p1/2 L peaks. With the
use of a scissor operator the 2p Kohn-Sham states of the DFT
calculations were rigidly shifted in energy according to the
outcome of the GW calculations, and these energy-corrected
states were used in calculations of the response functions.
The GW calculations were performed at a temperature of
500 K using the all-electron, spin-polarized GW method [31]
as implemented in the ELK code [29]. A Matsubara cutoff of
12 hartrees was used. The spectral function on the real axis
was constructed using a Padé approximation [32]. We find
that, in contrast to spectra obtained at the M edge [21], local
field effects are not important for the L-edge spectra that we
study here.

Results. First, to give important context to the assessment
of the error of MLD for FePt and FePd, we compare the ac-
curacy of MLD to the that of MCD for a range of pump pulse
fluences. In each case the central frequency (always 1.55 eV)
and the duration (24 fs) are held fixed [see Fig. 1(a)]. This
comparison is possible only for materials with FM ordering,
such as FePt, since MCD, proportional to M, is identically
zero for AFM materials. Our calculations of the time evolution
of M and M2 for FM FePt during and after the pump laser
pulse are shown in Figs. 1(b) and 1(c), respectively. For each
pulse fluence we present data obtained both from scheme
(i), the evaluation via the spin operator, and from scheme (ii),
the calculation via the L3-edge response functions. Although
our two distinct schemes do not produce identical results, the
similarity is sufficient to conclude that a meaningful evalu-
ation of the transient magnetization can be made from the
dichroism of the response (MLD or MCD). For both MLD
and MCD we also find an increasing deviation of the two
schemes as pump fluence is increased further beyond the
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FIG. 1. Transient moments obtained (i) directly via the spin den-
sity and (ii) via the L3 edge response functions in laser-pumped
FePt and FePd. The pump laser electric field is shown in (a), with,
for all results, the frequency (1.55 eV) and duration (24 fs) held
fixed, and fluence was modified by changing the amplitude. The
transient normalized moment is shown for laser-pumped ferromag-
netic FePt in (b), with the transient normalized moment squared
shown for ferromagnetic FePt in (c) and antiferromagnetic FePd in
(d). In each case the solid lines denote the moment obtained from
spin density, and the open circles show that obtained via the L3

edge response. Evidently, while magnetic circular dichroism (MCD)
and linear dichroism (MLD) capture well the transient moment in
ferromagnetic FePt, in antiferromagnetic FePd the failure of MLD
becomes significant at a fluence of 2.3 mJ/cm2.

displayed values, consistent with the finding observed in
the case of MCD applied to elemental ferromagnets [19].
However, in stark contrast to this previous finding [19]

FIG. 2. Response function methods fail for the total transient
moment but capture well the d-band moment. Shown is the square
of the transient magnetic moment (normalized as indicated on the
axis) for the total Fe moment (purple solid line), the d-band moment
(light blue dashed line), and the MLD at the L3-edge-derived moment
(orange rings) in laser-pumped (a) antiferromagnetic FePd [matching
the red data in Fig. 1(c)] and 1(b) ferromagnetic FePt. Note the dra-
matically increased fluence (34.0 mJ/cm2 as opposed to 2.3 mJ/cm2)
and also the excellent agreement of MLD with the d-band moment
even when it grossly fails to capture the total transient moment.
The pulse frequency and duration employed are, in each case, those
presented in Fig. 1(a).

for elemental ferromagnets we find here the moment is
overestimated by the dichroism, not underestimated.

Having established the accuracy of MLD as a probe in
FM FePt for a range of pump fluences, we now turn to the
important case of AFM FePd. Our calculations of M2 for
the Fe atom in AFM FePd are shown in Fig. 1(d). We note
that for a 4.7 mJ/cm2 incident fluence AFM FePd absorbs
approximately 15% more energy, while 40% more charge is
excited. In striking contrast to the MLD results for FM FePt
[Fig. 1(c)], the failure of the MLD to accurately track the
magnetization in AFM FePd is dramatic: only at the low-
est incident fluence (1.1 mJ/cm2) is the difference between
the two methods for obtaining M2 tolerable. For the pulses
with 2.3 and 4.7 mJ/cm2 incident fluence direct evaluation of
M2 reveals far greater demagnetization than indicated by the
MLD, with, for the 4.7 mJ/cm2 case, the MLD normalized
M2 amounting to only 50% of the directly calculated value,
equivalent to an overestimation of the magnitude of the Fe
moments by 70%. The message of these results is thus clear:
MLD is, somewhat unexpectedly, profoundly less accurate for
AFM FePd than for FM FePt.

We find that, as is the case for MCD [19], the failure of
MLD occurs as transient moment is not only reduced by the
pump laser but also delocalized. This is shown in Fig. 2(a),
where it can be seen that M2 of 3d character significantly
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FIG. 3. Primary role of magnetic structure in the accuracy of
MLD as a probe of demagnetization. Shown is the square of the
transient moment (normalized as indicated on the axis), calculated
both from the spin density and from the MLD response of the L3 edge
in laser-pumped ferromagnetic FePt (red), antiferromagnetic FePd
(blue), and antiferromagnetic FePt (yellow). Evidently, enforcing an
antiferromagnetic order in FePt results in a failure of the MLD probe
very similar to that found in FePd. The pump pulse is that presented
in Fig. 1(a) with the fluence set to 2.3 mJ/cm2.

differs from the total transient M2, indicating a strong delocal-
ization. This invalidates the central assumption underpinning
the response-based moment calculation, that of the d-band
state counting [15], where this finding is reinforced by the
fact that the transient d-band M2 agrees very well with the
transient M2 obtained from the MLD calculation.

The remarkable scale of the difference in error between FM
FePt and AFM FePd can be made clear by considering the
incident power density required to reproduce in FePt the error
found in FePd at a fluence of 2.3 mJ/cm2. As can be seen in
Fig. 2(b), this requires increasing the fluence by more than an
order of magnitude to 34 mJ/cm2 (with the absorbed energy
being ∼8 times larger).

We now wish to understand the origin of this remarkable
difference on an even more fundamental level. First, we seek
to thoroughly define which of the distinctions between FM
FePt and AFM FePd might be important. Pt and Pd are
isoelectronic elements, and FePt shares its crystal structure
with FePd, so the clearest point of distinction is the mag-
netic ordering. Nevertheless, we wish to rigorously exclude
the possibility that the difference between Pt and Pd could
be an important factor, so we show in Fig. 3 a calculation
of the magnetization dynamics of FePt when it is artifi-
cially constrained to an AFM coupled state. This conclusively
demonstrates that the higher error in AFM FePd is a direct
result of the different magnetic coupling.

Next, we must ask why the error is higher, or, equivalently,
why a greater amount of charge (and magnetization) is ex-
cited to outside the d states if there is AFM coupling. AFM
materials were previously shown to demagnetize faster and
to a greater extent because AFM ordering permits a demag-
netization mechanism whereby charge can be driven rapidly
from occupied majority states on one atom to the unoccupied
minority states on the other (an optically induced intersite
spin transfer (OISTR) [12,16]). It would thus be simplest to

FIG. 4. Influence of magnetic ordering on sp-d hybridization.
The equilibrium density of states (DOS) for ferromagnetic FePt
(red solid line), antiferromagnetic FePt (orange dashed line), and an-
tiferromagnetic FePd (blue solid line), with, in each case, the Fermi
energy set to zero. The species and angular momentum resolved
DOS, as indicated by the labels on the separate panels, reveal an
increase in sp states close to the Fermi energy that, along with the
peak in minority d states, allows increased pump laser excitation of
minority electrons away from d states. As described in the text, this
results in significant underestimation of demagnetization as recorded
in a MLD pump-probe setup. Note that for the case of antiferromag-
netic FePd and FePt the available spin up (↑) and down (↓) states are
reversed on the second Fe atom (not shown).

assume that the greater error is simply a result of this greater,
faster demagnetization. In actual fact, we find that this would
be a false assumption: the size of the error is not simply
proportional to the size of the magnetization quenching, as
can be seen by comparing Figs. 2(a) and 2(b). Rather, we can
clarify the reason for the greater amount of charge excitation
to non-d-character states and therefore understand the error
level through a consideration of the energy-dependent density
of states, which is shown in Fig. 4 for FM FePt, AFM FePd,
and AFM FePt, where contributions to the total density of
states from states with each atom and from the angular mo-
mentum character are shown separately.

The clearest difference between the FM and AFM
materials is the presence of the AFM pseudogap, with as-
sociated magnetic bonding and antibonding exchange split
d bands at −2.2 and 0.5 eV, respectively. This results in a
very high peak in minority d states on the Fe atom in the
energy domain at the Fermi energy and up to 1 eV above
it. Crucially, driven by the marked reduction of states in the
pseudogap, a significant increase in sp states is also found
in the same energy window (more than double the number
found for the case of FM order), and it is the concomitant
increase in allowed d → sp transitions that underpins the
increased delocalization seen in AFM FePd when a pump
pulse is applied. Having its origin in the pseudogap associated
with sublattice magnetic ordering (see, e.g., Refs. [33,34] for
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a discussion of the importance of the pseudogap in magnetic
order), the dramatically reduced threshold for failure of MLD
in FePd will likely be a general feature of transition metal
antiferromagnets.

Conclusion. Our investigation of FePt (a ferromagnet) and
FePd (an antiferromagnet) has revealed that profoundly dif-
ferent failure thresholds exist for response function based
methods of determining the transient moment, with massive
(> 50%) MLD errors being generated in FePd at fluences
(4.7 mJ/cm2) for which MLD and MCD capture very well
the transient moment in FePt. This failure results from the
fact that pump laser pulses not only reduce but also delocalize
the angular momentum of magnetic order, and in FePd the
AFM pseudogap, which results in significantly increased d-sp
hybridization, aids this delocalization. As response function
based methods rely on a d-band state-counting principle, the
excitation of significant moment to states of non-d-character
guarantees their failure; in FePd the greater tendency to excite
out of the d band thus results in failure to record the total
transient moment at much lower pulse intensity. A corollary

of this, however, is that such methods will always capture
the d-band moment, and our calculations confirm this: the
MLD- and MCD-derived moments excellently reproduce the
underlying transient d-band moments at all pulse intensities.
Importantly, therefore, a valid protocol exists for collaboration
between theory and experiment: comparison via the transient
d-band moment. In summary, our work highlights the critical
role that electronic state hybridization has in affecting the
accuracy of MLD and MCD in tracking transient moments in
ultrafast pump laser experiments, suggesting that a cautious
approach is needed in the interpretation of experimental spec-
tra as unveiling total transient moments.
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