PHYSICAL REVIEW B 76, 014418 (2007)

First-principles study of ultrafast magneto-optical switching in NiO
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We present a fully ab initio ultrafast magneto-optical switching mechanism in NiO. All intragap d states of
the bulk and the (001) surface are obtained with highly correlational quantum chemistry and propagated in time
under the influence of a static magnetic field and a laser pulse. We find that demagnetization and switching can
be best achieved in a subpicosecond regime with linearly rather than circularly polarized light. Going beyond
the electric dipole approximation is mandatory for the bulk and greatly enhances the process even for the

surface, where it is not required by symmetry.
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I. INTRODUCTION

The continuous miniaturization and speed upscaling of
modern computers and magnetic recording media give rise to
a constant strive to derive and optimize mechanisms in order
to manipulate as fast as possible the magnetic moment of a
material. Ever since the light induced demagnetization of
ferromagnets was discovered,! several light-driven scenarios
and mechanisms have been proposed,> and it has already
been demonstrated that exploiting the ultrafast electron-
photon interaction can lead to subpicosecond dynamics.*
Magnetic dichroism and nonlinear magneto-optical Kerr ex-
periments underline the necessity for quantitative spin-orbit
coupling (SOC) calculations,>® the latter interaction being a
mandatory prerequisite for optical spin control, an important
ingredient for future applications. Furthermore, it has been
experimentally assessed that the electronic excitations can
nonthermally control spin dynamics’ and magnetic phases®
in magnetic materials. In this paper, we present a detailed
mechanism for the description of such a SOC-mediated
switching scenario on a real material based exclusively on
laser pulses where we (i) achieve all-optical magnetic
switching on a purely ab initio level, (ii) switch both surface
and bulk, and (iii) are able to include an additional external
magnetic field.

In our calculations, we do not include any empirical pa-
rameters (unlike previous works in that field) and regard a
realistic strongly correlated solid material rather than a
simple atomistic model. The switching scenario presented
here is a realization of what was previously suggested by
Goémez-Abal et al.*® Taking into account the importance of
SOC effects and the subtleties of the scenario, it is more than
necessary to investigate the theories on a realistic level and
not only on the level of an “idea.” Moreover, we differentiate
between several switching mechanisms [electric dipoles
(EDs) vs magnetic dipoles (MDs)] and investigate the impor-
tance of the magnetic field (again with no first-principles
precedence in the literature to the best of the authors” knowl-
edge). Finally, we present a recipe which relies solely on our
specific quantum chemical calculations and the careful
analysis of the switching results on the system.

NiO is a possible candidate for such a scenario, since it
possesses the following main features: (i) dispersionless, ex-
plicitly addressable intragap states, (i) SOC mixing, (iii) a
well known crystallographic and magnetic structure, and (iv)
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simple phononic modes. As test systems, we choose two
doubly embedded clusters, NiOs™® and NiO,™'%, which rep-
resent the (001) surface and the bulk of NiO, respectively.
The first embedding is a shell of effective core potentials
which account for the Ni ions in the immediate vicinity of
the oxygens and the second one is a charge point field (15
X 15X 15 and 15X 15X 8 for bulk and surface, respectively)
which describes the Madelung potential. The intragap d
states are computed with a high-level multiconfigurational
complete active space (CAS) method'® using the nonrelativ-
istic GAUSSIANO3 code.!!

II. THEORY

The Hamiltonian of the interacting system is solved in
three steps. First, the static nonrelativistic Hamiltonian is
solved with the complete active space method which incor-
porates both static and dynamical correlations in a self-

consistent way;10312
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N, and N, are the numbers of electrons and atoms, respec-
tively, r; and R, the position vectors of the electrons and the
atoms, and Z, the charges of the nuclei. Then, SOC and the
static external magnetic field By, are turned on by diagonal-
izing HY on the basis of the many-body wave functions
obtained by FAIC AS:
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I:IC As and the first term of HY represent the material prop-
erties. SOC is computed by means of the one-electron Breit
operator where effective nuclear charges (szf) account for

the two-electron terms.'3 The other terms of A denote the
interaction with the external static magnetic field, with L. and
S being the orbital and spin momentum operators, respec-
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tively (we keep only terms linear in Bg,), n; and ug their
respective gyromagnetic ratios, and c¢ the speed of light. Fi-
nally, the obtained static magnetic states are propagated in
time under the interaction with a suitably tailored laser field:

H? =p@©AS DAL (1) +8 - Bl (). 3)

p(©AS*D is the electron momentum as calculated in the sec-
ond step and A ,.(7) and By, are the time-dependent vector
potential and magnetic field of the laser pulse, which is
treated classically. For this step, time-dependent perturbation
theory is applied. All terms can be switched on and off at
will, thus giving an estimate of their importance in the pro-
cess. In the bulk, SOC splits the first excited state (3T2g) into
four groups (E,, T, with AE~18 meV, T,, with AE
~69 meV, and A, with AE~87 meV). Since all of them
retain their gerade character, the transition from and to the
ground state (A,) is still ED forbidden. Thus, MD transitions
have to be taken into account.!>!* Our SOC splittings are
slightly larger than the values given by Satitkovitchai et al.,'
who, using the COLUMBUS code and the configuration inter-
action with single excitations method, give very high energy
values for these states (1.02 eV compared to 0.94 eV in the
present work). Both results do not take into account further
splittings due to intersite spin-spin interactions and the (111)
distortion. Experiment shows several peaks between 0.96
and 1.04 eV."
All states are propagated in the interaction picture

‘k(;;t(’) = %% (a] ‘A/(l)|B>cﬁ(t)e—i(E3—Ea)t/ﬁ’ )

where |a) and |B) are the unperturbed eigenstates, c,, is the
complex scalar coefficient of state « in the wave function
V() =Sc, (e Ed'|a), E, is the energy of state o, and V/(7)
is the perturbation operator [laser field as given in Eq. (3)].
We integrate over time the coupled differential equations
[Eq. (4)] using the fifth order Runge-Kutta method combined
with the Cash-Karp adaptive step size control with a conver-
gence threshold of 107® for the normalization condition.
Stricter thresholds, while computationally extremely costly,
proved to be not necessary. Before every pulse, a starting
point is considered where a single ground state (either the
“spin-up” or “spin-down” ground state) is fully populated.
From our ab initio calculations for NiO, we achieve a repeat-
ability of more than ten duty cycles and a population fidelity
of ~98% after 10 cycles. The “lost” population remains
mainly in the excited states and not the initial ground state;
thus, slow (thermal) relaxation effects would lead the system
to an almost perfect switch. Repeated pulses do not increas-
ingly deteriorate the process quality, at least not until a big
percentage of the population gets transferred to higher ex-
cited states (after about 15—20 cycles, depending on the laser
intensity).

III. RESULTS

First we must find which excited states are involved in the
process. It was already shown that for a A process (see inset
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FIG. 1. (Color online) Top: population evolution of the lowest
lying levels in bulk of NiO. The solid black line and the red (dark
gray) dashed line show the occupations of the spin-up and spin-
down states, respectively. The A process is achieved through one
spin-mixed excited state [dashed green (light gray) line], namely, E,
(T, before SOC splitting), and always gets twice populated and
depopulated during the laser pulse. The population transfer is com-
pleted in about 100 fs. The polarization is linear and perpendicular
to the externally applied static magnetic field B.=12.5 A/m. Bot-
tom: laser profile. The pulse has FWHM of 140 fs, energy of
0.9166 eV, and B, of 125000 A/m. Inset: A process (schematic).

in Fig. 1), at least four levels are required,’ i.e., (i) two
ground states with spin up and spin down, respectively, and
(ii) two excited states with spin up and spin down mingled
by a spin-mixing mechanism (SOC and/or magnetic field) to
generate at least one nonpure spin state, accessible from both
ground states. In the absence of external magnetic fields, the
three spin states of a triplet (S,=1, —1, and 0) are degenerate
and all their linear combinations are valid solutions to the
Schrodinger equation. Thus, if the system is in the ground
state and in thermal equilibrium, all three of them are equally
populated and (S,) averages to zero. Furthermore, one can
rotate the many-electron wave function in that triplet sub-
space, making the choice of spin up and spin down arbitrary.
However, even an infinitesimal field suffices to lift these de-
generacies (Zeeman effect), resulting in nonzero (S,) values.
So, for the bulk of NiO, which possesses octahedral symme-
try (equivalent to spherical), the spins are always parallel (or
antiparallel) to the applied field, and their magnitude depends
on the field strength. While the Zeeman energy shiftings do
not depend on the choice of the axis, the magnetic moment
projections do. This is not the case for the surface of NiO,
where the spatial symmetry can induce a spin direction as
well. If, however, the external field gets strong enough, it can
force spins to align with it.'® Generally, in the presence of the
crystal field, (L,) may get quenched due to lack of rotational
invariance around the z axis. Of course, the inclusion of SOC
in the Hamiltonian leads to S, not being a good quantum
number. Still, one can compute (S.) and quite often gets ap-
proximately 1 or 0, an almost pure spin state. This is yet the
case for both our clusters, since ground and excited states are
energetically well separated, an advantage exclusive to dis-
persionless systems such as NiO. Note that SOC alone can-
not always specify a direction for the spins. Although the
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TABLE I. Energies, symmetries (after SOC), and total angular
momenta of the 12 lowest states for the NiO5™® and NiOg ' clus-
ters. States marked bold can be used for switching. For the bulk,
states 1 and 3 are considered spin up and spin down, and states 2
and 3 for the surface states (in both cases, the energy differences are
minimal).

Bulk Surface
Energy Energy
State  Symmetry  (eV) (J,) Symmetry (eV) )
12 1A, 0.9674  0.00 3E 0.9256  0.69
11 1T, 0.9551 0.68 0.9256 -0.69
10 0.9551 0.00 2B, 0.9076  0.00*
9 0.9551 -0.68 2B, 0.5795  0.00
8 2T, 0.9248  0.60 1B, 0.5570  0.00
7 0.9248  0.00 2FE 0.5162 1.28
6 0.9248 -0.60 0.5162 -1.28
5 1E, 0.9166  0.00 1A, 0.4480 0.01
4 0.9166  0.00 14, 0.4372 -0.01
3 1Ty, 0.0000 1.20 1E 0.0032  1.31
2 0.0000  0.00 0.0032 -1.31
1 0.0000 -1.20 1B, 0.0000  0.00

The state has (J,)=0 but originates (before SOC splitting) from an
3A, state for which the transition from the ground state is forbidden
by symmetry (Ref. 10).

antiferromagnetic (AF) ordering in NiO (both bulk and sur-
face) cannot be accounted for in our single-site model, the
local magnetic moment is not expected to differ much.!”
Note as well that NiO exhibits high spin density only on the
Ni sites, thus justifying our local picture.

Second, we fully populate the spin-up ground state (see
Table 1) and propagate in time while applying a finite exter-
nal sech?-shaped laser pulse with systematically varied inten-
sity, duration, and angle of incidence of the laser pulse. The
task to achieve switching amounts to choosing a suitable
mixed-spin excited state. We find the maximum efficiency
when the matrix elements from both ground states have ap-
proximately the same absolute values. The relative phase of
the light and the wave function turns out not to affect the
process, since no appreciable population transfer takes place
until the phases match. However, the phase evolution of the
different states governs the direction of the population trans-
fer during the pulse. So the intermediate excited state(s) typi-
cally exhibit(s) a double peak during the process (see Fig. 1).

The simple |E|-FWHM=const (FWHM denotes full
width at half maximum), rule of thumb as seen in the model
calculations of Gémez-Abal et al. (see Ref. 9, Fig. 5), is
reproduced only for pulses longer than about 500 fs, while
shorter ones generate a more complex behavior. For the bulk
calculation, we include MD matrix elements, since it was
already shown that they are responsible for the transitions
from the ground to the intragap d-character states,'®!# unless
phonons and/or lattice distortions are taken into account.
These would, in fact, enhance even more the process, since
their presence facilitates electronic transitions.!?
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FIG. 2. (Color online) Perpendicular magnetic field. Contour
plot of the magnetic state of the NiOS_8 cluster after the application
of a linearly polarized sech?-shaped laser pulse and an external
static magnetic field B.y=B,=12.5 A/m vs duration and intensity
of the pulse. Calculations are done within the ED approximation.
The first excited state [IA(ITU at £E=0.4372 eV] is chosen as the
intermediate state. Colors indicate the total angular momentum after
the pulse. The magnetization before the pulse is 1.31 a.u.. The red
(light gray) area means switching is achieved. Several combinations
of pulse duration and strength can lead to magnetization reversal
(crossing the white border line where the magnetization is zero).

Even with very intense pulses, it was not possible to de-
populate the original state in one step because the population
transfer depends not only on the population difference but on
the relative phases as well, and some time passes before the
intermediate excited state gets in phase with the target
ground state so that the population flows toward the latter
one and not toward the initial ground state. An extremely
intense pulse could circumvent this at the cost of uncon-
trolled off-resonance electron excitations. In principle, it is
possible to achieve both demagnetization and switching with
a variety of pulses. Figure 2 shows the dependence of the
spin magnetic moment of the NiO(001) surface after the
pulse with respect to its duration and intensity. The static B
field is perpendicular to the surface and the laser pulse is
linearly polarized at a direction parallel to the surface. Con-
trary to previous works,*° we do not find optimal switching
conditions for circularly but for linearly polarized light, more
specifically, with propagation direction parallel to the static B
field—this is consistent with the experimental findings of
Koopmans ef al. in an experimental setup similar to ours
(almost normal incidence and sensitivity to the out-of-plane
magnetization component) that the demagnetization time of
Ni thin films is not affected by pump helicity.!® Our calcula-
tions indicate that the use of circularly polarized light can
selectively activate one channel of the A process, allowing
only either excitation or de-excitation (resembling Rabi os-
cillations), while a superposition of the two polarizations can
selectively control the percentage of the population transfer.
In the case of circularly polarized light, one transition can be
up to twice as effective as in the case of linearly polarized
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light; however, the other transition is then blocked. By ftilting
the direction of the propagation of the light with respect to
the static B field, one can overcome this selectivity. For ex-
ample, with an external field perpendicular to the (001) sur-
face and a propagation direction parallel to the surface,
switching is possible with all polarizations, however, the
E..x of the pulse needed is about 1 order of magnitude big-
ger. This finding was obscured in Ref. 4 by the absence of
the external magnetic field in the calculations, thus making
the choice of spin up and spin down arbitrary and any of
their linear combinations a valid eigenfunction for the
ground state. Demagnetization of the system (choosing (J,)
~() as final ground state in Table I) is also possible and best
achieved for linearly polarized light at an angle of 45° with
respect to the magnetic field. However, it is generally less
efficient than switching. Moreover, the (J,) =0 state is meta-
stable and the spin-spin interactions will convert it to an
unpredictable AF domain.

IV. DISCUSSION

Our calculations indicate that the laser interacts with the
electrons mainly through the p©AS*D.A, .(r) term. Al-
though L, is not a good quantum number in the presence of
SOC, the field must basically couple to the orbital rather then
the spin angular momentum for it is the product of the two
transition probabilities that governs the A process. So (irre-
spective of whether one restricts oneself to the ED approxi-
mation), it is the orbital angular momentum of the electronic
state that needs to be changed by the light, turning the A
process to two consecutive additions (or subtractions) of an-
gular momentum (the pulse can of course couple to the spin
and flip it directly—not a A process—but more slowly and at
the far infrared region). Since, however, one transition is an
absorption and the other an emission of a photon, the helici-
ties of the two photons must differ, making linearly polarized
light the obvious choice if one wants to have both transitions
driven by the same pulse. Thus, the recipe to achieve switch-
ing (using ED for the surface and MD for the bulk) is to find
an excited state with (L,)=~0. Furthermore, the chosen state
needs to originate from a state with a symmetry that does not
forbid transition matrix elements, otherwise, even though the
lowering of the symmetry due to SOC and B,,, may make the
transition possible, the elements will be of very small mag-
nitude.

So, for the surface (within the ED approximation), the
best results were achieved with the 1E!" 1A(lm<—> 1EW
process (the parentheses in the superscripts indicate the filCt
that S, is not really a good quantum number). If we use the
symmetry labels before the addition of the SOC splitting,
namely, 1 3BF<—> PEN <1 3B{i, we immediately recognize
the ED allowed E <« B transition.

Regardless of the inclusion or not of SOC in our calcula-
tions, both the ground and all the intragap states of the bulk
are of gerade symmetry (see Table I), making the transitions
among them forbidden. Within the ED approximation, this
can only be overcome by the use of charge transfer states as
intermediate ones, however, this results in having to deal
with wide bands instead of dispersionless states, which can-
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not be as easily and as explicitly addressed. Note that generic
spin dynamics always results from electronic correlations,
and as such, requires narrow bands. If, however, one includes
MD transitions, then the dispersionless intragap states are
perfectly accessible, a fact seen both in linear and nonlinear
optics.'* So, the best results were achieved via the
lT(lg)<—>1E(m<—>lT<lw process. Using again the symmetry
labels before the SOC splitting (1 °A}}—1°T} 174},
we recognize the transition A,, < T, which is ED forbidden
but MD allowed.

If we additionally include MD transitions in our surface
calculations we see a dramatic change, a fact that was ex-
pected from several previous works.!*!® Atomistically, the
origin of this is not the tremendous efficiency of the MD
transitions but rather the small values of the ED transition
elements. The intragap states consist mainly of Ni d orbitals,
so the transition elements between them, although allowed
by symmetry, are very weak. Thus, the main contributions
arise from admixtures of virtual p-like excitations, turning
high-level correlations to a sine qua non prerequisite for the
separation of spin and charge dynamics. When including spin
interactions not only via SOC but also explicitly by going
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FIG. 3. (Color online) Tilted magnetic field. Contour plot of the
magnetic state of the NiOS_8 cluster after the application of a
sech?-shaped laser pulse and an external static magnetic field By,
=12.5 A/m tilted by 60° from the perpendicular direction vs dura-
tion and intensity of the pulse. Calculations are done within the ED
approximation and the first excited state [lA(lm at E=0.4372 eV] is
chosen as the intermediate state. The polarization of the light is s
linear (up), left circular (middle), and right circular (bottom). Colors
indicate the total angular momentum after the pulse. The magneti-
zation before the pulse is 1.31 a.u.. The red (light gray) area means
switching is achieved. Several combinations of pulse duration and
strength can lead to magnetization reversal (crossing the white bor-
der line where the magnetization is zero). Note, however, that the
combinations vary for different polarizations.

014418-4



FIRST-PRINCIPLES STUDY OF ULTRAFAST MAGNETO-...

beyond the ED approximation, we can practically switch for
many given polarizations, ellipticities, and geometries. Note
that (i) it is possible to find combinations of pulse strength
and duration where only one polarization can switch or de-
magnetize and (ii) one switches best (not only marginal
change of sign but large magnetic moment) with left polar-
ized light, where the MD and ED transitions act synergeti-
cally (see Fig. 3).

Note that despite the linear polarization of the pump
pulse, the electromagnetic field still acts as a reservoir for the
angular momentum in the model,?° a direct consequence of
angular momentum conservation and selection rules. In an
experiment, this would be observed by measuring the polar-
ization and ellipticity of the reflected (or transmitted) light.
In our semiclassical calculations, however, we are unable to
account for spontaneous emission and the feedback of angu-
lar momentum to the pump pulse.

In all the presented calculations, we always start from a
single occupied state, and the results indicate that the relative
phase of matter and light does not influence the outcome. If
the system, however, is initially prepared in a superposition
of states, then their relative phases induce quantum interfer-
ence patterns. The same holds for two-pulse scenarios for the
phases of the electromagnetic fields.?! Note also that even
elevated temperatures do not affect the localized electronic
distribution, since we are dealing with an insulating material
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(see also discussion in Ref. 12, Appendixes B and C).

V. CONCLUSION

In conclusion, we presented an ultrafast magneto-optical
switching scenario based entirely on ab initio calculations
for both the bulk and the (001) surface of NiO. We showed
that controlled switching is possible by including SOC in
order to take advantage of a A process. Furthermore, we
showed the necessity of including a static magnetic field in
order to distinguish spin-up and spin-down states and the
importance of including MD transitions in order to realize
the A process in the centrosymmetric bulk. All these ideas
were combined together in a realistic material, with no em-
pirical parameters. So several scenarios were investigated us-
ing the laser and the static magnetic field as freely tunable
parameters in a way to gain full control and maximum effi-
ciency of the process.
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