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Resonant pumping of d-d crystal field electronic transitions as a mechanism

of ultrafast optical control of the exchange interactions in iron oxides
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The microscopic origin of ultrafast modification of the ratio between the symmetric (J) and
antisymmetric (D) exchange interaction in antiferromagnetic iron oxides is revealed, using
femtosecond laser excitation as a pump and terahertz emission spectroscopy as a probe. By tuning the
photon energy of the laser pump pulse we show that the effect of light on the D/J ratio in two
archetypical iron oxides FeBOs and ErFeOs is maximized when the photon energy is in resonance with
a spin and parity forbidden d-d transition between the crystal-field split states of Fe®** ions. The
experimental findings are supported by a multi-electron model, which accounts for the resonant
absorption of photons by Fe®* ions. Our results reveal the importance of the parity and spin-change
forbidden, and therefore often underestimated, d-d transitions in ultrafast optical control of magnetism.
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The short-range spin-spin exchange interaction that results in long-range magnetic order is one of the
important demonstrations of the quantum nature of matter. Remarkably, the strength of the exchange
interaction in magnetically ordered materials expressed in terms of effective magnetic fields can reach
1000 Tesla in which the spin precession period is typically shorter than a picosecond. Controlling the
exchange interaction by sub-picosecond laser pulses is thus a very appealing approach to search for a

new scenario of the fastest possible control of magnetism [1].

The symmetric part of the exchange energy Wex between two magnetic sublattices Si and S»
Wex = JS1S> is responsible for the very existence of long-range magnetic order. During recent years,
the modulation of the symmetric exchange interaction by femtosecond laser pulses has been a subject
of experimental and theoretical studies [2-19]. Its antisymmetric counterpart, the relativistic
Dzyaloshinskii-Moriya energy Wp = Dx[S1xS2], contributes to the emergence of weak
ferromagnetism [20], multiferroicity [21] and magnetic skyrmions [22]. The possibility of ultrafast
optical control of the ratio between J and D has been reported for various transition metal oxides and
motivated several theoretical proposals to manipulate magnetic textures through optical control [23-
28]. However, presently available theoretical models fail to describe the change of exchange in realistic
materials, hence there is no information which optical transitions one must pump to change D/J
efficiently. In this Letter we experimentally reveal that the weak, and thus often overlooked, d-d
transitions are responsible for the efficient modification of the D/J exchange ratio. We also suggest a

multi-orbital theory that can explain the effect.

To observe the optical modification of J and/or D, one can use the fact that in a broad class of
antiferromagnetic iron oxides (iron borate FeBOs3, hematite a-Fe,Os3, and orthoferrites RFeOs, with R
being a rare-earth element) the ratio D/J defines the canting angle of the two magnetic sublattices of
Fe3* ions. Therefore, in these materials an ultrafast change of the exchange constants J and/or D results
in coherent spin motion that can be reliably separated from the heat-driven and other incoherent
dynamics. Particularly, perturbation of J and/or D triggers the quasi-antiferromagnetic (q-AFM) mode
of antiferromagnetic resonance [29] involving periodic oscillation of the canting angle at a THz
frequency. The spin motion acts as ac magnetic dipole emitting coherent THz electro-magnetic waves,
which were measured experimentally. The excitation of the antiferromagnetic resonance by light can
be seen as an impulsive stimulated Raman process, known as inverse magnetic refraction.

Microscopically, this effect involves the change of the J/D ratio [29].



55

56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71

72

600 T T T T T T T 6000

R l
i (@ T=15K 278ev FGBO3
5 2 — - -
= 5 400 klle 4000 r=293K
L3 4
b5
4 - 8200 1.597 eV 1 2000 N
8 —x € ; 3.85ev 4.15¢V
F I i
! 2
20 ' ‘ : 0 -
< 15 2.0 25 3.0

Photon Energy (eV)

2 (b

Dielectric function €
(0'S)
1

1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0
Photon Energy (eV)

Fig. 1. (Color online). Main panel: The imaginary part of the FeBO; dielectric function as a

function of photon energy measured using a spectroscopic ellipsometer. The response is

dominated by strong charge transfer transitions above 3 eV. Insets: (a). Absorption coefficient of

antiferromagnetic iron oxide FeBOs. Absorption was measured for light propagating along the

optical axis. Absorption bands due to the d-d transitions from the ®A; ground state to the “Ty, “T»,

A1, “E excited states are indicated. (b). Modulation of the superexchange interaction due to the

pumping of the d-d transitions involving a spin flip from S = 5/2 in the ground state to S = 3/2 in

the excited states. (c). Schematics showing the modulation of the superexchange interaction by a

laser induced charge transfer.
The optical absorption of the iron oxides is defined by charge-transfer electric dipole transitions
between the oxygen p orbitals and the d orbitals of the Fe** ions and d-d transitions of the single Fe3*
ion (see Fig. 1 and Refs. 30-32). The virtual hopping of the electrons between Fe3* and O% ions gives
rise to superexchange interaction resulting in the antiferromagnetic ordering (J > 0). Therefore, it is
natural to assume that the laser pulse excites the charge-transfer transitions, thereby modifying the
hopping and consequently the exchange coupling between the neighboring Fe3* ions. This scenario is
illustrated in Fig. 1c and has been discussed earlier for manganites [33] and

ferromagnetic/antiferromagnetic heterostructures [34,35].
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The weak and broad d-d absorption bands arise due to the inter-orbital transitions between the 3d-
states split by the crystal field (see Fig. 1 for FeBOs and Refs. 30,31 for other iron oxides). These
transitions are forbidden in the electric-dipole approximation. However, they become partially allowed
due to mixing of p-d atomic states of opposite parity by phonons and/or due to the inversion symmetry
breaking at the position of the magnetic ion. Moreover, these electronic excitations between the 3d°
states of the Fe3* ion require a spin-change from S =5/2 to S = 3/2 that is also forbidden for optical
transitions in the electric-dipole approximation. However, this restriction is removed by accounting
for the spin-orbit coupling. A femtosecond optical pulse can excite these transitions resonantly and
drive electrons into a new orbital configuration with a different spin value, thereby perturbing the
superexchange (Fig. 1b). Even though most pump-probe experiments use pump pulses with a photon
energy of 1.55 eV very close to the d-d absorption bands in iron oxides, the inter-orbital transitions in
magnetic cations in ultrafast light-spin interactions has so far got very limited attention [36-38] and

their role in the control of the D/J exchange ratio still remains unclear.
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Fig. 2. (Color online). (a). Waveforms of the THz electric field emitted from FeBOs excited by
femtosecond pulses of different photon energy (wavelength). The slight change in the signal delay
is due to the inequality of the optical paths for different wavelengths. (b). Amplitude of the THz
waveforms as a function of the pump photon energy (open circles) shown together with the
measured optical density of the same sample (solid line). The amplitude is normalized with
respect to the pump power, which varied for different wavelengths. Dashed line is a guide to the
eye.
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Spectral measurements with wavelength-tuneable laser pulses can provide an efficient way for
unveiling the microscopic mechanisms responsible for the modification of the exchange interaction.
To establish a spectroscopic correlation between the observed effects and the absorption bands, we
employed THz emission spectroscopy [39], with tuneable photon energy of the pump laser pulse [40].
The measured THz signal is directly related to the magnetization dynamics by linear Maxwell
equations [41]. The samples were brought into a single domain state by an in-plane bias magnetic field
of ~0.1 Tesla.

Initially we studied a rhombohedral calcite-type single crystal of iron borate FeBO3. The 370 um thick
sample was cut perpendicularly to the z-axis, i.e. with the antiferromagnetic vector and weak
ferromagnetic moment in the basal xy-plane. Fig 2a shows the time traces of the electric field emitted
from the photo-excited sample for different pump pulse photon energies. In order to maximize the
detected signal, the measurements were done at the low temperature of 10 K. As one can see, the
signals consist of quasi-monochromatic oscillations at a frequency of about 450 GHz, matching the
frequency of the g-AFM mode of FeBOz. The observed waveforms do not depend neither on the
polarization of the pump light, nor on the crystal orientation, while their sign does change when
changing the polarity of the applied magnetic field. The signals have all the properties attesting the
excitation of the g-AFM by modulation of the superexchange interaction [29]. By fitting the
experimental data with decaying sinusoidal functions we retrieved the amplitude of the g-AFM mode,
which is plotted in Fig. 2b as a function of the pump photon energy. The amplitude shows a clear
resonant behavior in the vicinity of the ®A; — “T- transition, with a central energy at ~2 eV (see Fig.
1a). To further support this observation, we measured the optical transmission as a function of photon
energy for this particular sample. The resulting optical density perfectly matches the dependence of
the g-AFM amplitude (see Fig. 2b), confirming that the optical excitation of the g-AFM mode and
hence the modulation of the D/J exchange ratio is due to the resonant pumping of the °A; — *T>

transition.

To test whether the observed resonant behavior is present in other iron oxides, we repeated similar
THz emission measurements on ErFeOs, belonging to the orthorhombic crystal family of rare-earth
orthoferrites. In this material we also observed THz emission corresponding to the g-AFM mode [29].
As an example, Fig. 3 shows the photon energy dependence of the amplitude of the g-AFM mode of
the ErFeO3 sample. The optical density of the sample is also shown in Fig. 3. Very similar to FeBO3

the amplitude peaks at the photon energy corresponding to the 8A; — “T absorption band. At the same
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time, there is no clear evidence for contribution of f-f transitions between Er®* localized states (seen as
narrow peaks just below 1.9 eV in Fig. 3) to the perturbation of the D/J ratio. However, THz emission
efficiency seems to be centered at a slightly higher photon energy compared to the d-d absorption
band. It may indicate some influence of the f-f transitions or it may also be due to the velocity mismatch

between THz and optical waves at the different frequencies.
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Fig. 3. (Color online). Amplitude of the THz waveforms as a function of the pump photon energy
(open circles) shown along with the measured optical density of the ErFeO; sample (solid line).

The amplitude is normalized as in Fig. 2. Dashed line is a guide to the eye. The narrow feature at
~1.87 eV is due to f-f transitions in Er®* ions. This measurement was performed at room

temperature.
Using a B-barium borate (BBO) single crystal the photon energy of the fundamental laser pulse at 1.55
eV was doubled to 3.1 eV in order to pump the samples in the region of the strong absorption close to
their charge-transfer gap (Fig. 1). However, we observed no THz emission from all samples in this
case. Although this result stands against a charge-transfer based mechanism of the superexchange
modulation (Fig. 1c), one has to bear in mind that due to the strong absorption of more than 10° cm*
at 3.1 eV, the penetration depth of the laser pulse is only ~1 um, which is much less than that in the

transparency region (~70 um). Therefore, the THz signal is emitted from a significantly thinner part



143  of the sample than in the 1.7-2.3 eV range. Most probably it falls below the noise level and thus requires
144 more detailed study. Nonetheless, we can confidently state that the pumping of d-d transitions
145  positioned below the charge transfer transitions dominates in the optical modulation of the D/J
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147 Fig.4. (Color online). Illustration of the photoinduced modulation of the superexchange interaction
148 in an iron oxide. In the ground state (lower panel) the hopping results in the antiferromagnetic
149 alignment of spins. The optical excitation flips one spin in an iron ion (red one, middle panel) and
150 as a result in the excited state (upper panel) the interaction becomes ferromagnetic and more spins
151 change their orientation.

152  The existing models for non-equilibrium exchange [1] neglect the possibility of laser-induced spin
153  flips due to magnetic dipole transitions or non-local optical transitions associated with the generation
154  of exciton-magnon pairs at the neighboring lattice sites [42]. Here we theoretically discuss how the
155 incorporation of the excited states of the magnetic cation can result in a change of the superexchange
156 interaction under optical pumping. We employ the formalism recently developed in Ref. 43. We

157  consider a rare-earth free case of FeBOa. In its ground state a non-zero value of the spin canting angle

158 ¢, =0.95° is observed, which can be explained as a result of Dzyaloshinskii-Moriya interaction [44].
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Under optical pumping, the “T, triplet excited states with spin S :g are populated. The conclusion

of the multi-electron approach [43] is that the resonant occupation of some excited states of the Fe®*
ions under optical pumping may change the value and even the sign of the superexchange interaction
between the excited ion and a neighboring ion in the ground state. For the *T, excited term of the Fe%*

ion a ferromagnetic (FM) type of exchange has been found [45].

To clarify the physics of the complicated multielectron approach [43] we illustrate the optical
modulation of the superexchange interaction in Fig. 4. At equilibrium the superexchange arises from
electron hopping between two Fe* ions in the ground state with S=5/2 via an O? ion (see the lower
part of Fig.4). One spin-up (1) electron from the left cation virtually hops to oxygen forming a 1| pair
and back with the same spin projection. Another oxygen spin-up electron also virtually hops to the
right cation to the spin-down () electron and back. Such mechanism favours the antiferromagnetic
(AFM) ordering between the neighboring Fe** ions. After a photoinduced d-d transition (upper part of
Fig. 4) one of the electrons in the excited ion is antiparallel to the others and the spin of the excited
term becomes 3/2. The virtual hopping of the spin-up electron from the left cation in the ground state
to oxygen and back is the same as it was before the laser excitation, while for the right excited cation
the virtual hopping of the second oxygen spin-down electron and back is possible for the spin-up
cation, where four electrons of the excited “T, term remain parallel to the spin of the left cation, so
their interaction becomes ferromagnetic (FM). We should remark that this picture is just a cartoon of
the complicated calculation [43,46] where the effective spin Hamiltonian including both ions in the
ground and excited states is obtained by means of a perturbation theory.

Besides the qualitative picture shown in Fig.4, direct calculations [43] lead to an AFM superexchange

in the ground state, and to a FM interaction Jﬁx for Fe** ions under optical pumping at A and B
absorption lines of a set of A (“T,), B (“T,) and C (A ,“E ) optical d-d excitations [45]. The optically

induced FM contributions to the superexchange J;X dominate due to the largest overlap of 2p oxygen
orbitals with excited Fe** (4T2) ions. When excited in the C line, the FM contribution of the interaction
Ji* vanishes due to a sharp drop in the overlapping for the excited Fe** (4A1, 4E) ions. The AFM state

of FeBOs is maintained at equilibrium at a low concentration of excited ion pairs Fe3+(4T2)-
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Fes*(eAl) with FM exchange. We assume that the optical transition occurs instantaneously, and the

lifetime of the excited Fe®*" ion exceeds the characteristic time of the change in the superexchange

Do
interaction h/W ~ 105 s, where W is the band width.

Fig.5 (Color online). Change of the relative orientation of the magnetic moments in an
exchange-coupled pair of Fe** ions due to the sign change of the superexchange interaction from

AFM (J;; <0, lower part) to FM (J;* > 0, upper part) induced by the laser pulse. The lower

part shows the relative orientation of the spin moments S; and S; of the two ions in the ground
state. The upper part shows the relative orientation of S; and S; of the two ions in which one is
in the excited state. Left part of the figure corresponds to optical d-d transitions in the magnetic
sublattice A, where S; =5/2, S;=3/2 and the right part corresponds to d-d transitions in the
sublattice B, where S; =3/2, S,=5/2.

The spin-orbit interaction appears already in the first order of perturbation theory and results in a small
change in the spin-canting angle. However, this last contribution is not important in the model under
discussion, because the main effect is the rearrangement of spins of the two AFM sublattices shown in
Fig. 5. The lower part of Fig. 5 shows four spins in the ground state, two S; from the A sublattice and
two S, from the B sublattice. The excitation of the A sublattice ion is shown in the left part and that of
the B ion in the right part. There are two major effects of the d-d excitations that should be taken into
account. The first one is the spin change from S=5/2 to S=3/2, shown by dotted lines in the upper part
of Fig. 5. The second effect is the excited spin rotation with the total spin S oriented left or right
depending on which cation has been excited. It is evident that both sublattices are excited similarly, so

the total magnetization is not changed. Nevertheless, the localized d-d excitation forms the excited
total magnetic moment S. Therefore, the spin canting angle ¢,, at the optically excited Fe* (4T2) state

is modified as determined by the changed values of the superexchange and spin-orbit interactions:
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These processes are illustrated in Fig. 5. The phase shift ~ 7 arises due to a spin flip at the optically

excited Fe3+(4T2) center in one of the magnetic sublattices under the action of the optically-induced

FM Ji* >0 superexchange interaction.

The most remarkable result of the optical response in FeBO3 under resonant pumping of the °A «<>*T,

transition is the sign change in the superexchange interaction from AFM J; <0 to FM J;X > 0.

Because the optical absorption in both sublattices of the AFM material is identical, the total magnetic
moment under optical pumping is still close to zero and no macroscopic FM ordering arises (Fig. 5).
Evidently, in the linear regime the concentration x of optically excited centers is proportional to the
intensity of the optical pump, which should not be too large to avoid dielectric breakdown. Using the
absorption coefficient of FeBOs (Fig. 1), the size of its unit cell [47], the pump fluence and the
excitation volume, we may estimate that in our experiment x <1073, This number is in line with our

estimation of the modulation of the ratio D/J > 10 [29].

In summary, we have shown that optical control of the exchange interaction in iron oxides can be
achieved by resonant excitation of the d-d crystal field transitions in magnetic Fe** ions, involving a
spin change AS=1. Our finding demonstrates another alternative to the currently used theoretical
approaches based on the Hubbard model for the description of ultrafast light-spin interactions. It
reveals novel opportunities for resonant optical control of the exchange interaction and thus opens up
new perspectives for experimental and theoretical research in the field of ultrafast magnetism.
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