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Ultrafast spin and lattice dynamics in antiferromagnetic Cr,0;
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The spin and lattice dynamics of antiferromagnetic bulk Cr,Oj; after excitation with an intense laser pulse

were investigated using amplitude and phase resolved optical second-harmonic generation as probe of the
magnetic and crystallographic subsystems. Demagnetization occurs on three time scales ranging from
<1 to ~7 ps. In comparison to ferromagnetic compounds, this is a two orders of magnitude faster response
and an additional spin-lattice interaction channel is observed.
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I. INTRODUCTION: SPIN DYNAMICS
OF ANTIFERROMAGNETIC COMPOUNDS

One of the aspects steering the development of data-
storage technologies is the speed at which the magnetic state
can be manipulated. Therefore, dynamical processes in mag-
netically ordered systems are a key issue of the rapidly
evolving field of spin electronics. For ferromagnetic systems,
it was shown that magnetic-field pulses allow repeated
switching of the magnetization on the subnanosecond time
scale, while optical experiments with pulsed lasers revealed
demagnetization processes down to the subpicosecond
range.'=> In spite of the increasing interest in antiferromag-
netic (AFM) systems for practical applications,*> their mag-
netization dynamics is less well understood. This is mostly
due to the absence of a macroscopic magnetization which
impedes direct access to the AFM order parameter. There-
fore, secondary effects are employed to study the spin dy-
namics of AFM systems on the ultrafast time scale: a weak
ferromagnetic moment accompanying the AFM order (as in
FeBO5),% a change of birefringence induced by AFM reor-
dering (as in orthoferrites),” a change of reflectivity charac-
teristic for the melting of an AFM insulating state (as in
Pry;Cay3;MnO5),2 or the exchange-bias effect (as in
NiO/NiFe bilayc:zrs).9 However, the more indirect the cou-
pling to the AFM order parameter is, the more difficult it gets
to disentangle magnetic and crystallographic contributions to
the response signal and, thus, to distinguish between the dy-
namics of the spins and the lattice. The problem may be
solved by resorting to nonlinear instead of linear optical
techniques. Second-harmonic generation (SHG) possesses
contributions that couple either to the “spinless” crystal or to
the magnetic order parameter. Therefore, it distinguishes
very efficiently between the crystallographic and magnetic
properties of, in particular, AFM compounds or ferromag-
netic surfaces and interfaces.!*!3

In this paper, we describe the temporal evolution of spins
and lattice in AFM Cr,0O5 bulk crystals after excitation with
an intense 250 fs laser pulse. The dynamical response of the
two subsystems is probed in one experimental run by SHG
coupling to the AFM order parameter or to the crystal struc-
ture. The amplitude of the SHG signals reveals a different
response of spins and lattice. The phase between the SHG
contributions leads to the identification of three demagneti-
zation channels on separate time scales. Distinct differences
to the dynamics of ferromagnetic systems are observed.
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II. MAGNETIC AND CRYSTALLOGRAPHIC SECOND-
HARMONIC GENERATION

The simplest nonlinear optical process is SHG with
Si2w) = goxiiE () Ew), (1)

where E(w) is the electric field of the incident light wave at

frequency w, while §(2w) is the source of the light wave at
the frequency 2w emitted from the crystal.'* The light-matter
interaction is parametrized by the susceptibility y. The tensor
X=x(0)+x(€)+... is expanded in the magnetic order param-
eter €. x(0) represents the “crystallographic” contributions
found above and below the magnetic ordering temperature,
while x(€) is the leading “magnetic” contribution found be-
low the ordering temperature only."> SHG from x({) and
X(0) can thus be used to probe the spins and the lattice,
respectively, and, thus, to reveal their coupling.

III. Cr,0; AS MODEL COMPOUND

Our interest in Cr,05 is twofold: On the one hand, recent
interest in this compound was triggered by its exchange-bias
properties,'® which can be controlled via the magnetoelectric
effect.!” The magnetoelectric interaction depends on the cor-
relation between spins and lattice. This warrants an investi-
gation of this correlation. On the other hand, Cr,0O5 is an
AFM model compound whose static properties are well
known.'® This is an ideal basis for investigating its dynami-
cal properties. Note that the spin-wave dynamics of Cr,O3
has already been studied,'® however, without observing the
dynamics of the spin-lattice energy transfer.

Cr,05 is a uniaxial antiferromagnet crystallizing in the

centrosymmetric point group 3m.'8 The structure is com-
posed of chains of Cr** ions aligned along the trigonal z axis.
The Cr** ions are surrounded by distorted octahedra of O~
ions with 3 as site symmetry. Cr,05 orders antiferromagneti-
cally at Ty=307.6 K.'® The sequence of Cr** spins along z in
the unit cell of opposite 180° domains is +—-+— and
—+-—+, where the dot denotes an empty, undistorted
0% octahedron. The AFM order breaks both time and space

inversion symmetry and leads to 3__m as magnetic point
symmetry.”’ The contributions from x(0) and x({) to the
source term S of the SHG wave described by Eq. (1) were
derived in Ref. 20 and are summarized as follows: With light
incident along the trigonal z axis, only one independent com-
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FIG. 1. Experimental setup and SHG spectra of Cr,O3; measured
in one experimental run at 10 K for light incident along the z axis.
(a) Setup for pump-and-probe experiments with SHG in transmis-
sion as probe process. (b) Settings of polarizer (a quarter-wave
plate) and analyzer (a polarization foil) needed to obtain the ampli-
tude of and the phase between spin and lattice contributions to the
SHG signal. The y and x axes of Cr,O5 are defined by lying, re-
spectively, perpendicular to and in the mirror plane of the crystal
with 3m symmetry (Ref. 18). (c) Spectra of the magnetic and crys-
tallographic contributions to SHG. (d) Spectra of their constructive
and destructive interferences.

ponent from the tensors ¥(0) and x(€) contributes to SHG,
which is henceforth simply denoted as x(0) and x({), respec-
tively. One gets

Sx 2 X(O)(E)zc - E%) + ZX(€)ExEy
-> W )
S= S}’ = 4? - 2X(O)EAEy + X(€)(E§ - Ei) 5 (2)
0

for linearly polarized light, and

s\ [ xO +ixE
S=|S_ |=42%| [+ xO) +ix(OIE2 | (3)
S ¢ 0

for circularly polarized light. According to Eq. (2), a polar-
ization analysis allows one to separate spin and lattice con-
tributions to SHG: With light incident along the z axis and
polarized linear along one of the principal axes, the x- and
the y-polarized components of the corresponding SHG wave
couple to x(0) and x(£), respectively. On the other hand, use
of circularly polarized light allows one to obtain the con-
structive and destructive interferences of SHG contributions
from x(0) and y(£).
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IV. EXPERIMENTAL SETUP

Cr,05 crystals grown by the flux method were oriented by
Laue diffraction and cut perpendicular to the trigonal z axis
by a diamond saw. Lapping by SiC powder was followed by
chemical mechanical polishing with a colloidal silica slurry
(Syton). The finalized samples had a lateral size of a few
millimeters and a thickness of ~50 wm. They were mounted
in a cryostat, and areas located within one AFM domain were
studied in two types of transmission experiments: (i) SHG
spectra were measured using 5 ns laser pulses at a repetition
rate of 10 Hz, which were emitted from an optical parametric
oscillator pumped by the third harmonic of a Nd-doped yt-
trium aluminum garnet laser. (ii) The temporal evolution of
the SHG signal was measured in a pump-and-probe experi-
ment. The samples were excited at fiwpm,=3.10 €V with
250 fs pulses at an intensity of 1—10 mJ/cm?. The pulses
were generated at a repetition rate of 1 kHz by frequency
doubling amplified pulses at 1.55 eV emitted from a Ti:sap-
phire laser. Because of the proximity to the charge-transfer
gap of Cr,05 at 3.3 eV, the absorption length of the pump
pulses was ~7 um.*!

SHG by pulses emitted from an optical parametric ampli-
fier pumped by the Ti:sapphire laser was employed for prob-
ing the dynamical properties. As shown in Fig. 1(a), the
samples were mounted in a cryostat and SHG from the re-
gion excited by the pump beam was measured in transmis-
sion. In order to ensure that a uniformly pumped area is
probed, the diameter of the probe beam is 50% smaller than
that of the pump beam. Furthermore, the SHG energy
2fi@pone Was chosen such that the absorption length at
2fi@pyope (here 1.7 um at 2.0 eV) was much smaller than the
absorption length at fiw,,y,. Furthermore, because of the
large absorption, the issue of phase matching can be
neglected. '

The intensity of the probe beam was in the order of
10 mJ/cm?, but this can still be regarded as “weak” in com-
parison to the pump beam because of the negligible absorp-
tion of the probe beam in the sample. In both setups, wave
plates and foil polarizers were applied to set the polarization
of the incoming light and to analyze the polarization of the
SHG light, respectively. Color filters were used in front of
the sample for suppressing SHG generated in optical compo-
nents and behind the sample for separating the SHG light
from the fundamental light. The SHG signal was detected by
a GaAs photomultiplier tube and normalized to the squared
intensity of the transmitted fundamental light.

It is known that the phase of the SHG light can carry
important information about the magnetic state which is ab-
sent in the amplitude.!! We therefore require a setup in which
both the amplitude A of and the phase ¢ between spin and
lattice contributions to the SHG signal are measured with
high accuracy. This was achieved by mounting the compo-
nents, which set and analyze the polarization of the light
waves, in computer controlled mechanical rotors. This al-
lowed us to measure the polarization configurations needed
for the determination of the SHG amplitudes and phases [see
Fig. 1(b)] in one experimental run. Avoiding the temporal
drift of consecutively measured data sets, we were able to
determine the temporal evolution of ¢ with an accuracy of
0.1°.
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V. EXPERIMENT

A. Second-harmonic-generation spectra

Figures 1(c) and 1(d) show the spectral dependence of
SHG from Cr,O5 at 10 K in the range 1.7-3.0 eV. As de-
scribed, the four spectra were measured in a single experi-
mental run in contrast to previous experiments. The configu-
rations displayed in Fig. 1(b) were applied in order to obtain
them. The settings of polarizer and analyzer are based on
Egs. (2) and (3). The magnetic and crystallographic contri-
butions to SHG are generated with y-polarized fundamental
light and separated by detecting the y- and x-polarized com-
ponent of the SHG light, respectively. The SHG intensities

are 1, %[5, and Iy |S,|%, with S(2w) as source term
from Eq. (1). The constructive and destructive interferences
of magnetic and crystallographic SHG contributions are ob-
tained with circularly polarized incident light and no ana-
lyzer in the SHG beam. Here, the SHG intensities are I,
«|S,+iS|*>. The amplitude of the magnetic contribution,
which is proportional to the AFM order parameter, and the
amplitude of the crystallographic contribution (for conve-
nience denoted by L) are

Amag = V’Imag * €’ Acrysl = \“chryst =L. (4)

The relative phase ¢ between the magnetic and crystallo-
graphic contributions?? is given by

I+_I ‘Imag+1crysl
IL+1_ 2 '

)

sin ¢ =
¢ Imaglcryst
In Refs. 23 and 24, it was shown that the origin of magnetic
SHG in Cr,05 is a twisted octahedral ligand field in combi-
nation with spin-orbit interaction which leads to two-photon
electric-dipole transitions coupling to the AFM order param-
eter. The value of ¢ is determined by local-field corrections
to the magnetic and crystallographic SHG susceptibilities.
This relation is a complex one and prevents the derivation of
quantitative values for € and L from ¢. However, as we will
see in the following, the phase of the SHG signal can still be
employed as qualitative probe of the magnetization and the
lattice dynamics, which reveals important information about
the temporal evolution of the spin-lattice interaction that is
not acquired from the intensity of the SHG signal.
According to Eq. (5), in order to minimize the error of
A¢, the phase should be measured at a photon energy where
L>1_ and I,,=~ Iy Figure 1 reveals that SHG in the
range 1.9-2.2 eV or near 2.6 eV meets these requirements.
The optical parametric amplifier can emit light at
0.55-0.77 eV (“idler”) and at 0.77—1.00 eV (“signal”). For
probing at SHG energies >2.0 eV, i.e., fundamental energy
>1.0 eV, the frequency doubled idler wave needs to be used
as probe wave. However, the intensity of this wave is too
low, so that in spite of the larger SHG efficiency near 2.2 eV,
the fundamental signal wave was used for probing the ul-
trafast SHG response at 2.0 eV.

B. Pump-and-probe data

Figure 2(a) shows the temporal evolution of the change of
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FIG. 2. Temporal evolution of SHG signals in a pump-and-
probe experiment. (a) Change of SHG intensity A7 at 2.0 eV versus
delay r after the photoexcitation. Based on Fig. 3(b), an instanta-
neous and two exponential contributions are fitted to the data (see
text) and lead to the solid lines. Note that each curve is fitted with
the same time constants (7,=0.93 and 73=6.62 ps). (b) Change of
linear reflectivity AR at 2.0 eV versus delay ¢ after the photoexci-
tation. (c) Cross correlation of pump and probe pulses. (d) Super-
position of magnetic contribution to SHG and optical effects modi-
fying the SHG intensity near r=0.

SHG intensity Al after exciting a Cr,O; sample at 285 K
with a 250 fs pump pulse with an intensity of 10 mJ/cm?.
The zero position of the delay ¢ is defined by the maximum
of the cross correlation in Fig. 2(c). Two regimes with a
basically different SHG response are observed. At ¢
< 0.3 ps, the response is universal: A transient decrease of all
SHG signals by about 10% occurs. At t>0.3 ps, the tempo-
ral evolution of SHG is drastically different for the four con-
figurations with A7 ranging from —22% to +18%.

In the interpretation of these data, optical effects modify-
ing merely the efficiency of the SHG process must be distin-
guished from SHG variations that are due to a genuine
change of magnetization or lattice temperature.” On the one
hand, the efficiency of the SHG process is modified by
changes of the linear optical constants that change the inten-
sity of the fundamental light entering the sample and of the
SHG light leaving the sample. Figure 2(b) shows that the
pump beam leads to a change of reflectivity AR at the SHG
wavelength by <0.1% (the same result is obtained at the
fundamental wavelength). Modification of the linear optical
properties can therefore be neglected in Fig. 2(a). On the
other hand, the efficiency of the SHG process is modified by
nonlinear interaction between the pump and probe waves and
by the massive excitation of nonequilibrium carriers in the
presence of the pump beam. In agreement with other pump-
and-probe experiments based on SHG,!>!326 the universal
dip at =0 in Fig. 2(a) is ascribed to these effects. The kink at
t=0.3 ps in Fig. 2(d) indicates the transition from the range
dominated by optical effects to the range displaying genuine
spin and lattice dynamics.

Figures 3(a) and 3(b) show the temporal evolution of the
following parameters: (i) the change of the AFM order pa-
rameter A¢, (ii) the change of the corresponding lattice con-
tribution AL, and (iii) the change of the relative phase be-

155406-3



SATOH et al.

;@\ 0

()]

o)

C

8 5

Q

© . .

gs) 6l ]

3

3 -10

e

<L

.2

(@)]

S

L

(0]

2

S 0

e

(&}

o -1

o

P

o -2 285 K
0 5 10 15 20 25 30

Delay (ps)

FIG. 3. Temporal evolution of the change of (a) amplitude and
(b) phase. Data and solid lines are derived from Fig. 2(a) using Egs.
(4) and (5). The inset shows the extrapolation to t=0 in comparison
to the SHG data. This reveals the instantaneous demagnetization
(arrow) discussed in the text.

tween spin and lattice contributions to SHG Ag as derived
from the raw data in Fig. 2(a) by means of Eq. (5). The
progression in Fig. 3(a) does not uniquely reveal the number
of channels contributing to A€(z) and AL(r). However, this is
disclosed by the temporal evolution of A¢ in Fig. 3(b). A
repeated change of the sign of the slope of A(z) shows that
three independent channels with alternating sign of the asso-
ciated phase change contribute. Based on this observation,
three processes are fitted to the data at r>0.3 ps in Fig. 2(a).
The processes are (i) an “instantaneous” contribution on a
time scale 7;<<1 ps described by a step, (ii) a “fast” expo-
nential contribution with a characteristic time 7,=0.93 ps,
and (iii) a “slow” exponential contribution with a character-
istic time 73=6.62 ps. The excellent agreement between data
and fits in Fig. 2 and, consequently, in Fig. 3 confirms the
presence of three channels. It further demonstrates that even
without establishing a quantitative relation between A¢ and
(A€,AL), the phase serves as valuable probe of the magne-
tization and lattice dynamics.

C. Model

Figure 3 leads us to the following scenario. Following
previous experiments, the instantaneous process is ascribed
to emission of magnetic excitations such as magnons during
nonradiative decay of photoexcited carriers.® Subsequently,
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AL reproduces the lattice temperature. This is confirmed by
the correspondence of AL(f) and —AR(¢). The reflectivity
change reproduces the temperature of the photogenerated
carriers?’ and, thus, of the lattice because thermal equilib-
rium of electrons and lattice is acquired within <1 ps.?® Fur-
thermore, A€ reproduces the spin temperature, which is gov-
erned by spin-lattice interaction via the fast and the slow
processes. Spin-lattice interaction is evidenced by the fact
that the lattice temperature is decreasing (increase of AL)
while the spin temperature is increasing (decrease of Af),
with AL(z) and A€(r) being described by the same relaxation
times 7 to 73. With 307.6 K as the Néel temperature,
A€(30 ps)=—12% corresponds to a spin temperature increase
by 9 K at 285 K, which coincides with the value calculated
for lattice heating by the pump pulse.?’>® On the other hand,
the SHG intensity of the lattice contribution is mostly deter-
mined by the gradual increase of linear absorption with
temperature,”! which attenuates the SHG wave by about 1%-
10% per 100 K. Here, a temperature increase by 9 K is a
very small effect and explains the near recovery of
AL(30 ps). Note that electron-spin interaction is negligible
because Cr,05 is an insulator. Thermal diffusion is also neg-
ligible because it occurs on a time scale of >300 ps.?

The data in Fig. 3 reveal two remarkable differences to
the dynamical processes of ferromagnetic (and ferrimag-
netic) compounds: First, rwo demagnetization channels, the
slow and the fast process, mediate the thermalization of spins
and lattice, whereas in ferromagnets only one such channel
was observed.>3? The difference is striking but its origin is
yet unclear. Second, the demagnetization times 7,5 are 2
orders of magnitude shorter than the demagnetization time
for a ferromagnetic compound® with the same magnetocrys-
talline anisotropy constant (K,=8X 10* erg/cm’ at room
temperature®') as Cr,0;. This is understood as follows. In
Ref. 3, it is shown that the demagnetization time for a ferro-
magnetic compound scales inversely with the ferromagnetic
resonance frequency, which is proportional to the magnetic
anisotropy energy: wgy > E4. In analogy, it is reasonable to
assume that the demagnetization time for an AFM compound
scales inversely with the AFM resonance frequency. The
AFM resonance frequency is given by

warm & VEAE,,, (6)
with E,, as exchange energy.’?> For Cr,05, one finds a ratio®!
E,./E,~ 10* which leads to the 2 orders of magnitude faster
response observed.

Note that the excellent agreement of fits and data in Fig. 3
allows one to extend the progression of A€(z) to =0 and to
separate the AFM contributions to SHG from optical modi-
fications of the SHG efficiency in that range. The result in
the inset of Fig. 3 reveals the instantaneous contribution.

D. Temperature dependence

Figure 4(a) shows the temporal evolution of the change of
the AFM order parameter at three temperatures. The transient
drop of SHG intensity due to modification of the SHG effi-
ciency by the pump pulse up to ~ 0.3 ps appears at all tem-
peratures. At 250 K, the instantaneous and the slow process
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FIG. 4. Temperature dependence of the magnetization dynam-
ics. (a) Evolution of the change of amplitude of magnetic SHG at
three temperatures. (b) Change of magnetic amplitude at =30 ps as
a function of temperature. Inset: evolution of the change of phase
Ag at 80 K.

are also observed but less pronounced than at 285 K. For the
slow process, the fit reveals 73=6.23 ps. Because of the
smaller magnitude, the fast process can no longer be sepa-
rated from the optical effects modifying the SHG intensity at
1<<0.3 ps. At 80 K, the magnitude of both the fast and the
slow process is too small to be resolved, and only the instan-
taneous change of magnetization is observed. Again, the
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temporal evolution of the phase change reveals additional
information: The inset of Fig. 4 shows that the slow process
still plays a role at 80 K, since a reproducible increase of Ag
on a time scale 73=5.2 ps is observed.

First, Fig. 4(b) confirms that an instantaneous demagneti-
zation is present at all temperatures below Ty, whereas
slower demagnetization processes become relevant near Ty
only.® Second, the fits reveals a continuous decrease of Ty
with temperature. According to Eq. (6), this is consistent
with the increase of the magnetic anisotropy with decreasing
temperature because of 73% wy1y. The correspondence is a
qualitative, not a quantitative, one because the temperature
dependence of the magnetic specific heat®® can also influence
the temperature dependence of 7.

VI. CONCLUSION

In summary, the dynamical processes in AFM bulk Cr,05
after excitation with an intense laser pulse were investigated
by ultrafast optical pump-and-probe experiments. SHG cou-
pling either to the magnetic or the crystallographic sub-
systems allows us to separate the spin dynamics from the
lattice dynamics and to study the interaction of these sub-
systems. Phase resolved SHG reveals that three thermaliza-
tion processes contribute to the demagnetization on time
scales of <1, 0.93, and 6.62 ps at T=285 K. The first pro-
cess is associated with emission of magnetic excitations dur-
ing nonradiative carrier decay, whereas the latter two de-
scribe the thermalization of the spin system by spin-lattice
interaction. Our results demonstrate that the magnetization
dynamics of even a simple AFM model compound differs
noticeably from that of ferromagnetic compounds.

In future experiments, the potential of nonlinear optical
techniques to distinguish between contributions from differ-
ent sublattices of a sample just on the basis of polarization
selection rules and spectroscopy will be used to investigate
the dynamical relations between sublattices in multiply or-
dered compounds. Here, multiferroics with a coexistence of
(anti)ferroelectricity and (anti)ferromagnetism are candidates
of great current interest.
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