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It is demonstrated that ultrafast generation of ferromagnetic order can be achieved by driving a
material from an antiferromagnetic to a ferromagnetic state using femtosecond optical pulses.
Experimental proof is provided for chemically ordered FeRh thin films. A subpicosecond onset of
induced ferromagnetism is followed by a slower increase over a period of about 30 ps when FeRh is
excited above a threshold fluence. Both experiment and theory provide evidence that the underlying
phase transformation is accompanied, but not driven, by a lattice expansion. The mechanism for the
observed ultrafast magnetic transformation is identified to be the strong ferromagnetic exchange
mediated via Rh moments induced by Fe spin fluctuations.
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The dynamic response of magnetic order to ultrashort
external excitations is one of the challenging issues of
modern magnetism, with potential impact on both fun-
damental science and technological applications, such as
spintronic devices and the fundamental speed limits of
magnetic recording. Over the past years, novel approaches
have explored the elementary interactions between spins,
electrons, and lattice when these systems are far from
equilibrium. This distinguishes ultrafast magnetization
dynamics from a (quasi-)static response. To date, three
key experimental approaches are being pursued to initiate
ultrafast magnetization dynamics. Two of them use fem-
tosecond (fs) laser pulses either to affect magnetic order
via ultrafast heating [1-4] or to induce weak magnetiza-
tion via spin-selective optical excitation [5,6]. The third
uses short field pulses to initiate magnetization precession
in ferromagnets [7—10] or to induce transient magnetiza-
tion in nonmagnetic materials [11]. Here we present a
novel route exploiting ultrafast generation of ferromag-
netism, which, despite its tremendous potential for appli-
cations, has not been reported.

A well suited material for the study of such a dynamic
buildup of ferromagnetic order is FeRh in the chemically
ordered CsCl crystal structure. This compound undergoes
a phase transformation from antiferromagnetic (AFM) to
ferromagnetic (FM) order when heated above a trans-
formation temperature 7, ~ 370 K [12,13]. At low tem-
peratures, FeRh is AFM with local iron moments
mg, = *3up and no appreciable moment on rhodium.
At elevated temperatures, the system is FM with local
iron and rhodium moments of mg, = 3up and mg, =
lup, respectively [14]. The underlying microscopic
mechanism for this transformation is still unclear.
Kittel originally proposed a model based on lattice ex-
pansion driven exchange inversion [15]. Electronic heat
capacity [16] and spin fluctuation [17] mechanisms have
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also been discussed. However, neither experimental nor
theoretical studies have provided sufficient information to
identify the microscopic origin of this transformation.
Nothing is published about the speed of the transforma-
tion [18].

In this Letter, we present experimental evidence that
ferromagnetic order can be induced on the picosecond
(ps) time scale when femtosecond optical pulses are
used to drive the AFM-FM transformation in FeRh films.
An illustration of the magnetic transformation is shown
in Fig. 1(a). Optical pump-probe experiments along with
first-principles calculations reveal details about the phys-
ics involved in the transformation. The results indicate
that the transformation occurs on a subps time scale
before the lattice expands.
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FIG. 1. (a) Schematic of the ultrafast generation of ferromag-
netic order by inducing an AFM-FM transformation in FeRh
when excited with femtosecond optical pulses. (b) Temperature
dependence of the saturation magnetization of the annealed
100-nm-thick FeRh film.

© 2004 The American Physical Society 197403-1



VOLUME 93, NUMBER 19

PHYSICAL REVIEW

week ending

LETTERS 5 NOVEMBER 2004

The results presented in this Letter are obtained on a
representative 100-nm-thick FeysRhss film deposited via
dc-magnetron sputtering onto a single crystalline MgO
(100) substrate. The sample is heat treated by rapid ther-
mal annealing at 975 K for 30 min to induce chemical
ordering (CsCl structure). Specular x-ray diffraction
technique scans (6-26 geometry) show strong (100) ori-
entation and a high degree of chemical order [19]. As
shown in Fig. 1(b), the temperature dependence of the
magnetization, using a vector vibrating sample magne-
tometer with a magnetic field of 80 kA/m applied in the
plane of the film, reveals the AFM-FM transformation at
T, ~ 360(350) K upon heating (cooling). Such tempera-
ture hysteresis is typical for FeRh thin film samples
[13,19]. In the ferromagnetic phase, the magnetization
lies in the film plane with negligible magnetocrystalline
anisotropy.

The optical pump-probe experiments are performed
using a Ti:sapphire pulsed-laser system with a pulse width
of 100 fs and a repetition rate of § MHz. The fundamental
beam (A = 800 nm) is used for the optical excitation
(pump) and is mechanically chopped at a frequency of
1.6 kHz. The second harmonic beam (A = 400 nm) is
used to measure the time-resolved pump-induced re-
sponse (probe). The pump and probe beams are focused
using a single objective lens [numerical aperture (NA)
~0.7] to overlapping spots of about 6 and 3 um diame-
ters, respectively, at a 45° angle of incidence to the film
normal. The magnetization dynamics is probed using the
magneto-optical Kerr effect and is measured in a split
beam configuration using a Wollaston prism followed by
two photodetectors and lock-in amplification. A mag-
netic field of280 kA/m [20] is applied at a 45° angle to
the sample normal in order to define the preferred mag-
netization direction and achieve high sensitivity to the
polar Kerr signal [22]. The polarization (magnetization)
change, Af(z), is detected as the difference voltage
between the two detectors, while the sum detects the
reflectivity change, AR(7). To avoid cross talk between
polarization and reflectance signals, measurements at
both positive and negative applied magnetic fields are
conducted, where now the difference of Afx(r) between
the two field directions corresponds to only the transient
magnetic response.

The transient Kerr effect traces as a function of pump-
probe delay and excitation fluencies are shown in
Fig. 2(a). Clearly, a threshold behavior is observed, with
an onset of the pump-induced Kerr signal appearing for
fluencies exceeding F,, ~ 5.3 mJ/cm? in the present case.
This is consistent with the interpretation that the pump-
induced magnetization originates from the AFM-FM
transformation. With further increase of the fluence a
double peak feature is observed with one peak after about
20-35 ps, followed by a second peak after about 120 ps.
This observation can be interpreted by assuming that the
magnetization reaches a maximum when T}, is reached
and then decreases with further increase of temperature.
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FIG. 2. Time evolution of (a) the transient Kerr effect Af(z)
and (b) the transient reflectivity AR(¢) as a function of pump
fluences (labeled for each curve in mJ/cm?). The curves are
vertically displaced for clarity.

Upon cooldown, the magnetization traverses the magne-
tization peak again (see also remark [23]). Despite a focus
ratio of two between the Gaussian pump and probe beams,
nonuniform heating effects across the probed areas need
to be considered to address the details of the fluence
dependencies. The gradual increase of the two peaks in
A6k (?) is attributed to a larger portion of the probed area
being excited above the transformation threshold with
increasing fluence.

The transient reflectivity, on the other hand, shows a
completely different behavior. As shown in Fig. 2(b),
finite reflectivity changes are observed at all pump flu-
ence levels. Below the transformation threshold, AR(z)
reflects transient electron and lattice temperature dynam-
ics [24]. In this regime, all curves fall on top of each other
when normalized to the pump fluence. At fluence levels
above the threshold, the signal amplitude increases and
the dynamical response develops a different signature.
This is better illustrated in Fig. 3(a), where two transient
reflectivity traces measured with enhanced time resolu-
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FIG. 3. (a) Transient reflectivity AR(r) at short times for
subthreshold (I) and superthreshold fluence (II). The subthres-
hold AR(#) curve is normalized to the superthreshold curve
[dashed line in (III)] and subtracted to reveal the nonelectronic
lattice expansion contribution to AR(f) [open symbols in (IV)].
(b) Comparison of the dynamics of lattice expansion (open
squares) and induced magnetization (solid circles), with the
comparison at longer time scale shown in the inset.

197403-2



VOLUME 93, NUMBER 19

PHYSICAL REVIEW

tion for subthreshold and superthreshold fluence, respec-
tively, are compared. The subthreshold curve shows a
distinct jump at ~0.67 ps followed by a monotonic de-
crease [24,25]. By contrast, the superthreshold trace
shows a second peak occurring at 5-10 ps. The coinci-
dence of the fluence levels for the appearance of this
second peak in AR(r) and Af(¢) indicates that the
AFM-FM transformation is accompanied by a lattice
expansion. To separate the effect of lattice expansion
[26] from the conventional electron/lattice thermaliza-
tion and cooling process, a scaled subthreshold transient
reflectivity curve is subtracted from the superthreshold
fluence data, as illustrated in Fig. 3(a). The scaling factor
is simply the fluence ratio [27]. The resulting curves
indicate a rapid lattice expansion within the first 10 ps
after an initial delay of about 1 ps, leveling off at
~20-40 ps.

A side-by-side comparison of the dynamics of the
induced magnetization and lattice expansion is shown
in Fig. 3(b). The magnetization shows a rapid initial
rise within the first ps, which is on the same time scale
as the hot electron thermalization response in the reflec-
tivity. After this nucleation event, the magnetization
grows at a significantly slower rate towards a maximum
at about 30-35 ps, as discussed before. On longer time
scales, as shown in the inset of Fig. 3(b), the induced
magnetization vanishes at ~300 ps for pump fluence of
11.1 mJ/cm?. The time required to cool below T, in-
creases monotonically with excitation fluence. The extra
contribution from the lattice expansion in the transient
reflectivity disappears at the same time, further confirm-
ing that both the induced magnetization and lattice ex-
pansion originate from the AFM-FM transformation.

To clarify the underlying microscopic mechanism of
the AFM-FM transformation in FeRh, first-principles
calculations based on the constrained density functional
theory within the local spin-density approximation
(CLSDA) [28,29] are conducted. The CLSDA theory al-
lows one to determine the electronic structure self-
consistently for the general case of noncollinear magnetic
order and enables the calculation of exchange interaction
parameters [28,29] and analysis of atomic moment re-
sponse to the thermal fluctuations [29,30]. An effective
exchange parameter J°, describing stability of magnetic
order, can be defined as J° = d?E,,/d*®, where® is the
angle defining the deviation of the Fe sublattice magne-
tization from the ground state orientation, and E., =
Er. + Eg;, is the total exchange interaction energy with
contributions originating from Fe sublattice interactions
and from induced Rh moments. Thus, two contributions
to JO can be distinguished as a “direct” Fe-Fe exchange
(Jre) and an “indirect” Rh-mediated exchange (Jrp,). The
lattice spacing dependence of these exchange parameters
is shown in Fig. 4(a). It is found that Jg, remains negative,
i.e., antiferromagnetic, within the range of lattice spacing
of interest [21,31,32], whereas Jg;, is ferromagnetic and
varies strongly with the value of the Rh spin moment. In
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FIG. 4. (a) Lattice spacing (@) dependence of the competing

AFM Fe-Fe exchange (Jg,) and the effective Rh-moment
mediated FM exchange (Jg,), calculated for both myg, =0
(AFM) and mg, = 1up (FM). (b) Temperature dependence
of the exchange parameters: Jg., Jgy, and the sum J° = Jg, +
Jrn- The vertical dashed line separates regions of stable and
unstable AFM order.

addition, calculations of the lattice constant difference
between the AFM and FM configurations yields
Sanp-pm = 0.015 A, in good agreement with experi-
ment [21,31,32]. These findings support the experimental
evidence, provided in Fig. 3, that the AFM-FM trans-
formation in FeRh is accompanied, but not driven, by
lattice expansion.

In the following, we discuss how the spin subsystem
itself can drive the transformation. Following earlier
work on the origin of short-range order above T by
Heine et al. [30], the dependence of the Fe and Rh spin
moments on the constrained angle between the magneti-
zation directions of the two sublattices is studied. The Fe
atomic moment is found to be constant as a function of
angle, indicating that it responds as a relatively localized
moment to thermal fluctuations. On the other hand, the Rh
atomic moment, myg;,, shows a nearly cosine behavior,
indicating that Rh moment is induced by the exchange
field of the Fe sublattice. It closely follows the relation
mg, = Yrnhex, Where h, is the exchange field from the
neighboring Fe sites and ygy, is an effective susceptibility.
The energy change associated with the induced Rh mo-
ment, FEg,, closely follows the Stoner model FEg;, =
—Imy,;, - myg;,, which is used to calculate Jg,, contribution
as shown in Fig. 4(a). This can be interpreted as an
effective indirect ferromagnetic Fe-Fe exchange interac-
tion, mediated by the induced Rh moment, as shown in
Fig. 4(a). The Stoner model parameter is calculated to be
as large as I ~ 12 mRy/f.u., which explains the strong
Rh-mediated ferromagnetic exchange. As we illustrate
with the following mean-field approximation calcula-
tions, this indirect exchange can become strong enough
to create instability of AFM order above a certain level of
fluctuations in the Fe sublattice.

The FeRh spin system can be considered as a mixture
of localized Fe atomic moments, with interactions de-
scribed within a Heisenberg model, and induced delocal-
ized Rh moments, with interactions described by a Stoner
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model, in contrast to the model in [17], where both Fe and
Rh are treated as localized moments. As the Fe moments
are thermally (or optically) excited, an increasing local
random net exchange field exists on the Rh sites. The
spin-temperature effect in the (overheated) AFM phase is
illustrated using a mean-field calculation with § = 3/2
for the Fe sublattice. Figure 4(b) shows the calculated
temperature dependence of the total effective exchange
parameters (J°), which is the sum of the exchange inter-
action contributions from both sublattices: Jg, and Jgy,. In
accordance with the Stoner model, the induced Rh mo-
ment (Jry,) mediates ferromagnetic interaction of increas-
ing strength as the temperature rises. Above a certain
critical temperature where the amplitude of the Rh-
moment fluctuations become sufficient such that the fer-
romagnetic interactions overcome the antiferromagnetic
Fe-Fe exchange, magnetic order stability parameter J°
crosses zero and FM nuclei can form.

Combining all results, the following interpretation of
the experiments is proposed. Ferromagnetic order is first
nucleated when the Fe sublattice of the antiferromagneti-
cally ordered FeRh is excited above the AFM-FM trans-
formation threshold. At this point, the spin fluctuations in
the Fe sublattice result in a net local exchange field on the
Rh sites. The indirect ferromagnetic exchange mediated
by the induced Rh moment overcomes the direct anti-
ferromagnetic Fe-Fe exchange interactions, tipping the
overall balance in favor of ferromagnetic order. The local
nucleation of ferromagnetism occurs on a similar subps
time scale as the magnetization modulation observed in
transition metal ferromagnets upon ultrafast photoexci-
tation [1-3]. A net exchange field will exist on the Rh
sites at the boundary of the initially nucleated ferromag-
netic domain, which will therefore expand. The equilib-
rium lattice constant of the ferromagnetically ordered
state is larger than that of the AFM state. Therefore, the
AFM-FM transformation is accompanied by a lattice
expansion and stress relaxation as observed in the present
experiments.

This work was performed as part of INSIC
HAMR ATP Program, with the support of the U.S.
Department of Commerce, National Institute of
Standards and Technology, Advanced Technology
Program, Cooperative Agreement No. 70NANBI1H3056.

Note added in proof—After the submission of the
Letter, we became aware of a similar work by J.U.
Thiele et al. [18] that was submitted on 7 May 2004.
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