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Ultrafast magneto-structural dynamics of MnAs
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The ultrafast dynamics of a-MnAs magnetization and atomic structure are studied by time-
resolved magneto-optical Kerr effect and time-resolved x-ray diffraction after photo-excitation. In
the basal plane of the hexagonal unit cell, Mn atomic disorder increases on a timescale of 400 fs,
comparable to the laser-induced demagnetization timescale and significantly faster than As disorder
(700 fs). This differentiation of the Mn and As relaxation times is observed in the ferromagnetic
phase but disappears in the paramagnetic phase. These results strongly support recent density-
functional theory calculations predicting that the magneto-structural phase transition of MnAs is
driven by a change in nature of the dominant interactions between Mn-3d electrons, from magnetic

exchange to bonding interactions.

MnAs is a semimetal with properties such as giant
magnetocaloric effect and colossal magnetoresistance,
making it highly attractive for applications in magne-
tocalorics [1] and spintronics [2-6]. Epitaxially grown
on GaAs(001), it forms a temperature-dependent self-
organized pattern of alternating ferromagnetic (FM) and
non-FM stripes, finding applications in magnetoacoustics
[7, 8] and in the control of an overlayer magnetization by
either temperature or by a laser pulse [9]. The poten-
tial of MnAs for applications stems from its magneto-
structural phase transitions. The low-temperature crys-
tal structure [a-phase, Fig.1(a,b)] is hexagonal and ferro-
magnetic. At T, = 313 K, a first-order phase transition
to the orthorhombic structure occurs, with loss of FM or-
der [5-phase, Fig. 1(c,d)]. Above 400 K, the hexagonal
structure is recovered in the paramagnetic y-phase.

Because of the dramatic structural and magnetic
changes at the a-f transition, MnAs is a paradigmatic
material for studying the strong coupling between lattice
and magnetism. However, despite continuous modeling
efforts [10-14], there is still no definite explanation for
the unusual sequence of phase transitions in this com-
pound. Density-functional theory (DFT) calculations by
Lazewski et al. [15, 16] involved a soft phonon, a vibra-
tion mode strongly coupled to the a-phase magnetization
whose frequency vanishes near T, implying the displace-
ment of both As and Mn atoms along the hexagonal-
orthorhombic distortion path. The Mn magnetic mo-
ment reduction induces a softening of the mode, driving
the structural transition towards the § phase.

* franck.vidal@sorbonne-universite.fr

Recent DFT calculations by Bocarsly et al. [17] are
more specific and provide additional details about the
driving force inducing the lattice instability. Their anal-
ysis suggests that the transition is driven by a distortion
of the Mn sub-lattice resulting from the competition be-
tween exchange and bonding energy of the Mn d,2_,»
orbitals in the hexagonal basal plane. In this framework,
thermally-induced magnetic fluctuations near T, are suf-
ficient to favor distortion within the hexagonal planes,
with a large increase of the Mn structural disorder and
stronger bonding of Mn d-orbitals [Fig. 1(d)], the lat-
ter being hampered in the FM phase by Pauli exclusion
principle. This electronic scenario points to the reduc-
tion of the Mn magnetic moment as the phenomenon
igniting the phase transition, which proceeds first via the
displacement of Mn atoms.

In this letter, we explore the sub-picosecond magnetic
and lattice dynamics of a-MnAs following the excitation
by an optical laser pulse in order to test the transition
mechanisms proposed in the literature. We use time-
resoved magneto-optical Kerr effect (MOKE) and x-ray
diffraction (XRD) measurements to monitor the mag-
netization and structural dynamics, respectively. We
find that ultrafast demagnetization occurs on a timescale
of ~300 fs and that the ultrafast dynamics of atomic
disorder in a-MnAs is highly anisotropic and element-
dependent. In particular, our analysis reveals that Mn
atomic disorder in the hexagonal planes evolves on a
timescale of ~400 fs, significantly faster than that of
As, and only slightly slower than the demagnetization
timescale.

We used a 70-nm thick MnAs epitaxial film grown by
molecular beam epitaxy on GaAs(001) [19]. In this letter,
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FIG. 1. (Color online) Crystallographic structure in the «
phase (a-b) and 8 phase (c-d) of MnAs. Arrows in (c) in-
dicate the direction and sense of the atomic displacements
involved in the hexagonal to orthorhombic transition. In (d)
the Mn d,2_,2 orbitals in the hexagonal planes are depicted
in blue. The crystal structures were drawn with VESTA [18].
(e) Ultrafast demagnetization curve of MnAs/GaAs(001) at
T=278 K, pump fluence 1 mJ.cm™2. Symbol: experimental
points, line: fit to equation (1).

we use the orthorhombic system in order to describe each
phase of MnAs with a common Bravais lattice. Moreover,
this choice reflects better the symmetry of the system for
MnAs/GaAs(001). The epitaxial relationship with coptho
| [001]Gaas and aortho || [110]gans Was checked by lab-
oratory x-ray diffraction measurements. Time-resolved
magneto-optical measurements were performed using an
amplified Ti:Sa oscillator delivering pulses at 1 kHz with
100 fs duration. The sample was pumped at 780 nm
with a fluence of 1 mJ.cm™2 and probed using 390 nm
pulses under the application of a static magnetic field.
The temperature of the sample was set at 278 K during
the measurements. Time resolved x-ray diffraction mea-
surements were performed at the XPP beamline of the
Linac Coherent Light Source (LCLS) free electron laser
in Stanford [20] and at the FXE instrument of European
XFEL [21], using the experimental geometry described in
Ref. 22. At XPP, the sample was excited by a pump laser
pulse (800 nm wavelength, 43 fs duration FWHM, pene-
tration depth 20 nm) and probed by 9.5 keV x-ray pulses

(35 fs duration FWHM) at a 120 Hz repetition rate. The
arrival time of each pulse was monitored by using the tim-
ing tool available at XPP [23], providing an overall time
resolution of 55 fs. At FXE, we used similar pumping
conditions (800 nm wavelength, 50 fs duration FWHM)
and 9.3 keV x-ray pulses (with 1 €V bandwidth) for the
probe. We used 8 pulses per train with 22 microseconds
separation and 10 trains/second for an effective acquisi-
tion rate of 80 pulses per second [24]. The oscillation of
coherent phonons in the S-phase [22] at T=20°C were
used to calibrate the fluence for comparison between the
experiments performed at XPP and FXE. Time-resolved
experiments were performed with the sample tempera-
ture kept at 282+1 K for the ferromagnetic a phase and
404+1 K for the paramagnetic vy phase.

Figure 1(e) shows a demagnetization curve of a-MnAs
obtained at T=278 K with a fluence of 1 mJ.cm™2. Two
distinct time scales can be distinguished. At short de-
lays, for 0< At <1 ps, one can observe a sharp and fast
drop of the magnetization. This initial demagnetization
is followed by a slower decay for At >1 ps. We attribute
this change of behavior to the progressive heating of the
sample at larger delays while the evolution at smaller
delays is attributed to ultrafast demagnetization of the
« phase without change in crystal symmetry. The data
were fitted assuming two exponential decay processes for
the intensity, with different time constants and ampli-
tudes:

I(At)

= 1 —ayexp(—At/1s) — asexp(=At/7s) (1)
0

The initial laser-induced demagnetization is found to pro-
ceed with a characteristic time 7,= 300 + 20 fs.

Figure 2 presents a series of measurements performed
on the 006 Bragg reflection, for various pump-probe de-
lays At. As shown by the w-At map of the diffracted
intensity in Figure 2(a), with w being the incidence angle
and At the pump-probe delay, we observe a single diffrac-
tion peak, corresponding to a-MnAs, up to 2.5 ps. Be-
yond this delay, the formation of a side peak at lower an-
gle is observed and the main peak moves towards higher
angles. Such behavior corresponds to the formation of a
strain wave within the MnAs thin film and will not be
discussed further here. w-scans at fixed At can be fit-
ted by using lorentzian profiles, as shown in Figure 2(b).
Results of the fits for the peak position and width are
given in Figure 2(c-d). For At < 1.5 ps, the change in
the angular position of the o 006 reflection is negligi-
ble. The width of the peak does not evolve significantly
in the first ps after excitation, as shown in Figure 2(d).
Thus, the peak shift and broadening have minimal or no
impact on the drop of the intensity which is the main
change observed in the first ps following laser excitation.
In the following we will thus concentrate on the variation
of the intensity recorded at several Bragg peak positions,
as determined at negative pump-probe delays.

In order to track a possible anisotropy and/or element-
dependence of the structural dynamics, time-resolved
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FIG. 2. (Color online) Time-resolved diffraction measure-

ments of the 006 Bragg reflection. (a) Map of the diffracted
intensity as a function of the incidence angle w and of the de-
lay At. (b) Profiles at selected delays. Circles: data, lines: fits
using lorentzian profiles. Fitted peak position (c) and peak
width (d) as a function of At. Pump fluence 5 mJ.cm™2.

XRD measurements were performed on the following
Bragg reflections : 006, 406, 013, 104, 008 and 206. For
006, 406 and 013 reflections, the structure factor Fjy; can
be written as :

Frw = 4fvme”

In this equation, fas and fy, are the atomic form factors
and Wt and Wik are the Debye-Waller factors, given
by:

hkl

W 4 fase VR ()

WEH = 202J2(0* PUS + K20 U + (e UR) ()
where U;; are mean-square atomic displacements and X
represents either Mn or As. For the 104 reflection, we
have :

Fioq = —2\/§fAs€7W‘ig4 (4)
Thus, the 104 reflection is sensitive to the As atomic
positions only. The 008 and 206 reflections were chosen
because of out-of-phase contributions of Mn and As:

008 008

Foos = 4fnme ™" — 2 fp e Was (5)
206

Fags = Afame” Vi — 4 fae”WAS (6)

Figure 3 shows the normalized intensity of these Bragg
reflections as a function of the pump-probe delay ob-
tained at T=282 K for the ferromagnetic o phase of

1.00: ]
= t -- model 1
% — model 2
g 0.98F — model 3
= t — model 4
S 100§%y rririi . 013
= [ 3
3
= 0.99 I II III }
100ty o ]
s 104
2 o099t ;

I(At)/1(0)

I(At)/1(0)

I(At)/1(0)

At (ps)

FIG. 3. (Color online) Symbols : time-resolved diffraction
measurements of the 006, 013, 104, 406, 008, 206 Bragg re-
flections of ferromagnetic a-MnAs at T=282 K, pump fluence
of 1.5 mJ.cm™2. Lines : model calculations based on Egs.
(2 7) Model 1: all time constants set to 550 fs. Model 2:
7'11 °=160 fs, the others are set to 550 fs. Model 3: TMR=700 fs,
7'11 °=160 fs 7'% =7 —400 fs, 7'22 =iy —700 fs. Model 4:
7-11 "=700 fS 7-11 °=160 fS T22 —T33 *=700 fS T22 —733 S =400 fs.
Model 5 (for 206 reflection only): variation on model 3, with
TMn=160 fs. Model 1 to 4 are represented for each reflection
(they superimpose for 006 and 013).

MnAs. We observe that each reflection exhibits a dis-
tinct time-constant for the initial intensity decay. This
rules out any excitation of over-damped coherent oscil-
lations in the system. Hence, the observed variations
can only be accounted for by an ultrafast change in the
Debye-Waller factors reflecting the incoherent excitation
of phonons. Here, time-resolved diffraction allows us to
track the evolution of the structural disorder in MnAs
during ultrafast demagnetization.

In order to account for the distinct dynamics of these
reflections, the data were modeled taking into account
the finite pump penetration depth and assuming the
following At-dependent evolution of the mean-square
atomic displacements :

U (A) = UF(0) + AU (1 —exp(=At/75)) (1)

Static bulk values of U} (0) measured by x-ray diffraction



can be found in the literature [25, 26], but they can differ
from those pertinent to MnAs/GaAs(001) epitaxial films,
whose determination is not possible with a limited set of
Bragg reflections. We have therefore adopted the follow-
ing procedure, in order to limit the number of parameters
in our analysis: we fix the U (0) values in the hexagonal
plane (i=2 and i=3) to 0.017 A2, corresponding to the
bulk value for Mn, and we adjust U5 (0) to 0.024 A? in
order to match the ratio of intensities of the 006 and 406
reflections experimentally observed in MnAs/GaAs(001)
[27].
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FIG. 4. (Color online) Symbols: time-resolved diffraction
measurements of the 006, 013, 104, 406, 008 Bragg reflec-
tions of paramagnetic MnAs at T=404 K, pump fluence of
1.5 mJ.cm™2. Lines: model calculations with 7{*=160 fs, the
others 735 are set at 700 fs.

The results of different approaches to modeling the ex-
perimental data based on Egs. (2)-(7) are summarized
in Figure 3. Model 1, assuming a single value for all
Tff time constants, results in a poor agreement for 206
and 406 reflections and was discarded. Including a fast
component along a,.+n, slightly improves the match for
206 and 406 reflections (model 2), but worsens it sig-
nificantly for the 008 reflection, which is very sensitive
to the difference between 745 and 74". In order to re-
produce the full set of data, it Wab neceesary to intro-
duce 3 distinct time constants : 71"=0.7 ps, 7{>=160 fs,
MR =rMn =400 fs, 745 =745=700 fs (model 3). We tested
other models (4 and 5) in order to check the hierarchy
of timescales. If one considers a fast time scale for As
and a slow time scale for Mn in hexagonal planes, no
agreement can be found for the 104 and 008 reflections

(model 4). Starting from model 3 and considering a fast
variation of U™ leads to an initial increase of Iyng(At)
(model 5) in contradiction with the experiment. In con-
clusion, model 3 provides the best agreement with the
experimental data. Using this model, the optimisation
of the AU parameters shows that, in the hexagonal
planes, the magnitude of the induced disorder is larger
for Mn [AU%“/ o (0)= AU%“/ Mn(0)=0.25] than for
As [ AU /U (0 ) AULS /UL (0)=0.155].

Figure 4 Shows the normahzed intensity of the 006, 406,
013, 104, and 008 Bragg reflections as a function of the
pump-probe delay obtained at T=404 K in the param-
agnetic state. In sharp contrast to the behavior observed
for the ferromagnetic state, the data can be modeled us-
mg a single time constant of 700 fs for all 7% except for
7*=160 fs. Thus, in the absence of ferromagnetlc or-
der, the Mn and As disorders evolve with the same time
constant in the hexagonal planes.

The value of 7§}, common to both ferromagnetic and
paramagnetic phases, indicates a channel of fast relax-
ation of the electronic energy to the lattice via incoher-
ent excitation of phonons with displacements of As atoms
along the hexagonal axis. This points towards a strong
coupling with the By, mode [28], involving only move-
ments of As atoms along a,.po, in the early stages of
the electronic relaxation. The need to consider phonon
branches independently to explain the photo-induced dy-
namics has been highlighted previously in the case of sim-
ple metals [29] and polar semiconductors [30]. Ultrafast
energy transfer to the optical modes in the early stages of
the relaxation was observed previously in graphite [31],
giving rise to the same kind of dynamics as observed here
for the 406 reflection with two distinct time constants.

Comparison of the results obtained in the ferromag-
netic and paramagnetic phases reveals similar structural
dynamics except for in-plane Mn atoms. The fast vari-
ation of UM® and UM"™ occurs only in the presence of
ferromagnetic order. Mn disorder in hexagonal planes in-
creases with a time constant of 400 fs, which differs only
slightly from the demagnetization time constant (300 fs).

In their DFT study, Lazewski et al. predict a strong
dependence on the magnetization m of the frequency v
of the soft-mode implied in the phase transitions, with
v = —|1p| + Am? [15]. The A parameter that describes
the spin-phonon coupling has a large value and complete
softening is obtained for a 8 % reduction of the magneti-
zation. Such reduction of the magnetization is reached in
the early stage of the laser-induced demagnetization, at
At ~ 180 fs. The complete softening of the mode, lead-
ing to a flat potential, would lead to an inertial dynam-
ics with mean-square atomic displacements varying as
At? [32]. This is not observed in our experiment. Thus,
our measurements are not consistent with an ultrafast
complete softening of the mode exhibiting a strong spin-
phonon coupling.

In contrast, our results are compatible and agree with
the model proposed by Bocarsly et al. [17] and can be
interpreted as follows: magnetic fluctuations, occurring



during the demagnetization process, trigger a softening of
the Mn sub-lattice in hexagonal planes. Spin flips make
bonding of d orbitals possible in the hexagonal planes
[see Fig. 1(d)]. This occurs before any changes in lat-
tice symmetry and strain, which take place on a slower
time scale. From the value of AUM*=AU3" the mean-
square displacement of Mn atoms reaches 0.021 A2, close
to the maximum value observed at the a-f transition [25].
Overall, these results provide a microscopic description
of the magneto-structural coupling in MnAs and strong
experimental evidence in favor of the mechanism involv-
ing bonding of the Mn orbitals in the hexagonal planes
proposed in Ref. 17.

In conclusion, our time-resolved study highlights the
key ingredients of the magneto-structural coupling in a-
MnAs. The ability to follow the structural dynamics in

an element-specific manner by x-ray diffraction proved
decisive in demonstrating the softening of the Mn sub-
lattice. We believe that such an approach, exploiting
particular Bragg reflections or using resonant diffraction,
could be generalized to the study of correlations in real-
time in other materials of fundamental and applied in-
terest.
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