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Ultrafast Structural Dynamics along the f —y Phase Transition Path in MnAs
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We investigate the orthorhombic distortion and the structural dynamics of epitaxial MnAs layers on
GaAs(001) using static and time-resolved x-ray diffraction. Laser-induced intensity oscillations of Bragg
reflections allow us to identify the optical phonon associated with orthorhombic distortion and to follow its
softening along the path towards an undistorted phase of hexagonal symmetry. The frequency of this mode
falls in the THz range, in agreement with recent calculations. Incomplete softening suggests that the f — y
transformation deviates from a purely second-order displacive transition.
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MnAs is a semimetal that has attracted considerable
interest since its discovery in the early 1900s [1,2]. Current
ongoing research on MnAs is motivated by its applications
as a magnetocaloric material [3,4] or in spintronic devices
[5-9]. Moreover, temperature- and laser-driven magneti-
zation reversal have been achieved in an Fe layer deposited
on the MnAs/GaAs(001) heteroepitaxial system [10,11].
The potential of MnAs for applications derives from a
peculiar sequence of magnetostructural phase transitions
[12,13], which have been studied at a fundamental level for
decades but are not fully understood yet. In the bulk, at low
temperatures, the most stable crystal structure is hexagonal
[NiAs-type, space group P63/mmc, see Fig. 1(a)], and
ferromagnetic (FM) order is observed. This phase is
commonly noted as a-MnAs. At T, = 313 K, a first-order
phase transition occurs, FM order is lost, and the structure
becomes orthorhombic [#-MnAs, MnP-type, space group
Pnma, see Fig. 1(b)]. The orthorhombic distortion param-
eter 5, equal to 1 at T, progressively vanishes through a
second-order phase transition at 7, ~400 K, where the
hexagonal symmetry is recovered (y-MnAs).

The mechanisms leading to this peculiar sequence
have been studied extensively [14—18]. Recent density-
functional theory (DFT) calculations suggest that the
 — y transformation is a displacive phase transition driven
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by the softening of a THz mode located at the edge of the
hexagonal Brillouin zone (BZ), with normal coordinate
along # [19,20]. This soft mode would also be implied in
the o — f transition because of strong spin-phonon cou-
pling. Indirect signatures of—at least partial—phonon
softening can be found in the literature [21,22], supporting
the hypothesis of a phonon mechanism for these phase
transitions. However, no direct experimental measurements
of phonons in MnAs have been reported to date.
Considering the low frequency and the possible strong
damping of the soft mode, its spectroscopic signature may
be elusive in frequency-domain experiments.

In this Letter, we investigate the laser-excited soft
coherent phonons in MnAs, using femtosecond time-
resolved x-ray diffraction. The temperature and fluence
dependent intensity oscillations were measured for selected
Bragg reflections that feature different responses to the
orthorhombic distortion #. The latter parameter could be
probed in a wide range of values, near ambient temperature,
by using a strained MnAs/GaAs(001) thin film to perform
our study.

A 70-nm thick MnAs epitaxial film was grown by
molecular beam epitaxy on GaAs(001) [23]. The epitaxial
relationship with €| [001]g,a, and || [110]g,a, Was
checked by laboratory x-ray diffraction measurements.
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FIG. 1. (a) a/y-MnAs hexagonal crystal structure. The ortho-

rhombic system is used in order to describe each phase of MnAs
with a common Bravais lattice. The shaded area indicates the
hexagonal cell. (b) p-MnAs orthorhombic crystal structure.
Arrows indicate the displacement along the A, mode coordinates,
corresponding to a reduction of the orthorhombic distortion #.
Dashed lines are a guide to the eye, highlighting the distortion.
(c) Intensity of the a (triangles) and f (disks) 006 Bragg
reflections as a function of the temperature. (d) Left panel: ratio
of the 307 and 006 Bragg reflection intensities for the f phase in
MnAs/GaAs(001) as a function of the temperature. Right panel:
calculated ratio of the squared modulus of structure factors of the
307 and 006 Bragg reflections as a function of the orthorhombic
distortion 7. The shaded area indicates the # range probed in our
experiment. All Bragg reflections are indexed within the ortho-
rhombic axes.

When MnAs is grown on GaAs(001), the epitaxial con-
straints have a strong impact on the sequence of phase
transitions. In particular, the f phase can be already
stabilized at 278 K, i.e., 35 K below the bulk crystal 7.
As the temperature increases, the a and f phases coexist up
to 313 K, when the a phase disappears. Both the premature
appearance of f and the a— f phase coexistence in
MnAs/GaAs(001) have been studied by various tech-
niques [24-30]. However, no measurements of the ortho-
rhombic distortion of f-MnAs in epitaxial thin films have
been reported in the literature.

Prior to the time-resolved experiments, we determined
the temperature dependence of the orthorhombic distortion
of the /-MnAs phase within MnAs/GaAs(001) thin films,
by means of x-ray diffraction measurements carried out at
the CRISTAL beam line of SOLEIL synchrotron, using
9.5 keV radiation. The sample temperature was controlled
by a Peltier thermoelectric module and monitored by using
a thermocouple. In the following, Bragg reflections are
indexed within the orthorhombic axes for all MnAs phases.
The diffracted intensity and the structure factor of a hk?
reflection will be labeled as 1, and F ., respectively. 1
and I35; were monitored as a function of the temperature
over the 280-320 K range. The intensities of the a and

B 006 reflections, denoted 7§, and Ig%, allow us to retrieve
the relative volume fractions of the two phases, n, and n.
The results are displayed in Fig. 1(c). The 307 reflection is
forbidden in the hexagonal symmetry and the squared
modulus of its structure factor, |F5;|?, is a monotonically
increasing function of #. This reflection can thus be used to
monitor the orthorhombic distortion in the system. As ng

increases with the temperature, we use the 15,/ Igos ratio,
independent of ng, in order to monitor ;. Figure 1(d)
compares the measured ratio as a function of the temper-
ature with the one calculated as a function of 7, showing
that, for our epitaxial layer, the [0.1-0.6] n range can be
probed around room temperature. This is at variance with
bulk MnAs, where # drops gradually when approaching the
f — y phase transition at the higher temperature of 400 K
[13]. At318 K the volume of the orthorhombic cell is equal
to 135.3 A3 in MnAs/GAs(001), as deduced from lattice
parameters values extracted from our diffraction measure-

ments. This is larger than the bulk value of 134 A3 and

closer to 136.5 A3, i.e., to the critical value for which the
distortion disappears at 7, in the bulk, as shown by
diffraction [12,31] and DFT calculations [18]. Therefore,
the depressed distortion as compared to the bulk can be
linked to the peculiar strain state of MnAs/GaAs(001),
with #-MnAs in tension. Summarizing, (i) « and f phases
coexist in the 280-313 K range, (ii)) n decreases with
temperature, from 0.6 to 0.1, and (iii) beyond 313 K, the
system is in the pure f phase with a lower value of # than in
the bulk. We note that epitaxial layers on GaAs(001) offer
the possibility of stabilizing f-MnAs with a wide range of 7
values over a narrow temperature range near ambient. This
is beneficial to the investigation of THz phonons, since
working at temperatures much lower than 7, reduces the
influence of phonon-phonon scattering on the damping of
low frequency modes.

Time resolved x-ray diffraction measurements were
performed at the XPP beam line of the Linac Coherent
Light Source (LCLS) free electron laser in Stanford [32],
using the experimental geometry depicted in Fig. 2(a). The
sample was excited by a pump laser pulse (800 nm wave-
length, 43 fs duration FWHM, penetration 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 timing tool available
at XPP [33], providing an overall time resolution of 55 fs.

Figure 2(b) shows Igoo at T =320 K (pure f phase) as a
function of the incidence angle and of the pump-probe
delay At. Up to At = 2.5 ps, the angular position of the
Bragg peak does not change. Beyond this delay, a shift is
observed, a consequence of strain building following strain
wave generation and propagation within the thin film [34].
In the following, we restrict our analysis of time-resolved
experiments to the At < 2.5 ps range, where variations of
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FIG. 2. (a) Experimental setup used for time-resolved x-ray
diffraction measurements. Scans were performed in the vertical
bisecting mode, with w the incidence angle of x rays with respect
to the sample surface, and 26 the detection angle. At is the time
delay between the x-ray probe and optical pump. (b) Delay-angle
map for the 006 reflection at 7 =320 K, ® =8 mJ/cm?>.
(c) Time dependence of the normalized intensity of the 307
Bragg reflection at 7 = 293 K for several pump fluences.

the diffracted intensity are not related to the strain-induced
peak shift.

The soft mode that is expected to participate in the y — f
transition has its counterpart at I" in the orthorhombic BZ.
The associated atomic motions take place along the
coordinate of the orthorhombic distortion 7, as depicted
schematically by arrows in Fig. 1(b). Such a mode of A,
symmetry can be excited coherently through the displacive
excitation mechanism [35,36]. Since the density of states
of #-MnAs is dominated by antibonding states above the
Fermi level [37], electronic excitations will result in a more
symmetric potential energy surface, allowing for displacive
excitations. Figure 2(c) shows the temporal evolution of
Iyy; for various pump fluences (®). The data show
oscillations at approximately 1 THz, a frequency that
matches the one predicted in Ref. [20]. The laser-induced
dynamics changes upon increase of the pump fluence: the
frequency of the oscillations decreases, damping increases,
and the diffracted intensity at A > 2 ps drops. This trend is
particularly marked for fluences above 2 mJ/cm? and can
be ascribed to increasing disorder and to the subsequent
appearance of a strong Debye-Waller term in the dynamical
response. In the following we restrict our analysis to
fluences below 2 mJ/cm?.

In order to check whether the oscillating diffracted
intensity originates from variations of the amplitude of
the orthorhombic distortion, we measured the dynamics of
several hk¢ reflections: the 107 and 307 reflections for-
bidden in the hexagonal phase, and the 206 and 406
reflections, allowed for both hexagonal and orthorhombic
symmetries but featuring opposite variations of the inten-
sity as a function of . We make use of the very distinct
dependence on 7 of the structure factors of these reflections,
Fig. 3(a), to prove that the atomic displacements associated
with the observed oscillations of Bragg peak intensities are
consistent with a variation of #. Indeed, the slopes of the
|Fie|?(n) curves determine the sign and amplitude of
the coherent oscillations. Assuming a coherent excitation of
the mode with normal coordinates along 7, F,.,(At) can be
derived using the following expressions:

Fie(At) = Fip(no — An), (1)
An = Angle=2/ i — cos(2avAt)e A7), (2)

where 7 is the static value of the distortion, v is the optical
mode frequency, 74, is the relaxation time of the displacive
excitation, and 7., is the damping time constant of the
vibration. Ay is the coherently driven modulation of the
distortion with amplitude A#,. Figure 3(b) shows simu-
lations of 7,,,(At) for 406, 206, and 307 reflections, using
Egs. (1)~(2) and taking into account the finite pump
penetration depth. Since at low fluence excitation 7, and
Tgisp are of the same order of magnitude [see Fig. 2(c) for
0.3 mJ/cm?], we used a single time constant 7. Curves in
Fig. 3(b) are obtained with ny = 0.15, Apy =0.15, v =
0.8 THz, 7= 0.4 ps, and with n, = 0.40, Az, = 0.20,
v = 1.1 THz, r = 0.8 ps. Starting from 5, = 0.40, we have
O|Fa06|*/0n > 0 and 8| F5y;|?/On > 0, resulting in an initial
reduction of the diffracted intensity, while 9| F 46|*/On < 0
results in an initial increase of the signal, as shown in
Fig. 3(b). When 75, decreases, |Fa|*(17) and |Fa/%(n)
flatten and coherent oscillations of the associated Bragg
peaks are expected to vanish, as shown in Fig. 3(b) for

Figure 3(c) shows the time dependence of the normalized
diffracted intensity for the 206, 307, and 406 Bragg
reflections at T = 293 and 7 = 303 K, which correspond
to high and low values of 7, respectively. The agreement
with simulated data is good, with the most salient features
well reproduced: the sign and the amplitude of the
oscillations correspond to the calculations displayed in
Fig. 3(b). Results obtained at 7 =293 and 7 =303 K
match well the oscillations of # starting from 7, = 0.40 and
no = 0.15, respectively. These 7, values are consistent with
those determined from the static, temperature-dependent
measurements presented in Fig. 1(d). Experimental data
and simulations match also for 006 and 107 reflections,
which have the same 5 dependence as 406 and 307,
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FIG.3. (a) Variation of |F§O6|2, |F307)?, and |Ff06\2 with the orthorhombic distortion 7. The shaded areas represent qualitatively
the 7 intervals that are spanned after the laser pulse arrival at delay 0, with U-turn arrows symbolizing the coherent oscillations

of #. (b) Simulated time dependence of Igoe: I3y7, and I/j% starting from 7y = 0.15 and 7, = 0.40 at negative delay. (c) Time
dependence of the normalized diffracted intensity for the 206, 307, and 406 Bragg reflections measured at 7' = 293 (® = 0.7)

and 7 =303 K (® = 1.5 mJ/cm?).

respectively. This good agreement allows us to ascribe the
observed oscillations to the coherent excitation of an
optical mode with atomic displacements having the sym-
metry required to drive the # — y phase transition.

We now discuss the variation of v with temperature, the
parameter we use to control 7, (see Fig. 1). In the limit
of purely second order displacive phase transitions, the
frequency of the soft mode is expected to be directly
proportional to the order parameter, and should tend to O as
the critical temperature is approached [38]. In the y phase,
the frequency of the predicted soft mode involved in the
y — [ transition is expected to cancel at the transition
temperature. Its parent mode in the  phase, the zone-center
optical mode probed in the present study, should also soften
when approaching the transition. In order to extract v from
the time-resolved measurements, oscillations of the nor-
malized diffraction intensity were fitted with the following
ad hoc function:

I(At) | (A1)

Iy |Foe (o) 2 [1—AI(1 - e_A’/Tl)], (3)

In this expression, Al and 7; describe the fact that the
diffracted intensity does not recover in the short delays
range due to increasing disorder. 17y was fixed to the value
determined by static diffraction measurements. An example
of fitted time dependence is displayed in Fig. 4(a) for the
307 reflection, with fit parameters in Fig. 4(b). Al and 7,
were found to be of the order of few percents and few ps,
respectively. Focusing on the parameter describing the
phonon oscillation, An, decreases with the temperature
as a result of the decrease in efficiency of the displacive
mechanism as # — 0 and 7 also decreases as a consequence
of stronger anharmonic effects. A significant decrease of v
is observed, which is confirmed by the analysis of the time
dependence of 17, 1506, 1307, and 1496 in the temperature

range under investigation. The fitted values of v at low
pump fluence are given in Fig. 4(c). The measured
frequencies fall in a range compatible with the calculated
frequency, v = 0.943 THz, for bulk MnAs [20] and v
decreases as the temperature increases: we have v~
1.3 THz at 278 K (39 = 0.6) and v~ 0.8 THz at 320 K
(no = 0.1). We thus have a strong decrease of v when
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FIG.4. (a) Normalized I5y; vs delay (® = 0.7 mJ/cm?) at three

different temperatures (symbols) and corresponding fits (lines)
obtained using Eq. (3). Data are shifted vertically for clarity.
(b) Fitted parameters associated with data in (a). (c) Frequency v
of #-MnAs zone-center optical phonon as a function of the
temperature, obtained by fitting the time-dependent intensities of
107, 206, 307, and 406 reflections (® = 0.7 mJ/cm?). (d) Same
values as in (c) plotted against 7. The straight line fits v/(r)
values for 77, < 0.2, pointing at v(0) = 0.53 THz.
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no — 0, as shown in Fig. 4(d), yet the extrapolation towards
no = 0 suggests incomplete softening of the mode with
v =0.53+0.07 THz. We note that correcting the mea-
sured frequency to account for the effect of the damping
can only reduce the drop at low 7, values.

The fact that v does not vanish could be due to the stress
field in S-MnAs/GaAs(001). However, this can be
ruled out by quantifying the order of magnitude of the
frequency change induced by stress. From Ref. [20], which
gives the dependence of v with pressure P, the maximum
value of |Ov/OP| is ~0.4 THz/GPa. Stress values in
/-MnAs/GaAs(001) at 318 K are smaller than 0.1 GPa
[39], leading to an estimated frequency shift smaller than
0.04 THz. Thus, our results indicate that the  — y transition
is not of purely displacive second-order character with a
single order parameter. Incomplete softening may be
indicative of a certain order-disorder degree of the tran-
sition [40—42] or of the fact that other order parameters may
be involved [43], leading to a distinct evolution of the
phonon frequency [44]. In this respect, evidencing—or
excluding—the predicted short-ranged antiferromagnetic
order [20] of f-MnAs remains a challenge to be addressed
before further time-resolved studies can disentangle the
complex interplay of electronic and structural degrees of
freedom [45,46].

In conclusion, a predicted THz optical phonon mode,
implied in the f —y transition of MnAs, has been evi-
denced. The obtained results provide a firm basis of
comparison for future theoretical work on MnAs. From
a more general perspective, we note that the use of epitaxial
systems offers some advantages for the investigation of
phase transitions. Notably, the ability to stabilize a given
phase at temperatures lower than in the bulk can be
favorable in the analysis of anharmonic, strongly damped,
soft modes by time-resolved techniques.
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