Ultrafast control of magnetic interactions via light-driven phonons
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Resonant ultrafast excitation ofinfrared -active phononsis a powerful technique to control
the electronic properties of materials, leading to remarkable phenomena such as light
induced enhancement of superconductivify?, switching of ferroelectric polarization®* and
ultrafast insulator to metal transitions®. Here we show that lightdriven phonons can be
utilized to coherently manipulate macroscopic magnetic states. Intense midfrared electric
field pulses, tuned to resonance witta phonon modeof the archetypical antiferromagnet
DyFeOs, induce ultrafast and longliving changes of the fundamental exchange interaction
between rareearth orbitals and transition metal spins. Nonthermal lattice control of the
magnetic exchange, defimg the very stability of the macroscopic magnetic state, allows us
to perform picosecondcoherent switching between competing antiferromagnetic and weakly
ferromagnetic spin orders. Our discovery emphasizes thepotential of resonant phonon

excitation for the manipulation of ferroic order on ultrafast timescale$.

The ability to control macroscopic states of matter by light on the fastest possible timescale
crucially relies on finding efficient route® manipulate the various microscopic interactions
defining the very stability of theooperativestaté. In magnetism, these interactions either involve

the electrons of only one magnetic ion, e.g. siiglemagnetic anisotrofy, or rely on a mutual
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interaction between pairs of magnetic ions, e.g. @axgh couplinf. Despite the intrinsic
differences, both of these interactions originate fromstémeelectrostatic Coulomb repulsion
strongly sensitive to the lattice symmetry and the electronic ov@daghertz control of magnetism

is a thriving field but its main focus until now has been limited either to the direct excitation of spins
by the magnetic field component of the singyele terahertz puld&or to resonant pumping of the
electronic degrees of freedd™ Resonant pumping of infrareattive phonons with mukti
terahertz pulses in the midfrared spectral (MIR) rangkeasemerged as a lownergy routdo

drive largeamplitude net structural distortions. These coherent lattice distortions, emerging on the
timescale of several picoseconds, modulate the spatial overlap of the electronic wave functions and
have been shown to transiently melt chatgad orbital orderin§, drive metalinsulator phase
transitions and even enhance superconducting correlations gh-Tyj cuprates? Although
pioneering experimentdhiave demonstrated that driving optical phonons can also affect
magnetisn? 8 no coherent switching of tispinorientationor coherent lighinducedmagnetic
symmetry breaking has been shown so far. Heeeinvestigate phoncinduced magnetism
(phonomagnetismin dysprosiumorthoferrite (DyFeQs), a material where a strong exchange
interaction between the spin of the transition metal (TM) ion and the onbatadentum of the
rareearth (RE) ion leads to a distinctive fumider spirreorientation phase transition
accompanied by a change of the magnetic symmetry from the antiferromagnetic (AFM) to the
weakly ferromagnetic (WFMY. Weshowthatasubpspulseof anintensemulti-terahertzlectric

field, tunedin resonancevith aphononmode(see Fig. 13)drives a coherent spireorientation,
developinglong-living WFM order within a hakcycle of the spinprecessionPhononrinduced
magnetisnemergeysiaa non-equilibriummetastablestate(see Fig. 1b)inaccessiblaot onlyvia

a thermodynamictransformation but also via optical pumping of the kéglergy electronic
transitions. We experimentally and theoretically demonstrate that phonomagoetiamates

from phononinduced lattice distortions leading to ultrafast modification of thellREexchange

interaction.

The magnetic insulator DyFeQ@rystallizes in a perovskite orthorhombic structure and exhibits
antiferromagnetic spin order d&f the FeFe isotropicexchange interaction. Although the singlet
state of the F& ion ¢S ground stateyesults in negligible singl®n magnetic anisotropy, its

anisotropic exchange interaction with the large angular momentum of the dyspi8isism



groundstate)mediates the strong coupling of the iron spins to the crystal lattice, thereby setting
up the magnetarystalline anisotropy. The thermal population of the two lowest®iramers
doubl et s (Eetmane\jchanges the otpital state of th& RThis changelefines the
virtue and symmetry of the H8y exchange coupling, leading #gospontaneous firstrder spin
reorientation transitiorDuring this transition, at the Morin temperatdig =51 K, the direction
of the magnetic easgxis for the ion spins changes abruptly between yhandx-crystal axis.
The reorientation is accompanibga change in magnetic symmetingm acollinearAFM, to a

canted WFM stateharacterizethy theemergencef anetmagnetizatioM.

The spinreorientation is describdny the magnetic potential which depends on the temperature
and the anglé the spins form with thg-axis (see Supplementaxiote 2. In a broad temperature
range this potential function featuréso characteristic mima at 0 and 90 (see Fig. )
signallingtwo ordered states. The height of the potential barrier separatingvéheompeting
states, as well as their relatieaergy,is controlledby the strength of th&e-Dy exchange. This
interaction is not only seitwe to the temperature but also to chaniggkecrystalenvironment,
bothvia directmodulatiornof theFe-Dy electronicoverlapandvia structurallydrivenchanges the
orbital state of the RBf multiplet®?°. In ourstudyweconsidetight-inducedoscillationsof atoms
drivenfarfromtheirequilibriumpositiongn orderto control the strength of the &y exchangé?2
and to realize lattice control of the spin arrangement on the ulttafesicale.

In our experiments we investigate spin dynamics in single crystalsutfDyFeQ (see Methods).

The phonon excitation is provided by an intense (electric field in excess of 10 MV/cm), phase
lockedmid-infrared impulsive sourcé250 fs, 1kHz), tunablein a broad photonenergy range

from 65 to 250meV (16-60 THz).This energy range covers the highest frequency infractite

TO phonormmode (B) centered at 70 meV amrgsociatewvith periodic stretching of th&eO
bonds, see Fig. 1a and SupplemenEgyres 2,9The ensuing spin dynamics are measured, in a
conventional pumyprobe schemeby tracking the polarization rotatiodr, imprinted by the
magneteoptical Faradayeffect,on co-propagatingnearinfrared (IR)probepulsesatthe photon
energy of 155 eV. In our experimentafjeometry,the Faradayotationprobesthe magnetization
dynamics along the normal direction. Importantly, the frequémdythe antiferromagnetic spin

precession mode (the soft mode of the Morin phase transition), informstiis mtal curvature



of the magnetic potentiahccording to the relatioi2 © — , both in the AFM (o= 0°) and

WFM ((io= 90°) phases, similarly to Refs:?4 see also Supplementapte 3

Figure X and ™ show lightinduced dynamics of tHearadaysignal in the AFM and WFM phases
revealing coherent oscillations, corresponding to sprecession around their respective
equilibria. These dynamics armducedby pump pulsestunedin resonancewith the lattice
vibrational mode (83neV). As a control experimentye excitemagnoroscillationsviaimpulsive
stimulatedRamarscatterindISRSY° usingpulsegunedawayfrom lattice or electronicesonances
(165 meV). We note that the frequencies of timagnon oscillations excited by ISRS coincide
exactly with the tabulated was reported in the literatdfe® and therefore senasin-situprobe

of thecurvatureof the potential at equilibrium.

A comparison of th&ourierspectra (insets in Figclnd 1) reveals that the frequency of the spin
precession excitetly pulses in resonance with the lattice mode is shé®cbmparedo the
equilibriumvalue The sign of the shifsef depends on the initial magnetic configuration, being
red in the AFM phse and blue in the WFM phasé&sunderscore theesonantharacteof the
frequencyshiftwetunethe photorenergyofthepumppulseacrosghephonorresonancandextract
thecentralfrequencyof thespinoscillations (Fig. &). The data acquired imoth magnetic phases
show that the onset of the frequerstyft follows closelythe spectrunof thelinearabsorptiorof

the B, phonon mode, revealing a correlation between ddghien phonon and spin dynamics.
These observations contain importariormationon the effectsof the phonorpumpingon the
magnetic potential. The red shift indicates a flattening of the potential energy in vicinity of the
AFM minimum @ = 0°), which may lead to a phasestability. The blue shift observed in the
WFM phase points at an increased curvature of the potential and enhanced phase stability in
vicinity of the WFM minimum ¢ = 90°).

Time-resolved Fourier analysis indicateshat the oscillations are chirped atite change in
frequency occurs already within altaycle ofthe first spin oscillation, definingn upper bound

for thephonondriven changes in the magnetic potential of about 5 ps, see Higis2ime isan
orderof magnitude shorte¢han the oneeported in Ref?*, where the headriven dynamic®f the
magnetic potential were governed by the interaction of incoherent acoustic phonons witfthe Dy

electrons.Thus,theobservediltrafastresponsexcludesheatdriven spinlattice relaxationasthe
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origin of the initial kinetics.Remarkablythe change in frequencyersistsfor atime U>100 ps
exceeding the precession period by nearly an order of magWedaisanote that the absolute value

of Uclosely follows the characteristic equilibrium decay time of the spin precession (see inset Fig.
2).

As shown in Fig. 3a, measurements of the frequency of the magnetic mode at equilibrium as a
function of temperature reveal a cdgge evolution in proximity toTw, in excellent agreement

with Ref. 26. In contrast, the frequency of the magnons launciedesonanphononexcitation

is characterized by a splip of the magnon branchesTat leading to a pronounced discontinuity

of more than 50 GHgsee Fig. 3a)The discontinuity leads the energence of magnetic responses

at frequencies well below the minimwmalueattainable at equilibrium (140 GHz). Although the
heatcapacity of DyFe@changes by a factor of 20 between 10 and &0 tke magnitude of the
observed frequency change is neagimperaturendependent in the range 1A.00 K, providing
another indication that a ndahermal process is at playromthe analysisof the temperature
dependence of the magnon frequenaiesmap out the magnetic potential(see Supplementary

Note 3 before ( < 0) and aftert(> 0) laser excitation, see Figure 3b. Importantly, phepomping
significantly increases the energy of the AFM state, simultaneously lowering the potential barrier,

such that close tov the AFM phase may lose its stability (s8so Supplementarfyig. 6).

We note that the frequency difference between the excited phonon (17 THz) and the magnon (0.2
THz) rules out direct phonemagnon coupling. To describe our experimental findings, we
propose a simple phenomenological mottelt indicates that all the changes of timagnetic
potentialcan be explained by a renormalization of a single value parametrizing the strength of the
Fe-Dy exchange by abouteV/u.c. (seeSupplementaryNote 3and Supplementaryig. 6). In

order to identifythe microscopic pathwayhatconnect the lightriven optical phonons with the
transient changes in the4Bg exchange, we use density functional theory (DFT) calculatsaes (
Methodsand SipplementaryNote 5. The computations suggest the presence thiasient
coherent lattice distortion in response to resonant pumping of,tmede. This distortiohas the

same lifetime as the infrarexttive mode (~1 ps) areinerges as a consequence of an anharmonic
interaction of different phonon modes, gener&lypwn as lonic Raman Scattering or nonlinear
phononic$®, which rectifies andransfers the largamplitude excitatiof the B, polar mode into

a finite time distortion along the coordinate of a coupled, Ramgtine Ay phonon mode (see inset
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Fig. 3bandSupplementaryig. 9). This lattice distortion involves antipolar motions of the heavy
Dy3*ions reaching values of about 0.2 pm for the pump fluences employed in our experiment (see
SupplementaryNote 5 and SupplementaryFig. 10). The DFT results also show that such
displacements can alter the-Bg exchange integral by about2lneV/u.c., consistent with the
estimation of the phenomenological modsdSupplementaryig. 11). The longliving effect of

the distortion on the FBy exchange is presumably governed by the-$gttiice interaction, also

defining lifetime of the spin precession, see inset Fig. 2.

To demonstrate the potential of the phonomagnetism for ultrafast control of magnetic states we
carried out phonomagnetic madétiors of the RETM exchange interaction in proximity .

Two distinct regimes of the magnetization dynanacs observed above and below a critical
fluencel=10 mJ/cr (see Fig. 4a,b). For fluences beltsthe pump drives a nearly harmonic
responsef spinsmainly influencingits amplitude and frequencylowever,upon exceeding the
valueof I¢, the course of the magnetization dynamics changes dramatically. Aivedg(>250

ps) offset, odd parity with respect to the sign of the applied fugdelops withimearlya half-
periodof thespinprecession (<ps), marking the coherent emergence of a transient magnetization
aM. As the temperature \@ried,it becomes apparent that the induced magnetization peaks nearly
at Tw and completelyanishedor T > Tu (see Fig. 4c). The presence of a weidfined fluence
threshold, as well as the observatajrthe phonorinducedmacroscopiegnagnetization inherent

to the WFM phase, are clear signatures that phonon pumping drives the coherent reorientation of

spins accompanidaly a change in the magnetic syretry.

In Fig. 4d we comparethe spinreorientationtransition obtained irDyFeQ via conventional
ultrafast heating (excitation with photon energg@&/,above the material 6s b
phonomagnetism discussed héee als@Gupplementary Note &nd Supplementaryrig. 12) We
note that ultrafast heating leadstte developmentof a net magnetizationon a time scale of
100 ps, consistent with the sgattice relaxation tim&. In contrastthe phonomagneticoute
develops lightinduced magnetism within a half cycle of the spin precess@aws5 ps, indicating

its coherent character.

By resonanthypumpinginfraredactive phononsvith strongfield ultrashort multiterahertz pulse
of light, we have investigated a new route to reshape magnetic potentials and initiate ultrafast

coherentmagneticphasetransitions. Using a phenomenological description andgnisciples
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calculations, we have demonstrated that the mechanism isdraaptionondrivenchange of the
exchange interaction between the raagth and transition metal ions. We anticipate that a similar
mechanism will be active in other magnetic materials featuring anisotropic exchange interactions
such as rarearth baseddompounds (manganites, vanadates, and orthochromites) antl type
multiferroicg®. Our findingsfill the gap between manipulation of magnetism with sirmyele
terahertz puls@stand ultrashort pulses at optical frequertibghlighting new avenues fathe
manipulation of ferroic order on ultrafast timescales and proyia new platform fomagnonics

and antiferromagnetic spintroni€s
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Methods:

Sample and experimental setup

We used a monocrystalline, €3nthick DyFeQ sample grown by floatingone melting. The
sample is cut perpendicularly to therystallographic axis in the form of a thin slab. The sample
was kept in a@ry-cyclecryostat(Montana Instrumentsyhich allowed to cool it down to 10 K, far
belowTwu. Statc bias fields up tdBext = 700 mT from an electromagnet were applied within the
(x2-plane of tke crystal at an angle of aboui°7relative to the-axis to provide a single domain
magnetic state of the sample.

The intense pump pulses with wavelengththa midinfrared (MIR) spectral range used
in this experiment, were generated via difference frequency generation (DFG) in a GaSe crystal
using the output beams of two commercially available, independently tunable optical parametric
amplifiers (OPAs) inteated into a single housing (Light Conversion, TOPRPns). The OPAs
were pumped by a commercially available amplified Ti:Sapphire laser system (Coherent, Astrella)
delivering pulses at a 1 kHz repetition rate with a duration of 100 fs and a photon en&rsfy
eV ( =0.8 mm). The OPAs were seeded by the same white light generated in a sapphire crystal,
which ensures separately tunalidef phasdocked output pulsé$with photon energies in the
range 0.45L.1 eV ( =2.7-1.1mm). As a result, when the pulses are mixed in the GaSe crystal, the
generated MIR pulses are darrenvelope phase (CEP) staBléinearly polarized and their energy
lies in the range from 6350 meV [ =19-5 nm) with an average pulse duration of around 50
The scheme of the setup for generation of the MIR pulses (MIR converter) is shown in
Supplementary Fig. 1.

To generate pump pulses in the visible spectrum with a photon energy larger than the
electronic band gap, we usab-barium borateBBO) singlecrystalto double or triple the photon
energy of a single OPA output. This provided tunable excitation pulses with energies in the range
of 0.9- 3.3 eV (see Supplementary Fig. 1).

In the experiments, the midfrared pulses were focused onto the saraptéace to a spot
with a diameter of about 1%0n, using an offaxis parabolic mirror. The puripduced dynamics

were measured ia transmissiogeomety. The polarization rotatiodr of the linearly polarized
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probe pulse, imprinted by the magneiatical Faraday effect, was measured with the help of a
polarization bridge (Wollaston prism) and a pair of balanced Si photodetectors.

The loss function of the sample in the MIR spectral range was measured using a Nicolet
6700 Fourier transform infrared (FTIB)ectrometer. The optical absorption in the visible spectral

rangewasmeasured using a halogen lamp and an OCGgditsspectrometer.

DFT Calculations

We simulated thé®nmaphase of DyFe®through density functional theory (DFF#*and its
projected augmented wave (PAWjlavour as implemented in the ABINIT packd®®. The

PAW atomic potentials used for Fe and O were downloaded from the GBRV pseudopotential
library®® with 3s, 3p, 3d, 4sand 2, 2p considered as valence states for Fe and O respectaely.

Dy we used the PAW atomic potential from M. Topsakal éf ahere the valence states afg 4

5s, 5p and & (with f electrons in the valence)Ve used the PBEsol GGA functioftaffor the
exchang correlation interaction and Hubbard correcttéos both Fe and Dy of respectively 4

and 7 eV have been used to have the closest possible properties with respect to experiments (lattice
constants). All the calculations were done with a 6x6x4 me&points for the reciprocal space

and a cubff energy on the plane wave expansion of 36 Hartree and 72 Hartree for the second finer
grid inside the PAW spherebo calculate the phonons, the frozen phonon technique has been used

through the phonopy softwdfe
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Fig. 1. Phonondriven reconfiguration of the magnetic potential in DyFeOs. (a) The

eigenmode of the lasexcited B phonon mode; orangarows indicatehe atomic motiornof the

oxygen ions(b) The magnetic potential as a function of the anglethe spins form with thg-

axis before (dashed black) and after (solid orange) phonon excitation. For simplicity the potential

is shown only foiT<Tm. The red and blue arrows depict the spin configurations corresponding to

the antiferromagnetic (AFM) and weakly ferromagnetic (WFM) magnetic phases. The orange

arrow highlights the destabilization of the AFM ground state together with the reduction of the
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125 potential barrier separating the phasgsd) Time-resolved transient rotatioof the probe
polarization planeiz after light excitation with photon energy of 85 meV (orange traces) and 165
meV (black traces) performed in the AFM (b) and WFM (c) phases. The bottom insets show the
normalized amplitude spectra of the soft mode a#@ihs. The top insets are schematics of the
corresponding spin precessiopns wi t h t he resulting oMgiel |l ati n
130 Central frequency of the excited soft mode as a function of the photon energy of the pump pulse
in the two magnetic phas. The solid lines serve as a guide to the eye. The background, shaded,
curve shows the sample's optical density. The insets schematically indicate changes in the local

curvature of the magnetic potential.
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Fig. 2. Ultrafast dynamics of the soft modérequency.(Top panel) Trace of the spin precession

dynamics after resonant phonon excitationrg@5 meV) in the weakly ferromagnetic (WFM)
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140

145

phase. The solid lines are sine fits to extract a time varying frequdeiiBpttom panel) The
resulting dynamics dfhe frequency as measured in the AFM (re®:43 K) and WFM (blue,
T=57 K) phases. The solid lines are guides to the eye. The triangular martker@ ebrrespond
to reference measurements performed at a pump photon energy of 165 meV. Inset: Ralaration
Uof the frequency across the Morin temperafliigorange markers) imposed on the decay time

of the spin precession (black markers).
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Fig. 3. Out-of-equilibrium metastable magnetic state(a) Frequency of the spin precession as a
function of the émperature across the Morin phase transition for different photon energies of the
pump excitation.lf) Reconstructed magnetic potentiabefore { < 0) (dashed black) and after (

> 0) (solidorangehe phonompumping. The position of the red ball represents the energy state of
the system. Inset: The eigenmode of thdaftice distortion being considered as a driving force

for the dynamics of the magnetic potentiie orange arrows depict the noots of the Dy ions,

antipolar in the adjacent layers.
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Fig. 4. Ultrafast phonon-induced magnetic phase transition(a) Time-resolved dynamics of

the polarization rotatiodr at T = 45K for various fluences of the pump. Each trace is obtained by
subtrating individual traces obtained for opposite polarities of the external magnetic field to
highlight magnetic components of the dynaminset: Schematics of the ballistic reorientation in
the alterednagnetic potential . (b) Amplitude of the transienha g n e t | M as fa fumction
of the pump fluencé. (c) Maps a function of the sample temperature for flueh@dove (blue

curve) and below (red curve) the threshhld(d) A direct comparison of the dynamics of the
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