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The control of magnetism via strain is most commonly based 
on magnetostriction. This effect relates an induced magne-
tization to the square of the applied stress and is restricted 

to systems with an equilibrium magnetization, like ferromagnets. 
Because the coupling is quadratic, the magnetic moment is only 
modulated in one direction when no external field is present.

Piezomagnetism, on the other hand, is a property of certain 
antiferromagnetic materials, which manifests as a linear coupling 
between an applied stress σ and an induced magnetization M of the 
form Mi = Λijkσjk, where Λ is the piezomagnetic tensor1,2. Hence, by 
exploiting the piezomagnetic effect, one can induce a magnetization 
of either sign from a crystal that possesses no net magnetization  
(see Fig. 1a).

CoF2 is one of the simplest known piezomagnetic crystals. It has 
a rutile crystal structure with a body-centred cubic arrangement of 
cobalt ions, each surrounded by a fluorine octahedron with a tetrag-
onal crystal field3,4. Below the Néel temperature TN = 39 K, it is a fully 
compensated type I antiferromagnet with easy-axis anisotropy, such 
that the magnetic moments on the Co ions at the centre and cor-
ner of the cube point along the tetragonal c axis with opposite sign 
(magnetic space group P42′/mnm′; see Fig. 1a)5,6. Piezomagnetism 
in CoF2 arises from the site-selective modification of the Co crystal 
fields7,8. Strain along the [110] direction distorts the crystal struc-
ture in such a way that the in-plane Co–F bond is shortened for 
the central sublattice and lengthened for the corner one (or vice 
versa). As result, the relative energy splitting Δ of the Co t2g orbit-
als is decreased on one site and increased on the other (Fig. 1b). In 
the d7 configuration, the orbital magnetic moment scales as mL ~ Δ−1 
(refs.9,10); hence, the strain-induced distortion decompensates the 
antiferromagnetically ordered moments and generates a net ferri-
magnetic polarization. By changing the direction of the strain from 
tensile to compressive, the direction of the crystal field distortion 
reverses, and with that the sign of the induced magnetization.

The essential microscopic ingredient in the piezomagnetic effect 
is the antiparallel distortion of the Co–F bonds on each sublattice.  

Hence, it could also be induced through the displacements of certain 
optical phonons alone, with the advantage that such displacements 
preserve the cell volume. New optical devices enabling resonant 
driving of lattice vibrations at mid-infrared and terahertz (THz) 
frequencies open up the possibility of selectively controlling the 
structure of solids with light11–14. At large phonon amplitudes, lattice 
nonlinearities can be exploited to rectify atomic displacements and 
coherently mimic the effect of heteroepitaxial or externally applied 
strain15,16. In particular, it was recently suggested that a rectification 
of the B2g Raman phonon in CoF2 would produce the same rela-
tive bond displacements as [110] uniaxial strain17, but at constant 
unit-cell volume.

Here, we validate this approach and generate light-induced fer-
rimagnetic order in CoF2 by using the anharmonic coupling of three 
volume-preserving optical phonons to drive symmetry-breaking 
lattice distortions. In contrast to the case of applied strain, this 
dynamical piezomagnetic effect creates orders-of-magnitude larger 
displacements on timescales not limited by the speed of sound.

Lattice engineering by nonlinear phononics
The desired lattice distortion corresponds to atomic motions along 
the coordinates of a Raman-active phonon of B2g symmetry. Hence, 
it cannot be directly excited by light. Moreover, a purely impulsive 
excitation, typically achieved using visible or near-infrared pulses, 
would produce an oscillating vibration about the equilibrium atomic 
positions and no net displacement of the lattice. Instead, we use the 
nonlinear coupling between resonantly driven infrared-active (IR) 
phonons and the Raman (R) mode, which can provide directional 
atomic motions away from equilibrium.

Figure 2 describes the anharmonic lattice interaction used to 
drive the dynamical piezomagnetic effect13,17. The lowest-order pho-
non coupling is given by the energy term U = QIR,1QIR,2QR, where QIR 
and QR denote infrared and Raman mode coordinates (subscript 1 
and 2 denote different phonons). In the case that QR has B2g sym-
metry, this coupling is symmetry-allowed if QIR,1 and QIR,2 both have 
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Eu symmetry. If the two modes are orthogonal and degenerate, this 
coupling provides a force onto QR that follows the envelope of the 
two optically driven IR modes, leading to a rectified displacement of 
the lattice along the B2g mode direction (Fig. 2a). The time-averaged 
displacement of QR is proportional to the product of the two IR 
mode amplitudes, QR ∝ |QIR,a||QIR,b| cos Δϕab, where Δϕab is the rela-
tive phase of the two modes. Hence, the lattice displacement is max-
imal when the two IR modes are driven in phase, and the direction 
of the displacement flips when one of the two IR modes changes 
sign (that is, Δϕab = π), as shown in Fig. 2b, c. In CoF2, the induced 
ferrimagnetic moment is linearly proportional to this QR(B2g) dis-
placement (see Supplementary Section 2.4).

experimental approach
Experimentally, to create the required lattice distortion and generate 
a net magnetization, one must simultaneously drive two degenerate, 
orthogonal IR modes with Eu symmetry. Figure 3a shows the optical 
conductivity along the a and b axes measured on the 100-µm-thick 
CoF2 crystal used in this experiment. The three conductivity peaks 
identify different Eu phonons with resonant frequencies close to 6, 
8 and 12 THz. We resonantly and simultaneously drove the two IR 
modes at 12 THz (atomic motions also shown in Fig. 3a), for which 
the largest anharmonic coupling to the B2g Raman mode was pre-
dicted (see Supplementary Table 3).

Intense THz excitation pulses were generated in a specially 
designed optical device that is based on two optical parametric 
amplifiers, a chirping stage, and a difference frequency generation 
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crystal field levels for CoF2, showing the origin of the piezomagnetic 
moment. The energy splitting between the t2g levels (Δ) determines the 
orbital contribution to the magnetic moment (mL ~ Δ−1). In the undistorted 
structure (left), Δ is the same for the two Co sites. When distorted (right), 
Δ shrinks for one site and grows for the other, hence changing the relative 
magnitudes of m1 and m2.
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) is shown by red arrows. b, The dynamics of the two Ir modes (in red 

and blue) and the raman mode (in grey) resulting from resonant excitation of 
both Eu modes by a THz pulse. The Ir modes oscillate about their equilibrium 
positions, while the raman mode is displaced away from equilibrium, creating 
a time-averaged structural distortion (solid shading). The two Ir modes in 
this case are pumped in phase (Δϕab = 0). c, The phonon dynamics for the 
case when one of the two Ir modes is driven with opposite sign (Δϕab = π), 
showing that the raman mode is displaced in the opposite direction. Note 
that in both cases, the motions of the atoms are linear.
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optical parametric amplifiers are stretched using two transmission 
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narrow-bandwidth, high-intensity pulses with a centre frequency of 12 THz.
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(DFG) stage that uses an organic crystal18, as depicted in Fig. 3b. We 
produced 500-fs-long pulses with peak electric fields up to about 
10 MV cm−1 and a centre frequency of 12 THz (see Methods). To 
excite both a- and b-axis modes simultaneously, the linearly polar-
ized pump pulses were oriented at 45° with respect to the crystallo-
graphic axes (that is, oriented along the [110] direction), impinging 
normally to the (001) face of the crystal. The sign of the induced QR 
displacement could then be flipped by rotating the pump polariza-
tion by 90° (along [1�10

I
]). The induced magnetization was detected 

by complementary Faraday rotation and circular dichroism mea-
surements at near-IR/visible wavelengths.

Optically driven magnetic phase control
Time-resolved Faraday rotation measurements taken at T = 4 K are 
shown in Fig. 4a. Without the pump, no detectable rotation was 
observed. After photo-excitation, a pump-induced magnetization 
signal developed, which switched sign after 7 ps and continued 
to grow in magnitude before reaching a maximum after roughly 
200 ps. Rotating the pump polarization by 90° reversed the sign of 
the Faraday rotation, as expected from the anharmonic coupling 
mechanism discussed above. As a comparison, we conducted the 
same experiment on a ZnF2 crystal, which has a nearly identi-
cal phonon spectrum to CoF2, but is non-magnetic19,20. The ZnF2 
crystal showed only a prompt polarization rotation (arising from 
pump-induced birefringence) and no long-lived signal, suggesting 
that the signal observed in CoF2 is of magnetic origin.

To confirm the magnetic nature of the signal, we also carried 
out time-resolved circular dichroism measurements (Fig. 4b). At 
equilibrium, circular dichroism has been observed in CoF2 near 

magnetically active electronic transitions in the presence of a large 
externally applied magnetic field, with the strongest effect found 
at the 439-nm absorption line21,22. We probed the pump-induced 
change in transmission (ΔT/T) at this wavelength using left and 
right circularly polarized pulses. A large difference in the relative 
ΔT/T was detected for the two polarizations after the THz pump 
excitation, with a timescale matching that of the Faraday rotation 
measurements.

Taken together, the observations reported above are evidence of 
a non-equilibrium state with a net magnetization and a response 
time of approximately 100 ps.

Characterization of induced ferrimagnetic state
Figure 5a shows the magnitude of the pump-induced Faraday rota-
tion and circular dichroism as a function of temperature. Both 
signals reduced upon warming the sample from 4 K and van-
ished above 40 K, coinciding with TN. The temperature evolution 
of the non-equilibrium magnetization followed that of the static 
piezomagnetic response of CoF2 (ref. 23). In both cases, the magni-
tude of the induced ferrimagnetic polarization should scale with the 
staggered magnetization of the equilibrium antiferromagnetic state.

The dependence of the Faraday rotation signal on the peak elec-
tric field of the pump pulse is shown in Fig. 5b. Using the Verdet 
constant for CoF2 (ref. 24), we determined the induced magnetic 
moment at the sample surface mind and found that it scales as the 
square of the pump electric field (see Methods). Since the electric 
field linearly excites the two IR modes along the a and b axes (QIR;a

I
 

and QIR;b

I
) and we expect mind ∝ QR, this quadratic field depen-

dence is consistent with the three-phonon coupling (QIR;aQIR;bQR

I
) 
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Fig. 4 | Time-resolved magneto-optical measurements. a, Top, depiction of the measurement set-up with THz pump and Faraday rotation probe. The 
12-THz pump pulse was oriented at 45° with respect to the crystallographic a and b axes, and the polarization rotation angle of a subsequent 880-nm 
probe pulse was detected. bottom, Faraday rotation data on CoF2 (red) for two polarizations of the pump pulse (+45° and −45°) as a function of time 
delay. They display similar time dependences, with a small signal at short times that reverses, saturates and eventually decays back to zero. The inset 
shows the induced structural distortion (in the a–c plane) and resulting ferrimagnetic state for the two pump polarizations. The same measurement taken 
on ZnF2 is plotted in grey, exhibiting no long-lived response. b, Top, depiction of the measurement set-up with THz pump and circular dichroism probe 
(top). The absorption of left and right circularly polarized probe pulses at 439 nm is detected as a function of time delay. bottom, the relative change in 
transmission for left (dark blue) and right (light blue) circularly polarized probe pulses. The shaded area depicts the circular dichroism, which is plotted on 
a ×2 scale in pink. The time dependence of the circular dichroism matches that of the Faraday rotation. In all panels, dots are measured data points and 
solid lines are fits (see Methods).

NATuRe PhySiCS | VOL 16 | SePTeMber 2020 | 937–941 | www.nature.com/naturephysics 939

http://www.nature.com/naturephysics


Articles NaTure PHySICS

described in Fig. 3. Moreover, as a function of pump wavelength, 
the magnitude of the non-equilibrium moment showed a resonant 
enhancement at the eigenfrequency of the Eu phonon, as shown in 

Fig. 5c, demonstrating that the magnetization dynamics are indeed 
driven by the excited optical phonons.

We also found that at the maximum pump electric field of 
12 MV cm−1, the induced magnetic moment reached mind ≈ 0.2 µB 
per unit cell, in agreement with predictions from first-principles cal-
culations (Supplementary Fig. 4). This value is more than 400 times 
greater than the largest reported piezomagnetic moment induced 
statically in CoF2 (ref. 7). From the known piezomagnetic coef-
ficients, a uniaxial stress of 40 GPa would be required to generate 
an equivalent moment, whereas typical tensile strengths of fluoride 
and oxide single crystals are smaller than 0.5 GPa (ref. 25). Since our 
pump excitation selectively distorted the QB2g

I
 mode without deform-

ing the unit cell, much larger atomic displacements could be imposed 
than are possible with static strain (up to 2% of the equilibrium bond 
length for the experimental pump fields; see Supplementary Section 
2). We estimate that, with stronger pump field strengths, an induced 
magnetic moment up to approximately 0.45 µB per unit cell could be 
achieved before breakdown of the CoF2 crystal.

Discussion
We now turn to a discussion of the dynamic behaviour of the 
light-induced magnetization. A minimal model can be obtained 
from a free-energy description including the coupling between the 
antiferromagnetic order parameter (L), the induced magnetization 
(M) and the B2g structural distortion (QR) (detailed in Supplementary 
Section 3). In this picture, the system initially occupies a minimum 
in the energy landscape where M = 0 and L ≠ 0 (Fig. 6a). The mag-
netization dynamics are activated by the B2g phonon displacement, 
which shifts the energy minimum to finite M and back on the tim-
escale of the phonon lifetime (on the order of 5 ps). The subsequent 
evolution of the magnetic system after this prompt stimulus can be 
described as an overdamped oscillator: the kinetic energy imparted 
by the drive leads to the inertial growth of M, and at longer times 
the generated angular momentum equilibrates through spin-lattice 
relaxation processes26,27. Figure 6b shows the computed M(t) from 
this model for different values of the driving electric field, which 
reproduces the experimental features well.

The proposed model provides an intuitive description of the 
experimentally observed magnetization dynamics. Microscopically, 
the dynamics of the magnetic moments of each sublattice are 
described by coupled Landau–Lifshitz–Bloch equations28,29. In this 
framework, the observed growth and decay may arise from the 
slow longitudinal relaxation of M after the impulsive drive, with a 
timescale associated with the equilibration of the moments on the 
two sublattices. An outstanding question is the transfer mechanism 
between the prompt g-factor imbalance (created by the phonon) and 
the moment imbalance observed at later times (see Supplementary 
Section 3.3). One possibility is that the B2g mode displacement mod-
ulates the anisotropy and exchange fields, which would split the fre-
quency of the magnons (collective magnetic excitations) and could 
lead to the observed time-dependent behaviour. Another possibility 
is that the transient lattice distortion is reinforced by the induced 
magnetization, creating a metastable state with slow dynamics, as 
has been observed in light-induced ferroelectrics16.

The demonstrated phonon-driven, ultrafast analogue of the 
piezomagnetic effect provides a new mechanism to manipulate 
magnetism in antiferromagnetic systems30, potentially benefiting 
emerging spintronics applications31,32. Moreover, this dynamical 
effect circumvents typical limits of strain control, offering possi-
bilities to explore new out-of-equilibrium phase behaviour of cor-
related materials (like unconventional superconductors33,34) and 
generate light-induced functional responses under extreme lattice 
deformations. This approach differs from previous optical35 and 
phononic14,36 methods of magnetic phase control, as it represents 
the rare case of a phase transition driven by coherent light-induced 
breaking of lattice symmetry.
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Methods
Experimental set-up. A schematic of the THz pump/optical probe set-up for this 
experiment is shown in Supplementary Fig. 1. We used the output of a Ti:sapphire 
amplifier (800 nm wavelength, 100 fs duration, 5 mJ pulse energy, 1 kHz repetition 
rate) to pump two optical parametric amplifiers (OPA). The signal output of each 
OPA had roughly 350 µJ pulse energy and 75 fs pulse duration with independently 
tunable centre wavelengths in the near-infrared.

The THz pump pulses were generated through a chirped DFG process, similar 
to ref. 18, by mixing the two OPA signal outputs in the organic crystal DAST 
(4-N,N-dimethylamino-4′-N′-methyl-stilbazolium tosylate). Before impinging on 
the DAST crystal, the near-infrared signal pulses were stretched by two transmission 
grating pairs to minimize optical rectification and produce narrow-bandwidth THz 
pulses. For the generation of pulses with 12 THz centre frequency by DFG, the two 
signal wavelengths were chosen to be 1.5 µm and 1.415 µm. For the pump frequency 
dependence, one signal wavelength was fixed at 1.5 µm, while the other was varied 
to achieve the desired difference frequency. The frequency of the resulting THz 
pulses was measured by a Fourier transform infrared interferometer, and their 
electric field profile was detected via electro-optic sampling in GaSe (Supplementary 
Fig. 2). The pump pulses for this experiment had durations of 400–600 fs (1 THz 
bandwidth) and maximum pulse energies of about 2 mJ.

The probe pulses for the Faraday rotation measurements were derived from 
a non-collinear OPA (NOPA) pumped by a portion of the 800 nm laser amplifier 
output. The NOPA provided pulses with less than 45 fs duration centred around 
880 nm wavelength. After passing through the sample, the transmitted probe beam 
was split by a polarizing Wollaston prism into two orthogonal linear components 
(P and S). The two polarization components were measured by a balanced Si 
photodetector to determine the rotation angle.

For the magnetic circular dichroism measurements, the NOPA output was 
sent through a 2-mm-thick crystal of beta barium borate, phase matched to 
generate pulses with 439 nm centre wavelength and 2 nm bandwidth. Before 
impinging on the sample, the 439-nm pulses were sent through a linear polarizer 
and a quarter-wave plate to create circularly polarized pulses (either σ+ or σ−). A 
photomultiplier tube was used to detect the intensity of the transmitted beam after 
the sample, and the relative transmission of the two orthogonal components was 
compared to extract the circular dichroism.

Sample preparation and measurement. The CoF2 crystals were grown using the 
Bridgman technique starting from ultra-dry, high-purity (>99.99%) CoF2 powder. 
Growth was attempted using both a Pt–10%Rh tube and a pointed-bottom graphite 
crucible of 10 mm inner diameter, with the latter yielding better crystal quality. In 
an oxygen-free glove box, the powder was loaded into the crucible, sealed with a 
plug and inserted into a radio-frequency induction furnace. The crucible was first 
scanned at a rate of 50 mm h−1 to melt the powder under an argon atmosphere 
(T ≈ 1,400 °C), and a second scan was carried out at a slower rate of 10 mm h−1. The 
phase purity and quality of the crystal were assessed by X-ray diffraction.

For the optical experiments, a 100-µm-thick (001)-oriented CoF2 single 
crystal was used. A 100-μm-thick (001)-oriented ZnF2 crystal grown using similar 
methods was also used for reference experiments. The pump and probe pulses 
were focused on the sample surface at normal incidence. The THz pump was 
linearly polarized with the polarization oriented at 45° with respect to the a and b 
axes of the crystal (along either the [110] or [1�10] crystallographic directions). For 
the Faraday rotation measurements, the probe polarization was orthogonal to that 
of the pump before the sample. At the sample position, the size of the pump spot 
was approximately 70 µm full-width at half-maximum (FWHM), and the probe 
size was roughly half that of the pump.

The measurements were carried out in a helium-flow cryostat with a base 
temperature of 4 K. In the antiferromagnetic phase in CoF2, there are two possible 
orientations of the antiferromagnetic order parameter (180° with respect to each 
other). To reduce the domain distribution, we applied a small (<1 mT) magnetic 
field along the c axis while cooling below TN (39 K), which was previously shown  
to stabilize large volume fractions of single 180° antiferromagnetic domains in 
MnF2 (ref. 37).

Data fitting and analysis. The pump-probe measurements (Fig. 4) were fitted by 
functions of the form

θ tð Þ ¼ A erf
t
σ1

� �
þ 1

� �
e�

t
τ1 þ B 1� e�

t
σ2

� �
e�

t
τ2 ;

where erf(t) is the error function. The first term represents the early time response 
attributed to coherent phonon dynamics (t ≤ 6 ps), and the second term describes 
the long-term growth and decay as discussed in Supplementary Section 3.2. We 
extracted the maximum pump-induced rotation angle from the extremum of this 
function, which occurs at tmax ¼ σ2 ln

τ2þσ2
σ2

� �

I

. The values of θ(tmax) as a function 
of temperature, pump electric field and pump wavelength (and the corresponding 
induced magnetic moments; see below) are plotted in Fig. 5. The vertical error bars 
were derived from the 1σ confidence interval of the fit. The horizontal error bars in 
Fig. 5b, c denote the systematic uncertainty of the THz power calibration and the 
FWHM of the pump spectrum, respectively.

Experimental determination of induced magnetic moment. The magnetic 
moment induced by the THz pump was determined from the measured 
pump-induced Faraday rotation angle. The Faraday effect relates the rotation 
angle θ of linearly polarized light passing through a medium of thickness L to a 
magnetic flux density B via the relation θ = VBL, where V is the Verdet constant. In 
the absence of an external magnetic field, this becomes θ = μ0VML, where M is the 
magnetization of the medium and μ0 is the vacuum magnetic permeability.

In our experiment, we induced a magnetization that varied as a function of 
depth because of the finite penetration depth δ of the pump pulse. The probe 
penetration depth was much larger than the sample thickness38,39 (approximately 
1 mm at 880 nm), so the measured rotation angle arises from an integration of 
the induced magnetization over the entire sample: θ ¼ μ0V

RL

0
M xð Þdx

I

. The pump 
intensity decays exponentially within the material (over the length scale δ), and, 
as shown in Fig. 5b in the main text, the induced M scales linearly with the pump 
intensity. Then, the induced magnetization at the surface of the material becomes 
Mind ¼ θ

μ0Vδ 1�e�L=δð Þ
I

.
Using the Verdet constant determined from static magnetic field measurements24 

V = 2.4° cm−1 G−1, we find Mind = (28 ± 3) G for the maximum rotation angle of 
0.44 ± 0.02 mrad induced by the pump at 12 THz (δ = 3.8 µm). Taking the volume 
of the CoF2 unit cell (70.099 Å3, as measured by X-ray diffraction4), this induced 
magnetization corresponds to an induced moment of mind = (0.21 ± 0.03) µB per unit 
cell. The values of mind in Fig. 5b, c were computed in the same manner as above for 
all pump intensities and wavelengths. The value and uncertainty of the maximum 
rotation angle were extracted from fits to the time-dependent Faraday rotation data, 
as described above. The penetration depth was determined from the measured 
optical conductivity (shown in Fig. 3a in the main text).

Theoretical modelling. As discussed in the main text, first-principles calculations 
in the framework of density functional theory were performed to gain 
understanding of the microscopic mechanism and to estimate the magnitude of the 
optically induced ferrimagnetic moment. The computational details and results—
including the equilibrium structural parameters, effect of optical driving, and 
comparison to static strain—are provided in Supplementary Section 2.

The phenomenological model developed to describe the magnetization 
dynamics (Fig. 6) is detailed in Supplementary Section 3.

Data availability
Source data are available for Figs. 4–6. All other data that support the plots within 
this paper and other findings of this study are available from the corresponding 
author on reasonable request.
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