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I. SAMPLE SYNTHESIS AND
CHARACTERIZATION

SrolrOy4 thin film samples with thickness of ~100 nm
grown with PLD method were used[1]. SraIrOy is crys-
tallized in I4; /acd structure with single IrOs layers sepa-
rated by SrO layers[2]. Each structural unit cell contains
two Ir in one layer and four IrOs layers along c direc-
tion. The antiferromagnetic(AFM) ordering sets in at
Tn = 240K for bulk crystal. In our thin film samples, the
magnetic susceptibility measurement gave slightly lower
Tn as shown in Fig. S1. The AFM ordering shares the
same unit cell at that of the structure[3]. In the tetrago-
nal SraIrOy, two twined magnetic domains are expected
to produce two sets of magnetic reflection peaks at (1 0
4n), (0 1 4n+2) and (1 0 4n+2), (0 1 4n) respectively,
where lattice reflections are forbidden. The magnetic or-
dering peaks from both domains were observed in the
long range L-scan shown in Fig. S2, which are at (1 0

le7

1.0
H=0.5T

0.8 4

0.6

x(emu)

0.4

0.2 4

0.0

T T T T T T T
0 50 100 150 200 250 300

Temperature (K)

Fig. S 1: Temperature dependence of the magnetic
susceptibility of our Sr2IrO4 thin film sample.
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16) and (1 0 18) respectively. Importantly, both peaks
respond to laser stimulation in the same way.

II. CHARACTERIZATION OF LASER SPOT
AND ESTIMATION OF THE EFFECTIVE
AVERAGE FLUENCE

Discrete laser pulses with a duration of ~ 100 fs was
used to pump the sample. The pump laser photon en-
ergy was selected to be 1 eV derived from a Ti: Sap-
phire laser system with an optical parametric amplifier,

corresponding to the resonant excitation from J.r; = 3

2
to unoccupied Joyy = 3 states [4]. Thus the pumping

largely creates double occupancy of the Jerf = % states

and leaves a hole in the J.rp = % manifold. We have
shown that 1leV pumping can efficiently break the long
range AFM ordering[5]. The laser system runs at 1 KHz
and can be controlled to deliver a single-shot laser pulse
on demand.

To properly characterize the laser fluence, the laser
power density profile was measured, as shown in Fig.
S3. The profile can be be modeled as an isotropic Gaus-
sian pulse with the fitted o to be 350um. In the exper-
iment, the laser incident angle was 47°. Thus the laser
on-sample footprint was elongated along one direction
with o/ = 0/sin(47°) = 479um. The effective laser flu-
ence under the X-ray spot can be calculated as,

P 1 2?2y
F= aF //A Mexp[—(ﬁ + ﬁ)]dxdy (1)

where A is the overlapped area of the X-ray at the
laser spot center on the sample surface, f is the run-
ning frequency as 1 kHz, and P is the laser power mea-
sured during the experiments. At P = 1mW with
A = 2.41 x10~*em?, the average fluence within the over-
lapped region of the single laser shot and X-ray beam
spot on the sample is 0.113 mJ/cm?. As the X-ray to
the laser spot center overlap was done by referring to a
video camera monitor, we expect certain miss-alignment.
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Fig. S 2: Long-range L-scan of (1 0 L) magnetic Bragg peaks along c-axis direction. The long-range reciprocal space
scan along out-of-plane direction(L scan) was performed for pristine thermal equilibrium condition of the sample at
80K (blue) and after the first single laser shot(red). The appearance of both (1 0 16) and (1 0 18) magnetic Bragg
peaks indicate the existence of twinned magnetic domains([(1 0 4n),(0 1 4n+2)] and [(1 0 4n+2),(0 1 4n)]) in our
sample. Both of these two magnetic domains respond to the single shot in a similar manner. The horizontal small
bars represents the intrumental resolution. The peak at L = 16.5(marked by the shaded region) comes from the (3

5

% 5) superlattice peak of the SrTiO3 substrate.

In Fig. 3 in the main text, the error bar given for fluence
is 10% by assuming possible +£60um miss-alignment.

At ~ 1eV, the penetration depth of the pumping laser
for SraIrQOy is estimated[5] to be ~100 nm.
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Fig. S 3: Characterization of the laser spot size. The
energy density profile of the pump laser was measured
with CCD, as shown in the image. Two line cuts
(shown by the dashed lines in the CCD image) were
taken to extract the peak widths. From Gaussian
fitting, both directions give o = 350um.

III. SCHEMATIC OF EXPERIMENT

The X-ray resonant magnetic scattering(XRMS) mea-
surements were conducted at the Advanced Photon
Sources(APS) using beamline 7-ID-C. The data were col-
lected at Ir L absorption edge of 11.216 KeV. A hori-
zontal scattering geometry was used.(see Fig. S4) The
laser pulse came in at a large angle of 47° relative to the
sample surface to allow a more homogeneous excitation
along the sample depth direction.

To amplify the magnetic scattering signal[6], the scat-
tering experiment was performed in the a-c plane with
the incident X-ray came in at a shallow angle of 4.87°
relative to the sample surface. Its polarization was al-
most parallel to the sample surface c-direction. A Pi-
latus CCD with pixel size of 172 um? was used in the
experiment to monitor the scattered X-ray signal. It was
placed ~ 1m away from the sample, which gives an angu-
lar resolution of 0.01° per pixel. The sample was cooled
down to 80 K with cryostat, well below the Néel order-
ing temperature. During the experiment, a full thermal
cycle was done by warming the sample up to 280 K and
then slowly cooling down to 80 K with a cooling rate of
0.05 K/s. The laser induced suppression of the magnetic
peak height was fully recovered after a thermal cycle, as
shown in the cross-sample scan in Fig. S5. The entire
process is repeatable, ruling out the irreversible sample
damage issue.



Fig. S 4: Experimental configuration. The XRMS
experiment was performed in a horizontal scattering
geometry where the a- and c-axis of sample lie within
the scattering plane. Three far-apart separated spots on
the sample were chosen to be measured in between slow
thermal-cycle processes to save experimental time. The
inset shows the corresponding electron excitations from
laser pumping, where 1 eV laser pulses mainly drive
electrons from Jeyy = % states into the unoccupied

Jepr = % states.

IV. LASER EFFECT ON STRUCTURAL PEAK

To check the laser shot effect on the crystal structure,
(0 0 16) structure peak height was monitored with single
laser pulse stimulation. As shown in Fig. S6, the fluctu-
ation in the structural peak height, mainly due to X-ray
beam instability, is uncorrelated with the laser stimula-
tion. Thus laser induces minimum effect to the lattice
at 1Hz frequency of which our data was taken, and the
suppression of the magnetic peak height is intrinsic to
the spin sector.

V. X-RAY EFFECT ON MAGNETIC PEAK

We checked the X-ray effect on magnetic peak by mon-
itoring the (1 0 16) magnetic Bragg peak height after
X-ray was initially turned on after a full thermal cycle,
without any optical pumping on sample. A gradual re-
duction of the peak height about 7% was noticed after
the X-ray exposure of the sample, as shown in Fig. S7.
Then the peak height stabilized after a few minutes.
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Fig. S 5: Cross-sample scan. Real space scans along
z-direction(see the experimental schematic in Fig. S4)
across the sample while monitoring the (1 0 16)
magnetic peak height. Three scans were taken for:
pristine thermal equilibrium condition(blue curve), after
single laser pulse excitation(red curve), and after a full
thermal cycle process(black curve). The laser pumping
leads to a drastic suppression of the scattering intensity,
which is fully recovered after a thermal cycle.

VI. FORMULA FOR THE DIFFRACTION
PROFILE OF THE L-SCAN OF MAGNETIC
BRAGG PEAK

Since the in-plane AFM ordering correlation length is
fully restored, we focus on the the inter-plane correlation.
A phenomenological model is constructed by assuming
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Fig. S 6: Laser effect on structural peak. response of
the (0 0 16) structural Bragg peak height to laser
stimulation. The dashed lines mark two single laser
pulses.



the AFM ordered iso-spins are still pointing to the crys-
tal a-direction as in the thermal equilibrium state while
their inter-plane correlation is described by an exponen-

lzm —2n|

coordinate. Accordingly, the magnetic reflection inten-
sity can be written as,

tial decay as e” ¢ with 2p,(») to be the c-direction
J
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where F' is the magnetic scattering factor for Ir sites,
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irection. N3 is the total plane number along c-direction. I(g:,6.) =| F |2 5 (4)

&, is the c-direction magnetic correlation length. The in-
plane structure factors are simplified to d-functions due
to the fact that the in-plane correlation lengths are or-
ders of magnitude larger than the c-direction correlation
length(see main text). The summation can be analyti-
cally carried out as:

sinh(s%)
osh(é) — cos(Q.d)

I(Qz,@) :I F |2 ‘ (3)

where d is the inter-layer distance.

The relative momentum transfer can be defined as
¢ = Q. — G with G indexing the Bragg points. When
4
% << 1, close to the Bragg point as where our L-
scans were taken, Eqn. 3 can be simplified as:
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Fig.S 7: X-ray effect on magnetic peak. Temporal
evolution of the (1 0 16) magnetic Bragg peak height
(normalized) in the initial 420 seconds after turning on
the X-ray.
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Thus, with inter-layer ordering correlation defined as
lzm —zn|
e~ & | the X-ray scattering profile is of a Lorentzian

shape. The peak height at g, = 0 should be proportional
to the correlation length &., while the whole integrated
intensity is constant. All these predictions agree well
with our observations, suggesting a quite homogeneous
statistical distribution of the c-direction spin ordering.

VII. FITTING PROCEDURE OF THE
MAGNETIC BRAGG PEAK

All the magnetic peaks were fitted based on the Eqn.
6 plus a linear background intensity, as shown in Eqn.
7. For a set of magnetic Bragg peaks studied with the
same fluence of laser pulse, firstly we fit the magnetic
Bragg peaks of pristine thermal limit(before laser exci-
tation), and extract a background intensity; Then we fit
the magnetic Bragg peaks after the single shot excitation
with the same background intensity.(see Fig. S8b)

h

I(gz,h, &) = A1+ e + Iy

(7)

The fitting was done by least-squares fitting. And here
the reduced Chi-square x?2 is defined as:

N exr mode
X2 — 1 [yz Y- Yi 4 l(U)P (8)
v N — Nua’r'ys P 622

where N is the number of data points, Nyqrys is the
number of variables in the fit, y;*? is the measured data,
ymodel(y) is the model calculation and v is the set of
variables in the model to be optimized in the fit, and ¢;

is the estimated uncertainty in the data.



TABLE I: Fitting goodness

Fluence(mJ/cm?) 1.0 3.3

6.0 6.8 94 11.9 13.1 185

1% 18.4 21.6

30.7 85 49 87 68 6.2

Representative fitting goodness is listed in Table. SI.
And we plot three of the typical fitting results in Fig.
S8a.

VIII. MULTIPLE SHOTS EVOLUTION OF THE
MAGNETIC PEAK HEIGHT

Magnetic peak height was measured upon a sequence
of laser shots of various fluences. As shown in Fig. S9,
each of the first a few shots induced certain degree of
suppression to the magnetic peak height. After those
initial shots, the peak height does fully recover, but only
to a reduced level prepared by the initial multiple pulses.
The stabilized conditions are obviously dependent on the
laser pulse fluence.

IX. MODELING THE THICKNESS
DEPENDENCE OF THE AFM ORDERING AT
FINITE TEMPERATURE

We evaluate the saturation of the low limit of the ob-
served inter-plane correlation by considering a minimum
Quasi-2D spin model. As shown in Fig. S10, spin-
1/2 objects are placed at the Ir sites which are AFM
ordered, forming spin-up (A) and spin-down (B) sub-
lattices. The exchange interactions considered are: the
nearest-neighbor in-plane AFM exchange J, the inter-
plane next-nearest-neighbor exchange .J;. and J. for the
coupling within and between the spin-up and spin-down
sublattices. Also, the anisotropy of the nearest-neighbor
exchange, A, is considered. As a result, the Hamiltonian
for this minimum spin model can be written as[7, 8],
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where D is defined as D =1+ A.

To compare with our experimental observations on
SroIrOy, we refer to the published literature[9-11] and
set,

e Nearest neighbor exchange interaction J = 60 meV’

e Interlayer exchange interaction: within the same
sublattice J;. = —16.4 ueV; between the two sub-
lattices Jo, = 16.4 peV

Z Z (St rajt Sl;liSlJ’rAj)] (9)

<U'> <ij>

> (SiSis; + SipiSis)l

<> <ij>

Z Z (SlZiSITBj + SleSlJ’rBj)]

<l'><ij>

S (SisiSia; + SipiSiag)]

<> <ij>

e the anisotropic term related to the magnon gap as
E(k) = ZJ(Sz)\/D? — ~3
As the reported exchange anisotropy for Sr2IrO4 is
quite controversial[9-13], the gap size was carried as a
free parameter in our calculation. The dynamics of the
above Hamiltonian was solved with the equation of mo-
tion technique and mean-field approximation for model
systems with different thickness.
Using the equation of motion of double-time Green’s
function[7, 8, 14], we can obtain a set of Green’s functions
for each layer:
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Fig. S 8: Fitting Procedure of Magnetic Bragg Peak: All the magnetic Bragg peaks were fitted with the
Lorentzian function we derived with a linear background(Eqn. 7) using the least-squares fitting method. a, Three
L-scan data after laser excitation and the fitting results (vertically stacked for clarity). b, The fitting components of

a typical L-scan data.
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Where N is the total number of layers, and [ is the
index of each layer (I = 1,2,....N). Z,Z' are the in-
plane and out of plane coordinate numbers. gy (k) and
fur (k) are Fourier transformation of Gy (w) and Fy (w)
in k-space. v’s are the geometry factors:

e (k): in-plane between A and B Ir atoms

e y44(k): Nearest layers between A-A or B-B Ir

atoms

e v7ap(k): Nearest layers between A-B Ir atoms

The equation of motion was solved self-consistently for
T = 80 K, which is our experimental temperature. Once
the local correlation function,

_ 7 > dw . o
(S5 = 2*/ ——{gu(w+i0") —gu(w—1i07)}
T J—oco ekBT +1

(11)

is obtained from the closed self-consistent loop, the local
magnetic moments (S7) of each layer,

(57) = 5~ (5757) (12
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Fig. S 9: Evolution of the magnetic peak height under excitation of multiple shots: The pristine
magnetic order was degraded by a sequence of single laser shots, the first three single shots were marked by red
dashed lines. With increasing the laser fluence, the degree of the suppression of magnetic order keep reducing in the
first initial stage where permanent suppression occurs; At high fluence, the multiple shots after the very first single
shot drives marginal further suppression to the magnetic order and the system enters into a stable stage.

was extracted and plotted as Fig. 4 in the main text.
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Fig. S 10: Minimum model of an AFM ordered
spin-1/2 system: The ordered spins are grouped into
the spin-up (A) and spin-down (B) sub-lattices. The
exchange terms considered are labeled accordingly.
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