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Supplementary Note 1 Experimental Setup
Note 1.1 Ray tracing analysis

The synchronization of the two pump pulses on the sample is achieved through the
symmetry of the trajectory within the z-z plane as shown in Extended Data Figure
1(b). Due to installation, alignment, and motor operation errors, M; and My are not
ideally symmetric. We use ray-tracing analysis to estimate the tolerance of installation
and alignment errors of M; and Ms.

Extended Data Figure 2(a) shows the X-ray trajectory between G and the sample.
In the experimental setup, dy =~ 6 m. The alignment uncertainty of the X-ray in the
transverse plane is assumed to be Ay < 2 um. The coherence time of the X-ray pulse
after the split-delay optics is 10 fs. To guarantee a high contrast of the interference
between the two X-ray pulses, the path length difference should be smaller than 10%
of the coherence length, i.e., |A(l; 4+ I2)] < 0.3 pm.

For a given grating diffraction angle a/2, grating-sample distance dp, and the
beam position on the sample plane = 0, the total path length I3 + Iy is solely
determined by the mirror angle . It can be shown that:

do (sin % + sin@) + v (cos @ — cos %)
sin (2ar)

lh+1y = . (SI—l)

where & = 2o — <.

By uniformly sampling 7 € [-2,2] um and « € [0.15° — 0.1°,0.15° 4+ 0.1°], and
assuming that dy = 6 m, the range of the deviation of I; + Il from its ideal value at
n =0 and a = 0.15° is shown as a function of A« in Extended Data Figure 2(b). In
Extended Data Figure 2(b), green vertical lines indicate Aa = £0.01°, while the red
horizontal lines indicate A(l; +12) = £0.3 pum. Therefore, to achieve sub-femtosecond

synchronization, we only need to guarantee that |An| < 2 um and that |A«| < 0.01°.

Note 1.2 Mirror angle calibration

In this experiment, we control mirror angles with motorized stages. A stage with model
SA10A-RT01 (Kohzu Precision Co.,Ltd.) is used to rotate My, while two stages with
model SAO5A-RT02 (Kohzu Precision Co.,Litd.) are used for M; and M. The angle
accuracy of SA0O5A-RT02 (Kohzu Precision Co.,Ltd.) is 0.000765° according to the
spec, significantly smaller than the 0.01° requirement. Therefore, the angle uncertainty
of My and M5 is dominated by the installation and alignment accuracy.

Denote the feedback value of the rotation stage with o y. The oy has an offset with
respect to the grazing angle a with respect to the incident X-ray pulse: ay = o+ o,
where a,g indicates the offset value. Due to the high motor motion accuracy, we
assume the uncertainty of a to equal that of a,g. The uncertainty of g is determined
by analyzing the X-ray profile on the sample plane beam profile monitor with partial
reflections as shown in Extended Data Figure 3(a).

In Extended Data Figure 3(a), the distance between the rotation center and beam
center is Iy, the beam size is L, and the distance between the rotation center and the
sample plane is D. Assume that, without the mirror, the lower edge of the beam is



89

9

91

92

93

94

95

96

97

98

99

100

101

102

103

104

105

106

107

108

109

110

111

112

113

at location O. The mirror length is I3, and we assume that the rotation center of the
mirror is at the center of the reflection surface. For a given grazing angle «, the lower
edge of the X-ray that passes by the mirror is at a distance of s; with respect to O,
while the upper edge of the reflected pulse has a distance so with respect to O. We
can show that:

s1 = %\/I sina — (lo - L> , (SI-2)

5o = (D - <zo - §> tarlla) tan (20). (S1-3)

Therefore,

L\ (tan(2a) Iv .
s — s1 = Dtan (2a) (lo 2) < P 1) 5 sina. (S1-4)
We align the mirror rotation center to the lower edge of the incident X-ray pulse
and therefore Iy ~ L/2. Because D = 0.1 m > ly &~ 75 pm, D > L ~ 150pm and
lM/2 ~ 0.02’/717
Sy —S1~ Dtan (2ar — 2a0g). (SI-5)
For a series of ay as documented in Extended Data Table 1 for M; and M,, we
measure the edge separation Sy — S.
We then compute the mean error, Z(D, aof), between the measured edge separa-
tion S — S7 and that from the SI-5 for a given D and aeg. Here, the mean error,
E(D, aoft), is defined as:

- N

ED, aopy) = 52(5' (ays; Exp) = S (g1 aop, D)), (S1-6)
1=1

S" (af; aofr, D) = Dtan (2af — 200f), (SI-7)

S"(ay; Exp): Meausured Sy — Sq at ay. (SI-8)

I*" motor feedback

Here, n is the total measurement number and ay; indicates the
value.

The value of Z(D, aqg) for a range of D and a.g is shown in Extended Data
Figure 3(c) and (d) respectively for the measurement of M; and Ms. The position
of the global minimum of Z(D, a.g) gives the nominal D and g for us to improve
the symmetry of the X-ray trajectory for the two pump pulses. The purple ellipse
in Extended Data Figure 3(c) and (d) encloses the region smaller than twice of the
global minimum of Z(D, a,g). The extension of the projection of the purple ellipse
along the axes determines the uncertainty of D and «,g, respectively. For both M,
and Ms, the uncertainty in aeg is 0.003°. This results in the 0.003° uncertainty of «
utilized in this work.
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Note 1.3 Detector geometry calibration

The scattered wave-vector @ for each pixel on our detector is calibrated with the
powder rings from a LaBg powder sample. The LaBg sample is installed on the sample
mount for STO. Through the optimization of the overlap of the documented ring
position with measured powder rings as shown in Extended Data Figure 8, detector
distance is determined to be 12 cm downstream the X-ray-sample interaction point
along the z axis, and the lower right corner of the detector is 89.2 mm and -11.0 mm
away from the X-ray sample interaction point along the x and y axis. The Extended
Data Figure 8 (b), (c) and (d) show the overlap of the measured powder ring with
documented ring positions with calibrated detector position and distance.

In the analysis, only a small region around the Bragg peak is of interest. The Q
of each pixel within this region is shwon in Extended Data Figure 9 (a) where the
number on the axes indicates the corresponding pixel index in Extended Data Figure
8 (a). The equivalent reduced wave-vector in the first Brillouin zone, ¢, for each pixel
is shown in Extended Data Figure 9 (b), (c¢) and (d) for different XTG measurements.
The text in the lower left corner of Extended Data Figure 9 of (b), (¢) and (d) indicates
Arg and the transient grating wave-vector.

Due to the high angle accuracy of M7 and Ms, we use the XTG wave-vector as the
reference wave-vector to derive ¢ for other pixels. In the derivation, we first derive Q
for each pixel, and then derive H according to +krq = q = Q — H with the Q of the
pixel on the XTG peak. With H, we obtain the q for other pixels shown in Extended
Data Figure 9.
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Supplementary Note 2 Transient Grating Theory

Note 2.1 Scattering intensity from lattice modification

We use kinematic X-ray scattering theory to analyze the measured signal. The domi-
nant signal observed in the measurement comes from the longitudinal acoustic phonon.
Therefore, we assume that the unit cell of the SrTiO3 (STO) does not change during
evolution.

According to kinematic X-ray scattering theory, the scattering intensity at wave-

vector Q is: )
1(Q,7) = 2ripP*Q, < > F(Q)ef ¥ > , (SI-9)
1

where, 7, is the classical electron radius, P is the polarization factor, ® is the incident
X-ray photon flux per pulse, and (2, is the solid angle of the detector pixel. In addition,
F (Q) is the STO unit cell form factor, R, () is the position of the I unit cell in
the illumination volume and the summation is taken over the illumination volume.
The (-) indicates the averaging over different X-ray pulses. In the following, we define
L, = ®r2P%Q,.

Assume that the coherently scattering volume is V', and the total illumination
volume is V’. Assume that R; (7) = R; + R} (1) + U, (1), where R; is the ideal
lattice position, R; (7) represents thermal fluctuations and disorders that lead to the
equilibrium diffuse scattering signal without pump X-ray pulses, and U (7) is the
XTG induced lattice deformation field. Then the scattering intensity is:

2
eI (Ri+R; (7)) +F(Q) efiQRziQ -U (1) >
v
2
V. >
1%

1 (Qa ~ Ith <
/ 2
%[0 (Q) + Ith |F 2 V < /‘\/ e_i(Q_H)'RQ . U (:R,7 7—) >
\%4

=1 (Q)+ I;n |F (H
~ 2
Q-U(Q—H,T)‘ > . (SI-10)

v

)2 Vv’
VQV

Z e*i(Q*H)'RLQ - U, (7-)

=1 Iy |F (H

Here, V. is the unit cell volume, I (Q) is the equilibrium X-ray scattering signal
without the pump pulse and that,

Q- U(Q-H,r) _/ eQTHRQ .U (R, 7)d°R. (SI-11)
1%

The (-),, indicates the averaging over different V' within V" and averaging over different
X-ray pulses, and we assume that H is the only reciprocal lattice vector of the sample
that is close to Q, which is suitable for our measurement.

T
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Note 2.2 Strain field of single photon ionization

Due to the small cross section, each absorbed X-ray photon creates its own displace-
ment field u(r,0) around the absorption location. We assume that the absorption of
an X-ray photon leads to a localized spherically symmetric distortion in the equilib-
rium position of atoms at time 7 = 0, which launches longitudinal spherical waves
for 7 > 0 and that the distortion field is curl-free. Therefore, it is the gradient of the
auxiliary field ¢:

u(r,0) =Vé(r,0). (SI-12)
Following the same derivation as that shown in [1], the dynamics of the displacement
field can be described with the following equation and initial conditions:

2 0 1 0%\~ oz
(P g ) Han) =S TG, h)
¢(a,7) =0 =0, (S-14)
0 ~
s(q) = ugexp (—;02q2)7 (ST-16)

where §(q) is the source of the distortion field in reciprocal space, H (7) is the Heavi-
side step function, the e~ 7o accounts for relaxation of the distortion of the equilibrium
position, and that the Ufﬁ % accounts for phonon relaxation due to various phonon
scattering processes. The constant value v is the sound velocity of the longitudinal
acoustic phonon mode in STO. The 79 and 7 are fitted from the measurement data
and are less than 10 ps. The functional form of §(q) assumes that around each X-ray
photon absorption site, the source of the distortion in the equilibrium position follows
a Gaussian distribution with an amplitude ug and size o.
The exact solution of this equation is:

$(q,7) =B ( — e cos (f7) — T}T_OTZ%*% sin (fT)) . (SI-17)
Uo L 59
B=-— — exp (—a q ), SI-18
¢* —2(v2rim0) ' + (v27) 2 (1
f=aq/1— (¢2o2r) (SL-19)
(SI-20)
We assume that:
2 92 . 2
g“v*° (min (11, 79))" > 1, (SI-21)
quT1To > |11 — 70 - (SI-22)
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The result is simplified to:

T~ — e (—L02?) (e % — e & g
o (q,7) = 2 exp < 504 ) (e e 71 cos (qm')) . (SI-23)

Therefore, the deformation associated with the longitudinal acoustic phonon with a
wavevector q is:

~ g 1 P P
u(q,7)=q¢(q,7) = —(Al% exp <—202q2) (e 70 —e 71 COoS (qu)) ,  (SI-24)
where q = %. This finishes the derivation of the strain field model for each single

X-ray photon absorption used in this paper.
Here, the relation between u (q,7) and the real space displacement field, u (r, 7),
is:

u(q,7) = /exp (—iq-r)u(r,7)dr. (SI-25)

Note 2.3 Coherent enhancement

Assume that on average there N single X-ray photon ionization sites in each coherent
scattering volume V. The total displacement field is therefore:

U(R,7) = Z u(R—r;,7). (SI-26)
]

Here, r; is the location of the {*" photon ionization site. Therefore:

N
U(qr)=1(q,7)» eam, (S1-27)
1
Therefore, the total scattering intensity is:

V/

2
pop 1@ (o r>|2< >V. (S1-28)

For the [*" X-ray photon absorption event, the probability density to find it at location
r; is P(r;) = V=1 (1 + Bcos(r; - krg)), where 3 is the contrast of the X-ray stand-
ing wave. In our sparse photon absorption event limit, we can consider the photon
absorption events to be independent from each other. Therefore:

(

1(Q,7) = 1o (Q) + I |[F (H)[?

N
2 elar
l

N
E e“l'l‘z
l

2 N
_ iq-(r;—rm)
>V—N+Z<eq ! >V

l#m
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=N+ N (N — 1)/ e' 4172 Py ) P (ry)dr dPry
V2

NN (V-1 (s(0) + 1P (0 — ko) + 1% (0 +ero) )
(S1-29)

Here,
2

s(q) = ’1/ e TPy (SI-30)
Vv

When V is sufficiently large, s(q) = 0q,0 where dq,0 is the Kronecker delta. Since

q = Q — H, when q = 0, it means we are measuring the Bragg diffraction which is

not the focus of this study. Therefore, we only consider q # 0. In this case,

(

In our experiment, the calibration procedure guarantees a high contrast of the
X-ray standing wave. Therefore, we assume S = 1. This yields the cited coherent
enhancement factor in the main text. Combining with the solid angle comparison
between the XTG peak and the pixel solid angle, we obtain the theoretical estimation
of the overall enhancement with XTG excitation.

2 .
> :{ N if a#0.+kre (SL31)

14 g2 XU if g = 4k

N
E e“l'l‘z
l

Note 2.4 Angular divergance

According to the kinematic diffraction theory, for a crystal of a thickness [ and an
X-ray with wavelength X, the angular spread is [2]:

A¢'=0.443& L .
[ cosfOp

(SI-32)

Here, 0p is the Bragg angle. This A¢’ is in the diffraction plane spanned by ks,
and the reciprocal lattice H. Since we are rotating around the sample surface normal
direction n, we need to account for the rotation axis difference when comparing with
the measured angular spread.

Define:
ks x H
ks x HL
. H
For a rotation of H around o of A¢’, the change of the reciprocal lattice is:
h/= (0 x H) A¢'. (SI-35)
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For a rotation of H around n of A¢, the change of the reciprocal lattice is:
h = (n x H) A¢. (SI-36)

The A¢ is what we measure in the experiment. We require the projection of h in the
diffraction plane to be of the same length as h’. Therefore:

lh — (o -h)o| = |h'], (SI-37)

= (0 x H)? = (o (0 x H)))?) (86)° = (0 x H)* (A¢)° = (A¢)° . (SI-38)
With vectorial algebra, one can prove that:

((nx H))® = (o- (n x H)))* = [n- o/, (SI-39)

Therefore, define i to be the angle between n and o:
cosp=n-o (SI-40)
Then: A \ ) )

O 044320

cosn l cosfp cosn

In our measurement, | corresponds to the spatial coherent length of the periodic
excitation from the X-ray interference pattern.

A¢ = (SI-41)

10
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Supplementary Note 3 Data Analysis

Note 3.1 Bragg diffraction simulation
Vectors in Extended Data Figure 1(e) take the following value at ¢ = 0°:

n = (0.980,0.,—0.199), (SI-42)
H = (3.153,3.218, —0.642) A", (SI-43)
k; = (0.026,0.000,4.966) A", (SI-44)
ky = (0.026,0.000,4.966) A", (SI-45)
ks = (—0.117, —1.973,4.556) A", (SI-46)

krc = (0.053,0.,0.) A" (SI-47)

During the sample rotation around its normal direction n, we calculate the reflec-
tivity according to the two-beam dynamical diffraction theory, assuming a thick
perfect crystal. The source code of the simulation is provided in the Supplementary
Data.

Note 3.2 XTG-enhanced scattering intensity modulation

For the measured intensity modulation r(q,7) with Apg = 11.8 nm, we find the
first maxima of r(q,7) in 7 for each ¢, which are marked with black dashed lines in
Figure 2(c) and (d). Along the line of first maxima with each ¢, the value of r(q,7) is
shown in Extended Data Figure 6(a) with solid lines. We perform a linear fit of the
line cut, and the result is shown with dashed lines in Extended Data Figure 6(a).

The ratio between the measured intensity modulation maxima, rexp, — 1, versus the
linear fit, rg — 1, is shown in Extended Data Figure 6(b). From Extended Data Figure
6(b), we determine that XTG induces an enhancement of the scattering intensity
modulation at the XTG peak by a factor of 17 for —kpg and 11 for kpg in our
measurement.
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