Observation of Mermin-Wagner behavior in LaFeO3;/SrTiO; superlattices
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I. SAMPLE CHARACTERIZATION

The X-ray diffraction data shown in the article Fig. 1(c) exhibit the superlattice diffraction peaks (SL_; and SL;)
of the (LaFeOs),,+(SrTiO3)s bilayer. The thickness of the bilayer was determined from the angular position of
these diffraction peaks using the Bragg equation. Supplementary Fig. a) shows the obtained bilayer thickness as
a function of m, which is in good agreement with the thickness expected from the bulk lattice constants of SrTiOs3,
asrTios = 3.905 A, and the LaFeOs pseudo-cubic lattice constant apareo, = 4.002 £ 0.002 A. The latter value is an
out-of-plane lattice constant that was determined from X-ray diffraction of an epitaxial 8 nm thin LaFeOgs film, see
Supplementary Fig. [1] (b). Its pseudomorphic structure was confirmed by reciprocal space mapping around the (004)
SrTiO3 peak shown in Supplementary Fig. a) and around the (024) SrTiOj3 diffraction shown in Supplementary
Fig. [2[(b).

To determine whether the superlattices are relaxed or pseudomorphic, we performed the X-ray diffraction reciprocal
space mapping. We measured a map near the symmetrical (004) SrTiOs diffraction shown in Supplementary Fig. (a),
(b) and (c) for superlattices with m = 1, 2 and 3, respectively, and a map near the asymmetrical SrTiO3 (024)
diffraction shown in Supplementary Fig. [3|(e), (f), (g), respectively. The substrate diffractions, the superlattice zero-
and first-order diffractions are denoted in the figures. Since all superlattice diffraction peaks have the same @, value
as those of the substrate, we conclude that all superlattices are pseudomorphic.
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Supplementary Fig. 1: Determinaton of bilayer thickness from X-ray measurements. (a) Comparison of the
thickness of (LaFeOs),,+(SrTiO3)s5 bilayer, dy;, determined from X-ray diffraction and the one expected from
SrTiO3 and LaFeOg lattice constants as detailed in the text. (b) X-ray diffraction scan of 8 nm thin LaFeOg film on
(001) oriented SrTiO3 substrate.
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Supplementary Fig. 2: Reciprocal space maps of 8 nm thin LaFeOj3 film near (a) (004) and (b) (024)
SrTiO; diffraction.

II. LOW ENERGY MUON SPIN ROTATION

The low-energy muon spin rotation (LEuSR) spectroscopy [II, 2] with relatively small muon penetration depth
compared to the standard muon spin rotation (uSR) enables studying thin films and heterostructures. We have used
the muon beam with 2 keV that provides an implantation profile where most of the muons stop in the superlattices;
see Supplementary Fig. (b) The implantation profile was calculated using Monte Carlo TRIM.SP code [3]. Data in
all measurements are analyzed above 0.1 us since below, artifacts due to back reflection of muons arise [2].

A. Zero field muon spin rotation

The zero-field asymmetry spectra presented in Fig. 2(a)-(c) do not exhibit any oscillatory time evolution typically
seen in bulk crystals. This arises because the structure of our superlattices leads to a broad distribution of internal
fields, including the stray fields due to the iron spin canting that spread through SrTiOgs layers. This corresponds to
a large distribution of Larmor frequencies inevitably leading to a fast damping of the oscillations.

The time evolution of the zero-field asymmetry presented in Fig. 2(a)-(c) was fitted using the stretched exponential
function (1) whose exponent 8 and depolarization rate, A, are is shown in Fig. 2(d) and (e) respectively. For com-
pleteness, the initial asymmetry, Ag, is shown in Supplementary Fig. [5| The temperature dependence of Ay exhibits
a noticeable decrease below Ty, that is, below 175 K for the m = 3 and below 35 K for the m = 2 superlattice.
This decrease is expected in an ordered magnetic phase where the muons quickly depolarize due to strong static local
fields. In the m = 1 superlattice, Ay exhibits only a gradual and relatively weak decrease with decreasing tempera-
ture without a sharper onset in agreement with the interpretation that there is no static order in this superlattice.
Surprisingly, Ay of the m = 1 superlattice seems to increase from 10 to 5 K, however, this increase is on the level of
one standard deviation.

B. Weak transverse field muon spin rotation

In the weak transverse field data analysis, we shall consider the formation of muonium (a bound state of a muon
and an electron) in SrTiO3. Because the muon spin in muonium precesses at a different frequency than a free muon
spin, the formation of muonium occurring below about 50 K in SrTiO3 [] influences the weak transverse field data
of our superlattices. The temperature dependence of the normalized weak transverse field asymmetry for SrTiO3 at
1.6 keV implanting energy was described by the empiric equation [4]

T—43
4.427

An(T) = 0.1 arctan +0.85, (1)

see Supplementary Fig. [f] Our measurements were performed at the implanting muon energy of 2 keV, which is close
enough to use Supplementary Eq. as a starting point in muonium correction. Assuming that the muonium is
formed only in SrTiOj3 layers, the depolarization due to the muonium formation is subtracted from the data using
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Supplementary Fig. 3: Reciprocal space maps of the superlattices near the (004) and (024) diffractions
of SrTiO3 substrate. Panels (a) and (d) are for the superlattice with m = 1, panels (b) and (e) are for the
superlattice with m = 2, and panels (c¢) and (f) are for the superlattice with m = 3.

the following equation
Ao,e(T) = Ao(T) + fsrios [ — AN(T)] Ao(Thign) (2)

where fsyrio, is the volume fraction of SrTiO3 in a given superlattice, and Ag(Thign) is the asymmetry at high enough
temperature. For Ag(Thign) we have used a mean value above 250 K where the superlattices are in the paramagnetic
state and the influence of muonium is negligible. The correction for the muonium formation is significant only
below the temperature of the muonium formation of about 50 K, where Ax(T) is significantly smaller than unity,
see Supplementary Fig. @ At higher temperatures, AN(T) =~ 1 and the second term on the right-hand side of
Supplementary Eq. vanishes.
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Supplementary Fig. 4: Simulated implantation profile for a muon beam energy of 2 keV. Vertical lines
mark the thicknesses of [(LaFeOs),,/(SrTiO3)s]10 superlattices.
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Supplementary Fig. 5: Initial asymmetry, Ag, from the simulation of zero field measurement by the
stretched exponential function. The highlighted areas mark Neel temperature of m = 2 and m = 3 superlattices.

The magnetic volume fraction of the superlattice, fmag(7T'), is calculated as [5]

Ap,o(T)
Ao,c(Thign)

where Ay ¢(Thigh) is the mean of the initial weak transverse field asymmetry above 250 K in the expected paramagnetic
state. Supplementary Fig. m(a) shows fmag calculated without the muonium correction (using Ax(7") = 1). The shaded
regions show temperatures below about 50 K where the muonium formation takes place. Values of fiae corrected for
the muonium formation using Supplementary Eq. , see Supplementary Fig. b), suddenly decrease below about
50 K for superlattices with m = 2 and m = 1, which leads, for the case of m = 1, even to nonphysical values
significantly below zero. Most likely, the step-like correction for muonium formation using Supplementary Eq. ,
which was obtained on SrTiOg3 single crystal, is sharper and centered at a different temperature than what would be
appropriate for ultrathin SrTiOg layers of our superlattices. We have therefore adjusted the temperature and width
of the transition in Supplementary Eq. where the muonium formation occurs so that fi.g is not negative for the
superlattice m = 1. This approach yielded

finag(T) =1 - (3)

AN mod(T) = 0.1 arctan 0 +0.85, (4)
see Supplementary Fig. @(b) Corresponding fiag is shown in Supplementary Fig. m(c) and in the main part of
the paper in Fig. 3(b). Note that we did not adjust the multiplication factor of the step-like arctan function in
Supplementary Eq. corresponding to the magnitude of the correction. Consequently, the values of fr,ag at 5 K
resulting from the two corrections [cf. Supplementary Figs. m(b) and (c)] are almost the same. Similarly, the
main conclusions are the same: the magnetic volume fraction in the m = 1 superlattice at 5 K is essentially zero
corresponding to the absence of a static order formed in the measured temperature range in contrast to the m = 2
superlattice where it is significantly above zero (above 0.4 and above LaFeOg volume fraction of 2/7) and thus the
superlattice exhibits a static antiferromagnetic order.
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Supplementary Fig. 6: Normalized asymmetry due to the muonium formation in SrTiO3. Normalized
asymmetry expressed by Supplementary Eq. is shown with blue solid line and by Supplementary Eq. is
shown with red dashed line.
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Supplementary Fig. 7: Magnetic volume fractions obtained from the weak transverse field measurement.
Panel (a) shows values obtained without the correction for muonium formation, and panels (b) and (c¢) show those
corrected for the muonium formation using Supplementary Eq. and Supplementary Eq. , respectively.

C. Longitudinal field muon spin rotation

Supplementary Fig. [§] shows the asymmetry of the m = 1 superlattice measured at 5 K for several longitudinal
fields. The data are analyzed with the model

ALF(ty Bext) =A [C den(t; Bext) + (1 - C)Pstat(t7 Bext)] + AO(Bext) . (5)

Here Ag(Bext) is a background asymmetry which, in principle, depends on magnetic field Beyxs. In LEgSR, muons
are focused onto the sample by the external magnetic field, and thus different magnetic fields give rise to a different
background. A is the normalization constant that is field independent. The depolarization due to the sample is
modeled as a weighted average of the theoretical Gaussian Kubo-Toyabe functions for the static disorder, Pystat [0],

1 2 22
Pstat(cht - Oat) - g + g(]- - 0_S2t2) €xp |:_82:| 5 (6)
202 o2t?
Pytat(Bext, t) =1 — m [1 —exp <—3> cos (quBextt):| +

204 ¢ T .

and the dynamic fluctuation, Pyyy [7],
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Supplementary Fig. 8: Time evolution of the asymmetry from longitudinal field measurement of the
m = 1 superlattice at 5 K. Measured data for several applied magnetic fields is displayed together with a model
(solid lines), see Supplementary Eq. . The error bars denote one standard deviation.

Variable Value

05/, [mT] 0.32 £ 0.08
oda/vu [mT] fixed 250

v [GHz] 150 £ 20

c 0.64 £+ 0.06
A 0.032 £ 0.003
Ap(Bext =0 mT)  0.030 £ 0.002
Ao(Bext = 2.5 mT) 0.032 =+ 0.003
Ao(Bext =5 mT)  0.032 £ 0.003
Ap(Bext = 10 mT) 0.036 + 0.003
Ao(Bext = 125 mT) 0.053 =+ 0.003

Supplementary Table I: Values of parameters obtained from the global fit of the longitudinal field data by
Supplementary Eq. . The errors represent one standard deviation.
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Payn(Bext, t) = exp T uBo)? 12
nDPex

; (8)

where v is the fluctuation rate. The depolarization rate ¢ appearing in Supplementary Egs. @— is defined as

oc=vV< AB? > where < AB? > is the second moment of the field distribution. The subscripts ‘s’ and ‘d’ denote
whether the second moment corresponds to the static or dynamic magnetic field distribution. The volume fraction of
the dynamically fluctuating part is expressed by the field-independent parameter c.

The data shown in Supplementary Fig. [§] (points) were analyzed with a global fit of asymmetries at all measured
fields with the model expressed by Supplementary Eq. (solid lines). The obtained values of parameters are shown
in Supplementary Tab. lﬂ Because of the high correlation between o4yn and the fluctuation rate v, we fixed the
distribution width of the dynamically fluctuating moments, ogyn/7,, to 250 mT since similar values of the internal
fields were observed in orthoferrites [8]. The corresponding value of the fluctuation rate is v = 150 + 20 GHz. Note
that the fluctuation rate is unreasonably high, and a more detailed model involving a more realistic distribution of
local magnetic fields yields a fluctuation rate about three orders of magnitude lower [9]. The obtained value og/
Yu = 0.32 £ 0.08 mT exhibits a relatively large error that is due to the comparably large field of 2.5 mT used in the
measurements. To determine this value with better precision, one would need to measure with significantly smaller
fields. The errors of other values shown in Supplementary Tab. |I| are reasonably low (about 10%), which demonstrates
that the global fit is well conditioned. Particularly, the fit allowed us to determine the constants A and Ag(Bext) with
reasonable precision. For the sake of simplicity, we display in Fig. 4 the data as normalized asymmetry

AII\,[F (ta Bext) = [ALF(t7 Bext) - AO(Bext)]/A . (9)



III. RUN LOGS

Measurement T [K] E [keV] B [mT] run no. year
300 196 0 4664 2022
150 1.96 0 4693 2022
Zero 80 196 0 4665 2022
field 40 196 0 4666 2022
20 196 0O 4667 2022
10 196 0 4668 2022
5 1.96 0 4669 2022
300 201 10 6608 2021
250 2.01 10 6609 2021
200 201 10 6610 2021
175 2.01 10 6611 2021
150 2.01 10 6612 2021
Weak 125  2.01 10 6613, 6607 2021
trans- 100 2.01 10 6614, 6596 2021
Egze 90  2.01 10 6615, 6597 2021
80 201 10 6616, 6598 2021
70 201 10 6617, 6599 2021
60 201 10 6618, 6600 2021
50 201 10 6619, 6601 2021
40 201 10 6620, 6602 2021
30 201 10 6621, 6603 2021
20 201 10 6622, 6604 2021
10 201 10 6623, 6605 2021
5 2.01 10 6624, 6606 2021
5 196 0 4677, 4678 2022
Longitudinal 5 1.96 25 4679, 4680 2022
field 5 196 5 4681, 4682 2022
5 1.96 10 4683, 4684 2022
5 1.96 125 4695, 4696 2022

Supplementary Table II: Low energy puSR run log for the m = 1 superlattice measured in zero, weak transverse, and
longitudinal fields.



Measurement T [K] E [keV] B [mT] run no. year
275 201 0 4833 2021
225 201 0 4832 2021
Jero 150 201 0 4831 2021
field 75 201 0 4830 2021
375 201 0 4829 2021
25 201 0 4828 2021
175 201 0 4826 2021
5 201 0 4827 2021
300 201 10 4823 2021
275 201 10 4822 2021
250 2.01 10 4834 2021
237 2.01 10 4821 2021
225 201 10 4820 2021
200 2.01 10 4819 2021
175 201 10 4818 2021
y:i{ 150 201 10 4817 2021
verse 125 201 10 4816 2021
field 100 201 10 4815 2021
75 201 10 4814 2021
50 201 10 4813 2021
375 2.01 10 4824 2021
31.27 2.01 10 4835 2021
25 201 10 4812 2021
21.3 2.01 10 4836 2021
175 201 10 4825 2021
14 201 10 4837 2021
10 201 10 4810 2021
5 201 10 4811 2021

Supplementary Table ITI: Low energy pSR run log for the m = 2 superlattice measured in zero and weak transverse
fields.



Measurement 7' [K] E [keV] B [mT] run no.  year

250 1.96 0 4158 2021
200 1.96 0 4155 2021
Zero 160 195 0 4156 2021
field 120 1.95 0 4157 2021
80 1.95 0 4152 2021
50  1.96 0 4154 2021
25 1.95 0 4153 2021
320 201 10 4140 2021
300 2.01 10 4139 2021
275  2.01 10 4138 2021
250  2.01 10 4137 2021
225 2.01 10 4136 2021
200 2.01 10 4135 2021
175 201 10 4134 2021
z}lﬁf 170 2.01 10 4141 2021
verse 160 201 10 4142 2021
field 150 201 10 4143,4133 2021
140 201 10 4144 2021
130 201 10 4145 2021
125 201 10 4132 2021
120 201 10 4146 2021
110 201 10 4147 2021
100 201 10 4131 2021
75 201 10 4148 2021
50 201 10 4149 2021
25 201 10 4150 2021
10 201 10 4151 2021

Supplementary Table IV: Low energy uSR run log for the m = 3 superlattice measured in zero and weak transverse
fields.
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