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Frustration-driven C4 symmetric order in a
naturally-heterostructured superconductor
Sr2VO3FeAs
Jong Mok Ok1,2, S.-H. Baek 3, C. Hoch4, R.K. Kremer4, S.Y. Park 5, Sungdae Ji1,5, B. Büchner3, J.-H. Park1,5,6,

S.I. Hyun7, J.H. Shim7, Yunkyu Bang8, E.G. Moon9, I.I. Mazin10 & Jun Sung Kim1,2

A subtle balance between competing interactions in iron-based superconductors (FeSCs) can

be tipped by additional interfacial interactions in a heterostructure, often inducing exotic

phases with unprecedented properties. Particularly when the proximity-coupled layer is

magnetically active, rich phase diagrams are expected in FeSCs, but this has not been

explored yet. Here, using high-accuracy 75As and 51V nuclear magnetic resonance mea-

surements, we investigate an electronic phase that emerges in the FeAs layer below

T0 ~ 155 K of Sr2VO3FeAs, a naturally assembled heterostructure of an FeSC and a Mott-

insulating vanadium oxide. We find that frustration of the otherwise dominant Fe stripe and V

Neel fluctuations via interfacial coupling induces a charge/orbital order in the FeAs layers,

without either static magnetism or broken C4 symmetry, while suppressing the Neel anti-

ferromagnetism in the SrVO3 layers. These findings demonstrate that the magnetic proximity

coupling stabilizes a hidden order in FeSCs, which may also apply to other strongly correlated

heterostructures.
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In strongly correlated electron materials, including cuprates,
transition metal oxides (TMOs), and iron-based super-
conductors (FeSCs), competing interactions of spin, charge,

and orbital degrees of freedom lead to complex and rich phase
diagrams, extremely sensitive to external perturbations. Especially
impressive is the modification of the phase diagram via intro-
ducing interfacial interactions, as intensively studied for the
heterostructures of high-Tc cuprates1–5 or TMOs6,7, showing the
enhanced Tc or emergent phases that cannot be stabilized in their
constituent layer alone. The similar effect has also been found in
FeSCs, for example, in FeSe monolayers on top of nonmagnetic
SrTiO3

8–10 showing drastically enhanced Tc, arguably higher than
100 K. Although the underlying mechanism is yet to be con-
firmed, the interfacial coupling is considered to be critical and
may further enhance Tc in the superlattice11. Of particular
interest is when the proximity-coupled layer is strongly correlated
and magnetically active. As found in heterostructures of high-Tc
cuprates and magnetic TMOs3–5, additional interfacial spin
interaction, e.g., in proximity of a Mott insulator, may also induce
distinct ground states in FeSCs12, which however has not been
explored so far.

Sr2VO3FeAs is an unusual naturally assembled superlattice of
[SrFeAs]+1 and [SrVO3]−1 layers13. Initially Sr2VO3FeAs was
thought to have, because of the V bands, an unusual Fermi surface
topology, incompatible with s± superconductivity scenario driven
by spin fluctuation14. However, it was soon realized that the V 3d2

electrons in the SrVO3 layer are strongly correlated and form a
Mott-insulating state15–17, while the partially filled Fe 3d6 state in
the FeAs layer has considerable itinerancy and superconducts at
Tc ~ 35 K13,14,18. These contrasting ground states in Sr2VO3FeAs
make this system prototypical for strongly correlated hetero-
structures based on FeSCs and TMOs. Sr2VO3FeAs has the Fermi
surface structure similar to that in other FeSCs15,17, and thus is
expected to show either the stripe antiferromagnetic (AFM) order
with the wave vector Q = (π, 0), or the corresponding nematic
phase, or enhanced spin fluctuations at low temperature with the
same wave vector19. There is in fact a second-order transition
observed at T0 ~ 155 K with a sizable entropy loss of ~0.2Rln2 (R is
the gas constant)20–22. With no evidence of a static magnetic order
or another apparent symmetry breaking, the hidden nature of this
phase transition, similar to the famous hidden order in under-
doped cuprates or a heavy fermion system URu2Si2, remains
elusive and controversial20–26, posing a challenge to our under-
standing of the physics of FeSCs in proximity of a Mott insulator.

Here we report that an emergent electronic phase is developed
below T0 = 155 K in Sr2VO3FeAs, which is highly distinct in
nature from the transitions found in other FeSCs. Using high-
accuracy 75As and 51V nuclear magnetic resonance (NMR)
measurements on single crystals under various field orientations,
we unambiguously show that the transition occurs in the FeAs
layer, not the SrVO3 layer, without breaking either time reversal
symmetry or the underlying tetragonal lattice symmetry. This
implies that the typical stripe AFM and C2 nematic phases in the
FeAs layers as well as the Neel antiferromagnetism in the SrVO3

layer are significantly suppressed by the interfacial coupling
between itinerant iron electrons and localized vanadium spins.
We propose that the observed phase is a C4-symmetric charge/
orbital order, which to our knowledge has never been observed in
iron or vanadium-based materials, triggered by frustration of the
otherwise dominant Fe stripe and V Neel fluctuations. Such a
strong modification of the ground state is not common in other
strongly correlated TMO heterostructures3–5, which highlights
that FeSCs, itinerant systems with complex interplay of spin/
charge/orbital degrees of freedom, have competing ground states
related to the Fermi surface instabilities, and thus are extremely
sensitive to additional interfacial interactions in heterostructures.

Results
Transport and magnetic properties. Our transport and magnetic
measurements on single crystalline Sr2VO3FeAs shown in Fig. 1b,
c confirm that the transition at T0 is intrinsic. A weak, but dis-
cernible, anomaly is observed at T0 ~ 155 K in the resistivity (ρ),
even more pronounced in its temperature derivative dρ/dT. The
magnetic susceptibility χ(T) also shows an anomaly at T0. Above
T0, χ(T) is several times larger than in typical FeSCs and follows
the Curie–Weiss law with a Curie–Weiss temperature
TCW ~ −100 K (see Supplementary Note 2). The effective mag-
netic moment is consistent with S = 1 expected for the V3+ ions
(Fig. 1a), suggesting that χ(T) is dominated by localized V spins.
At T0 ~ 155 K, χ(T) for both H || ab and H || c exhibits a small
jump, which corresponds to a magnetization of ~10−3 μB/f.u.,
three orders of magnitude smaller than typical values of V3+ ions
(~1.8 μB) in vanadium oxides16 and Fe ions (~0.8 μB) in FeSCs27.
Such weak anomalies in ρ(T) and χ(T), in contrast to a strong one
in the specific heat20–22, question the previous conjectures of a
long-range ordering of either V or Fe spins20–26, and suggest that
this weak ferromagnetic response is only a side effect of the true
transition. However, another anomaly at TN ~ 45 K in both χab(T)
and χc(T) turns out to reflect a long-range ordering of Fe, but still
not V spins, as discussed below. Notably, neither transition is
consistent with the typical stripe AFM or nematic orders for
FeSCs.

75As and 51V NMR spectroscopy. To gain further insight into
the transition at T0 on a microscopic level, we measured NMR on
75As and 51V nuclei as a function of temperature for field
orientations parallel to a (100), c (001), and the (110) directions
(Fig. 2 and the Supplementary Fig. 4). The 51V probes the V spin
order directly and the 75As is a proxy for the Fe sites, which
allows us to probe the two magnetic ions separately. A dramatic
change of the 75As line occurs near T0 ~ 155 K as shown in
Fig. 2a, consistent with the anomalies in ρ(T) and χ(T). Near 180
K, the 75As signal starts to lose its intensity rapidly and is not
detectable between 150 and 170 K due to the shortening of the
spin–spin relaxation time T2 (ref. 26). Strikingly, the signal
recovers below ~150 K at substantially higher frequencies, in a
similar fashion for both field orientations. We emphasize that
these behaviors of 75As NMR have never been observed so far in
other FeSCs as clearly shown in Supplementary Fig. 5. This is
better shown in terms of the Knight shift 75K ≡ f � ν0ð Þ=ν0,
where ν0 ≡ γnH with the nuclear gyromagnetic ratio γn (see
Fig. 2c). 75K changes abruptly at T0 ~ 155 K without any peak
splitting or broadening of the full-width at half-maximum
(FWHM) across T0. Conversely, the 51V line barely shifts below
T0 and down to 20 K (Fig. 2b, d), while its FWHM gradually
increases below T0. The nearly unchanged 51V NMR line signals
that the V spins remain disordered down to low temperatures.
This contrasting behavior of the 75As and 51V spectra unam-
biguously proves that the transition at T0 occurs in the FeAs layer
and not in the SrVO3 layer, contrary to previous claims20–25.

Having established that the phase transition at T0 occurs in the
FeAs layer, we examined the low-energy Fe spin dynamics, as
probed by the 75As spin–lattice relaxation rate T�1

1 , which reflects
local spin fluctuations. As shown in Fig. 3, at T ≳ 240 K, (T1T)−1

exhibits a typical Curie–Weiss-like behavior with an anisotropy
T�1
1;a=T

�1
1;c ≈ 1.5. This is expected for a directionally disordered

state with local stripe AFM correlations with Q = (π, 0) and has
been observed in many FeSCs28,29 (see Supplementary Note 6).
With lowering temperature, a critical slowdown of the (π, 0) spin
fluctuations usually condenses into the C2 stripe AFM phase. For
Sr2VO3FeAs, however, this critical growth is arrested at T ~ 200
K, showing a broad peak of (T1T)−1 with an unusually large
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Fig. 1 Basic properties of Sr2VO3FeAs. a The crystal structure of Sr2VO3FeAs as a naturally assembled heterostructure of the [SrFeAs]+1 and [SrVO3]−1

layers. V ions form a network of corner-sharing tetrahedra, while FeAs layers consist of edge-sharing FeAs4 tetrahedra as in other iron-based
superconductors. The local structure of an FeAs4 tetrahedron and a VO3 pyramid is highlighted at the bottom. FeAs4 tetrahedra provide a moderate cubic
crystal field splitting, much smaller than the band widths, while the VO3 unit is missing one O entirely, and thus develops a strong Jahn–Teller splitting. The
dxy orbital is pushed up, and the two V d electrons occupy the dxz and dyz states, forming an S= 1 spin. The Fe and V planes are bridged by the As atoms, as
indicated by the dashed line. b The resistivity ρ(T) in the αb plane (red) and along the c axis (blue) shows a weak anomaly at T0 ~ 155 K (blue highlighted
region), which is more clear in their temperature derivatives (top panel). The large c-axis resistivity, which was scaled down by a factor of 100, is consistent
with the quasi-2D nature of the material. c The magnetic susceptibility χ(T), taken at H= 1 T for H ⊥ c and H || c, shows clear anomalies at T0 and also at TN
~ 45 K

120

160

200

240

280

80

40

0

120

160

200

240

280

80

40

0

120

160

200

240

280

80

40

0

120

160

200

240

280

80

40

0

T
 (

K
)

T
 (

K
) T (K)

109.2 109.6 110

f (MHz)
109.2 109.6 110

f (MHz)

134 134.4 134.8

f (MHz)

134 134.4 134.8

f (MHz)

0
0

0.6

0.4

0.2

0
0.6

0.4

0.2

0.2

0.1
0.2

0.1

0

40 80 120 160 200 240 280

T (K)

0 40 80 120 160 200 240 280

F
W

H
M

 (
M

H
Z

)
F

W
H

M
 (

M
H

Z
)

d

ca b

H ⎪⎢c H ⎪⎢a H ⎪⎢c H ⎪⎢a

H ⎪⎢a
H ⎪⎢c

H ⎪⎢a
H ⎪⎢c

Fig. 2 NMR spectra and their analysis for the Sr2VO3FeAs single crystal. 75As (a) and 51V (b) NMR spectra as a function of temperature, measured at H=
15 and 12 T, respectively, for the fields oriented along the a and c axes. The unshifted Larmor frequency (ν0≡ γnH) is marked by the red vertical lines. While
the 51V spectrum is nearly temperature independent down to 20 K, the 75As spectra in both field directions show a sudden shift at T0 ~ 155 K. c, d
Temperature dependences of the 75As and 51V spectra in terms of the Knight shift (K) and the full-width at half-maximum (FWHM), respectively. Below
T0, a nearly isotropic large jump of the 75As Knight shift takes place without any magnetic line broadening, contrasting with the 51V spectra that remain
unchanged
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T�1
1;a=T

�1
1;c ≈ 6, and then the fluctuations harden all the way down

to T0. Across T0, (T1T)−1 barely changes and then quickly reaches
a constant below T0, behaving as a paramagnetic metal. This
completely unexpected behavior in both 75K and (T1T)−1

confirms that the transition at T0 in Sr2VO3FeAs is unlike any
transitions observed in FeSCs so far.

Let us now discuss possible orders established below T0. First of
all, we can eliminate the usual suspects: stripe, double-Q30–33, and
bicollinear34 AFM orders, observed in other FeSCs. In the first
case Q = (π, 0) and the Fe spins aligned along the a axis (s || a)
generate a hyperfine field Hhf ~ 1.5 T along the c axis. This would
be visible in the 75As NMR spectra as a peak splitting of ~10MHz
for H || c, which is far larger than the FWHM of our spectra
(~0.05MHz) and easily detectable. Similarly, for s || c, an 75As
peak splitting is expected for H || a. Even for s || b, in which case
no transferred Hhf and thus no peak splitting are expected,
considerable line broadening due to the directional fluctuations of
Fe spins should be seen in experiments. Neither splitting nor
broadening is observed in our experiments (Fig. 2a). For the
double-Q AFM state30–33, a combination of two spin density
waves with Q = (π, 0) and (0, π), the magnetization vanishes at
one of the two Fe sublattices and is staggered in the other. Thus,
the 75As peak splitting is expected for either H || c (s || a) or H || a
(s || c), as discussed in the Supplementary Note 5, which can be
ruled out by experiments. The bicollinear AFM order34 can also
be excluded with even more confidence. In this case, the As
environment is spin-imbalanced (three neighboring Fe spins are
aligned in one direction, and the fourth one in the opposite), and
already a plain exchange coupling would generate two inequi-
valent As sites and thus a measurable splitting for any direction of
external fields. Similarly, other AFM orders with more

complicated spin structures, such as a plaquette AFM order, are
excluded as discussed in the Supplementary Note 5. This
conclusion is further supported by the absence of the diverging
behavior in (T1T)−1 across T0 (Fig. 3).

Having excluded static magnetic order, we consider now
nematic or, as it is occasionally called, vestigial partners of various
AFM orders. The only nematic order observed so far in FeSCs is
the stripe-nematic order that creates an imbalance in the orbital
population between Fe dxz and dyz states (Fig. 4b). This, in turn,
induces an imbalance between As px and py orbitals and dipolar
in-plane anisotropy of the As Knight shift in the twinned crystals,
as observed in e.g., LaFeAsO for H || a below the nematic
transition temperature29. A similar behavior is expected for the
nematic partner of the bicollinear order (Fig. 4c), which breaks
the C4 symmetry such that the (110) and (110) directions are not
equivalent35,36. If the generated imbalance between the corre-
sponding orbital Fe-dxz± dyz is of the same order as in the stripe-
nematic case, a peak splitting for H || (110) should be detected.
And, for the nematic partner of the plaquette magnetic order, two
inequivalent sites and thus a sizable splitting are expected for
every field direction. Yet, none of these signatures appear in our
75As spectra for H || a (100), c (001), and (110) directions (Fig. 2a,
b and the Supplementary Fig. 4). Furthermore, our single-crystal
X-ray diffraction (XRD) (see Supplementary Note 1) as well as
the recent ARPES study17 do not reveal any signature of a C4

symmetry breaking.
Since the transition at T0 retains the C4 symmetry, and in the

absence of a long-range magnetic order, this transition must
generate a change in the relative occupations of the C4 orbitals,
namely dxy, dz2 , dx2�y2 , and dxz± idyz. Given that at high
temperature we see clear indications of strong spin fluctuations,
we looked for a spin-driven scenario conserving the C4 symmetry;
a good candidate is the vestigial (nematic) partner of the double-
Q AFM order37. It can be visualized (Fig. 4d) as a superposition
of two charge/orbital density waves with Q = (π, 0) and (0, π),
which preserves the C4 symmetry without unit-cell doubling. This
phase has a broken translational symmetry in the Fe-only square
lattice, but not in the unit cell doubled to include the As atoms37.
Formation of the intra-unit-cell charge/orbital density wave
affects the Fe–As hybridization and modifies the hyperfine
coupling via isotropic Fermi-contact and core-polarization
interactions, accounting for the nearly isotropic 75K Knight shift
(Fig. 2). One may note that due to dipole or orbital hyperfine
interactions, the Knight shift can split for a field parallel to (110),
because half of the As sites have paramagmetic neighbors along
(110), and half along (110). However, the difference in the d
orbital occupations between nonmagnetic and paramagnetic Fe
are expected to be small, likely a few percent (see Supplementary
Note 5), in which case the splitting will be below detection,
consistent with our experiments.

If we assume a nonmagnetic origin, another plausible
candidate could be an orbital-selective Mott transition. In this
case, the most correlated Fe orbital state, likely dxy, experiences a
Mott–Hubbard transition, becoming essentially gapped,
while the other orbitals remain itinerant. The resulting
occupation change in the dxy state of all Fe sites (Fig. 4e)
uniformly changes the hyperfine field at the As sites, retaining
the C4 symmetry and explaining the nearly isotropic change of
75K (Fig. 2). Indeed a possibility of such transition has been
discussed, but, admittedly, not in undoped pnictides, but in more
strongly correlated chalcogenides38 and (strongly underdoped)
KFe2As239,40. We note that as compared to the orbital-selective
Mott phase, the former vestigial double-Q phase breaks the
additional translational symmetry, which may allow experimental
distinction by neutron scattering when bigger crystals become
available.
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Fig. 3 Fe spin fluctuations. Temperature dependence of the 75As
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T. The error bars reflect the uncertainty in the fitting procedure. At high
temperatures, (T1T)−1 is well described by a Curie–Weiss (CW) law (solid
line). Below ~240 K, it deviates from the diverging behavior and drops at
lower temperatures, forming a large peak centered at ~190 K. At low
temperatures below 120 K, (T1T)−1 reaches a constant value comparable to
that observed at the high temperature limit, implying that the spin
fluctuations are completely gapped out. (T1T)−1 sharply turns up at ~50 K,
indicating critical slowing down of spin fluctuations toward a magnetic
order. In the inset, TN ~ 45 K (green arrow) was identified from the sharp
peak observed for H || c. (T1T)−1 drops at Tc, determined by the resistivity
measurements under H || ab (red arrow) and H || c (blue arrow),
microscopically probing bulk superconductivity in the magnetically ordered
state
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As mentioned, Sr2VO3FeAs experiences another transition at
TN ≈ 45 K, which can be identified as a spin density wave highly
distinct from the typical stripe AFM. Indeed, (T1T)−1 climbs
sharply below 60 K (� T0) for both H || a and H || c, indicating a
critical slow-down of spin fluctuations toward a magnetic
ordering at TN ~ 45 K. However, T�1

1;a=T
�1
1;c remains isotropic,

suggesting that the coupling between Fe spins and As is due to
hybridization, which can only generate a magnetic moment on As
if As environment is spin-imbalanced. This excludes such AFM
orders as stripe, Neel, or double-Q, but would be consistent with a
longer period AFM order. Also the progressive broadening of
75As spectrum at low temperatures, as shown in Fig. 2a, c,
suggests a long wavelength, and possibly incommensurate, spin
density wave. Neutron diffraction23,24, which observed magnetic
Bragg peaks at Q = (1/8, 1/8, 0) below TN ~ 45 K, is consistent
with this conclusion, although it was incorrectly attributed to an
ordering of V spins in the previous studies16,20–25. Upon further
temperature lowering, (T1T)−1 abruptly drops at Tc. This proves
that the superconducting gap opens up on the magnetic Fe sites,
and emerges on the background of the remaining, but still strong,
spin fluctuations with a C4 symmetry below TN. How spin density
wave competes or cooperates with superconductivity remains an
important question.

Discussion
We shall now address an essential question: what suppresses the
expected stripe order in the FeAs layer and the Neel order in the
SrVO3 layer? The former can be suppressed via the mechanism in
which Neel-type spin fluctuations of the localized magnetic
moments are coupled to the itinerant electrons’ stripe spin fluc-
tuation12. The stripe order, with Q = (π, 0) or (0, π), is relatively
fragile and can give way to bicollinear, double-Q, and, possibly,
plaquette orders, due to AFM fluctuation with additional
Q’s12,37,41. Such magnetic frustration is due to the long-range

magnetic interactions, reflecting the itinerancy of Fe
electrons. Fluctuation at Q = (π, π), normally weak in FeSCs, can
be enhanced through coupling to the Q = (π, π) fluctuations
of V spins12 (Fig. 4a). This destabilizes the C2 stripe AFM or
nematic orders, but encourages the C4 symmetric vestigial
charge/orbital density wave phases12,37. Note that in Sr2(Mg,Ti)
O3FeAs and Ca2AlO3FeAs, isostructural compounds with
nonmagnetic oxide layers, the standard stripe ordering is not
suppressed42,43. Clearly additional Neel V spin fluctuations,
frustrated with stripe Fe spin fluctuations via magnetic proximity
coupling, are essential to stabilize an unusual hidden phase in
Sr2VO3FeAs.

The coupling between the itinerant Fe electrons and the loca-
lized V spins also suppress the Neel order in the SrVO3 layer. In
the SrVO3 layers, the nearest neighbor superexchange interaction
would dominate and generate a stable Neel order. In fact, com-
pared to other V3+ perovskite oxides, such as LaVO3, SrVO3FeAs
should have stronger exchange coupling, because of the straighter
V–O–V bonds. However, the measured Curie–Weiss temperature
of TCW ~ −100 K in Sr2VO3FeAs is considerably lower than
TCW ~ −700 K in LaVO3

44. The unexpectedly low TCW comes
from an additional ferromagnetic coupling between the V spins
via indirect double-exchange-like interaction mediated by the Fe
electrons45. This frustrates and weakens the V AFM super-
exchange interaction suppressing the long-range V spin order at
low temperatures. Indeed, in our detailed LDA +U calculations,
we found that the calculated magnetic interaction is extremely
sensitive to the on-site Coulomb energy U and the Hund’s cou-
pling J (note that these corrections were only applied to V, and
not to Fe orbitals). At U − J = 5 eV, the superexchange interaction,
which is inversely proportional to U, is significantly suppressed,
while the Fe-mediated one is enhanced, so that the net magnetic
interaction becomes weakly ferromagnetic in the planes.
For U − J = 4, it changes sign and becomes antiferromagnetic,
consistent with a previous report16. This demonstrates that the
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SrVO3 lies on the borderline of competing phases due to a deli-
cate balance between the superexchange and the additional
indirect interactions. At the same time, coupling between the
stripe fluctuations in the Fe plane at Q = (π, 0) and Neel fluc-
tuations in the V plane Q = (π, π) suppresses both orders even
further12 and prevents V spins form ordering. The interfacial
Fe–V interaction is again crucial for the Mott-insulating SrVO3

layers to remain in a nearly paramagnetic ground state. Our
findings therefore manifest that the physics of FeSCs can become
even richer in the proximity of other correlated systems and also
offer an avenue for exploring unusual ground state in the cor-
related heterostructures.

Methods
Crystal growth. Single crystals of Sr2VO3FeAs were grown using self-flux tech-
niques as follows. The mixture of SrO, VO3, Fe, SrAs, and FeAs powders with a
stoichiometry of Sr2VO3FeAs:FeAs = 1:2 were pressed into a pellet and sealed in an
evacuated quartz tube under Ar atmosphere. The samples were heated to 1180 °C,
held at this temperature for 80 h, cooled slowly first to 950 °C at a rate of 2 °C/h
and then furnace-cooled. The plate-shaped single crystals were mechanically
extracted from the flux. High crystallinity and stoichiometry are confirmed by the
XRD and energy-dispersive spectroscopy. The typical size of the single crystals is
200 × 200 × 10 μm3.

Single crystal characterization. Single-crystal XRD patterns were taken
using an STOE single crystal diffractometer with image plate. Single crystal XRD
reveals a good crystallinity in a tetragonal structure with a = 3.9155(7) Å and
c = 15.608(4) Å, consistent with the previous studies on polycrystalline samples.
Detailed information about single crystal XRD can be found in the Supplementary
Information.

Conventional four-probe resistance of single crystals was measured in a 14 T
Physical Property Measurement System. Single-crystal magnetizations were
measured in a 5 T Magnetic Property Measurement System. The size of one crystal
was too small (~0.15 mg) to measure the magnetization, thus 8 pieces of
Sr2VO3FeAs single crystals (1.2 mg) were stacked together. All single crystals were
carefully aligned along the c-axis or the ab-plane.

These measurements further confirm the quality of our single crystals. In
heterostructured compounds, antisite mixing, here between Fe and V atoms, is
known to be detrimental to maintain their intrinsic properties. The As NMR line
width and the superconducting transition width are particularly sensitive to the
antisite mixing. In our crystals, we found that the As NMR line width is ~30 kHz at
280 K, comparable with typical values of ~5–40 kHz found in other single
crystalline FeSCs. Also that the V NMR line width of our single crystal is ~50 kHz
at 280 K, much smaller than ~160 kHz, observed in polycrystalline sample26.
Furthermore we also found that the superconducting transition in our Sr2VO3FeAs
single crystal has a sharper resistive transition with a temperature width of ΔTc ~ 3
K, than found in polycrystalline Sr2VO3FeAs whose ΔTc is typically larger than 5
K13. These observations consistently suggest that the antisite mixing, if any, cannot
be sufficient to induce the observed unusual behavior in our Sr2VO3FeAs single
crystal.

Nuclear magnetic resonance. 51V (nuclear spin I = 7/2) NMR and 75As (I = 3/2)
NMR measurements were carried out at external magnetic fields of 14.983 and
11.982 T, respectively. The sample was rotated using a goniometer for the exact
alignment along the external field. The NMR spectra were acquired by a standard
spin–echo technique with a typical π/2 pulse length 2–3 μs and the spin–lattice
relaxation rate was obtained by a saturation method.

Band structure calculations. Band structure calculations were performed using
two standard codes: an all-electron linearized augmented plane wave method
implemented in the WIEN2k package46, and a pseudopotential VASP code47.
In both cases the gradient-corrected functional of Perdew, Burke, and
Ernzerhof was used, and special care was taken to ensure proper occupancy of V
orbitals in the LDA +U calculations. LDA +U calculations are known to occa-
sionally converge to metastable minima with incorrect orbital occupancy. Some
calculations in the literature suffer from this problem. We ensured, by a
proper selection of the starting configuration, that our calculations converge to the
correct occupancy, and verified that by analyzing the calculated density of states for
each independent run.

Data availability. All relevant data are available from the authors.
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1

Supplementary Note 1. X-ray diffraction on Sr2VO3FeAs single crystals

Supplementary Fig. 1 shows X-ray diffraction patterns from a Sr2VO3FeAs single crystal at various (hkl) planes.
The clear spots with no splitting confirm good crystallinity of the crystals without twin domains. The structure
information determined from the single crystal XRD was listed in Supplementary Table 1. We note that the tetragonal
crystal symmetry (P4/nmm) describes well the observed Bragg reflections both at 297 K (> T0) and at 93 K (< T0).
A refined crystal structure of Sr2VO3FeAs is shown in Supplementary Fig. 1n.

Supplementary Fig. 1: Single crystal X-ray diffraction patterns of Sr2VO3FeAs for a (0kl) b (1kl) c (2kl) d (3kl) e (h0l) f (h1l)
g (h2l) h (h3l) i (hk0) j (hk1) k (hk2) l (hk3) planes. m A photograph of Sr2VO3FeAs single crystal grown by the self-flux
method (scale bar size is 200µm). n Perspective view of the unit cell of Sr2VO3FeAs (light gray: Sr, blue: Fe, green: V, red:
O, dark gray: As). All ellipsoids are drawn at a 90 % probability level. The square pyramids in green show the coordination of
V(1) by four O(1) and one O(2), the blue tetrahedra depict the coordination of Fe(1) by four As(1). The c vector is vertical.

Supplementary Fig. 2a shows the single crystal X-ray diffractograms for two Bragg reflections at (h k l) = (0 0 10)
and (2 0 0) as a function of temperature. A weak but clear kink at T0 = 155 K is observed for the (0 0 10) reflection,
while no noticeable anomaly appears for the (2 0 0) reflection. Accordingly, as shown in the Supplementary Fig. 2b,
the temperature dependence of the c-axis lattice parameter (c) exhibits an anomaly at T0 = 155 K, whereas the a-axis
lattice parameter (a) changes monotonically across T0. This is consistent with the previous reports [1–3] and also the
refinement result on single crystal X-ray diffraction data, taken at 93 K (< T0). Therefore, the tetragonal symmetry
of Sr2VO3FeAs remains unchanged below T0 within experimental resolution. For other iron pnictides showing an
orthorhombic distortion, the orthorhombicity δ = (a−b)/(a+b) is typically 0.5−4×10−3 [4–7]. Considering that the
beam divergence of our single crystal X-ray diffractometer is less than ≈ 0.1 degree, the orthorhombicity, if any, should
be less than δ ∼ 10−4 in Sr2VO3FeAs, at least one order of magnitude smaller than found in other iron pnictides.
These observations suggest that the nematic C2 order is either absent or strongly suppressed in Sr2VO3FeAs, highly
distinct from other iron pnictides. One can argue that the coupling with the SrVO3 layers hardens the Fe lattice.
Indeed our density functional theory (DFT) calculations for a putative stripe order produced an optimized structure
with b/a−1 . 0.5%, while similar calculations for BaFe2As2 yield 1.5%. Still, it is factor of three short of the observed
order-of-magnitude difference.
On the contrary, the c-axis lattice parameter suddenly decreases at T0 by ∆c≈−0.03 Å. The reduction is comparable

with the orthorhombic distortion a−b ≈ 0.02 Å in other iron pnictides showing a C2 structural transition. As discussed
in the main text, we attribute this reduction of the c-axis lattice parameter to the anion-height change due to an
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Supplementary Table 1: Selected crystallographic information from the structure refinement of the XRD patterns of a
Sr2VO3FeAs single crystal. The standard deviations of the last digit are given in parentheses. The R values for the Rietveld
refinement are Rint = 0.0931, R1 = 0.0512, and wR2 = 0.0671.

Data collection temperature [K] 293(2) 93(2)
Space group P4/nmm P4/nmm

Formula units per unit cell Z 2 2
Lattice parameters [Å] a 3.9155(7) 3.9105(6)

c 15.608(4) 15.5077(3)
Unit cell volume [Å3] V 239.29(9) 237.14(1)

Calculated density [g · cm3] ρ 5.620 5.653
Radiation, wavelength [Å] λ Ag-K, 0.56083

Monochromator curved graphite single crystal
Atomic parameters

Sr(1) [2c (1/4, 1/4, z)] 0.58642(9) 0.58690(8)
Sr(2) [2c (1/4, 1/4, z)] 0.81000(8) 0.81081(7)
V(1) [2c (1/4, 1/4, z)] 0.30763(18) 0.30648(15)
O(1) [4f (3/4, 1/4, z)] 0.2935(5) 0.2926(7)
O(2) [2c (1/4, 1/4, z)] 0.4291(7) 0.4301(10)
Fe(1) [2a (3/4, 1/4, z)] 0 0
As(1) [2c (1/4, 1/4, z)] 0.08954(10) 0.08941(9)

C4-symmetry vestigial charge or orbital ordering as discussed in the main text. Our DFT calculation have shown,
for instance, that the “double-Q” configuration with half Fe atoms magnetic converges to a structure with the lattice
parameter c roughly 0.03 Å lower than in fully magnetic stripe phase.

Supplementary Note 2. Magnetic properties of Sr2VO3FeAs single crystals

Above T0, the magnetic susceptibility follows the Curie-Weiss law expressed by χ(T ) = C/(T −TCW )+χ0 as shown
in the Supplementary Fig. 3a. Here TCW is the Curie-Weiss temperature, and χ0 is the contribution from itinerant Fe
electrons, which in other iron pnictides exhibits a temperature-independent or weakly-dependent behavior[8–10]. C is
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the molar Curie constant, C = (NP 2
eff )/3kB , with the Avogadro’s number N and molar effective magnetic moment

Peff . The magnitude of χ0 is typically ∼ 10−4 emu/mol, smaller by two orders of magnitude than the observed
χ(T ) in Supplementary Fig. 3a. Assuming negligible χ0, we can fit the experimental data well enough, yielding the
Curie-Weiss temperature TCW = −110(1) K for H ∥ c and TCW = −119(2) K for H ∥ ab. The estimated effective
magnetic moments Peff = (3kBC/N)1/2 from the fit are 2.35 µB/V for H||c and 2.43 µB/V for H ∥ ab. These values

are comparable with the expected value Peff = g
√
S(S + 1)µB = 2.83µB for S = 1 spins in V3+ ions of the SrVO3

layer. The slight reduction of the measured Peff can be attributed to hybridization.
The Curie-Weiss behavior from the localized V spins dominates the temperature dependence of χ(T ). For typ-

ical doped iron pnictides without a long-range order [8–11] χ is less than ∼ 0.7 × 10−3 emu/mol and very weakly
T−dependent. We tried several value of χ0 within this range and obtained the TCW values of −100± 30 K, as shown
in Supplementary Fig. 3b. For comparison we also plot the TCW estimates in previous reports [1, 2]. Note that the
studies reporting a nearly zero or positive TCW utilized χ0 ≈ 1.2 − 2.0 × 10−3 emu/mol, much larger than typical
values for iron pnictides. Setting χ0 as a fitting parameter, we obtained a slightly better fit to the data, yielding TCW

= −72(2) K and χ0 = 0.54(3)× 10−3 emu/mol.

Supplementary Note 3. 75As NMR spectra and their analysis for Sr2VO3FeAs in a magnetic field H ∥ (110)

Supplementary Fig. 4 shows 75As NMR spectra as a function of temperature for field orientations parallel to c
(001) and the (110) directions, which were taken on a different single crystal of Sr2VO3FeAs. For H ∥ c, a sudden
change in the Knight shift occurs at T0 ≈ 155 K, consistent with the results shown in Fig. 2 of the main text. For
H ∥ (110) we obtained the sudden shift of the NMR peak to high frequencies, similar to the results in H ∥ a. Neither
peak splitting nor broadening were detected as shown in Supplementary Figs. 4c and 4d.

Supplementary Note 4. Comparison with the 75As NMR behavior in other iron-based superconductors

In iron pnictides or chalcogenides, various types of the long-range spin and orbital orders are stabilized in parent
compounds such as LaFeAsO and BaFe2As2. The most common parent phases are the C2 orbital (nematic) order and
the stripe-type C2 antiferromagnetic (AFM) order [12]. The C2 orbital order at TS usually precedes the C2 magnetic
order at TN (TS ≥ TN ), and depending on the coupling strength between these orders, their ordering temperatures
differ in a wide range [13]. The most extreme case is FeSe where only a C2 orbital ordering occurs, at TS = 90 K,
whereas the C2 spin correlation fails to induce the static magnetic order [14]. There are some exceptions, however,
exhibiting different types of AFM or orbital-ordered phases such as a bicollinear-AFM in FeTe [15], a double-Q C4-
AFM in (Ba,Na)Fe2As2 and (Ba,K)Fe2As2 [16–18], and a spin-reoriented-AFM orders in Ba0.65Na0.35Fe2As2 [19] as
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consistent behavior.

listed in the Supplementary Table 2.
This also includes the nonmagnetic collapsed C4 phase in rare-earth doped CaFe2As2 as discussed in the supple-

mentary section 1. These ground states have their own characteristic temperature dependences in the Knight shift
and the spin-lattice relaxation rate 1/T1T , depending on the underlying spin or orbital structures, which can be cat-
egorized as shown in Supplementary Fig. 5. The observed NMR properties of Sr2VO3FeAs are highly distinct from
those in other iron-pnictides or chalcogenides. Particularly, the spin pseudogap behavior, i.e., dramatic suppression
of 1/T1T is a precursor of the C4 symmetric order at T0, as discussed in the main text, reflecting the unique role of
the interfacial Fe-V interaction in the hetero-structured Sr2VO3FeAs.

Supplementary Table 2: Representative antiferromagnetic and orbital-ordered phases considered for iron pnictides and chalco-
genides. The patterns of the orbital and spin orders, the corresponding transition temperatures (TS) and TN ), and the behavior
of NMR properties are listed in Supplementary Fig. 5.

Family Compounds Electronic ground state NMR results
Orbital Spin

11 FeSe C2 TS ∼ 90 K - - a [14]
FeTe [15] C2 TS ∼ 67 K Bicollinear-AFM - -

111 NaFeAs C2 TS ∼ 49 K C-type AFM TN ∼ 39 K b [20]
LiFeAs - - - - -

122 BaFe2As2 C2 TS ∼ 142 K C-type AFM TN ∼ 143 K b [21, 22]
SrFe2As2 C2 TS ∼ 173 K C-type AFM TN ∼ 220 K b [23]

(Ca,Pr)Fe2As2 Collapsed-C4 TS ∼ 65 K - - c [24, 25]
(Ba,Na)Fe2As2 [26] C2 TS1 ∼ 80 K Double-Q AF in C4-lattice TN1 ∼ 80 K -

C4 TS2 ∼ 50 K Spin-reoriented C4 TN2 ∼ 50 K -
1111 LaFeAsO C2 TS ∼ 155 K C-type AFM TN ∼ 137 K b [27]

LaFeAs(O,H) C2 TS ∼ 95 K C-type AFM TN ∼ 89 K b [28]
21311 Ca2AlO3Fe(As,P) - - AFM TN ∼ 70 K b [29]

Sr2(Mg,Ti)O3FeAs - - AFM TN ∼ 50 K b [30]
Sr2ScO3FeAs [31] - - AFM TN ∼ 35 K -

21311 Sr2VO3FeAs (our work) C4 T0 ∼ 155 K Spin-gap-like Tsg ∼ 220 K d
C4-AFM TN ∼ 45 K
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Supplementary Fig. 5: A cartoon illustration of various types of the temperature variation of the Knight shift(K) and the
spin-lattice relaxation rate (1/T1T ) in iron pnictides and chalcogenides. a The C2 orbital ordered phase without any static
AFM order in FeSe. b The C2 orbital-ordered and AFM phases, the most commonly observed parent phase in AFe2As2,
ReOFeAs, and A2MO3FeAs (A = alkaline earths, Re = rare earths, M = nonmagnetic metals). c The collapsed C4 phase in
(Ca,Re)Fe2As2. d Putative C4 orbital-ordered and AFM phases in Sr2VO3FeAs (this work).

Supplementary Note 5. 75As NMR peak splitting in ordered phases of iron pnictides

Symmetry analysis of the hyperfine coupling tensor. As described in Ref. [21], the hyperfine coupling
between 75As nucleus and Fe moments has different characters, depending on the symmetry breaking by the underlying
spin/orbital orders. Since the As site is located above and below the center of Fe plaquette in the square lattice,
the hyperfine field at the As site, Hhf , is determined by adding the contribution of the surrounding four Fe spins as
expressed by

Hhf
i =

∑
jαβ

Bαβ
ij sαβj , (1)

where i, j are Cartesian indices, x (a), y (b) or z (c), sαβ is the spin at the plaquette site αβ, where αβ takes four
values ±1,±1. B̂αβ is the hyperfine coupling tensor between the As nucleus and Fe moments at the αβ site which
can be given by symmetry rotations,

Bαβ
ij = eαβi B0

ije
αβ
j , (2)

e++ = (1, 1, 1); e+−
i = (1,−1, 1); e−+

i = (−1, 1, 1); e−−
i = (−1,−1, 1). (3)

Here, B̂0 can be written using explicitly the underlying tetragonal symmetry,

B̂0 =

 Baa Bab Bac

Bba Bbb Bbc

Bca Bcb Bcc

 =

 X U V
U X V
V V Z

 . (4)

For collinear structures, sαβ = σαβs, where s = (sa, sb, sc). Then the formula can by simplified further as

Hhf
i (s||j) =

∑
αβ

eαβi B0
ije

αβ
j σαβs = B0

ijTijs, (5)

Tij =
∑
αβ

eαβi eαβj σαβ =
∑
αβ

tαβij σαβ , (6)
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where the matrix T carries all information about a particular magnetic pattern. Here, the matrices t are

t++ =

 1 1 1
1 1 1
1 1 1

 ; t+− =

 1 −1 1
−1 1 −1
1 −1 1

 ; t−+ =

 1 −1 −1
−1 1 1
−1 1 1

 ; t−− =

 1 1 −1
1 1 −1
−1 −1 1

 . (7)

Stripe

Number of peaksSpin order

Neel

Bi-collinear

Non-uniform/

double-Q

Plaquette

a

b

Hyperfine field 

( , )

( , )

( , )

( ,

( , )

( , )

( , )

( , )

Fe1Fe2

Fe3Fe4
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Supplementary Fig. 6: Schematic spin configurations of various antiferromagnetic (AFM) orders in iron pnictides and the
corresponding hyperfine field (Hhf ) at the As sites. Four neighboring Fe spins, si (i = 1,2,3,4), determining the Hhf at the
As site in the center are indicated by arrows on top of the larger open circles as shown in the case of the stripe AFM. The
same indexing scheme of si is used for calculating Hhf at the different As sites, indicated by smaller symbols, above (solid)
and below (open) the Fe square lattice. The resulting NMR line splitting is also given for different orientations of spin s and
external magnetic field H along the a, b, c axes.
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NMR line splitting due to antiferromagnetic orders. In a magnetically ordered state, the Fe spins on an
Fe4 plaquette have a particular ordering, as illustrated in Supplementary Fig. 6. For example, in the stripe AFM

state with the in-plane wave vector Q ≈ (0, π), σαβ can be expressed as

(
1 −1
1 −1

)
. Accordingly, the characteristic

matrix T and the corresponding hyperfine field Hhf are

T =

 0 0 0
0 0 4
0 4 0

 ;Hhf = ±4V

 sc
0
sa

 . (8)

Based on the above calculations, a stripe AFM with spin moments along the a-axis (s ∥ a) results in an internal
hyperfine field along the c-axis. Thus the As nuclei, located above (•,� in Supplementary Fig. 6) and below (◦,♢ in
Supplementary Fig. 6) the Fe plane, will experience the opposite internal hyperfine fields along the c-axis. When the
external magnetic field H is applied along the c-axis (H||c), the total field at each As site is Htot = H ± 4V s, which
leads to two NMR peaks at different frequencies of f = γHtot = γ(H±4V s). In contrast, with an external field along
the a (or b) axis (H ∥ a or H ∥ b), only one NMR peak is observed at a frequency f = γHtot = γ

√
H2 + (4V s)2. Using

the similar symmetry analysis, we can obtain the NMR frequency (f) induced by the stripe AFM orders with different
orientations of the Fe spins (s ∥ a, s ∥ b, or s ∥ c) and external magnetic field orientations (H ∥ a,H ∥ b,H ∥ c), as
summarized in the first panel of Supplementary Fig. 6. Following the same procedure, one can determine the net
hyperfine coupling tensor (B0

ijTij), and the net hyperfine field (Hhf ) at the As sites for various types of the AFM
phases with different spin configurations and also for different spin orientations, as listed in Supplementary Fig. 6.

For Neel-type correlations with Q ≈ (π, π), the σαβ is

(
+ −
− +

)
, and the corresponding matrix T and hyperfine

field Hhf are

T =

 0 4 0
4 0 0
0 0 0

 ;Hhf = ±4U

 sb
sa
0

 . (9)

For the double-Q fluctuations with Q ≈ (π, 0), (0, π), two possible magnetic patterns are expected. Thus, the σαβ

for possible patterns are

(
0 +
− 0

)
and

(
+ 0
0 −

)
. The corresponding matrices T the hyperfine field Hhf at different

sites are

T =

 0 0 2
0 0 −2
2 −2 0

 ,

 0 0 2
0 0 2
2 2 0

 , (10)

and

Hhf = ±2V

 sc
−sc

sa − sb

 ; ± 2V

 sc
sc

sa + sb

 . (11)

For bi-collinear correlations, Q ≈ (π, π), the possible patterns are

(
+ −
+ +

)
and

(
− −
+ −

)
. The corresponding

matrices T the hyperfine field Hhf at different sites are

T =

 2 2 −2
2 2 2
−2 2 2

 ,

 −2 −2 −2
−2 −2 2
−2 2 −2

 , (12)

and

Hhf = ±2

 Xsa + Usb − V sc
Usa +Xsb + V sc
−V sa + V sb + Zsc

 ; ± 2

 −Xsa − Usb − V sc
−Usa −Xsb + V sc
−V sa + V sb − Zsc

 . (13)
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For plaquette correlation, there are four patterns,

(
+ +
+ +

)
,

(
+ +
− −

)
and

(
+ −
+ −

)
, and

(
+ −
− +

)
.

The corresponding matrices T the hyperfine field Hhf at different sites are

T =

 4 0 0
0 4 0
0 0 4

 ,

 0 0 4
0 0 0
4 0 0

 ,

 0 4 0
4 0 0
0 0 0

 ,

 0 0 0
0 0 4
0 4 0

 , (14)

and

Hhf = ±4

 Xsa
Xsb
Zsc

 ; ± 4V

 sc
0
sa

 ; ± 4U

 sb
sa
0

 ; ± 4V

 0
sc
sb

 . (15)

Now we discuss the possible 75As NMR line splitting for various types of AFM orders, which have been identified
experimentally or suggested theoretically in iron pnictides, including the stripe-AFM, the bicollinear-AFM, the double-
Q C4-AFM, the spin-reoriented-AFM, the non-collinear AFM, and the plaquette AFM orders. As summarized in
Supplementary Fig. 6, in some cases with a small magnetic unit cell, such as stripe or Neel orders, the hyperfine
field Hhf points along either the a or c axes, which results in NMR line splitting for either H ∥ c or H ∥ a. In some
cases, such as bicollinear and plaquette AFM orders, there are more than two inequivalent As sites having different
hyperfine coupling tensors and thus different net Hhf fields along the a or c axes. Then this results in an NMR
line splitting under both H ∥ c and H ∥ a, which is not consistent with the experimental results for Sr2VO3FeAs.
There are only two cases where no hyperfine field is generated on the As site, namely, the stripe AFM phase with the
spins aligned in-plane and normal to the AFM ordering vector (s ⊥ Q = (1, 0)) and the Neel AFM phase with the
out-of-plane spins (s||c). In this case no splitting of the As NMR line is expected. However even in this case (as in
any other magnetically-ordered state) we should have observed considerable peak broadening of 75As NMR spectra
due to the directional fluctuation of Fe spins in the AFM phase or a diverging behavior of 1/T1T across T0, which
were not observed in the experiments. Therefore, we can conclude that no long-range magnetic order emerges at T0.
NMR peak splitting due to nematic orders. Even without a long-range magnetic order, the NMR line splitting

can be induced when the local symmetry at the As site is broken in the nematic phases. As described in the case of
FeSe [14], the Knight shifts Kαα = Ahf

ααχαα (α = x, y, z) is affected by the nematic order, which breaks the in-plane
rotational symmetry and introduces two non-equivalent directions in the plane. In this case, as the spin fluctuation or
orbital occupation becomes anisotropic in the plane, indicated by the dxz or dyz orbital in Supplementary Fig. 7, the
spin susceptibility (χ) or the hyperfine coupling (Ahf ) at the As site also become anisotropic, i.e., χxx ̸= χyy and/or
Ahf

xx ̸= Ahf
yy . In this case, the isotropic (Kav) and anisotropic (∆K) parts of the in-plane Knight shift are given as

Kav = 1/2(Ahf
xx +Ahf

yy )(χxx + χyy) + 1/2(Ahf
xx −Ahf

yy )(χxx − χyy), (16)

and

∆K = 1/2(Ahf
xx +Ahf

yy )(χxx − χyy) + 1/2(Ahf
xx −Ahf

yy )(χxx + χyy). (17)

For example, in the conventional stripe nematic order, the x and y directions are aligned along one of the crystal-
lographic directions, e.g, x ∥ a and y ∥ b. In this detwinned case, there is one equivalent As site, and thus As NMR
line will be shifted differently for H ∥ a and H ∥ b. In reality, when external magnetic field is applied e.g. H ∥ a,
crystals are twined with two domains of H ∥ a and H ∥ b as the stripe nematic order develops, which results in the
As NMR line splitting. For H ∥ (110), on the other hand, the isotropic part, dominated by the average susceptibility,
1/2(χxx + χyy), and the average hyperfine coupling constant, 1/2(Ahf

xx + Ahf
yy ), is measured, which turns out to be

almost the same across the stripe nematic transition, as experimentally confirmed in FeSe and also in LaFeAsO. This
behavior is not consistent with what observed in Sr2VO3FeAs as shown in Fig. 2 of the main text.
We can consider nematic or vestigial phases corresponding to other types of AFM spin orders, in the same spirit as

the standard C2 nematicity, breaking the C4 tetragonal symmetry but preserving the O(3) spin-rotational symmetry,
is a “vestige” of the stripe AFM phase. For examples, one can consider vestigial phases corresponding to the more
complex AFM phases, such as bicollinear or plaquette AFM orders. For the bicollinear nematic phase, the C4

tetragonal symmetry is broken by the next-nearest neighbor bond order along the diagonal direction of the Fe square
lattice, indicated by the blue oval in Supplementary Fig. 7. This order must trigger an orbital order with different
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occupations between dxz+yz and dxz−yz states. By further developing the nearest neighbor bond order, indicated
by the red oval in Supplementary Fig. 7, the reflection and the translation symmetries are broken. In this case,
the line splitting is expected for twinned crystals, similar to the stripe nematic case, but not for H ∥ (100) but for
H ∥ (110) as summarized in Supplementary Fig. 7. The vestigial phase for the plaquette AFM order has more than
one inequivalent As sites, and must trigger an As NMR peak splitting in any magnetic field orientation. Note that in
both cases the generated orbital imbalance between the corresponding orbital combinations of Fe dxz±dyz is expected
to be of the same order of magnitude as in the stripe-nematic case, so also a the peak splitting for H ∥ (110) should
be detectable. This is however not observed in experiments.
As a possible candidate we consider the vestigial phase for the double-Q AFM phase, which generate a checkerboard-

type combination of two charge density waves. In this case, the charge density for C4 orbital states such as dxy state is
unequal between odd and even sites of the Fe square lattice as shown in Supplementary Fig. 7. Thus the time-reversal
and C4 tetragonal symmetries are preserved, but the translational symmetry is broken by unit-cell doubling in the
Fe-only lattice. Note however that this unit-cell doubling exactly matches the unit-cell doubling due the As sites above
and below the Fe square lattice. Thus the vestigial phase for the nonuniform double-Q phase has a C4 symmetric and
intra-unit-cell order in the FeAs layers.
In this case, each As then has two nonmagnetic Fe neighbors, and two paramagnetic, with non-zero local moments

Stripe

1 1

Non-uniform/

double-Q

Bi-collinear

Plaquette

Orbital order

Number of peaks

detwinned twinned

2 1

Nematic order

dxy orbital
Orbital

-selective

Mott

1 1 1 2

1 2 1 2

1 1 1 1

any directions

2

any directions

2

Supplementary Fig. 7: Schematic illustration of various nematic orders and the possible accompanying orbital orders in iron
pnictides. The nearest (next-nearest) neighbor ferromagnetic bonds are indicated by thick red (blue) ovals. For the double-Q
nematic order, the magnetically active sites are indicated by filled (orange) circles; their charge and/or orbital state can differ
from that of the nonmagentic (open circles) states. For the orbital selective Mott-state, the orbital population of each state
is the same but different from that in the high-temperature phase. We illustrated orbital ordering by drawing an orbital
whose population could be different above and below the transition. The expected number of the As NMR frequencies for
detwinned/twinned crystal are listed for each relevant external field orientation.
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that are fluctuating so as to preserve short-range spin correlations among themselves. This affects the Fe-As hybridiza-
tion and modifies the 75As Knight shift as observed in our experiments (Fig. 2 and Supplementary Fig. 4). Strictly
speaking, the 75As line splitting could occur for a field parallel to (110), since half of As in this phase have param-
agmetic neighbors along (110), and half along (11̄0). However, we observed the 75As line shift nearly independent
on the filed directions, indicating that it results from the change of the isotropic Fermi-contact and core-polarization
terms, and not dipole or orbital ones. Therefore it is likely that the signal is dominated by the former interaction, in
which case the expected splitting can be vanishingly small, below the experimental resolution.
Indirect support to this scenario comes from LDA+DMFT calculations, which can address the difference between

the paramagnetic and nonmagnetic Fe, since they account for local spin fluctuation (albeit not short-range corre-
lations). In typical FeSCs, the relative d-orbital occupation changes slightly (∼ 3-5%) [32], although the average
Fe-As hybridization changes. This is also the case of Sr2VO3FeAs, in which the d-orbital occupations, obtained by
DFT+DMFT calculations, differ by only 4-8% with respect to the DFT results. This is much smaller than the typical
difference (∼ 20%) in orbital occupations between dxz and dyz states for the C2 nematic phases [33]. This observation
again supports the idea that the shift of the NMR lines in the vestigial phase may be much larger than it splitting.
An advantage of this scenario is that it is driven by the same spin fluctuations at Q =(0, π) and (π, 0) that are present
above T0 and manifest themselves via critically enhanced relaxation rate 1/T1T above ∼ 200 K.
One can envision a fully nonmagnetic phase transition changing orbital occupations at T0 = 155 K, such as an

orbital-selective Mott-transition with delocalized dxy bands above T0 into gapped Hubbard states below. In this case,
the orbital occupation of, e.g., dxy states is changes for all the Fe sites, keeping the C4 symmetry intact, as shown in
Supplementary Fig. 7. This would result in a nearly isotropic As NMR peak shift without splitting or broadening,
consistent with the experiments. However, it seems somewhat counterintuitive that the critical stripe-like fluctuations
observed above the transition disappear without trace at T0; so far materials that were proposed as candidates for
such an orbital-selective Mott transition have been either much more strongly correlated than low-doping pnictides
(such as isostructural chalcogenides) or severely underdoped and thus closer to half-filling (KFe2As2). At the current
stage, it is not clear which is the true order below T0, the vestigial non-uniform double-Q phase or an orbital-selective
Mott transition of C4 orbitals. Nevertheless, the observed C4 symmetric and intra-unit-cell order in Sr2VO3FeAs is
unprecedented in iron pnictides, emphasizing the importance of the interfacial Fe-V interactions in the heterostructure.

Supplementary Note 6. Spin-lattice relaxation rate in the normal state

The spin-lattice relaxation rate can be derived based on the fluctuation-dissipation theorem. The 1/T1 is usually
described in terms of the hyperfine field fluctuations perpendicular to the external magnetic fields [21, 34, 35].(

1

T1

)
z

=
(µ0γN )2

2

∫ −∞

∞
dt(< Hhf,x(t), Hhf,x(0) > + < Hhf,y(t),Hhf,y(0) >)eiω0t

= (µ0γN )2(|Hhf,x(ω0)|2 + |Hhf,y(ω0)|2) (18)

Each As has four nearest neighbor Fe immediately above or below. Since the magnetic anisotropy in FeSC is at least
one order of magnitude weaker that the isotropic coupling, at high temperatures the four Fe spins around an As will
fluctuate coherently, respecting a particular pattern, and the the hyperfine field on As will fluctuate correspondingly.
For an external field direction n̂ the relaxation rate will be defined by(

1

T1

)
n̂

= (µ0γN )2
⟨
|Hhf (ω0)× n̂|2

⟩
(19)

Where ⟨⟩ is averaging over all possible types of fluctuations. For instance, for the stripe fluctuations we average over

two types of spin plaquettes,

(
+ −
+ −

)
and

(
+ +
− −

)
, and over all spin directions (collinear in the plaquette). Let

us first do the some rearranging:⟨
|Hhf × n̂|2

⟩
=

∑
ij

⟨
(δij − ninj)H

hf
i Hhf

j

⟩
dir

=
∑
ij

(δij − ninj)
⟨
Hhf

i Hhf
j

⟩
dir

, (20)

where ⟨
Hhf

i Hhf
j

⟩
=

∑
ijklαβγδ

Bαβ
ik sαβk Bγδ

jl s
γδ
l =

∑
k

B0
ikTikB

0
jkTjk. (21)
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For AFM stripe spin fluctuations withQ ≈ (0, π), σαβ takes two values,

(
+ −
+ −

)
and

(
+ +
− −

)
. The corresponding

matrices T are

T =

 0 0 0
0 0 4
0 4 0

 ,

 0 0 4
0 0 0
4 0 0

 . (22)

This immediately gives us

⟨
Hhf

i Hhf
j

⟩
=

1

2

 16V 2 0 0
0 0 0
0 0 16V 2

+

 0 0 0
0 16V 2 0
0 0 16V 2

 =

 8V 2 0 0
0 8V 2 0
0 0 16V 2

 . (23)

For the in- and out of plane relaxation rate, (1/T1)H||a = (1/T1)H||b ∝ Tr
⟨
Hhf

i Hhf
j

⟩
−

⟨
Hhf

1 Hhf
1

⟩
= 24V 2,

(1/T1)H||c ∝ Tr
⟨
Hhf

i Hhf
j

⟩
−

⟨
Hhf

3 Hhf
3

⟩
= 16V 2, the anisotropy ratio is thus 1.5, as has been experimentally

observed in many FeSCs.

For Neel-type correlations, Q ≈ (π, π), the only possible pattern is

(
+ −
− +

)
,

T =

 0 4 0
4 0 0
0 0 0

 , (24)

⟨
Hhf

i Hhf
j

⟩
=

 16V 2 0 0
0 16V 2 0
0 0 0

 , (25)

and (1/T1)H||a = (1/T1)H||b ∝ Tr
⟨
Hhf

i Hhf
j

⟩
−

⟨
Hhf

1 Hhf
1

⟩
= 16V 2, (1/T1)H||c ∝ Tr

⟨
Hhf

i Hhf
j

⟩
−

⟨
Hhf

3 Hhf
3

⟩
=

32V 2, the anisotropy ratio is 0.5.

For the double-Q fluctuations both wave vectors are excited equally, Q ≈ (π, 0), (0, π), the possible patterns are(
0 −
+ 0

)
and

(
+ 0
0 −

)
,

T =

 0 0 −2
0 0 2
−2 2 0

 ,

 0 0 2
0 0 2
2 2 0

 , (26)

⟨
Hhf

i Hhf
j

⟩
=

1

2

 4V 2 4V 2 0
4V 2 4V 2 0
0 0 8V 2

+

 4V 2 −4V 2 0
−4V 2 4V 2 0

0 0 8V 2

 =

 4V 2 0 0
0 4V 2 0
0 0 8V 2

 . (27)

(1/T1)H||a = (1/T1)H||b ∝ Tr
⟨
Hhf

i Hhf
j

⟩
−
⟨
Hhf

1 Hhf
1

⟩
= 12V 2, (1/T1)H||c ∝ Tr

⟨
Hhf

i Hhf
j

⟩
−
⟨
Hhf

3 Hhf
3

⟩
= 8V 2,

the anisotropy ratio is again 1.5, as expected from the fact that the fluctuations have the same wave vector as for the
stripe case

Finally, for bi-collinear correlations, Q ≈ (π, π), the possible patterns are

(
+ −
+ +

)
and three partners obtained

by rotating the ”−” site. Now

T =

 2 2 −2
2 2 2
−2 2 2

 ,

 2 2 2
2 2 −2
2 −2 2

 ,

 2 −2 2
−2 2 2
2 2 2

 ,

 2 −2 −2
−2 2 −2
−2 −2 2

 , (28)

⟨
Hhf

i Hhf
j

⟩
=

 4X2 + o 0 0
0 4X2 + o 0
0 0 4Z2 + o

 . (29)
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In the last line, o means combinations of the off-diagonal couplings, which are much smaller than the diagonal one.
The full calculation renders (1/T1)H||a = (1/T1)H||b ∝ 4X2 + 4Z2 + 4U2 + 12V 2, (1/T1)H||c ∝ 8X2 + 8U2 + 8V 2, the
anisotropy thus is (X2 + Z2 + U2 + 3V 2)/2(X2 + U2 + V 2) ≈ (X2 + Z2)/2X2, and thus depends on the anisotropy
of the diagonal hyperfine coupling, which, if the Fermi-contact coupling dominates, is small.

For plaquette correlation, there are four patterns

(
+ +
+ +

)
,

(
+ +
− −

)
,

(
+ −
+ −

)
, and

(
+ −
− +

)
, which have the

same probability. Correspondingly, we have

T =

 4 0 0
0 4 0
0 0 4

 ,

 0 0 4
0 0 0
4 0 0

 ,

 0 0 0
0 0 4
0 4 0

 ,

 0 4 0
4 0 0
0 0 0

 , (30)

⟨
Hhf

i Hhf
j

⟩
=

1

4

 16X2 0 0
0 16X2 0
0 0 16Z2

+

 16V 2 0 0
0 0 0
0 0 16V 2

+

 0 0 0
0 16V 2 0
0 0 16V 2

+

 16U2 0 0
0 16U2 0
0 0 0


(31)

=

 4X2 + o 0 0
0 4X2 + o 0
0 0 4Z2 + o

 . (32)

The result reads: (1/T1)H||a = (1/T1)H||b ∝ 8X2 + 8Z2 + 12V 2, ∝ 4X2 + 4Z2 + 4U2 + 12V 2

(1/T1)H||c ∝ 16X2 + 8V 2, ∝ 8X2 + 8U2 + 8V 2 the anisotropy thus is (2X2 + 2Z2 + 3V 2)/2(2X2 + V 2) ≈
(X2+Z2)/2X2,(4X2+4Z2+4U2+12V 2)/(8X2+8U2+8V 2) ≈ (X2+Z2)/2X2, same as for the bilinear fluctuations.

Supplementary Fig. 8 shows the temperature dependence of the anisotropy ratioR= T−1
1,a/T

−1
1,c in our measurements.

The anisotropy at high temperatures is R ≡ T−1
1,a/T

−1
1,c ≈ 1.5, similar to that found in other iron pnictides [34, 36].

This observation strongly suggest that the (π, 0) correlations of isotopic Fe spins are dominating in Sr2VO3FeAs at
the high temperatures, as in the case of other iron pnictides. However, with lowering temperature, R is strongly
enhanced up to R ∼ 6 near T0 (presumably, reflecting magnetocrystalline anisotropy that makes the incipient critical
temperature be different for different spin directions) before rapidly dropping to R ∼ 1 below T0. R remains almost
the same with further lowering temperatures, which never recover back to R ∼ 1.5 near TN ≈ 45 K. This result
implies that the dominant spin fluctuations in that temperature range are not of stripe-type and herald an onset of

0 50 100 150 200 250 300
0

1

2

3

4

5

6

7

8

9

R

T (K)

Sr2VO3FeAs

Supplementary Fig. 8: The anisotropy of spin-lattice relaxation rate R ≡ T−1
1,a/T

−1
1,c as a function of temperature. The horizontal

line corresponds to the expected value for the stripe AFM correlation.
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a spin order with a Q different from (0, π). The long-pitch spin density wave with Q = (1/8, 1/8, 0), suggested in
the recent neutron powder diffraction [3], is a viable candidate. These results clearly demonstrate that not only the
unusual C4 symmetric transition at T0, but also the magnetic transition at TN is highly distinct from those found in
other iron pnictides.

Supplementary Note 7. The ordered Fe magnetic moment below TN = 45 K

From the full width at half maximum (FWHM) the As NMR peak ∼ 0.5 MHz , as shown in Fig. 2c in the main
text, one can roughly estimate the ordered moment of Fe at low temperatures. For the spin density wave phase
with Q = (1/8, 1/8, 0), the As environment is spin-imbalanced, and thus the diagonal hyperfine coupling will be
dominant. In order to estimate the diagonal Fe-As hyperfine coupling, we have performed WIEN2k calculations
keeping the V sublattice in the Mott insulating (antiferromagnetic) state and all Fe equivalent and ferromagnetic.
We have performed both GGA and LDA calculations, which allow us to sample more magnetic moments, and also
scaled the exchange field with different coefficients as described in Ref. [37]. The calculated hyperfine filed was then
rescaled back with the inverse coefficient. In Supplementary Fig. 9 we plotted the average values of hyperfine field at
the two inequivalent As sites, which experience induced by V hyperfine fields of the opposite signs. We note that the
coupling comes mostly from the Fermi-contact term, the core polarization was taken into account but was smaller.
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Supplementary Fig. 9: Calculated induced contact hyperfine field on the As site as a function of the net Fe magnetic moment.

The resulting diagonal coupling is 4Ahf ≈ 2.5 T/µB , which is somewhat larger than the typical off-diagonal
hyperfine coupling 4Ahf ≈ 1.7 T/µB [21]. For a spiral with Q = (1/8, 1/8, 0) we would expect a net polarization
around As to be ∼ 0.6 M , where M is the Fe moment. Using the nuclear gyromagnetic ratio 7.292 MHz/T for As
and 4Ahf ≈2.5 T/µB , the internal field Hin of As sites can be estimated to be Hin = 4Ahf × 0.6M0 ∼ 800 Oe. This
corresponds to the upper bound of Fe moments ∼ 0.05 µB , an order of magnitude smaller than found in other iron
pnictides. Such a small Fe moments are also consistent with the estimates from neutron powder diffraction [3] and
µSR spectroscopy [31].
In the previous Fe Mössbauer spectroscopy studies on polycrystalline Sr2VO3FeAs samples [1, 31], negligible line

splitting or broadening was observed, which has been taken as experimental evidence of no static Fe spin ordering.
However, the Fe Mössbauer spectra of polycrystalline Sr2VO3FeAs samples have a double peak structure and also a
large FWHM already at room temperature, which hampers observation of magnetic ordering with such a small Fe
moment less than 0.05 µB . As shown in the case of the isostructural compound Sr2ScO3FeAs, the line broadening of
the Fe Mössbauer spectra is not at all obvious when the ordered moments is as small as ∼ 0.05 µB [31]. In strong
contrast, the 75As NMR line broadening observed at high temperature is an order of magnitude smaller than found
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below TN , which allow us to detect the Fe magnetic ordering of Sr2VO3FeAs single crystal in our study. From this
comparison, one can say that, although it is not direct probe, 75As NMR is much more sensitive to the ordering of
small Fe moments in Sr2VO3FeAs, than Fe Mössbauer spectroscopy.
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