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Abstract

We report observation of strong magnetic proximity coupling in a heterostructured supercon-
ductor SraVO3_sFeAs, determined by the upper critical fields H.o(T) measurements up to 65 T.
Using the resistivity and the radio-frequency measurements for both H || ab and H || ¢, we found a
strong upward curvature of H%(T), together with a steep increase of H%(T) near T, yielding the
anisotropic factor vy = H%/HS up to ~ 20, much higher than those of other iron-based super-
conductors. These are attributed to the Jaccarino-Peter effect, rather than to the multiband effect,
due to strong exchange interaction between itinerant Fe spins of the FeAs layers and localized V
spins of Mott-insulating StVO3_s layers. These findings provide evidence for strong antiferromag-
netic proximity coupling, comparable with the intralayer superexchange interaction of SrVOs_s

layer and sufficient to induce magnetic frustration in SroVOg3_sFeAs.



Heterostructures of strongly correlated electronic systems offer novel and versatile plat-
forms for triggering various types of exotic electronic orders [1-13]. When one of the con-
stituent layers hosts an itinerant electron system, the other layer in-between serves as an
active spacer introducing additional proximity coupling and determines the ground state
and the dimensionality of correlated heterostructures. For example, in high-T,. cuprates and
iron-based superconductors (FeSCs), the proximity-coupled layers are found to be effective
in changing the doping level, modifying the interlayer hopping strength, introducing lattice
strain [1-5], or inducing additional pairing interaction by interfacial phonons [6, 7] or charge
transfer [8, 9]. Unlike these effects with charge or lattice degrees of freedom, magnetic prox-
imity coupling has often been considered weak and thus playing a secondary role [10-13].
Possible strong magnetic proximity coupling, comparable with the intralayer magentic in-
teraction, may lead to unprecedented electronic phases, which has not been much explored
experimentally.

SroVO3_sFeAs is a naturally-assembled heterostructure and has a unique position among
FeSCs due to possible strong magnetic proximity coupling [14]. In this compound, super-
conducting FeAs layers and insulating SrVO3_s layers are alternately stacked [15, 16] (Fig.
la), analogous to the superlattice of FeSe/SrTiO3 [17, 18], but with additional magnetic
proximity coupling between Fe and V spins. The SrVO;_s layers have been identified to
be in the Mott-insulating state [16, 19-22], but not to trigger a long-range magnetic transi-
tion [16]. Instead, in the FeAs layers, various electronic phase transitions occurs above the
superconducting transition at 7, ~ 30 K [15, 16, 23], including a mysterious C; symmetric
transition at To ~ 150 K [16, 24-26] without a signature of breaking underlying symme-
tries [27]. Such a transition has never been observed in other correlated heterostructures,
and magnetic proximity coupling that induces frustration between stripe-type Fe and Neel-
type V antiferromagnetism, has been suggested as a possible origin [16]. However, whether
the magnetic proximity coupling is strong enough, and if so, which type it is, ferromagnetic
(FM) or antiferromagnetic (AFM), have remained to be elusive.

In this work, we present experimental evidences for strong AFM exchange coupling of
itinerant Fe spins to localized V spins, using the upper critical field H. of SroVO3_sFeAs
single crystal for both H || ab and H || ¢, determined by magnetoresistance measurements
up to 30 T and radio-frequency (RF) contactless measurements up to 65 T. A strongly

convex HS(T) for H || ¢ is observed in contrast to a steep linear increase of H%(T) near



T. for H || ab. In comparison with other FeSCs, we found that the Jaccarino-Peter (JP)
effect with an exchange field up to ~ 20 T is responsible for this unusual behavior. Our
observations confirm that magnetic proximity coupling can play a critical role for inducing
unusual magnetic and superconducting properties of SroVO3_sFeAs.

Single crystals of SroVO3_sFeAs were grown using self flux techniques [16]. The typical
size of each single crystal was 200x200x10 um?. High crystallinity and stoichiometry were
confirmed by X-ray diffraction and energy-dispersive spectroscopy. The single crystals show
a clear superconducting transition at 7" ~ 27 K, which is somewhat lower than a max-
imum 77" ~ 35 K in a polycrystalline sample [15]. This difference may be attributed to
a partial deficiency of oxygen [75]. Magnetotransport measurements were carried out using
conventional six-probe method in a 14 T Physical Property Measurement System and a 33
T Bitter magnet at the National High Magnetic Field Lab., Tallahassee. RF contactless
measurements up to 65 T were performed in the National High Magnetic Field Lab., Los
Alamos.

Before discussing the upper critical field H., of SraVO3_sFeAs, we first consider the
Fermi surface reconstruction across the Cy symmetric transition 7y ~ 150 K. According to
recent ARPES results on SroVO3_sFeAs in the wide range of temperature, the heavy hole
FS centered at the I' point of Brillouin Zone (BZ), denoted hy in Figs. 1b and 1lc, has a
relatively strong k, dispersion and becomes fully gapped below Ty [27]. In contrast, the
two dimensional electron FS at the M point (es in Figs. 1b and 1c) remains gapless [27].
Concomitantly the additional small electron FS (e; in Figs. 1b and 1c), which is absent in
the calculated band structures of SroVO3_sFeAs, is introduced at the I' point, as illustrated
in Figs. 1b and 1lc. Because of this unusual band selective gap opening at T}, low-energy
electronic structures of SroVO3_sFeAs are significantly reconstructed to yield two separate
electron FSs (e; and ey) with strong mismatch in size as shown in Fig. S1 in the Supplemental
Materials [28] (see, also, references [76-91] therein). These features are highly distinct from
those of other FeSCs. The FS reconstruction of SroVO3_sFeAs is also probed by the field
dependent Hall resistivity p,,(H) of SraVO3_sFeAs at different temperatures under magnetic
field up to 14 T (Fig. 1d). Above Ty ~ 150 K, a linear field dependence of p,,(H) with a
negative slope is observed up to H = 14 T, similar to the cases of other FeSCs, in which
charge conduction is dominated by electron FSs with a high mobility [29]. The contribution
of the hole FSs usually appear in p,,(H) at low temperatures with a positive slope [28, 30—



35], but is completely absent in SroVO3_sFeAs.

Instead we found that a non-linear field dependence in p,,(H) suddenly appears below Tp,
which is well reproduced by the two-band model with two distinct electron carriers. Using
a constraint of 1/p,.(T) = >_ n;epu;, the fit to the two-band model gives us the temperature
dependent carrier density (n;) and carrier mobility (y;) as shown in Figs. le and 1f. Clearly,
additional electron carriers (e;) with lower density but a higher mobility are induced on
top of the high density electron carriers (es). The densities of the two electron carriers are
estimated to be ~ 1.1 x 10! em ™2 and ~ 2.3x10%! cm~3, which are in good agreement with
those of the e; FS at the T’ (= 2.0 x 10! ecm™?) and the ey FS at the X point (= 1.1 x 102!),
obtained by recent ARPES studies [22]. This additional conduction channel of the small
FS (e1) with high mobility compensate for the loss of conduction from the gapped hole FS
below T, which may explain a weak resistivity anomaly across Tj.

Now we focus on the upper critical field H., of SrosVO3_sFeAs single crystals, obtained
from the RF measurements and the resistivity (Fig. 2). The radio-frequency curves as a func-
tion of magnetic fields along H || ab and H || ¢ yield H.(T') at various temperatures (Figs.
2a and 2b). Here we determined H,., by taking the magnetic field at which the steepest slope
of the radio-frequency intercepts the normal-state background. Temperature and magnetic
field dependence of resistivity p,, were also used to determine H.o(7T') under magnetic field
up to 33 T (Supplementary Fig. S2) [28] . Using the criterion of 50% of resistive transition,
we obtained H.o(T'), consistent with that from the RF contactless measurements. We note
that using different criteria for H. in the RF and the resistivity measurements obtained
qualitatively the same H.(T") behaviour(Supplementary Fig. S3) [28].

Figure 2 (c) shows H(T') curves as function of the normalized temperature (¢t = 7'/T,) for
H || ab and H || ¢. We found that H.(T') curves taken from different samples and different
measurements are consistent with each other. Depending on the magnetic field orientations,
H(T) exhibits different behaviors. For H || ab, H2(T) shows a concave temperature de-
pendence with saturation at low temperatures. This shape is typically observed in many
FeSCs [36, 37], in which the Pauli limiting effect dominates over other pair-breaking mecha-
nisms. In contrast, H5(T) for H || ¢ shows a strongly convex behaviour with a strong upward
curvature. The similar convex behaviours of H.(T) have been rarely observed, except in
some FeSCs including Ba(Fe,Co)2As, [38], (Sr,Eu)(Fe,Co)2Asy [39], LaFeAs(O,F) [40], and
NdFeAs(O,F) [41]. However their upward curvature of H.o(T) is far less significant than



found in SroVO3_sFeAs.

This strong anisotropic behavior of H. in SroVO3_sFeAs can be quantified by the
anisotropy factor vy = H%/HS,. We plot the temperature dependent vz for SroVO3_sFeAs
together with other FeSCs in Fig. 2(d). Near T, the slope of H.(T) is estimated to be
dHe/dT |1, ~ -7.4 T/K for H || ab and ~ -0.2 T/K for H || ¢, in SrosVO3_sFeAs. These
make vy ~ 20 at T &~ T, much higher than those found in FeSCs. As shown in Fig. 2(d),
the typical values of vy are ~ 2-3 in the so-called 122 compounds and vy =~ 5-6 in the
1111 compounds. Usually, the thicker blocking layer between the superconducting layers
induces the stronger anisotropy of H., with a larger v5. The vy values of various FeSCs
with a different thickness (d) of the blocking layer follow an empirical relation vy /d ~ 0.65
A~! (Supplementary Fig. S4) [28]. However, Sr;VOs_sFeAs has vy = 20, far larger than
what is expected, which suggests that the relatively thick blocking layer in SroVO3_sFeAs
alone cannot explain the observed vy and also its strong temperature dependence. Recently,
new members of FeCSs, Ca(Fe,Co)AsF [42] and KCasFe As Fy [43], were found to show a
large vy near T,, comparable with that of SroVO3_sFeAs near T,.. In these FeSCs, the steep
slope of the upper critical field H%(T) for H || ab, as compared to the moderate one of
HS(T) for H || ¢ is responsible for the large v5. When the superconductivity approaches
to two-dimensional limit, H%(T) ~ (1 — T/T.)"/? and HS(T) ~ (1 — T/T.) near T, lead-
ing to a diverging behavior of vy near T, as nicely demonstrated in KCasFe As,F[43].
However, in SroVO3_sFeAs, the large vy and its strong temperature dependence are due
to the strong upward curvature of HS(7') and its low slope near T, for H || ¢. Thus the
temperature dependences of H(T') for H || ab and H || ¢ are highly distinct from those of
other FeSCs, indicating that the superconducting properties of SroVO3_sFeAs is exceptional
among FeSCs.

For detailed comparison with other FeSCs, we plot the slopes of the upper critical fields
dH . /dT near T, for both H || ab and H || ¢ in Fig. 3. In the case of H || ab, the normalized
slope of the upper critical field at T,, —(dH%/dT)/T, is closely related to the diffusivity
along the c-axis and thus is sensitive to the interlayer distance. SroVO3_sFeAs nicely follows
the linear trend of —(dH%/dT)/T, as a function of the thickness of the blocking layer d
(Fig. 3a). The distinct behaviour of SroVO3_sFeAs is observed for H || ¢. In the case of
H || ¢, —(dHS,/dT) /T, is more sensitive to the electronic structure of the FeAs layer than

to the interlayer distance. In conventional superconductors, —(dHS/dT)/T. is known to be



proportional to 1/(v%) (Fig. 3b, blue dotted-line). The normalized slope —(dHS,/dT)/T,
obtained in various FeSCs shows the strong correlation with 1/(v%), estimated from the angle
resolved photoemission spectroscopy (ARPES) results [22, 54-62] (Fig. 3b). The data for
SroVO3_sFeAs, however, clearly deviate from this trend and show the lowest —(dHS,/dT)/T.
value, leading to the largest vy among the FeSCs.

For many FeSCs, temperature dependent HS(T') has been understood using the two-
band dirty-limit model [63]. In this model, the intra- and inter-band coupling (1120 and
A12,21) and diffusivity of each band (Di, Dy) determines HS(T') (See Supplementary Fig.
S5) [28]. The two-band model can also reproduce the strongly convex behavior of HS(T) of
SroVO3_sFeAs, if we assume dominant interband coupling (A13A92 < AjaA91) and an unusu-
ally large n = D% /D3" ~ 30 (Supplementary Figs. S5 and S6) [28]. We note however that
most of the FeSCs show a concave HS(T'), and even in a few cases, like Ba(Fe,Co),As, [38],
LaFeAs(O,F) [40] or NdFeAs(O,F) [41], that show a convex HS(T'), the highest estimated
n is ~ 10 [37], which is far less than the estimate 7 ~ 30 for SroVOj;_sFeAs. Furthermore,
the hole FS (hy) centered at the I" point of BZ is gapped out below Ty (Figs. 1b and 1c),
and therefore cannot participate in the interband superconducting pairing. The remaining
interband coupling channel is between electron FSs (e; and ey) centered at I" and M points
(Fig. 1c). However, considering their drastic size difference by two orders of magnitude,
confirmed by ARPES and Hall resistivity results, they are unlikely to produce strong inter-
band coupling. These observations suggest that the conventional multiband effect cannot
be the origin of the observed HS (1) of SryVO;_sFeAs.

Instead magnetic coupling between itinerant Fe and localized V spins can offer a natural
explanation for a strongly convex behaviour of H5(T'). Recent high field magnetoresistance
(MR) results reveal a strong negative MR with a clear kink at ~ 38 T for H || ¢, in
contrast to the monotonic positive MR for H || ab [27]. These results resemble the case of
EuFeyAs, [64] and indicate a field-induced saturation of magnetic V moment for H || ¢ but
not for H || ab. Strong exchange coupling J of itinerant Fe electrons to localized V spins is
then expected to introduce a net internal magnetic field H; = J (S) /gy pup, which is referred
to as the JP effect [65]. With AFM exchange interaction (J <0), a negative H is produced
by polarization of V spins along the external field, particularly for H || ¢. For paramagnetic
V spins, their susceptibility and thus H; increase with lowering temperatures. Therefore,

H; compensates for the external field and enhances H.o(7') at low temperature with large



external fields. This trend results in a convex H.(T), as observed in Fig. 2(c).
In the JP model with multiple pair-breaking including the exchange field due to the

localized moments [65], H(T') can be described as

1 1 iXso 1 h+idso/2+ivy
In-= (= (=
" <2+ 4y > 8 <2+ 21

1 iXso 1 h+ilso/2—iy 1
- v —u( 1
+ <2 1y > 8 <2 * ot 2) (1)

where v = [02(h + hy)? — Xsp)2, t = T/T., h = 0.281H,/HY,, hy = 0.281H,/H?,, H?, is

the orbital critical field at T= 0 K, ¥ is the digamma function, Agp is spin-orbit scattering
parameter and « is the Maki parameter [66]. The orbital critical field H, is estimated from
the slope (dHy/dT)|r, (Fig. 2¢) as HY = —0.69T.(dH.2/dT)|r., while the typical values of
a =4 and Ago = 0 are assumed, as widely done for other Fe-based superconductors [67, 68].
Here, the temperature and field dependence of net internal magnetic field H;(H,T') should
follow the susceptibility data of V spins of SroVO3_sFeAs. As confirmed by the previous V
NMR study [16], V local spins remain in the paramagnetic state at low temperatures with
a finite antiferromagnetic interaction, of which the strength is estimated by the Curie-Weiss
temperature Ocyw= —110 K for H || ¢ and O¢w= —119 K for H || ab from the magnetic
susceptibility [16]. Therefore, the temperature and field dependence of V magnetic moments
M follows the Curie-Weiss law, M (H,T) o« H/(T—Ocw), and thus H;(H,T) is described by
H;(H,T)=X;M(H,T), where \; is the factor proportional to the exchange coupling J of
itinerant Fe electrons to localized V spins. Using a temperature-independent \; as the only
fitting parameter, we nicely reproduce the temperature dependent H(T') of SraVO;_sFeAs
for H || ¢ and H || ab as shown in Fig. 4. The coupling constant A\; and H; at H.
and zero temperature are listed in Table 1. The good agreement between experiments and
calculations strongly suggest that the interlayer coupling between local V spins and itinerant
Fe spins can explain the characteristic temperature-dependent H.o(7T) of SroVO3_sFeAs for
H || cand H || ab (Supplementary Fig. S7) [28].

The maximum H; & -22 T of SryVO3_sFeAs, obtained for H || ¢, is comparable with those
of other superconductors, including EuMogSg [69, 70] and A-(BETS)FeCl, [71, 72], and far
less than H; ~ -70 T of EuFeyAsy [64]. The sizable anisotropies in H; and A; are observed
between the cases of H || ¢ and H || ab (Table 1). The origin of such anisotropy remains
unclear but the similar behaviour has been observed in the case of EuFesAs, [64]. For H || ¢,

we found that the magnetic interlayer coupling constant J ~ 2.3 meV, estimated from H,
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is similar in EuFesAsy and SroVO3_sFeAs, considering the smaller (S) = 1 of V spins with
3d? configurations than (S) = 7/2 of Eu spins. This observation suggests that they share the
similar interlayer coupling between itinerant electrons of the FeAs layers with localized spins
in the adjacent layers. Despite the similarity, magnetism of SroVO3_sFeAs is highly distinct
from that of EuFesAsy. In EuFeyAs,, Eu magnetism is induced by RKKY interaction due
to itinerant Fe electrons [73]. In contrast, the SrVO;_s layers in SroVOs_sFeAs are in
the Mott-insulating state and the localized V spins are coupled through their intralayer
superexchange interaction (Js), competing with the RKKY interaction through the FeAs
layers. The interlayer magnetic coupling strength of J ~ 2.3 meV in SryVO3_sFeAs is
comparable with the superexchange interaction of V spins, Js ~ 1.6 meV, estimated from
the Curie-Weiss temperature Ocw = —110 K [16].

The consequences of the strong AFM proximity coupling in SroVO3_sFeAs are highly un-
usual. Without it, the StVO3_4 layer in the Mott-insulating state likely hosts the Neel-type
AFM order, and the FeAs layer does the stripe-type AFM order. However due to the strong
proximity coupling, two inherent magnetic instabilities at each layer are frustrated, which
may destabilize these conventional AFM orders in subsystems. The unusual paramagnetism
of the V spins, stabilized far below Ocw ~ 100 K, and the spin gap behaviour of the Fe
spins, developed near ~ 200 K [16], are signatures of this magnetic frustration. Furthermore,
recent high field transport experiments [27] revealed that the anisotropic magnetoresistance
is developed below the mysterious C; symmetric transition at 7 ~ 150 K. This indicates
spin scattering between itinerant Fe and localized V spins below Tj, consistent with the ob-
served strong magnetic proximity coupling in this work. While the nature and origin of the
Cy symmetric transition at Ty in SraVO3_sFeAs remains to be clarified, these observations
highlights the dominant role of magnetic proximity coupling to trigger an exotic electronic
order, not present in each subsystem alone. The detailed microscopic understanding on
proximity magnetic coupling, particularly its anisotropic nature, is highly desirable.

Our findings on strong magnetic proximity coupling are of considerable relevance in the
fields of strongly correlated heterostructures, beyond SroVO3_sFeAs. The common wisdom
states that for the Mott insulating system, additional magnetic coupling across the interface
with itinerant electron system is weak and usually leads to a small perturbation on its
dominant intralayer magnetic interaction [10-13]. In contrast, SroVO3_sFeAs establishes

an example that the magnetic proximity coupling competes on an equal footing with the



intralayer magnetic interactions in strongly correlated heterostructures. Our work thus
demonstrates that proper design and synthesis on heterostructures of the correlated itinerant
and Mott-insulating electron systems can offer a promising material platform studying exotic
phases stabilized by frustration of the competing interactions of subsystems and lead to rich

physics triggered by dominant magnetic proximity coupling.
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FIG. 1: (a) Crystal structure of SroVO3_sFeAs consisting of FeAs layers and SrVOs_s layers.
Schematic illustration of Fermi surface and band structures above (b) and below (¢) Tp = 150 K.
(d) Magnetic field dependence of the Hall resistivity pg,(H) measured at different temperatures.
The white solid lines in the inset represent best fits for Hall data. Temperature dependence of the
carrier density (e) and the mobility (f), extracted from the fits using one band model (black) for

T > Tp and two-band model (red and orange) for T < T.
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FIG. 2: Magnetic field dependence of the radio-frequency for (a) H || ab and (b) H || ¢. Red stars

show estimated H.s. (c) Upper critical field Heo(T') for H || ab (red open symbols) and H || ¢ (blue

open symbols) as a function of the normalized temperature 7'/T, for the four crystals (S1, S2, S6,

S8) estimated from the tunnel diode oscillator and resistivity measurements. Black solid lines are

Werthamer-Helfand-Hohenberg curves with a = 0. (d) Temperature dependent anisotropic factor

v of SraVO3_sFeAs and other FeSCs [38, 41, 44-53]. Red solid line shows g of SroVO3_sFeAs

calculated from the Hgo(T) fits for comparison.
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FIG. 3: (a) Interlayer distance dependence of normalized slope of Ho(T') near T, for H || ab.

The normalized slope of H.2(T') increases in proportion to the interlayer distance. (b) Normalized

slope of He(T) near T, for H || ¢ as a function of < v% >, which are estimated from ARPES

results [22, 54-62].
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H || c¢. Red and blue solid lines are Jaccarino-Peter fits for H || ab and H || ¢, respectively.

20



TABLE I: Maximum H; and A ; of SroVO3_sFeAs for both directions compared to other materials.

T.K] HT)HS[T] A X5

SroVOsFeAs 30 19.5 22.3 141 204
EuFeyAss [64] 30 168 70 187 83
EuMogSg [69, 70] 12 38 383
A-(BETS)FeCly [71,72] 4.2 32 813
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