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Elucidating how magnetic interactions are established in high-temperature superconductors is crucial for resolving the
long-standing puzzle of the superconducting pairing mechanism. However, for iron-based superconductors, due to the di-
versity of their magnetic and electronic structures, the mechanism of magnetic interactions remains controversial. Here, we
employed in-situ alkali-metal deposition and uniaxial strain to tune the four-fold (C4) magnetic phase in Sr( ¢4Nag 36Fe; Asy
and utilized angle-resolved photoemission spectroscopy (ARPES) to probe the response of its electronic structure. We
found that the alkali-metal deposition suppresses the C4 magnetic phase effectively, driving the system into a stripe spin
density wave phase with two-fold rotational (C2) symmetry. Counterintuitively, the uniaxial strain that naturally breaks
the C4 rotational symmetry of the lattice exerts only a limited suppressive effect on the C4 magnetic phase. While the
sensitivity of C4 magnetic phase to electron doping implies that the orbital selectivity of Fermi surface nesting plays a
critical role in determining the magnetic configuration, validating the contribution of itinerant electrons in mediating the
magnetic fluctuations, the insensitivity of the C4 magnetic phase to uniaxial strain suggests that the nematic order exhibits
no intermediate correlation with the magnetism in iron-based superconductors. Our results provide crucial clues for a

comprehensive understanding of the complex phase diagram of iron-based superconductors.
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1. Introduction

In the research of high-temperature superconductors
(HTS),!'*! it has been found that the superconducting phase is
always intertwined with magnetic phases. As magnetic phases
are suppressed by either doping or pressure, magnetic fluctua-
tions intensify and the superconducting phase emerges. Based
on this general phase diagram of HTS, it is believed that the su-
perconducting pairing mechanism is associated with magnetic
fluctuations or magnetic interactions. A correct understand-
ing of how magnetic interactions are established in the parent
phase of HTS is regarded as the key to unveiling the pairing
mechanism of HTS. For iron-based high-temperature super-
conductors (Fe-HTS), various magnetic phases with distinct
periodicities and magnetic moment orientations have been
identified.' For example, bicollinear and /5 x /5 antiferro-
magnetic orders have been observed in FeTe and FeSe-based
Fe-HTS.[*-%! However, their correlations with superconductiv-
ity are still under debate. Therefore, in this paper, we focus on
the magnetic phases observed in FeAs-based Fe-HTS, whose
correlations with superconductivity are well established.

First, in the parent compounds of FeAs-based materials, a
spin density wave (SDW) phase with two-fold rotational (C2)
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symmetry has been observed.!*78! Neutron scattering experi-
ments confirmed that it is a stripe spin density wave (SSDW)
phase [Fig. 1(a)]. The magnetic moments are aligned within
the FeAs plane with a ferromagnetic order along one direction
and an antiferromagnetic order along the other direction. Sub-
sequently, in hole-doped FeAs-based materials, a magnetic
phase preserving the four-fold rotational (C4) symmetry has
been identified.[®~1?! Experimental and theoretical studies at-
tributed it to a charge-spin density wave (CSDW) phase, where
the magnetic moments are antiparallel and oriented along the
out-of-plane direction [Fig. 1(a)]. Lately, a spin-vortex crystal
(SVC) phase has been found in CaKFegAsy.[!314) Tt also ex-
hibits C4 symmetry but with the magnetic moments aligned
within the FeAs plane [Fig. 1(a)]. Moreover, a C2 SDW
phase potentially formed by a coupling between SSDW and
SVC has been observed in a small region of the phase dia-
gram of hole-doped Fe-HTS near the superconducting phase

15.16] Theories have also proposed the presence of

boundary.!
more complex magnetic orders in Fe-HTS arising from the
coupling of multiple magnetic orders or from magnetic orders
with incommensurate periodicities.!!”-18]

To understand how various magnetic orders emerge in Fe-
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HTS, two scenarios have been proposed. On the one hand, the
magnetic interactions may originate from the nearest-neighbor
and next-nearest-neighbor exchange interactions (J; and J3).
When J, > J; /2, the system tends to form a SSDW order that
breaks C4 symmetry.[!%2%] In other parameter spaces or when
long-range exchange interactions are considered, the ground
state of magnetic orders varies, resulting in the emergence of
different magnetic orders. On the other hand, magnetic in-
teractions may arise from the Fermi surface instabilities.!?!->?]
In the one-iron Brillouin zone, the nesting between the hole
Fermi pockets at the zone center and the electron Fermi pock-
ets at the zone boundary gives rise to the magnetic instabil-
ity with O = (0, 7) or (7, 0). When the balance between the
(0, m) magnetic order M and (7, 0) magnetic order M, is
disrupted, for example |M;| # 0 and | M| = 0, the system
develops a SSDW order. Conversely, when two magnetic or-
ders are balanced (| M| = |M3]), the system tends to form
a C4 magnetic order (CSDW or SVC). Moreover, a nematic
transition has been found in Fe-HTS which precedes the mag-
netic transition in the phase diagram. Therefore, orbital in-
stabilities arising from the multi-orbital electronic structures
of Fe-HTS have also been considered as a driving force of the
magnetism.[?>>4 The development of different orbital or bond
orders has been proposed to be crucial in determining the mag-
netic configurations in Fe-HTS.[?!

One approach to investigating the origin of magnetism
in Fe-HTS is to tune materials via chemical doping or pres-
sure and characterize how magnetic phases respond to var-
ious tuning parameters. However, normal tuning methods
are limited by poor continuity and difficulties in integrating
with high-precision spectroscopic measurements. Here, we
employed two in-situ tuning methods, alkali-metal deposition
and uniaxial strain tuning, which are compatible with angle-
resolved photoemission spectroscopy (ARPES). Surface de-
position of alkali metals directly dopes electrons into the sam-
ple surface, thereby regulating the surface electronic states of
materials. >%27] The uniaxial strain tuning technique based on
piezoelectric ceramic stacks could continuously apply tensile
or compressive strain to materials, which naturally breaks the
C4 rotational symmetry of the lattice and induces anisotropy
in the electronic band structure of materials. 2337
CSDW hole-
doped Sri_.Na,Fe,As;.['>3!1 In the phase diagram of
Sri_,Na,Fe,As, [Fig. 1(b)], the CSDW phase is close to
the superconducting phase. Its intermediate correlation with

We focused on the phase in

superconductivity has been confirmed in our previous ARPES
study.*!) More importantly, the CSDW phase lies in the cen-
tral region of the phase diagram where the energy differences
between various magnetic orders are nearly degenerate, mak-
ing it ideal for investigating transitions among different mag-
netic phases induced by external stimuli. Here, we performed

ARPES studies on Srg ¢4Nag 36Fe2Asy tuned via alkali-metal
deposition and uniaxial strain methods. We found that the
alkali-metal deposition, as a method that regulates the nesting
of Fermi pockets, suppresses the CSDW phase effectively. A
transition from CSDW to SSDW phase was observed in the
heavily electron doped samples. Our results indicate that the
orbital selectivity of Fermi surface nesting plays a dominant
role in determining the magnetic configuration. More specifi-
cally, in the CSDW phase, the electron pockets (e-pockets) ex-
hibit nesting with the d, ,, hole pockets (h-pockets), whereas
in the SSDW phase, the nesting occurs between the e-pockets
and the d,, h-pocket. In the uniaxially strained samples, we
found that the uniaxial strain induces a nematic order in the
system with an energy scale of ~ 20-30 meV. However, it
only shows a limited suppression effect on the CSDW phase.
No signature of the SSDW phase was observed in either ten-
sile or compressively strained samples. This suggests that the
nematic order exhibits no intermediate correlation with the
magnetic order. The nematic and magnetic fluctuations may
have different origins. Our experiments provide important
clues for the understanding of the complex magnetism and
superconductivity of Fe-HTS.

2. Method

High quality Sr;_,Na,Fe;As; (x = 0 and 0.36) single
crystals were synthesized using the self-flux method,"?! where
the doping x was determined using energy dispersive x-ray
(EDX) analysis. ARPES measurements were performed at
Peking University using a DA30L analyzer and a helium dis-
charge lamp. The photon energy was 21.2 eV. The overall
energy resolution was set to ~ 12 meV for band structure
mapping and ~ 7 meV for gap measurements. The angular
resolution is ~ 0.3°. The crystals were cleaved in-situ and
measured in ultrahigh vacuum with a base pressure better than
6 x 10~!! mbar.

The alkali-metal surface deposition was conducted in-situ
using a lithium dispenser. We use Dn (n =1, 2, 3, ...) to de-
note the doping sequence. The doping level is represented
using the total deposition time. The total deposition times
from DO to D7 are around 0's, 20 s, 40 s, 65 s, 95 s, 130 s,
175 s, 225 s respectively. The lithium coverage is estimated
by counting the Fermi surface volume. The lithium coverage
is estimated to be ~ 0.3 ML for ~ 225 s deposition time.

The uniaxial strain was applied in-situ using our home-
made piezoelectric-based strain-tuning device, whose details
can be found in Ref. [29]. The uniaxial strain was applied
along the k, direction.
ized by microscopy and was represented by the voltage of the
piezoelectric ceramic stacks (Vpz). At Vpy of —300 V and

The strain strength was character-

300 V, around 0.3% tensile and compressive strains could be
achieved, respectively.
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3. Results
3.1. Characteristics of the C2 and C4 magnetic phases

Prior to the sample manipulation, it is essential to iden-
tify the characteristics of the electronic structure in the mag-
netic phases with C2 and C4 symmetries. In Fig. 1, we
compared the measured electronic structures in SrFe,As, and
Stg 64Nag 36FesAsy which represent the SSDW and CSDW
phases, respectively. In SrFe;As;, due to the SDW gap open-
ing, the photoemission intensity at the Fermi energy (Ef) was
strongly suppressed, we thereby plotted the photoemission in-

tensity mapping at 40 meV below Ef to better show the differ-

SrFesAsy
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ent sizes of Fermi pockets. We also deposited a tiny amount
of lithium on the surface of SrFe;As, to remove the complex
surface states caused by the surface polarization effect.[3? For
FeAs-based Fe-HTS, there are three h-pockets at the Bril-
louin zone center and two e-pockets at the Brillouin zone
corner.[33331 As compared in Figs. 1(c) and 1(g), the substi-
tution of Sr with Na introduces holes into the system, which
changes the relative sizes of the h- and e-pockets. More specif-
ically, the size of the e-pockets is comparable to the size of the
dyy h-pocket in SrFe; As;, but becomes closer to the size of the
dyz.y; h-pockets in Srg 64Nag 36FerAs).

Srg.6aNag.zsFeaAsy
h-pockets

4 e-pockets

day , Ay

Nd.,
/\dzy

—0.8 —0.4 0
ks (A-1)

—0.2 OAO.2
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Fig. 1. Characterizations of the electronic structures of the magnetic phases with two-fold and four-fold rotational (C2 and C4) symmetries. (a) Schematic
drawings of the magnetic configurations of stripe spin density wave (SSDW), charge-spin density wave (CSDW), and spin-vortex crystal (SVC) phases.
(b) Phase diagram of Sr;_,Na,Fe,As,. The doping level of our samples in the CSDW phase is highlighted using red circle. (c) Photoemission intensity
mapping taken at 40 meV below the Fermi energy (EF) in SrFe; As,. The schematic drawing of the electron pockets (e-pockets) and hole pockets (h-pockets)
is shown in the right panel. (d) Energy momentum cuts (upper panel) and the second derivative image (bottom panel) taken along the #1 direction. (e)
and (f) Second derivative images of the energy-momentum cuts and the schematic drawings of the observed band dispersions taken along the #3 and #2
directions. The cut directions are illustrated using white solid lines in panel (c). (g) Photoemission intensity mapping taken at Er and the schematic drawing
of Fermi pockets in Srg g4Nag 36FesAs;. (h)—(j) are the same as (d)—(f) but taken in Sry ¢4Nag 36Fe, Asy. The data were measured at 15 K.

When entering the SDW phases, the Brillouin zone fold-
ing results in an opening of the SDW gap near Er. Ac-
cording to previous ARPES studies, such a SDW gap is or-

31341 As shown in Fig. 1(c), the photoemis-

bital selective.!
sion intensity of the d,.,, h-pockets is much stronger than
that of the d,, h-pocket, indicating that the SDW gap opens
primarily on the dy, h-pocket in SrFe;As;. In contrast, in
Srg.64Nag 36Fea Asy, with the same experimental geometry, the
relative intensities of the d,. ,, and d,, h-pockets are reversed.
The orbital selectivity of the SDW gap could be better visu-
alized in the energy-momentum cuts taken along #1 and #3
directions [Figs. 1(d), 1(e), 1(h) and 1(i)]. In the SSDW phase
in SrFe;As;, while the dispersion of the dy;,, bands is con-
tinuous and parabolic-like, clear breaking in band dispersion
or band bending behavior was observed on the d,, band, in-
dicating an opening of the SDW gap on the dy, h-pocket. In
contrast, in the CSDW phase of Sry g4Nag 36FezAs,, the band
bending behavior was observed on the d,; . bands, indicating
a gap opening on the d,; . h-pockets. It should be noted that

the dyy, bands exhibit a ~ 30 meV SDW gap at Ef only in
the CSDW phase.?!l No gap was observed on the dy.y; bands
in the SSDW phase near the CSDW phase boundary (tempera-
ture slightly higher than the CSDW transition temperature). 3!}
Thereby, the SDW gap opening on the dy;,, bands could be
viewed as a distinct characteristic of the CSDW phase.

In addition to the SDW gap, two hole-like bands with sim-
ilar dispersions were observed at k, =~ —0.7 A1 [Figs. 1(d),
1(f), 1(h), and 1()].

dy; and d,, bands disperse along the k, and k. directions,

According to band calculations, the

respectively.>3-331 When the system is C4 symmetric in the
CSDW phase, the dispersions of the d,; and d,; bands are iden-
tical. In this case, one sharp band representing the degenerate
dy.y; bands (red and green dashed lines) can be observed at
ky =~ —0.7 A=! [Figs. 1(h) and 1(j)]. One could also ob-
serve a broad distribution of spectral weight at higher bind-
ing energy. It represents the dy, band (blue broad line) that
is less coherent than the d,; . bands.?®) When the C4 sym-
metry is broken, the dispersions of the d,; and dy, bands be-
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come different.3#-3%) In this case, two sharp bands represent-
ing the energy separated d,; and d,; bands can be observed at
ke =~ —0.7 A~ [Figs. 1(d) and 1(f)]. While the d,, band
(green line) disperses near Ef, the d,, band (red line) and
d,y band (blue broad line) disperse at higher binding energy.
Such energy splitting of the d; and dy, bands has been widely
observed in the nematic phase of Fe-HTS.[?%313435] There-
fore, the lifting of energy degeneracy between the d; and d,,
bands could be viewed as an electronic structure indicator of
the C4 symmetry breaking. It should be noted that here we
only show the band dispersion along the k, direction. How-
ever, due to the existence of twinned domains in samples with
perpendicular directions, both the original dy, band and the
d,; band projected from the 90°-rotated domains can be ob-
served simultaneously along the k, direction.[?*31:3435] When
the sample is detwinned, for example, by applying uniaxial
strain, only the d,; band is observable along the k, direction

near ky =~ —0.7 A—1,[29:30.34.35]

3.2. Alkali-metal deposition

After clarifying the characteristics of the electronic struc-
ture, we performed doping control on the C4 magnetic phase.
Figure 2 shows the evolution of Fermi surface and band disper-

—08 —04 O 0.8
ko (A71)

-04 O —-0.8

sions with increasing the alkali-metal deposition. We use Dn
n=0,1,2,..
in Figs. 2(a)-2(c), the surface deposition of lithium introduces
the h-pockets shrink and the e-
pockets expand. The size of the e-pockets is more comparable
to that of the d.,,, h-pockets in the DO sample. But in the D7
sample, the size of the e-pockets becomes more matched with

.) to denote the deposition sequence. As shown

electrons into the system:

the size of the dy, h-pocket. Meanwhile, the relative inten-
sity between the d,, and d,; ,, h-pockets reverses with electron
doping. The d,.,y, h-pockets exhibit lower (higher) photoemis-
sion intensity than the dy, h-pocket in DO (D7) samples. Such
redistribution of photoemission intensity on the h-pockets in-
dicates a switching of orbital selectivity of the SDW gap. As
shown in Fig. 2(d), the d,, band crosses Ef in the DO sample
but exhibits a clear band bending behavior in the D7 sample.
In addition to the change of the SDW gap, two sharp band
dispersions could be observed at k, =~ —0.7 A~! in the D7
sample [Figs. 2(d) and 2(e)], resembling the band dispersion
in SrFeyAs; [Fig. 1(d)]. They represent the energy separated
dy; and dy, bands, indicating that the symmetry of the system
changes from C4 to C2. All the above phenomena consistently
show that the alkali-metal deposition drives a transition of the
system from C4 to C2 magnetic phase.

(b) 2 h-pockets

e pockets e- POCketS
@ 7

Intensity (arb. units

70

—~
[
-~

—-04 O

—-0.20 0.2-0.20 0.2-0.20 0.2
ky (A-1)

Fig. 2. Evolution of electronic structure in Sry ¢4 Nag 36Fez Asy tuned via alkali-metal deposition. (a) Doping dependence of the photoemission

intensity mapping taken at Ep in Srge4Nag36FesAsy We use Dn (n =0, 1, 2, ..

.) to denote the deposition sequence. (b) The momentum

distribution curves taken across the h-pockets along the k, =0 A~ (red thick lines) and across the e-pockets along the ky =~ —1.08 A~! (blue
thin lines) directions at DO and D7. The Fermi crossings of the h- and e-pockets are highlighted using black arrows. (c) Schematic drawing
of the doping dependence of the Fermi surface. (d) and (e) Doping dependence of the second derivative images of the energy momentum cuts
taken along #1 and #2 directions. The cut directions are illustrated using the white solid lines in panel (a). The data were measured at 15 K.

We then characterized the SDW gap on the d,;,, bands
with high energy resolution. Figure 3 shows the symmetrized
spectra taken at different doping levels. It should be noted that
the symmetrization of spectra is not rigorous here, due to the
presence of background and the fact that the spectral function
of the SDW phase is not strictly particle-hole symmetric. 3"}
Nevertheless, as a common method for the gap analysis of
the charge density wave and SDW phases, the symmetriza-
tion method effectively demonstrates the presence of spec-
As shown in Fig. 3(a), the

dy, band exhibits no gap, while a large gap (A) of approxi-

tral weight suppression at Ef.

mately 30 meV was observed on the d,. ,, bands. This is con-
sistent with our previous ARPES study on the C4 magnetic
phase.[*!! When deposited with alkali-metal, a zero-energy
peak emerges in the DS sample (highlighted with a red ar-
row). Its peak area increases with further doping. A zero-
energy peak in the symmetrized spectrum represents a gapless
electronic state. However, as shown in Figs. 3(b) and 3(c),
instead of a gradual reduction of the SDW gap to zero, the
zero-energy peak emerges suddenly at Ef and coexists with
the gapped state. The coexistence of the zero-energy peak and
the peaks at 30 meV binding energy is consistent with a phase
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separation behavior of a first-order phase transition. With in-
creasing doping, part of the gapped state transits into a gapless

—

E—Er (meV)
o
o o<

|
A
=)

s
[
g
=
i
: .
—04 0 04 —04 0 04
ky (A7)

—0.4

state. The gapped and gapless states coexist in the system dur-
ing the transition process.

®) ./\‘_/'Q %2)

s

=&

S /\/\

Z

i: /w\“ D5 max
N\ u
% D7 min

=50 0 50
E—EF (meV)

=50 0
E— EF (meV)

50

Fig. 3. Doping dependence of the SDW gap on the d,. . bands. (a) Doping dependence of the symmetrized images of the energy momentum cuts taken along
the k, = 0 A~! direction. We use Dn (n =0, 1, 2, ...) to denote the deposition sequence. (b) Doping dependence of the symmetrized energy-distribution
curves (EDCs) integrated in a [0, 0.3 A~'] momentum window. (c) Merged image of the symmetrized EDCs in panel (b). The data were measured at 15 K.

3.3. Uniaxial strain

Uniaxial tensile and compressive strains naturally break
the C4 rotational symmetry of materials. According to previ-
ous studies, strong nematic fluctuations exist in wide doping
and temperature ranges in the phase diagram of Fe-HTS. 2838
As a result, the nematic order can be induced by applying
uniaxial strain. Strain-induced nematic order has been ob-
served in various Fe-HTS systems.[3%3%%01 Figure 4 shows
the Fermi surfaces and band dispersions measured under ten-
sile and compressive strains, respectively. We use the volt-
age of the piezoelectric ceramic stacks (Vo) to show the
magnitude of uniaxial strain. As discussed in previous sec-
tions, the energy separation between the d,; and d,; bands
serves as a sensitive indicator of the C4 symmetry breaking
in Fe-HTS. Here, due to the limitation of the matrix element
effects of our experimental geometry, we only focused on
the dy, band dispersion along the k, direction. As shown in
Figs. 4(a)-4(d), the dy, band shifts up under tensile strain

(a) W Sample #1 W

300 V 2 | (b) Eematic
o
)
=
% |— 350 V
£ |—300V
~ -100 —50 0
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e
\“_é/(d)o 300 V
<
S50
& #2 #2
—0.2 0 0.2-0.20 0.2
ky (A1)

ky (A1)

E—FEp (meV)

resulting in an emergence of a bright intensity spot (high-
lighted by white arrows) in the Fermi surface mapping near
the e-pockets. In contrast, the dy; band shifts down under
compressive strain leading to a decline of photoemission in-
tensity of the bright spot. This phenomenon is consistent with
previous ARPES studies on uniaxially strained FeSe9So
and Ba;_K,Fe,As,,[?*3% indicating that the C4 rotational
symmetry of the electronic structure is broken under tensile
and compressive strains. The strain-induced energy differ-
ence of the d,, band could be characterized by comparing the
EDCs taken at k, = —0.7 A~! with a Vy, of —350 V and
300 V [Fig. 4(b)]. The energy difference is estimated to be
around 20 meV, which could be viewed as a characteristic en-
ergy scale of the nematic order (Eyematic) induced by uniaxial
strain. Similar strain-induced nematic order was consistently
observed in another sample (sample #2) [Figs. 4(e)—4(h)]. In
sample #2, a tiny amount of lithium (~ 60 s deposition time)
was deposited on the sample surface. Such a small amount of
lithium could suppress the surface polarization effect without

I Sample #2 ¢

(e)

(8) EanT

|
ot
&)

ky (A1)

Fig. 4. Electronic structures of Srg g4Nag 36FeyAs, tuned via the tensile and compressive strains. (a) Photoemission intensity mapping at Ef taken in
sample #1 under tensile and compressive strains. We use the voltage of the piezoelectric ceramic stacks (V) to show the magnitude of uniaxial strain.
Negative and positive voltages represent the tensile and compressive strains, respectively. (b) EDCs extracted at k, = —0.7 A~! and ky=0 A~! under
tensile (—350 V) and compressive (300 V) strains. (c) and (d) Second derivative images of the energy momentum cuts taken along the #1 and #2
directions under tensile (—350 V) and compressive (300 V) strains. The cut directions are illustrated using white solid lines in panel (a). (e)—(h) are
the same as (a)—(d), but taken in sample #2 with a tiny amount of lithium surface deposition. The data were measured at 45 K.

057404-5



Chin. Phys. B 35, 057404 (2026)

Sample #1
—100 V —200 V —350 V (b) Tensile
’;)\ 1
—~ = | oV
50 !
% z W —100 V
E) 3 ] —200 V
& = i —300 V
| 7 —350 V
) 3
—50 E |
N BN B B
50 0 50
- E—FEp (meV)
(c) oV 100 V 200 V (d) Compressive
z : Y%
7 E \ 100 V
&) 8 200 V
. 0 & |
5 - : 300 V
| BS
R _50 g
E
M LR B B
0 0.2 0 0.2 0 0.2 -50 0 50
min [ Jmax Ky (A7) E—Er (meV)
Sample #2
Y% 250 V —250 V ) .
£ | 0V
E
‘ M”]\/"‘ 250 V
£
< —250 V
2z I
‘B
=}
Q
; E
LRI A S
-03 0 03 -03 0 03 —03 0 0.3 50 0 50
k, (A71) E—FEp (meV)

Fig. 5. Strain-dependence of the SDW gap on the d,; . bands. (a) Strain-dependence of the symmetrized images of the energy momentum
cuts taken along the ky =0 A~! direction in sample #1 under tensile strain. We use Vp, to show the magnitude of uniaxial strain. (b) Strain-
dependence of the symmetrized EDCs taken at the Fermi crossings of the d,. . bands in sample #1 under tensile strain. (c) and (d) are the same
as (a) and (b), but taken in sample #1 under compressive strain. (e) and (f) are the same as (a) and (b), but taken in sample #2 under tensile and

compressive strains. The data were measured at 45 K.

affecting the C4 magnetic phase.*?! The strain-induced shift
of the dy, band is more pronounced in sample #2. The strain-
induced Epemaic reaches around 30 meV [Fig. 4(g)]. If we
use the ratio of the nematic transition temperature (Tpematic) t0
the Epematic measured in FeSep 9So 1,12 the calculated Themaic
of the strain-induced nematic order in Srge4Nag3cFepAsy is
~ 50-60 K.

We confirmed that a nematic order with a 20-
30 meV energy scale was induced by uniaxial strain in
Sro.64Nag 36Fe2 Asy. We then studied the change of magnetic
order by measuring the strain dependence of the SDW gap
on the d,;,, bands with high energy resolution. As shown
in Figs. 5(a) and 5(b), the gap on the d,;,, bands gradually
increases with increasing tensile strain. The gap expands to
around 40 meV at a Vp, of —350 V. In contrast, the gap gradu-
ally decreases to ~ 25 meV with increasing compressive strain
[Figs. 5(c) and 5(d)]. The strain dependence of the SDW
gap was consistently observed in sample #2 [Figs. 5(e) and
5(f)]. The energy scale of the strain-induced gap modulation

is around ~ 15-20 meV. The signature of the gapless state as

manifested by the zero-energy peak was not observed in either
tensile or compressively strained samples in our strain tuning

range.

4. Discussion

Figure 6 summarizes our results. We first discuss the evo-
lution of magnetic order with doping. We attribute the zero-
energy peak to the SSDW phase with C2 symmetry. We made
this attribution based on the following reasons. (i) The alkali-
metal deposition dopes electrons into the system driving the
electronic state of Srgg4Nag 36FeyAsy toward the electronic
state in its parent compound SrFe;As,. Therefore, a doping
induced CSDW-to-SSDW transition is expected. (ii) The clos-
ing of the SDW gap on the d,;,, h-pockets and the observa-
tion of energy splitting of the d,; , bands at k, = —0.7 Al
are consistent with the characteristics of the SSDW phase.
(iii) Both experimental and theoretical studies have shown that
the CSDW-to-SSDW transition is a first-order transition due
to the reorientation of magnetic moments from out-of-plane to
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in-plane direction.®~121731 This is consistent with the phase
separation phenomena we observed here. Part of the CSDW
phase starts to transition into the SSDW phase at around 75 s
deposition time. The two phases then coexist in the system,
while the proportion of the SSDW phase gradually increases
with increasing electron doping. The coexistence of CSDW
and SSDW phases also explains our Fermi surface mapping
taken in the D7 sample [Fig. 2(a)]. The d,, h-pocket is gapless
in the CSDW phase. Therefore, the photoemission signal orig-
inated from the residual CSDW phase leads to the observation
of the sharp dy, h-pocket in the Fermi surface mapping of the
D7 sample.

Unlike the doping induced CSDW-to-SSDW transition,
the response of the C4 magnetic phase to uniaxial strain is
counterintuitive. We confirmed that the uniaxial strain breaks
the C4 symmetry of the system. A nematic order with an en-
ergy scale of ~ 20-30 meV is induced. Considering the pres-
ence of finite coupling among orbitals, lattice, and magnetism,
the magnetic phase should be also C2 symmetric under the ten-
sile and compressive strains. Note that, the C4 CSDW phase
can only transition into the C2 SSDW phase via a first-order
phase transition.[*~1>17-311 However, we observed a continu-
ous modulation of the SDW gap by uniaxial strain. There
Neither the phase
separation behavior nor the zero-energy peak has been ob-

is no signature of a first-order transition.

served. We then considered two possible scenarios. On the one
hand, according to theories, the CSDW phase could couple
with an out-of-plane SVC (SVC | ) and SSDW phases so that it
could break the C4 symmetry continuously via a second-order
transition.!!”! In this case, the strain-dependence of SDW gap
in Fig. 6(d) could be attributed to a gap anisotropy. With the

Pristine Electron doping
epockets . eetsry
h-pockets h-pockets
(c) 50
40
@
o o &
) ° ©
E 304 ,® o 7| X
4 Y < o sspw g
204 CSDW ° °
i [ ]
[ 2 J
o ©®
10 T T T T
0 50 100 150 200

Deposition time (s)

development of C2 magnetic order, the SDW gap increases
along one direction and decreases along the perpendicular di-
rection. Because the magnetic domain rotates 90° from tensile
to compressively strained samples, we observe the increase
and decrease of the SDW gap under tensile and compressive
strains. However, there is no experimental evidence for the
existence of a SVC phase in Fe-HTS so far. Moreover, the
Fermi surface mappings of our strained samples show a uni-
form angular distribution of photoemission intensity on the
dy.y; h-pockets, which contradicts to the presence of strong
gap anisotropy. On the other hand, a more plausible scenario
is that similar to the doped case, part of the CSDW phase tran-
sitions into a SSDW phase through a first-order transition. But
the proportion of the SSDW phase is too low to be detected
by our gap measurements. In this case, our measurements of
the strain-dependence of the SDW gap reflect the strength of
the CSDW phase. If only the in-plane effects of tensile and
compressive strains are considered, their impacts on the elec-
tronic state should be identical, differing only by a 90° ro-
tation. However, our data observed that the CSDW phase is
enhanced (weakened) under tensile (compressive) strain. To
explain this asymmetry, we need to consider the out-of-plane
effects of tensile and compressive strains. Tensile strain causes
a compression of lattice along the out-of-plane direction, while
compressive strain causes an expansion of lattice along the
out-of-plane direction. It is possible that the strain-dependence
of the SDW gap observed in Fig. 6(d) reflects the sensitivity of
the CSDW phase to the tuning of the lattice along the out-of-
plane direction. Further experiments involving uniaxial strain
applied along the c-axis may be required to verify this pro-
posal.

(b) Tensile strain Compressive strain

e-pockets duy e- pockets duy
h-pockets h-pockets
50
(d) @ Sample #1
) * g O Sample #2
40 o
o) Y. ¢
E 30 3 o 8 .
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< . \A
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10 T T |
—400 —-200 O 200
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Fig. 6. Response of the CSDW phase to doping and uniaxial strain. (a) and (b) Schematic drawing of the change of Fermi pockets with
electron doping and uniaxial strain. For the case of uniaxial strain, only the anisotropy of e-pockets is considered. The anisotropic e-
pockets were draw according to previous ARPES studies on the nematic phase.!??313435] (¢) Doping dependence of the SDW gap (red
circles) and the peak area of the zero-energy peak (blue circles). (d) Strain dependence of the SDW gap extracted from the data taken in

samples #1 (solid diamonds) and #2 (hollow diamonds).
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Nevertheless, in either case, the small magnitude of the
gap variation (approximately 15 meV) and the absence of a
gapless state both indicate that the C4 magnetic phase ex-
hibits a certain degree of robustness under uniaxial strain.
The C4 magnetic phase coexists with the strain-induced ne-
matic order in the entire strain tuning range of our experiment
in Srg4Nag3gFesAsy. Such robustness of the C4 magnetic
phase suggests that the nematic order exhibits no intermediate
correlation with the magnetic phase. This falsifies the previ-
ous view of the relation between nematic and magnetic orders
that the nematic order is the precursor order of the magnetic
order.?>?4 Qur results imply that the nematic and magnetic
fluctuations in Fe-HTS have different origins.

Next, we discuss the mechanism of magnetic fluctuations
in Fe-HTS. First, as shown in Fig. 6(b), the e-pockets become
strongly anisotropic due to the formation of the nematic order
under uniaxial strain. In this case, the nesting of the Fermi
surface would choose only one direction (0, 7) or (7, 0). If
the magnetic fluctuations purely originate from the Fermi sur-
face instability, the C4 magnetic phase should be strongly sup-
pressed in both tensile and compressively strained samples.
This is inconsistent with our observation. Furthermore, while
the Fermi surface became anisotropic under uniaxial strain,
an approximately 10 meV enhancement of the CSDW gap
was observed. Therefore, our results suggest that the mag-
netic fluctuations cannot originate purely from the Fermi sur-
face instability of itinerant electrons. High energy interactions
such as Hund’s interactions or exchange interactions need to
be considered.!?’! Second, as shown in Fig. 6(a), the nest-
ing condition switches from e-pockets-d,, . h-pockets to e-
pockets-d,, h-pockets with electron doping. Consistently, the
orbital selectivity of the SDW gap also switches. This sug-
gests that the orbital selectivity of Fermi surface nesting plays
a crucial role in determining the orientation of magnetic mo-
ments or magnetic configuration. This is also supported by
theoretical calculations.>>#!1 The nesting of Fermi pockets
between e-pockets and d,, h-pocket favors the SSDW phase.
This explains why the SSDW phase was not found in LiFeAs
and FeSe where there is no nesting condition for the d,, h-
pocket. In contrast, the CSDW phase was only found in hole-
doped FeAs compounds, which means that the CSDW phase
could be stabilized by the nesting between the e-pockets and
the dy,y, h-pockets. This also explains the robustness of the
CSDW phase under uniaxial strain. The uniaxial strain only
induces anisotropy in the e-pockets. The nesting of Fermi
pockets between the e-pockets and the d,. ,, h-pockets remains
intact under uniaxial strain.

5. Conclusion

In summary, we applied doping and uniaxial strain tuning
to the C4 magnetic phase in Fe-HTS. Using ARPES, we char-

acterized the evolution of the Fermi surface and the SDW gap.
We found that the electron doping drives a first-order CSDW-
to-SSDW transition, while no such transition was observed in
the uniaxially strained samples. On the one hand, our results
suggest that the nematic order exhibits no close correlation
with the magnetic order in Fe-HTS. They may have different
origins. Experimental studies on Fe-HTS have found that both
the nematic and magnetic fluctuations exist in a wide region of
the phase diagram.[?! Both fluctuations have been proposed to
contribute to the superconducting pairing interactions. There-
fore, in order to explain the complex superconducting states
of Fe-HTS, the cooperative or competitive contributions from
both the nematic and magnetic fluctuations may need to be
considered. On the other hand, our results show that the or-
bital selectivity of Fermi surface nesting plays a crucial role in
determining the moment orientation or magnetic configuration
of Fe-HTS, which confirms the role of itinerant electrons in
mediating the magnetic fluctuations in Fe-HTS. Meanwhile,
the existence of two nesting channels on the Fermi surface
with different orbital characters may be related to the strong
orbital selectivity of superconductivity found in Fe-HTS. In
most Fe-HTS, the superconducting gap on the d,; . bands is

3311 Such orbital selectivity of

larger than that on the d,y band.!
superconductivity is more consistent with the orbital selectiv-
ity of the SDW gap in the CSDW phase than that of the SSDW
phase.3!! It is intriguing to further study how the magnetic
fluctuations originating from magnetic orders with different
symmetries (C2 and C4) play roles in mediating the supercon-

ducting pairing in Fe-HTS.
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