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Strong band renormalization and emergent
ferromagnetism induced by electron-
antiferromagnetic-magnon coupling

T. L. Yu 1, M. Xu1, W. T. Yang1, Y. H. Song1, C. H. P. Wen1, Q. Yao 1, X. Lou1,
T. Zhang 1,2,3, W. Li 1, X. Y. Wei1, J. K. Bao4, G. H. Cao 4, P. Dudin 5,
J. D. Denlinger 6, V. N. Strocov 7, R. Peng 1,2 , H. C. Xu 1 &
D. L. Feng 1,2,3,8

The interactions between electrons and antiferromagnetic magnons (AFMMs)
are important for a large class of correlated materials. For example, they are
themost plausible pairing glues in high-temperature superconductors, such as
cuprates and iron-based superconductors. However, unlike electron-phonon
interactions (EPIs), clear-cut observations regarding how electron-AFMM
interactions (EAIs) affect the band structure are still lacking. Consequently,
critical information on the EAIs, such as its strength and doping dependence,
remains elusive. Here we directly observe that EAIs induce a kink structure in
the band dispersion of Ba1−xKxMn2As2, and subsequently unveil several key
characteristics of EAIs. We found that the coupling constant of EAIs can be as
large as 5.4, and it shows strong doping dependence and temperature
dependence, all in stark contrast to the behaviors of EPIs. The colossal
renormalization of electron bands by EAIs enhances the density of states at
Fermi energy, which is likely driving the emergent ferromagnetic state in
Ba1−xKxMn2As2 through a Stoner-like mechanism with mixed itinerant-local
character. Our results expand the current knowledge of EAIs, which may
facilitate the further understanding of many correlated materials where EAIs
play a critical role.

Electron–boson interactions belong to the most fundamental micro-
scopic processes in solids, which are responsible for various fascinat-
ing properties. For example, electron–phonon interactions (EPIs)
could result in conventional superconductivity or charge density
waves1,2, whereas the high-temperature superconductivity in cuprate
and iron-based superconductors is proposed to be related to the

interactions between electrons and antiferromagnetic (AFM) spin
fluctuations, i.e., AFM magnons (AFMM)3–5. The electron–boson
interactions "dress" the electrons up, and convert the electrons into
quasiparticles. Theoretically, the effects of electron–boson interaction
can be described by a complex self-energy of the electronic
structure6,7, which is determined by both the electron–boson matrix
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element g (i.e., interaction potential) and thematerial-specific bosonic
structure8. Experimentally, the band structure is renormalized, and
sometimes an abrupt distortion, i.e., a kink, in the otherwise smooth
band dispersion can be detected by angle resolved photoemission
spectroscopy (ARPES)6,7. Based on the ARPES data, one can extract the
electron self-energy and the electron–boson coupling constant λ,
which characterizes the total renormalization strength and directly
gives Tc in BCS theory.

The kinks induced by electron–phonon interaction have been
detected in variousmaterials, while the coupling constant λ is found to
be less than 1 in mostmetals9–11. In contrast, the contribution of AFMM
to the electron self-energy has not been experimentally identified,
although electron-AFMM interactions (EAIs) holds the key to the
general understanding of many correlated phenomena like uncon-
ventional superconductivity. Although kink features have been widely
observed in the dispersion of many cuprate superconductors12–19, the
origin has been controversial, as the energy scales of kinks are found in
both the magnetic resonances20 and the phonon modes9,21,22. The
presence of kinks in the heavily overdoped regime without many AFM
fluctuations9,10,23,24 disfavors a magnon origin. Moreover, the energy
scale of AFM spin fluctuations is comparable to that of the electronic
dispersion near Fermi energy (EF) in cuprates or iron-based
superconductors25–27, which would lead to a renormalization of the
entire band rather than a kink nearEF28,29. Therefore, one cannot isolate
or identify the EAIs in the retrieved total self-energy.

To reveal the characteristics of the EAIs, one requires a com-
pound that has both robust AFMM excitations and relatively large
electron bandwidth. This dilemma condition is usually difficult to
fulfil, while Ba1−xKxMn2As2, an isostructure material for 122-type Fe-
based superconductors30, could be an ideal system. On one hand,
BaMn2As2 is an AFM insulator (AFI) with a Néel temperature TN =
625 K. The magnetic moments of Mn2+ ions in BaMn2As2 point along
the c axis, forming a G-type AFM order [Fig. 1b]. K doping turns
Ba1−xKxMn2As2 into a metal [Fig. 1a], while the TN and magnetic
moments persists31,32. Inelastic neutron scattering studies find strong
AFMM excitations in heavily doped samples33. On the other hand, the
electron bandwidth could be large in Ba1−xKxMn2As2 as observed in
the parent compound BaMn2As2

34. At x > 0.19, it shows an emergent
ferromagnetic (FM) ground state with the FM moments in the ab-

plane contributed by As-4p orbital rather than the canting ofMn AFM
moments32,35,36, while the underlying mechanism of the emergent FM
is unknown. Here, by conducting ARPES studies on Ba1−xKxMn2As2,
we directly observe a kink feature of clean EAIs origin. We subse-
quently unveil its doping-dependent and temperature dependent
behaviors. Its renormalization on the electronic structure is unu-
sually strong, which drives the emergent ferromagnetic state
through a Stoner-like mechanism.

Results and discussions
Electronic structure of Ba1−xKxMn2As2
Figure 1d–f shows ARPES results measured using vacuum ultra-violet
(VUV) photons, which resolve the Fermi surface structure of
Ba0.7K0.3Mn2As2 in its three-dimensional Brillouin zone. In the Γ-X-M
plane measured with 78 eV photons [Fig. 1e], the photoemission
intensity mapping shows a large pocket α in rounded square shape
centered at Γ. The α pocket is absent in the ZRA plane [Fig. 1f] and
highly dispersive along kz, forming a drum-shaped Fermi surface
[Fig. 1d]. The spectral intensity at zone center shows two-dimensional
character and persists along kz [Fig. 1d–f], which is contributed by
bands β and β’ whose band top locates near EF. Except for some var-
iation in the spectral weight due to the photoemissionmatrix element,
the Fermi surfaces measured using VUV photons are consistent with
the soft X-ray ARPES results (Section 1 of Supplemental Materials),
confirming the bulk nature of the measured bands. By calculating the
Fermi surface volume in the three-dimensional Brillouin zone, we
estimated the hole doping based on Luttinger theorem. The estimated
hole doping agrees well with the K concentration at various doping
levels (Section 2 of Supplemental Materials).

Along Γ-X, the hole-like bandsα and β are resolved [Figs. 1g–i]. The
β0 band is relatively weaker but observable in the second-derivative
spectra [Fig. 1h], which is also reproduced in calculations34. Both
the Fermi surfaces and band dispersions of Ba0.7K0.3Mn2As2 roughly
agree with the pristine BaMn2As2 after a chemical potential shift31,34.
The bandwidth is in the energy scale of 1 eV, which is one order of
magnitude larger than that inmost Fe-based superconductors, such as
the isostructural Ba1−xKxFe2As2

37. The large bandwidth of Ba1−xKxM-
n2As2 provide a clean playground for observing the kinks of
electron–boson interactions and retrieving the self-energies.

Fig. 1 | Phase diagram and the basic electronic structure of Ba1−xKxMn2As2
(x =0.3). a Phase diagram of Ba1−xKxMn2As2. The open circle indicates the Curie
temperature determined by magnetic susceptibility measurements on our sam-
ple (Section 14 of Supplemental Materials). The filled circles indicate data from
refs. 32,35,69,70. b, c Crystal structure and three-dimensional Brillouin zone of
Ba1−xKxMn2As2. The blue arrows indicate the alignment of the Mn magnetic
moments in the G-type antiferromagnetic (AFM) state. d–f Photoemission

intensitymaps in the high symmetric planes of the Brillouin zone, integrated over
an energy window of EF ± 20meV. The ky − kz map in the ΓXZ plane is measured
with C+-polarized (pol.) photons from 58 to 100 eV. g, h Photoemission intensity
along cut #1 in panel e taken by C+-pol. photons and its second derivative with
respect to momentum, respectively. The dashed curves indicate the band dis-
persions. i Momentum distribution curves (MDCs) along cut #1. The ARPES data
were measured at 30 K, BL5-2 of SSRL.
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Strong electron–magnon interactions in Ba1−xKxMn2As2
The α band shows a kink around the binding energy EB = 50meV, as
shownby the photoemission image andMDCs [Fig. 2a–c, andSection4
of Supplementary Materials]. The bands β and β0 also show similar
features (Section 5 of Supplemental Materials). The kink in electronic
dispersion is a general signature of electron–boson interactions7. At
the kink feature of band α, the Fermi velocity vF is renormalized from
the velocity of large-scale dispersion v0F by a factor of ~6.1 [Fig. 2b]. The
corresponding electron–boson coupling constant reaches
λ= v0F =vF � 1 ’ 5:1. The coupling constant of the kink in Ba0.7K0.3M-
n2As2 is colossal and larger than those of most of the reported kinks
[Fig. 2f]11,38–47, except those near the anti-nodal region of cuprates that
are enhanced by superconductivity18,19.

To retrieve the self-energy of band α, we conducted numerical
fittings on the MDCs of Fig. 2a using Lorentzian peaks and a constant
background (see Section 6 of Supplemental Materials for details). The
momentum location of Fig. 2a is set slightly off the zone center to
avoid the influence fromβ0 band to thefittings. The real part of the self-
energy contributed by the kink-related bosonic modes is obtained by
Re Σb(E,k) = E(k) − E0(k), where E0(k) is a parabolic estimation of the
"bare band" dispersion. The imaginary part of the self-energy is
obtained by ∣ImΣrawðEÞ∣= ∣v0F ∣×FWHM=2, where FWHM is the full-
width at half-maximum from fitting the MDCs. Corresponding to the
kink energy of Ba0.7K0.3Mn2As2, the Re Σb peaks at ~50meV [Fig. 2d],
where the imaginary part of the self-energy Im Σraw also shows a step
[Fig. 2e], indicating the energy scaleof the kink-relatedbosonicmodes.
After subtracting Im Σraw by a background (Im Σothers) that accounts for
extrinsic broadening and other effects of electron correlations (Sec-
tion 6 of Supplemental Materials,48,49), we obtain the Im Σb that is
contributedby the kink-relatedbosonicmodes.The ImΣbmatcheswell
with the Kramers-Kronig (KK) transformation of Re Σb [Im Σb

KK in
Fig. 2d]. Vice versa, the KK transformation of Im Σb [Re Σb

KK in Fig. 2c]
also matches well with Re Σb. The KK conjugation between the Re Σb

from dispersion and Im Σb from FWHM helps to confine the fitting
processes and supports the self-consistency of the extracted self-
energies.

The conventional Landau quasiparticle picture requires Im
Σ < < EB near EF, while in Ba0.7K0.3Mn2As2 the Im Σb rises quickly below
EF and exceeds EB [Fig. 2e]. The large magnitude of self-energy comes
from the strength of the electron–boson interactions and indicates a
deviation from conventional quasiparticle picture. Besides, although
the simulated ARPES spectra based on the quasiparticle spectral
function reproduces the kink feature (Section 7 of Supplemental
Materials), it does not give the high-energy spectral weight at EB >
100meV. The high-energy spectral weight increases at higher EB
[Fig. 2a, b], which is opposite to the expectation for the high-energy
increasing of Im Σraw in a conventional quasiparticle picture. The
deviations from conventional quasiparticle picture also exist in the
ARPES spectra of cuprates50 and manganites51. Similar to the method
for cuprates with large coupling constant18, the self-energy analysis
here is a semi-conventional quasiparticle-like approach. The high-
energy spectral weight that deviates from conventional quasiparticle
picture could relate with a polaronic metallic state induced by strong
correlations with bosons like phonons or magnetic excitations51,52.

The obtained Im Σb and Re Σb consistently indicate a bosonic
energy scale that extends up to ~100meV and peaks at ~50meV
[Fig. 2d, e]. Based on the extracted self-energy, we can roughly esti-
mate the Eliashberg function α2F(ω) of the kink by α2FðωÞ= ∂ImΣðEÞ

π∂E ∣E =ω

(see Section 6 of Supplemental Materials for details), which char-
acterizes the corresponding bosonic density of states (DOS) weighted
by their effective interactions with electrons7. As shown in Fig. 2f, the
energy scale of α2F(ω) is distinct from the phonon energies below
25meV according to the inelastic neutron scattering (INS) on
Ba1−xKxMn2As2 (x =0.25)33, and the phonon spectra calculated for
Ba1−xKxMn2As2 (x =0 and 0.5) (Section 11 of Supplemental
Materials,53–56). EPI could exist below 25meV, while it is not relevant to
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in panel d, e, and g are propagated from the standard deviation of fittings and the
instrumental momentum resolution (see Section 6 of Supplemental Materials for
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the kink at 50meV. On the other hand, the energy scale of α2F(ω)
matches that of magnon spectra of Ba0.75K0.25Mn2As2 [Fig. 2f], which
has been resolved by the INS magnetic intensity and reproduced by
Heisenberg-model-based simulations (Section 12 of Supplemental
Materials,33,57). After considering the momentum restriction of single-
magnon absorption/emission processes, the simulated α2F(ω) also
exhibits the same energy scale (Section 13 of Supplemental
Materials,33). The consistent energy scale provides compelling evi-
dence that the kink feature in Ba1−xKxMn2As2 is due to the strong
interactions between itinerant electrons and AFMMs.

Kinks are present at band α for dopings x = 0.1, 0.2, and 0.3 of
Ba1−xKxMn2As2 [Fig. 3a–d]. Since there is no ferromagnetic transition at
doping levels lower than x = 0.19, it further supports that the kink
originates from AFM magnons rather than FM magnons. The large-
scale band dispersion of α is hole-like near EF with respect to the zone
center and becomes relatively steep at ~EB = 0.3–0.7 eV [Fig. 3e]. When
the doping increases, the dispersion of band α shifts with chemical
potential in a rigid bandmanner (Section9of SupplementalMaterials).
Though the steep dispersion below the kink of x =0.3 [Fig. 3c] is
reminiscent of the "waterfall" feature in cuprates58–60, its doping-
dependent energy scale in Ba1−xKxMn2As2 is distinct from the fixed
energy scale of "waterfall" features at various dopings59–61. As the
chemical potential lowers across the hole-like dispersion [Fig. 3f], the
"bare band" velocity v0F below the kink increases from 2.68 ± 0.11 eV ⋅Å
at x =0.1 to 7.41 ± 0.43 eV ⋅Å at x =0.3. The coupling constant is
obtained for each doping based on λ= v0F =vF � 1, which increases with
doping by approximately three times from x = 0.1–0.3 [Fig. 3g]. The
Fermi velocity vF is nearly doping independent [Fig. 3a–d], which is
likely a coincidencedue to that both the v0F and λ increasewith doping.
The energy of kink feature gradually shifts towards lower energy with
increasing doping [Fig. 3a–c and g], which is consistent with the

doping-dependent energy shift of magnons as revealed by both the
INS magnetic intensity and the simulated magnon DOS (Section 13 of
Supplemental Materials,33,57).

The emergent ferromagnetic ground state
As the K doping increases, a ferromagnetic state emerges in
Ba1−xKxMn2As2 at dopings x > 0.19 [Fig. 1a and Refs. 32,35], which is
proposed to be itinerant from the spin polarization of As-4p holes35,36.
When Ba0.7K0.3Mn2As2 enters ferromagnetic phase with decreasing
temperature, the quasiparticle-like weight of band α increases and
becomes sharper [Fig. 4a]. The enhancing of quasiparticle-like weight
across the Curie temperature is reported in many ferromagnetic sys-
tems of transition metal compounds62–64. On top of a temperature-
independent incoherent weight that extends to near EF [inset of
Fig. 4e], the quasiparticle-like weight increases continuously with
decreasing temperature [Fig. 4e and g]. Themajor enhancement takes
place at the ferromagnetic transition.

The kink feature persists above the Curie temperature in the
spectra of Ba0.7K0.3Mn2As2 [Fig. 4a, b]. From 30K to 120K, the Fermi
velocity vF increases from ~0.55 eV ⋅Å to ~0.83 eV ⋅Å, while the v0F is
almost fixed around 3.4 eV ⋅Å, indicating larger coupling constant λ
at lower temperatures. Based on λ= v0F =vF � 1, the EAIs coupling
constant λ increases by ~70% from 120 to 30 K [Fig. 4f], while a
prominent increase occurs between 100 and 65K across the ferro-
magnetic transition. As summarized in Fig. 4f, g, both the
quasiparticle-like weight and the EAI coupling constant λ follow the
emergence of ferromagnetic moment with decreasing temperature.
Meanwhile, the emergence of ferromagnetic state with doping is also
accompanied by an enhancement of EAI coupling constant [Fig. 3g].
These results indicate an intimate relationship between the ferro-
magnetic state and the EAIs.
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Across the Curie temperature, our ARPES data resolve no detect-
able exchange splitting in Ba0.7K0.3Mn2As2 [Fig. 4a]. Even if there is a
finite exchange splittingobscuredby extrinsicmomentumbroadening,
the estimated upper limit of itinerant magnetic moment is less than
40%of that frommagnetic susceptibilitymeasurements (see Section 16
of Supplemental Materials for details). Furthermore, our DFT+U cal-
culation, without considering the EAIs, gives diminishing exchange
splitting at As-4p bands either (Section 15 of Supplemental Materials).
As doping increases from x =0.1 to x =0.3, the Fermi surface volume
evolves as a normal metal rather than a half-metal (Section 2 of Sup-
plemental Materials). These results indicates that the ferromagnetism
in Ba1−xKxMn2As2 is in mixed itinerant and localized character.

The itinerant holes are likely playing critical roles in the ferro-
magnetic transition, considering the coincident enhancement of EAIs
and ferromagnetic transitionwith either doping or cooling. The EAIs in
Ba1−xKxMn2As2 could influence the ferromagnetic transition through
enhancing the DOS at EF, noted as N(EF). Here we estimate the N(EF)
directly by its definition NðEFÞ= π

4

R
dS
4π3

1
vF
, where the integration goes

over the Fermi surfaces (Section 10 of Supplemental Materials). Note
that this estimation only involves the size of Fermi surfaces and the
Fermi velocities without considering the experimental photoemission
spectral weight. Based on the v0F without the renormalization by EAIs,
the calculated "bare" DOS N0(EF) is ~0.3 spin−1eV−1As−1. This is similar to
previousDFT results that does notmeet the Stoner criteria65. However,
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Fig. 4 | Temperature dependence of Electron–magnon interactions.
a Photoemission intensity along cut #2 of Ba0.7K0.3Mn2As2 at different tempera-
tures measured at BL4.0.3 of ALS. The solid lines and dashed lines illustrate the the
vF and v0F , respectively. A momentum-independent background is subtracted.
bNormalizedMDCs of spectra in panels a. The red circles in panels a andb indicate
the band dispersion from fitting the MDCs. c Sketch of the Fermi surfaces and
photoemission cuts. d Photoemission intensity along cut #3 measured at I05 of

Diamond, and the dispersion of band α (dashed curve). e Integrated spectra of
different temperatures along cut #3. The spectra are divided by a resolution-
convolved Fermi-Dirac function to remove the thermal effect. The inset shows
integrated spectra in a larger energy range. f, g Coupling constant and
integrated intensity over [EF-50meV, EF] as a function of temperature, respectively.
The error bars are based on the standard deviation of fittings and the instrumental
resolution.

Article https://doi.org/10.1038/s41467-022-34254-0

Nature Communications |         (2022) 13:6560 5



after considering the renormalization by EAIs, the N(EF) estimated
from renormalized vF is greatly enhanced with respect to N0(EF). The
N(EF) further increases with doping or cooling [Fig. 5], following the
doping dependence and temperature dependence of the coupling
constant λ. It becomes most enhanced in the ferromagnetic regime,
reaching 1.52 ± 0.32 spin−1eV−1As−1 at x =0.3, which is nearly three times
of that estimated by DFT calculations at an even higher doping
x =0.465. As summarized in Fig. 5, whenever N(EF) is increased roughly
to ~1.2 spin−1eV−1As−1 either by doping or cooling, the broad ferro-
magnetic transition takes place. These results suggest that a Stoner-
like mechanism is at work for driving the ferromagnetic ground state
through As-4p holes. The As-4p states could obtain a localized char-
acter through the Mn-As hybridization that projects the the As-4p
orbital to the flat bands at high binding energies34, while the itinerant
As-4p holes near EF are strongly renormalized by the EAIs to reach the
DOS of Stoner criteria and give rise to the ferromagnetism in
Ba1−xKxMn2As2 with mixed itinerant and localized character.

The EAI is one of the fundamental interactions in condensed
matter. Our ARPES study on Ba1−xKxMn2As2 provides a clean observa-
tion of EAI-induced kink. Our findings illustrate quantitatively how the
EAIs can renormalize the electron band and help to induce ferro-
magnetism in Ba1−xKxMn2As2, which reveals a unique pathway to rea-
lizing emergent ground states like ferromagnetism by the strong
interaction between electrons and AFM order. It also offers an
unprecedented opportunity to directly study the self-energy and
Eliasgberg functionα2F(ω) of EAIs, andour quantitative analysis reveals
various important facts about the EAIs.

• The coupling constant λ of EAIs in Ba1−xKxMn2As2 (x = 0.3) can
reach as high as 5.4, which is much higher than most other
known electron–boson interactions in metals. The large cou-
pling constant demonstrates that the effect of the EAIs can be
overwhelmingly strong and could induce emergent ground
states. The high spin S = 5/2 ofMnand relatively small bandwidth
of magnons give rise to high magnon DOS, which could be
responsible for the large coupling constant. Nevertheless, the
underlying behavior of EAI should be universal and could be
applied to other systems like cuprates and iron-based
superconductors.

• The EAIs vary strongly with both temperature and doping, even
if the AFM order is relatively robust. The EPIs usually decrease at

higher carrier concentrations due to screening. In contrast, the
EAIs in Ba1−xKxMn2As2 is enhanced by three times from
x =0.1–0.3 with increasing hole concentration. Based on simu-
lations (Section 13 of Supplemental Materials), the increased
scattering phase space at larger Fermi surfaces could explain the
enhanced coupling constant at higher hole dopings.

These features of EAIs put constrains on the theories. The
extracted electron self-energy and Eliashberg function α2F(ω) are cri-
tical for revealing the electron–magnon matrix element g and other
microscopic characteristics of EAIs at a more quantitative level, which
encourages future inelastic scattering studies on the magnon spectra
with absolute value. As these characteristics of the EAIs could be
general in other materials with AFM excitations, such as high-
temperature superconductivity in cuprates and iron-based com-
pounds, our results would facilitate further understanding of the
related emergent phenomena.

Methods
The Ba1−xKxMn2As2 single crystals used in this studywere grown by the
flux method as described elsewhere32,66. The chemical composition
and K doping level were determined by electron probe microanalysis
(EPMA). The magnetic susceptibility was measured by Quantum
Design Dynalcool system. VUV-ARPES experiments were performed at
beamlines BL5-2 of the Stanford Synchrotron Radiation Light Source
(SSRL), I05 of the Diamond Light Source, and BL4.0.3 of the Advanced
Light Source (ALS). The energy and angular resolutions were set at
15meV and 0.1°, respectively. Soft X-Ray ARPES experiments were
performed at ADRESS of the Swiss Light Source67. The energy and
angular resolutions were set at 80meV and 0.1°, respectively. All
samples were cleaved in situ and measured under a vacuum better
than 8 × 10−11 mbar. The homogeneity of the cleaved surfaces was
confirmed by ARPES, STM, STS, and EPMA (Sections 1–3 of Supple-
mental Materials and refs. 34,68,69). Each group of data for doping
dependence or temperature dependence study was taken in the same
beamline facility. Furthermore, the data taken at different beamlines
shows consistent electronic structure and spectral features. For dop-
ing x =0.3 and temperature T = 30K, the data taken at SSRL, Diamond,
and ALS give identical values of kF and vF within the experimental
resolution. Further analysis gives the similar EAI coupling constant λ
and density-of-staes N(EF).

Data availability
The relevant data supporting our key findings are available within the
article and the Supplementary Information file. All raw data generated
during our current study are available from the corresponding authors
upon reasonable request.

References
1. Bardeen, J., Cooper, L. N. & Schrieffer, J. R. Theory of super-

conductivity. Phys. Rev. 108, 1175–1204 (1957).
2. Valla, T. et al. Quasiparticle spectra, charge-density waves, super-

conductivity, and electron-phonon coupling in 2H −NbS2. Phys.
Rev. Lett. 92, 086401 (2004).

3. Scalapino, D. J. The cuprate pairing mechanism. Science 284,
1282–1283 (1999).

4. Anderson, P. W. et al. The physics behind high-temperature
superconducting cuprates: the plain vanilla version of RVB. J. Phys.
Condens. Matter 16, R755–R769 (2004).

5. Hu, J. Identifying the genes of unconventional high temperature
superconductors. Sci. Bull. 61, 561–569 (2016).

6. Hellsing, B., Eiguren, A. & Chulkov, E. V. Electron-phonon
coupling at metal surfaces. J. Phys. Condens. Matter 14,
5959–5977 (2002).

FM+AFM FM+AFM AFMAFMa b
N

(E
F)

 (s
pi

n-1
eV

-1
As

-1
)

doping x T (K)

EA
I c

ou
pl

in
g 

co
ns

ta
nt

 �

1.8

1.2

0.6

0.30.20.1 1207530

7

4

1

Fig. 5 | Electron DOS and coupling constant in the temperature-doping phase
diagram. a Electron DOS (N(EF), red circles) and EAIs coupling constant (λ, blue
circles) as a function of the doping at 30K. b Same as a but as a function of the
temperature for x =0.3. The color background illustrates the transition between
the AFM phase and FM+AFM coexisting phase. The horizontal dashed line illus-
trates the Stoner criteria assuming IAs ~ 0.8 eV, to fit the phase boundary of the
ferromagnetic phase. The error bars of λ are propagated from fitting the Fermi
velocities, while those of N(EF) are based on fitting the Fermi velocities and esti-
mating the Fermi surface volumes (Sections 2 and 10 of Supplemental Materials).

Article https://doi.org/10.1038/s41467-022-34254-0

Nature Communications |         (2022) 13:6560 6



7. Hofmann, P., Sklyadneva, I. Y., Rienks, E. D. L. & Chulkov, E. V.
Electron-phonon coupling at surfaces and interfaces. N. J. Phys. 11,
125005 (2009).

8. Mahan, G. D. Many-Particle Physics, 3rd edn. (Springer US, 2000).
9. Devereaux, T. P., Cuk, T., Shen, Z.-X. & Nagaosa, N. Anisotropic

electron-phonon interaction in the cuprates. Phys. Rev. Lett. 93,
117004 (2004).

10. Ruiz, H. S. & Badía-Majós, A. Nature of the nodal kink in angle-
resolved photoemission spectra of cuprate superconductors. Phys.
Rev. B 79, 054528 (2009).

11. Wen, C. H. P. et al. Unveiling the superconducting mechanism of
Ba0.51K0.49BiO3. Phys. Rev. Lett. 121, 117002 (2018).

12. Bogdanov, P. V. et al. Evidence for an energy scale for quasiparticle
dispersion in bi2sr2cacu2O8. Phys. Rev. Lett. 85, 2581–2584 (2000).

13. Zhou, X. J. et al. Universal nodal fermi velocity. Nature 423,
398–398 (2003).

14. Johnson, P. D. et al. Doping and temperature dependence of the
mass enhancement observed in the cuprate Bi2Sr2CaCu2O8+δ. Phys.
Rev. Lett. 87, 177007 (2001).

15. Lanzara, A. et al. Evidence for ubiquitous strong electron-phonon
coupling in high-temperature superconductors. Nature 412,
510–514 (2001).

16. Sato, T. et al. Observation of band renormalization effects in hole-
doped high-Tc superconductors. Phys. Rev. Lett.91, 157003 (2003).

17. Borisenko, S. V. et al. Kinks, nodal bilayer splitting, and interband
scattering in YBa2Cu3O6+x. Phys. Rev. Lett. 96, 117004 (2006).

18. Li, H. et al. Coherent organization of electronic correlations as a
mechanism to enhance and stabilize high-tc cuprate super-
conductivity. Nat. Commun. 9, 26 (2018).

19. Valla, T., Drozdov, I. K. & Gu, G. D. Disappearance of super-
conductivity due to vanishing coupling in the overdoped bi2sr2ca-
cu2o8+δ. Nat. Commun. 11, 569 (2020).

20. Dahm, T. et al. Strength of the spin-fluctuation-mediated pairing
interaction in a high-temperature superconductor. Nat. Phys. 5,
217–221 (2009).

21. Cuk, T. et al. A reviewof electron-phonon coupling seen in the high-
tc superconductors by angle-resolved photoemission studies
(arpes). Phys. Status Solidi b 242, 11–29 (2005).

22. Kordyuk, A. A. et al. Manifestation of themagnetic resonancemode
in the nodal quasiparticle lifetime of the superconducting cuprates.
Phys. Rev. Lett. 92, 257006 (2004).

23. He, R. H. et al. Superconducting order parameter in heavily over-
doped Bi2Sr2CaCu2O8+δ: a global quantitative analysis. Phys. Rev. B
69, 220502(R) (2004).

24. Yang, K. et al. Normal-state electronic structure in the heavily
overdoped regime of Bi1.74Pb0.38Sr1.88CuO6+δ single-layer cuprate
superconductors: An angle-resolved photoemission study. Phys.
Rev. B 73, 144507 (2006).

25. Hayden, S. M. et al. High-energy spin waves in la2cuo4. Phys. Rev.
Lett. 67, 3622–3625 (1991).

26. Zhao, J. et al. Spin waves and magnetic exchange interactions in
CaFe2As2. Nat. Phys. 5, 555–560 (2009).

27. Wang, Q. et al. Magnetic ground state of fese. Nat. Commun. 7,
12182 (2016).

28. Cuk, T. et al. A reviewof electron-phonon coupling seen in the high-
tc superconductors by angle-resolved photoemission studies
(arpes). Physica Status Solidi b 242, 11–29 (2005).

29. Verdi, C., Caruso, F. & Giustino, F. Origin of the crossover from
polarons to fermi liquids in transitionmetal oxides.Nat. Commun.8,
15769 (2017).

30. Rotter, M., Tegel, M. & Johrendt, D. Superconductivity at 38 k in the
iron arsenide (Ba1−xKx)Fe2As2. Phys. Rev. Lett. 101, 107006 (2008).

31. Pandey,A. et al. Ba1−xKxMn2As2: Anantiferromagnetic local-moment
metal. Phys. Rev. Lett. 108, 087005 (2012).

32. Bao, J.-K. et al.Weakly ferromagneticmetallic state in heavily doped
Ba1−xKxMn2As2. Phys. Rev. B 85, 144523 (2012).

33. Ramazanoglu, M. et al. Robust antiferromagnetic spinwaves across
the metal-insulator transition in hole-doped BaMn2As2. Phys. Rev. B
95, 224401 (2017).

34. Zhang, W.-L. et al. Angle-resolved photoemission observation of
mn-pnictide hybridization and negligible band structure renorma-
lization in BaMn2As2 and BaMn2Sb2. Phys. Rev. B 94, 155155 (2016).

35. Pandey, A. et al. Coexistence of half-metallic itinerant ferro-
magnetism with local-moment antiferromagnetism in
Ba0.60K0.40Mn2As2. Phys. Rev. Lett. 111, 047001 (2013).

36. Ueland, B.G. et al. Itinerant ferromagnetism in the as 4p conduction
band of Ba0.6K0.4Mn2As2 identified by X-ray magnetic circular
dichroism. Phys. Rev. Lett. 114, 217001 (2015).

37. Zhang, Y. et al. Out-of-planemomentum and symmetry-dependent
energy gap of the pnictide Ba0.6K0.4Fe2As2 superconductor
revealed by angle-resolved photoemission spectroscopy. Phys.
Rev. Lett. 105, 117003 (2010).

38. Shi, J. et al. Direct extraction of the eliashberg function for electron-
phonon coupling: a case study of Beð1010Þ. Phys. Rev. Lett. 92,
186401 (2004).

39. Kordyuk, A. A. et al. Bare electron dispersion from experiment: Self-
consistent self-energy analysis of photoemission data. Phys. Rev. B
71, 214513 (2005).

40. Lanzara, A. et al. Evidence for ubiquitous strong electron-phonon
coupling in high-temperature superconductors. Nature 412,
510–514 (2001).

41. Horiba, K. et al. Isotropic kink and quasiparticle excitations in the
three-dimensional perovskitemanganite La0.6Sr0.4MnO3.Phys. Rev.
Lett. 116, 076401 (2016).

42. Sun, Z. et al. Quasiparticlelike peaks, kinks, and electron-phonon
coupling at the (π, 0) regions in the cmr oxide La2−2xSr1+2xMn2O7.
Phys. Rev. Lett. 97, 056401 (2006).

43. Cui, X. et al. Angle-resolved photoemission spectroscopy study of
Fe(110) single crystal: Many-body interactions between quasi-
particles at the fermi level. Surface Sci. 601, 4010–4012 (2007).

44. Cui, X. et al. High-resolution angle-resolvedphotoemission study of
Fe (110). Phys. B Condens. Matter 383, 146–147 (2006).

45. Hofmann, A. et al. Renormalization of bulk magnetic electron
states at high binding energies. Phys. Rev. Lett. 102, 187204
(2009).

46. Hayashi, H. et al. High-resolution angle-resolved photoemission
study of electronic structure and electron self-energy in palladium.
Phys. Rev. B 87, 035140 (2013).

47. Wray, L. et al. Momentum dependence of superconducting gap,
strong-coupling dispersion kink, and tightly bound cooper pairs in
the high-Tc(Sr, Ba)1−x(K, Na)xFe2As2 superconductors. Phys. Rev. B
78, 184508 (2008).

48. Dessau, D. S. et al. k-dependent electronic structure, a large "ghost”
fermi surface, and a pseudogap in a layered magnetoresistive
oxide. Phys. Rev. Lett. 81, 192–195 (1998).

49. Byczuk, K. et al. Kinks in the dispersion of strongly correlated
electrons. Nat. Phys. 3, 168–171 (2007).

50. Okawa, M. et al. Superconducting electronic state in optimally
doped yba2cu3o7−δ observed with laser-excited angle-resolved
photoemission spectroscopy. Phys. Rev. B 79, 144528 (2009).

51. Mannella, N. et al. Nodal quasiparticle in pseudogapped colossal
magnetoresistive manganites. Nature 438, 474–478 (2005).

52. Kim, C. et al. Anomalous temperature dependence in the photo-
emission spectral function of cuprates. Phys. Rev. B 65,
174516 (2002).

53. Kresse, G. & Furthmüller, J. Efficiency of ab-initio total energy cal-
culations for metals and semiconductors using a plane-wave basis
set. Comput. Mater. Sci. 6, 15–50 (1996).

Article https://doi.org/10.1038/s41467-022-34254-0

Nature Communications |         (2022) 13:6560 7



54. Kresse, G. & Furthmüller, J. Efficient iterative schemes for ab initio
total-energy calculations using a plane-wave basis set. Phys. Rev. B
54, 11169 (1996).

55. Togo, A. & Tanaka, I. First principles phonon calculations in mate-
rials science. Scripta Mater. 108, 1–5 (2015).

56. Perdew, J. P., Burke, K. & Ernzerhof, M. Generalized gradient
approximation made simple. Phys. Rev. Lett. 77, 3865–3868 (1996).

57. Toth, S. & Lake, B. Linear spin wave theory for single-q incom-
mensurate magnetic structures. J. Condens. Matter Phys. 27,
166002 (2015).

58. Xie, B. P. et al. High-energy scale revival and giant kink in the dis-
persion of a cuprate superconductor. Phys. Rev. Lett. 98,
147001 (2007).

59. Graf, J. et al. Universal high energy anomaly in the angle-resolved
photoemission spectra of high temperature superconductors:
Possible evidence of spinon and holon branches. Phys. Rev. Lett.
98, 067004 (2007).

60. Valla, T. et al. High-energy kink observed in the electron dispersion
of high-temperature cuprate superconductors. Phys. Rev. Lett. 98,
167003 (2007).

61. Meevasana, W. et al. Hierarchy of multiple many-body interaction
scales in high-temperature superconductors. Phys. Rev. B 75,
174506 (2007).

62. Takahashi, T. et al. Para- to ferromagnetic phase transition of CoS2
studied by high-resolution photoemission spectroscopy. Phys. Rev.
B 63, 094415 (2001).

63. Okabayashi, J. et al. Ferromagnetic transition in MnP studied by
high-resolution photoemission spectroscopy. Phys. Rev. B 69,
132411 (2004).

64. Zhang, Y. et al. Emergence of kondo lattice behavior in a van der
waals itinerant ferromagnet Fe3GeTe2. Sci. Adv. 4, eaao6791 (2018).

65. Glasbrenner, J. K. & Mazin, I. I. First-principles evidence of mn
moment canting in hole-doped Ba1−2xK2xMn2As2. Phys. Rev. B 89,
060403(R) (2014).

66. An, J., Sefat, A. S., Singh, D. J. & Du, M.-H. Electronic structure and
magnetism in BaMn2as2 and BaMn2Sb2. Phys. Rev. B 79,
075120 (2009).

67. Strocov, V. et al. Soft-X-ray ARPES facility at the adress beamline of
the sls: Concepts, technical realisation andscientificapplications. J.
Synchrotron Radiat. 21, 32–44 (2014).

68. Shan, L. et al. Observation of ordered vortices with andreev bound
states in Ba0.6K0.4Fe2As2. Nat. Phys. 7, 325–331 (2011).

69. Lamsal, J. et al. Persistence of local-moment antiferromagnetic
order in Ba1−xKxMn2As2. Phys. Rev. B 87, 144418 (2013).

70. Singh, Y. et al. Magnetic order in BaMn2As2 fromneutron diffraction
measurements. Phys. Rev. B 80, 100403(R) (2009).

Acknowledgements
We gratefully acknowledge the valuable discussion with Prof. J. Zhao,
and experimental support of Dr. D. H. Lu, Dr. M. Hashimoto, Dr. Y. B.
Huang, Dr. Z. Sun, Dr Z. T. Liu, andDr. D.W. Shen.We thank the Diamond
Light Source for time on beamline I05, the Advanced Light Source (U.S.
DOE contract no. DE-AC02-05CH11231) for access to beamline4.0.3, the
Stanford Synchrotron Radiation Light Source for the access to beamline
5-2, and the Swiss Light Source for time on SX-ARPES endstation of
beamline ADRESS. Some preliminary data were taken at National

Synchrotron Radiation Laboratory (NSRL, China) and BL03U at Shanghai
Synchrotron Radiation Facility. This work is supported in part by the
National Natural Science Foundation of China (Grants No. 11888101,
12074074, and 11790312), the National Key R&D Programof theMOST of
China (Grants No. 2017YFA0303004 and 2016YFA0300200), Project
supported by Shanghai Municipal Science and Technology Major Pro-
ject (Grant No. 2019SHZDZX01), and Shanghai Rising-Star Program
(20QA1401400).

Author contributions
T.Y., M.X., C.W., Q.Y., X.L., R.P., and H.X. collected the ARPES data. T.Y.,
H.X., R.P., and D.F. analyzed the ARPES data.W.Y. and T.Z. measured the
STM.Y.S.measured theEPMA.W.L. andX.W. conducted thephononand
electronic band calculations. H.X. performed the simulations. J.B. and
G.C. provided the single-crystal samples. P.D., J.D., and V.S. assisted the
experiments at beamlines. T.Y., H.X., R.P., andD.F. wrote the paper. H.X.,
R.P., and D.F. are responsible for the infrastructure, project direction,
and planning. All authors have discussed the results and the
interpretation.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-022-34254-0.

Correspondence and requests for materials should be addressed to R.
Peng, H. C. Xu or D. L. Feng.

Peer review information Nature Communications thanks Rui-Hua He,
Haiyu Lu and the other, anonymous, reviewer(s) for their contribution to
the peer review of this work. Peer reviewer reports are available.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons license, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons license and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2022

Article https://doi.org/10.1038/s41467-022-34254-0

Nature Communications |         (2022) 13:6560 8

https://doi.org/10.1038/s41467-022-34254-0
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Strong band renormalization and emergent ferromagnetism induced by electron-antiferromagnetic-magnon coupling
	Results and discussions
	Electronic structure of Ba1−xKxMn2As2
	Strong electron&#x02013;nobreakmagnon interactions in Ba1−xKxMn2As2
	The emergent ferromagnetic ground state

	Methods
	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




