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a b s t r a c t

The electronic excitation of 3d transition metal oxide depends on the hybridization between orbitals of
different ions, and is related to the materials properties. In this work, we systematically study the effect
of hydrostatic pressure up to ~20 GPa on the crystal structure and electronic structure of Pr0.67Sr0.33MnO3

powder, using Mn K-edge X-ray absorption near edge structure and X-ray diffraction at room temper-
ature. With the increase of pressure, the energy position of non-local screened feature moves towards
feature without screening due to the enhanced transition energy; however, the intensity (probability) of
non-local screened feature increases with the pressure. Further study suggests that the pressure-induced
antiferromagnetic phase, affecting hybridization between neighboring Mn ions with spin sensitivity,
increase the probability of non-local charge transfer and corresponding intensity of non-local screened
feature. The spin-sensitivity of non-local screening may be a useful parameter for characterization of
material properties.

© 2019 Published by Elsevier B.V.
1. Introduction

Electronic excitation of strongly-correlated-electron materials
are affected by electron-electron interaction [1e3], which induces
many interesting phenomena such as ferromagnetic phase transi-
tion in 3d transition metal compounds and high temperature su-
perconductivity [4,5]. 3d transition metal compounds, including
manganites, show some interesting properties such as high spin
polarization and colossal magnetoresistance, and provide prom-
ising potential in spintronics devices. Much work has focused on
the core-level x-ray photoemission of 3d transition metal oxide,
Ding), cjsun@aps.anl.gov
and the appearance of many-body satellites is well documented.
Using hard X-ray photoemission spectroscopy (HAXPES), a well-
screened peak at the lower binding energy side of Mn 2p main
line in La1-xSrxMnO3 has been observed [6], which only appeared in
magnetic-metallic phase and was attributed to the electronic
configuration 2p53d5C. The C represented an electron hole in
coherent band around the Fermi level. Michel van Veenendaal [7]
proposed that the well-screened peak comes from the non-local
charge transfer between neighboring Mn (inter-site) ions rather
than the charge transfer between Mn and O ions in the same MnO6
octahedral, named as non-local screened feature, which is sensitive
to ferromagnetic magnetic ordering. However, Ni 2p core-level
spectrum of antiferromagnetic-insulator NiO also showed strong
well-screened peak [8], which was attributed to the electronic
configuration 2p53d5Z with screening from Zhang-Rice (ZR)
doublet states around the Fermi level. The Z represented an elec-
tron hole in the ZR doublet states. In LaCoO3, similar well-screened
feature at the lower binding energy existed [9] in the Co 2pHAXPES
with spin-sensitivity to orbital occupancy, high spin configuration
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or low spin configuration. This well-screened feature seems to exist
in different magnetic ordering system, but the properties of this
feature are still under debate [10,11]. Further study of correlation
between magnetic ordering and screened feature is necessary to
clarify the argument. In addition, the inter-site charge transfer
process in system with strongly correlated materials, such as TiO2
and WO3, is important for its performance in electronic devices,
solar cells and photoelectrochemistry [12e15]. Hence further study
of screening in spectroscopy for strongly correlated system is
necessary.

Strongly correlated manganite (Ln1-xSrxMnO3, Ln is the lantha-
nide family) has high spin polarization and colossal magnetore-
sistance effect [5]. And the materials properties are determined by
the electronic structure, which depends on delicate balance be-
tween different interactions, including double-exchange (DE) and
super-exchange (SE) interaction. In such system, the 3d orbitals of
transition metal are more sensitive to the effect of correlation than
the p orbitals [16]. Hence, most work focuses on the L-edge X-ray
absorption due to the many-body nature of the electronic structure
rather than the K-edge absorption. However, recent work showed
that features measured in 2p Ni HAXPES, including local and non-
local screened peaks, were also present in the Ni K-edge x-ray ab-
sorption spectroscopy (XAS) of NiO, and X-ray fluorescence spec-
troscopy has been proposed as a probe of charge transfer
excitations [16,17]. The explanation of the dipolar K-edge XAS cross
section usually is based on a standard single particle model,
neglecting many-body effect presented in XPS. Previous theoretical
work has shown that there is a close relationship [16] between XAS
and XPS, described as the IXAS(t)¼ IXPS(t)*I0(t). Including the many-
body effect with measured XPS, the measured XAS could be well
reproduced through above relationship. In addition, the many-
body effect in I0(t) may further contribute to the detailed features
of XAS. These suggest that studying the K-edge XAS of manganite
could understand many-body effects further and shed light on
other strongly correlated systems.

With similarity between 3d transition metal oxides, Mn K-edge
XAS of manganite may provide useful information on the excited
electronic structure. For example, previous study showed that the
detailed shape of Mn K-edge X-ray absorption near edge structure
(XANES) depends on the electronic configurations with/without
charge transfer between Mn and O in the same MnO6 octahedral
[18]. The corresponding energy separation depends on the value of
several parameters [6e9], such as the d-d Coulomb interaction U,
the charge transfer energy D and the hybridization t. Since all these
parameters are sensitive to crystal structure, it would be an effec-
tive way to study the electronic structure of correlated system by
modulating the crystal structure under high pressure. In this work,
we systematically study the effect of hydrostatic pressure up to
~20 GPa on the crystal structure and electronic structure of
Pr0.67Sr0.33MnO3 (PSMO) powder, combining Mn K-edge XANES
and X-ray diffraction at room temperature. With the increase of
pressure, the energy position of screened feature moves towards
non-screened feature due to the enhanced transition energy,
resulting in decreased energy difference (dEns�s) between these
features. However, the intensity (probability, Ps) of the non-local
screened feature increases with pressure. It is found that the
pressure-induced antiferromagnetic magnetic phase affects the
hybridization between different Mn ions as well as the intensity of
non-local screened feature.
2. Experimental details

The PSMO powder was obtained by sintering of mixed Pr6O11,
Mn3O4, and SrCO3 precursor powders. The sintered powder was
measured using X-ray diffraction for confirmation of formation of
Pr0.67Sr0.33MnO3, then pressed into a pellet. High-pressure experi-
ments [19e21] were performed with the Mao-type panoramic
diamond anvil cells, and the pressures were determined by ruby
fluorescence. For the XAS experiment, we used a Mao-type pano-
ramic diamond anvil cell (DAC) to generate high pressure. The anvil
size was ~400 mm. Beryllium was used as the x-ray transparent
gasket. The sample was mixed with silicone oil to obtain suitable
sample thickness. Silicone oil also acted as the pressure trans-
mitting medium. The sample chamber was a hole with a diameter
of ~40 mm drilled in the pre-indented beryllium gasket. A tiny ruby
ball was loaded near the hole center as the pressure calibrant. The
pressure gradient was small (less than 0.04 GPa/mmat 20 GPa) since
the sample chamber was relatively small (10% of the anvil culet
size). [22] X-ray beam went sideway through the beryllium gasket
rather than two thick diamond anvils. [20] XANES measurements
were performed using linear polarized X-rays at the undulator
beamline 20-ID-B of the Advanced Photon Source (APS), Argonne
National Laboratory, USA. The Si (111) monochromator with reso-
lution dE/E¼ 1.3� 10�4 was used. The vertical and horizontal slit
sizes before the Kirkpatrick-Baez (KB) focusing mirrors were
300 mm and 460 mm, respectively. The full width at half-maximum
(FWHM) of the focused x-ray beamwas 6 mm in both horizontal and
vertical directions. The XANES was collected in fluorescence mode
using a 12-element Ge solid-state detector. The XANES normali-
zation was conducted using Athena software with same normali-
zation parameters for all curves; the interpolative smoothing
method with three iterations was employed during data process-
ing, which did not change the absorption curve noticeably, and the
derivative curves were obtained from the smoothed XANES spectra.
[18] Details on the beamline optics and instruments may be found
elsewhere [23,24]. In-situ high pressure X-ray diffraction was
measured at the beamline 12.2.2 at Advanced Light Source, Law-
rence Berkeley National Laboratory, California, US. For the XRD
experiment, the sample was loaded into a Mao-type symmetric
DAC with the anvil culet size of ~400 mm. The sample chamber was
a hole with a diameter of ~120 mm drilled in a pre-indented
(~20 GPa) T301 stainless steel gasket. The pressure medium was
silicone oil, and the x-ray beam size was 10 mm� 10 mm. The
pressure of the sample environment was determined by the fluo-
rescence of a tiny ruby ball loaded near the center of sample
chamber. X-ray was shining at the center near the ruby ball to
minimize the difference between the measured pressure and the
real pressure of the sample probed. The in-situ resistance of
Pr0.67Sr0.33MnO3 pellet under pressure was measured using a hand
made four-probe-circuit in a Cross-DAC (anvil culet size: ~400 mm).
More details of the measurement can be found in Ref. [25].

3. Results

This section first shows the trend of X-ray absorption as a
function of pressure, and discusses the assignment of the peaks
with XANES simulation. The results of X-ray diffraction are used to
correlate the pressure-induced phase transition with the X-ray
absorption. Fig. 1 shows the Mn K-edge XANES under different
pressures. The main peak shifts to higher energy position with
increasing pressure, which is consistent with the shortening of the
MneO bond length [18] under pressure. Detailed analysis of 1st
derivative of Mn K-edge XANES in Fig. 1(b), shows three distinct
features. First, the position of B1 feature remains constant under
different pressures; Second, B2 feature shifts to higher energy po-
sition with a slight decrease in intensity; Third, B3 feature shows
the most interesting behavior of a large shift to higher energy po-
sition and an increase of intensity with increasing pressure, as
summarized in Fig. 1(c). With increasing pressure, the B3 feature



Fig. 1. (a) Mn K edge XANES and (b) corresponding 1st derivative for powder Pr0.67Sr0.33MnO3 measured at different pressure (T¼ 298 K). The inset is the enlarged view around the
peak position. Three features appears in the 1st derivative curve, and (c) shows the intensity of B3 feature (normalized to B1), and energy shift of B3 feature with respect to that at
1 atm. (d) The electronic configurations of initial and excited status. N, L, and c with underline represent a charge hole at neighboring sites, at local O ligand, and onsite Mn core
orbital, respectively. D and D*, V and V* are charge transfer energy and hybridization between Mn 3d orbital and oxygen 2p orbital or non-local states, respectively. Udc is the core-
hole potential.
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shifts by ~1.1 eV towards the B1 feature, and the normalized in-
tensity (taking B1 feature as reference) increases from ~0.46 to 0.62.
In order to understand the origin of these features, we measured
Mn K-edge XANES for a 100 nm PSMO film deposited on (001)
LaAlO3 substrate at different temperatures. As shown in Fig. S1, the
Mn K-edge XANES of PSMO film shows similar features, however
the positions of B2 and B3 features do not change with decreasing
temperature. In a large temperature range covering paramagnetic
(PM) to ferromagnetic (FM) phase transition, B3 feature is tem-
perature independent [26]. Hence, the pressure-dependent B3
feature in PSMO powder could not be attributed to the PM to FM
transition, despite the hydrostatic pressure induced PM-to-FM
phase transition [27,28] has been well studied.

Although the charge-transfer generally play only a small role in
the final state of XAS compared to X-ray photoemission, the effects
of charge-transfer occur in the ground state, and then themeasured
K-edge XAS spectrum would reflect these effects due to the addi-
tional core-hole potential. In PSMO, due to the hybridization be-
tween Mn 3d orbitals and O 2p orbitals there exists a mixture of O
2p orbitals on the Mn site. Previous study [18] showed that the
initial electronic configurationwith n electrons (n¼ 4 for Mn3þ site,
and 3 for Mn4þ site) in Mn 3d orbitals may be described as a
mixture of 3dnL and 3dnþ1L, and the excited configuration could be
c3dnL4p1 and c3dnþ1L4p1. L refers to the O ligands, c refers to a core
hole at the excited (on-site) Mn site, and L refers to one hole in the
O ligands resulting from the local charge transfer from the O 2p to
empty Mn 3d orbitals in the same MnO6, named as local charge
transfer. The B1 feature is attributed to the c3dnL4p1 configuration
without charge transfer as shown in Fig. 1(d). The constant position
of B1 feature in the current work is consistent with the conclusion
[29] that the Coulombic interaction does not change under the high
pressure. In the c3dnþ1L4p1 configuration, the Coulombic interac-
tion between Mn 1s core hole and the extra 3d electron would
lower the total energy. Then the B2 feature is attributed to con-
figurations c3dnþ1L4p1 with local charge transfer (local screened
feature). As seen in Fig. 1(b), B2 and B3 features show different
behaviors that suggest they should come from different physical
processes.

Then the first principle simulation using FEFF8.4 code has been
carried out to provide more information on B3 feature. The 118
atomic cluster was built based on XRD results (discussed later) and
the simulation details are found elsewhere [30]. Fig. 2(a) shows the
p, d-projected density of states (DOS) on the Mn site for bulk PSMO
under different pressures, with the Fermi level set to zero. Normally
the splitting of the p-DOS causes themultiple features in the K-edge
XAS. Careful examination indicates that there is a wide peak in the
p-DOS around 12 eV; around the similar energy range, a 0.8 eV shift
of the d-DOS to higher energy position occurs, shown as indigo and
red curves in Fig. 2(a), close to the observed B3 feature shift 1.1 eV
between absorption under 1 atm and 9.3 Gpa. These results suggest
that the d-DOS may hybridize with the p-DOS, affecting the ab-
sorption spectrum. Additional simulations for PSMO films on (001)
SrTiO3 (STO), (001) LaAlO3 (LAO), and (110) NdGaO3 (NGO) sub-
strates with different lattice mismatch strain, do not have such shift
of d-DOS around 12 eV, as shown in Fig. 2(b), which is consistent
with experimental results that there is no shift of B3 feature [18].
Above discussion suggests that the shift of d-DOS under pressure
may contribute to the observed B3 feature.

The features from the many-body effects in XPS may be present
in K-edge XAS, including both the local and non-local screened



Fig. 2. (a) Simulated p- and d-projected DOS for PSMO under different pressure. The arrow indicates the shifting peak with pressure around 12 eV. (b) Similar d-projected DOS for
12-nm PSMO film on different substrate. There is no shift of for the 12 eV peak under different bi-axial strain.
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features. Considering the difference of charge transfer energy (D)
and hybridization (V) for different channels of charge transfer (local
and non-local), the local screened and non-local screened states
should be at different positions. The non-local screening is the
charge screening from a neighboring MnO6 unit to the core-excited
Mn site due to the many-body effects in strongly correlated system,
which would lower the energy of corresponding electronic
configuration. Mn 2p XPS [6] indicates that the non-local screened
peak is at lower binding energy, and D ¼ 4.5 eV for local screening
and D* ~ 0.5 eV for non-local screening [6] are appropriately eval-
uated values under 1 atm. Hence for initial state the non-local
charge transfer configurations 3dnþ1N (N indicates one hole in the
neighboring Mn orbital) is at lower energy position compared to
that with local charge transfer configurations 3dnþ1L, and both are
at higher energy position than 3dn configuration. For the excited
states, previous simulation has revealed that the configurations
with charge transfer could be at lower energy positions, depending
on the relative value [31] of charge transfer energy (D and D*), core
hole-d electron Coulombic attraction (Udc) and d-d Coulombic
interaction (U). According to the proposed value [6], Udc¼ 5.4 eV
and U¼ 5.1 eV, and the energy levels are illustrated in Fig. 1(d). The
estimated energy difference between B2 and B1 feature is 0.9 eV,
close to the experiment value 1.5 eV observed at 1 atm (step size is
0.3 eV during measurement); while the estimated energy differ-
ence between B3 and B1 peak is ~4.9 eV, which is higher than the
experimental value 3.1 eV at 1 atm. The discrepancy between the
estimation and experiment may come from the uncertainty of the
D* and Udc in this particular system. The lack of information of
these parameters under high pressure does not allow for a com-
parison of the experimental and estimated results at different
pressure. The non-local screened features have been revealed in
other 3d transition metal oxide, such as NiO [8] and V1.98Cr0.02O3
[32], and similar energy level diagram has been proposed to explain
the observed features [32e34]. Then the B3 feature is attributed to
the non-local screened configurations 3dnþ1N4p1. For the K-edge
XAS, theoretical simulation needs to consider the excitations in a
large energy window above the Fermi level [35], and the full cluster
model calculations with hybridization among the different elec-
tronic configurations warrants further study in future.

Then the trend of B2 and B3 features' position under pressure
may be understood as below: The strength of screening [29] de-
pends on two ingredients: the transition energies and the overlap
integral of the twowave functions. Previous simulations on NiO and
MnO in octahedral structure indicate that with applied pressure
[34,36], the enhancement of transition energy dominates, which
would weaken the strength of screening with pressure, revealed as
decreased energy difference between non-screened and screened
features, dEns�s. Hence the overall effect of lowering the energy by
core hole-electron interaction decreases, and then the absorption
position of screened configurations (B2 and B3) approaches to the
3dnL4p1 configurations (B1) without screening. With the
enhancement of transition energy, the probability of charge
transfer is supposed to decrease, which fits well with the trend of
B2 feature. However, the intensity of B3 (probability of non-local
screening) increases in current work (Fig. 1(b)), which cannot be
explained by the enhancement of transition energy alone.

Considering the coupling between crystal structure and elec-
tronic structure, the crystal structure was studied at different
pressures, as summarized in Fig. 3. Data analysis [19] was per-
formed using GSAS (see Fig. S2). The discrepancy between the
refinement and measured peaks may come from the limited pres-
sure gradient and cation segregation [37]. All data analysis was
carried out under the same process, and the discrepancy between
the refinement and experiment should not affect the trend of lattice
constant. Fig. 3(a) shows several XRD curves under different pres-
sures. Some peaks, such as (111), disappear gradually with
increasing pressure, indicating structural phase transition occurs.
Fig. 3(b) shows the lattice constant and unit-cell volume normal-
ized to that at 1 atm, and no discontinuity is observed in the
pressure-volume curve. With the applied pressure, all normalized
values show monotonous decrease, and detailed analysis is shown
in Fig. 4(a). The lattice strain shows a crossover around 5.5 GPa,
suggesting an orbital-ordered antiferromagnetic (AFM) phase with
structural phase transition as reported in similar systems [19,38]. In
manganite magnetic coupling depends on the electronic configu-
rations. Both the antiferromagnetic SE between the core t2g elec-
trons and ferromagnetic DE through the itinerant eg electrons exist,
and the final spin arrangement depends on the delicate balance
between them. According to the theory of crystal field, the 3d
orbital of Mn would be split into triple degenerate t2g and double
degenerate eg orbital by cubic crystal field, with t2g located at lower
energy level. Further tetragonal distortion of crystal structure
would lift the degeneracy of the t2g and eg orbitals, and affects the
electron occupancy accordingly. For both Mn3þ (n¼ 4) and Mn4þ

(n¼ 3) site, 3 electrons occupy the t2g spin-up orbitals, and the rest
1 electron onMn3þ sitewould occupy the eg spin-up orbitals, either
3dx2-y2 or 3d3r2 -z

2 depending on the structural distortion. With the
applied pressure, the enhanced compression along the b axis
(normal toMnO2 planes) lifts the degeneracy of two eg orbitals, and
the 3dx2-y2 is favored for occupancy in current case. The favored 3dx2-y2



Fig. 3. (a) the X-ray powder diffraction patterns of bulk Pr0.67Sr0.33MnO3 at various
pressures (T¼ 298 K). The x-ray wavelength is 0.4959 Å. (b) The calculated lattice
constant and volume at different pressure with space group Pnma. The lattice constant
and volume of unit cell is normalized to that at 1 atm (a0, b0, c0, V0).

Fig. 4. The (a) strain for lattice and MnO6 octahedral, and (b) resistance dependence on
pressure (For Pnma, b>a>c). The orange dashed line is an estimated pressure depen-
dence of strain, equal to 0.00312*P þ 0.035. MneOkk and MneO⊥ represent the
averaged bond length within and perpendicular to the ac plane, respectively. (For
interpretation of the references to colour in this figure legend, the reader is referred to
the Web version of this article.)
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orbital favors ferromagnetic (FM) DE in the MnO2 plane, and the
lack of 3d3r2 -z

2 electrons renders the antiferromagnetic SE dominant
along the direction normal to the MnO2 plane.

4. Discussion

This section first summarizes the pressure-induced phase
transition. Then the effects of magnetic ordering, FM and AFM
phase, on the non-local charge screening process are discussed. At
the end the trend of the non-local feature is discussed for the entire
range of pressure. Theoretical calculations predicts a critical split-
ting energy of two eg orbitals 0.15 eV to trigger a phase transition
[39]. According to the strain dependence on pressure below
5.5 GPa, the calculated pressure to trigger a phase transition is
~1 GPa. In addition, strain may induce the PM-FM phase transition,
described in a phenomenological equation proposed by A. J. Millis

[40,41], i.e. T ¼ T0

�
1� aεB � 1

2Dε
2
JT

�
� T0ð1� aεBÞ ¼ T0ð1� aP=KÞ.

Here εB is the bulk strain, εJT is the Jahn-Teller distortion, P is
applied pressure, and Curie temperature at 1 atm T0 ~ 280 K, [42]
bulk modulus K ~ 152 Gpa [43] and a ~10 [44] are estimated for
Pr0.67Sr0.33MnO3. Coincidently, the required pressure for PM-FM
transition at room temperature (300 K) is ~1.1 GPa, which is close
to that triggering the AFM phase transition by lifting the de-
generacy of two eg orbitals. With further increase of pressure, the
AFM and FM phase coexist, and the growth of AFM at the expense
of the FM phase completes at 5.5 GPa, then the FM phase disap-
pears. The atomic distance decreases with the increase of pressure
from experimental results. The enhancement of transition energy
dominates [29] the charge transfer process, and the structural
change itself is not enough to explain the trend of B3 (increase of
intensity with increasing pressure). Either the enhancement of
Jahn-Teller distortion or the increase of local charge transfer from
MneO hybridization could cause the decrease of intensity [45] of
Mn K edge white line. The intensity of local charge transfer (Jahn-
Teller distortion) decreases (increases) with increasing pressure
from experimental results, and then the Jahn-Teller distortion
should be responsible for the change of white line intensity rather
than the MneO hybridization. Due to the correlation between the
Jahn-Teller distortion and the FM-AFM transition, the drastic dif-
ference of white line intensity between low pressure and high
pressure in Fig. 1(a) should correlates with the FM-AFM transition.

In this system, the transport properties highly depend on crystal
structure, which shows similar characteristics and support above
arguments: Below 1GPa and above 5.5 GPa, it shows linear
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dependencewith pressure, and in the range 1 GPa< P< 5.5 GPa it is
nonlinear. The resistivity decreases with the increasing pressure in
the entire pressure range. At low pressure range P< 1.2 GPa with
coexistence of FM and PM. The conductivity in FM manganite
comes from the electron hopping between Mn ions, which would
increase with increasing orbital overlapping, and shows fast
decrease of resistivity with pressure. At high pressure P > 5 GPa in
AFM phase, the conductivity changes quite slowly with pressure,
which might be due to that at AFM phase the conductivity is
controlled by thermal activation. [46] The detailed correlation be-
tween the behavior of resistivity and phase transition (XANES
spectrum) needs further investigation. From above discussion, it is
proposed that the PSMO experiences phase transitions with
application of pressure, as shown in Fig. 5(aec). At low pressure
Fig. 5. Schematic depiction of orbital and magnetic ordering in (a) PM, (b) FM, and (c) AFM
depiction of non-local charge screening process between two Mn sites at (d) FM phase, (e)
with AFM coupled ions in the AFM phase. In (f), the neighboring spin-down electron woul
~1 GPa, the PSMO experiences PM-FM phase transition, at the same
time the AFM ordering phase is triggered; with further increase of
pressure around 5.5 GPa, the FM-AFM phase transition completes.
These magnetic/orbital ordering has effects on the electronic
excitation as discussed below.

Non-local screening is sensitive to the orbital and magnetic
ordering according to the previous work [7]. It is the orbital hy-
bridization between the 3d orbital of excited (on-site) Mn site and
the neighboring Mn sites that determines the probability of charge
transfer, which depends on the arrangement of electronic structure
and spin coupling as discussed below. In the FM phase without
orbital ordering, the orbital occupancy of two neighboring Mn sites
are illustrated in Fig. 5(d). Note that the on-site Mn ion should
interact with the rest of environment (bands) rather than a single
state. Mn3þ site has four 3d electrons, and Mn4þ site has three 3d electrons. Schematic
in the same MnO2 plane with FM coupled ions and (f) at two MnO2 neighboring plane
d occupy the empty spin-down orbital of on-site Mn ion after charge transfer.
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neighboring Mn site (discrete energy levels), and the rest of envi-
ronment here is represented by the electronic arrangement of one
particular Mn site for clarity in Fig. 5(d)-5(f). According to the DE
mode, two neighboring Mn ions with different valences Mn3þ

(n¼ 4) and Mn4þ (n¼ 3), could facilitate the exchange interaction,
otherwise the DE interaction would be depressed. Similar trend
occurs in the non-local screening process. For ions with different
valences Mn3þ and Mn4þ, shown in the left of Fig. 5(d), the non-
local screening could occur with charge transfer from neigh-
boring Mn3þ eg orbital to the empty 3d eg orbital of on-site Mn4þ

ion. For twoMn3þ ions, shown in the center of Fig. 5(d), the electron
through non-local charge transfer has to occupy the higher empty
eg orbital of on-site Mn3þ ion, which would decrease the proba-
bility of non-local charge transfer compared to the case in the left of
Fig. 5(d). For twoMn4þ ions, shown in the right of Fig. 5(d), the non-
local screening does not happen because of the empty eg orbital,
and the non-local screening through charge transfer from neigh-
boring Mn4þ t2g to the on-site Mn4þ eg orbital is limited due to the
symmetry mismatch of these orbital [9]. From neighboringMn4þ to
the on-siteMn3þ, the charge transfer process is similar as twoMn4þ

ions in the right of Fig. 5(d), due to the empty eg orbital at neigh-
boring Mn4þ site, which is not shown in figure.

In the AFM phase, the spin of Mn ions located at the same MnO2

plane is FM coupled, while spin of Mn ions located at two neigh-
boring MnO2 planes are AFM coupled, as illustrated in Fig. 5(c). For
two Mn ions at the same MnO2 plane, the situations in Fig. 5(e) are
quite similar to that of the FM phase in Fig. 5(d). For two Mn ions at
two neighboring MnO2 planes with AFM coupling, it has several
different situations in Fig. 5(f). The hybridization between the AFM
spin moments is important for the non-local screening [47,48]. For
ions with different valences Mn3þ and Mn4þ, shown in the left of
Fig. 5(f), the non-local screening could occur with charge transfer
through t2g orbitals, and from neighboring Mn3þ 3dx2-y2 to on-site
Mn4þ 3d3r2 -z

2 orbital with limited intensity due to the spatial sepa-
ration of these two eg orbitals. Here the on-site Mn ion has spin-up
moment, and neighboring Mn ion has spin-down moment.
Without consideration of spin-flip, after charge transfer the elec-
tron from neighboring Mn ionwould occupy the spin-down orbital
of the on-site Mn ion. For two Mn3þ ions, shown in the center of
Fig. 5(f), the non-local screening could occur through t2g orbitals,
and eg orbital with limited intensity due to the spatial separation of
two eg orbitals. For two Mn4þ ions, shown in the right of Fig. 5(f),
the non-local screening does not occur through the empty eg
orbital, but it could occur through the t2g orbitals. Note that the
local screening through oxygen 2p and Mn 3d eg orbitals always
exists [9], and shows no dependence on the spin configuration.

Based on the above considerations, the gradual increase of the
intensity of B3 feature with pressure may be understood as follow:
In the FM phase, the pressure enhances the DE interaction, and the
spins of neighboring Mn sites align parallel. In this case, the hy-
bridization between on-site Mn 3d orbital and the neighboring Mn
sites depends on the angle of spins [38], and the probability of
hopping is proportional to cos qij/2, where qij/2 is the angle between
the t2g core spins on neighboring sites i and j: parallel coupling
would enhances the probability of charge transfer. Compared to the
PM phase at 1 atm, the probability is enhanced due to the parallel
arrangement of Mn spins in the framework of the DE model, which
is consistent with previous study [6] showing that the
ferromagnetic-metallic phase enhances the non-local screening. As
shown in Fig. 1(c), there is a slow change of B3 intensity after 1 GPa.
With further increase of pressure, the AFM phase dominates, and
the SE interaction is enhanced faster than the DE interaction. The
hybridization between the AFM spins contributes to the non-local
screening. In addition, compared to FM phase, the additional
non-local charge transfer through t2g orbitals between AFM
coupled spins contributes to the non-local screening, as shown in
Fig. 5(f). Then the enhanced SE in AFM phase causes a quick in-
crease of B3 feature as shown in Fig. 1(c). With applied pressure,
non-local screening is sensitive to the spin arrangement and the
intensity of magnetic interactions.

5. Conclusions

In this work, we present a study of the electronic structure of
PSMO under different pressures using X-ray absorption spectrum
and X-ray diffraction. With the increase of pressure, the energy
position of non-local screened features move towards feature
without screening due to the enhanced transition energy, resulting
in decreased energy difference between these features. However,
the probability of non-local screening increases with increasing
pressure. The pressure-induced magnetic phase transition affects
the hybridization between on-site Mn 3d orbital and the neigh-
boringMn sites, determining the probability of non-local screening.
This work demonstrate that the MneK edge may be used to detect
the electronic structure in strongly correlated electron system, and
the spin-sensitivity of the non-local screening may be useful to
understand materials properties.
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