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ABSTRACT: High-pressure angle-dispersive X-ray diffraction
experiments on iron-based superconductor Ce(Ogg,Fy¢)FeAs
were performed up to 54.9 GPa at room temperature. A
tetragonal to tetragonal isostructural phase transition starts at
about 13.9 GPa, and a new high-pressure phase has been found
above 33.8 GPa. At pressures above 19.9 GPa, Ce(Oqg,Fq 6)-
FeAs completely transforms to a high-pressure tetragonal
phase, which remains in the same tetragonal structure with a
larger a-axis and smaller c-axis than those of the low-pressure
tetragonal phase. The structure analysis shows a discontinuity
in the pressure dependences of the Fe—As and Ce—(O, F)
bond distances, as well as the As—Fe—As and Ce—(O, F)—Ce
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bond angles in the transition region, which correlates with the change in T, of this compound upon compression. The
isostructural phase transition in Ce(Ogg,F(15)FeAs leads to a drastic drop in the superconducting transition temperature T, and
restricts the superconductivity at low temperature. For the 1111-type iron-based superconductors, the structure evolution and
following superconductivity changes under compression are related to the radius of lanthanide cations in the charge reservoir

layer.

B INTRODUCTION

In 2008, superconductivity was found in La(O,_,F,)FeAs (x =
0.05—0.12), creating a new type of iron-based superconduc-
tors." Following the initial discovery, several families of iron-
based superconductors have been found, including 1111-type
Ln(O,_,F )FeAs (Ln = lanthanide elements),>> 122-type
A,_ K .Fe,As, (A = Ca, Sr, and Ba),%” 111-type Li,FeAs" '
and 11-type FeTe,_,Se.''™"* All these compounds adopt a
tetragonal layered structure, with the important Fe—As (or Fe—
Te/Se) tetrahedron as the conduction layer. Pressure can
effectively adjust the structure and consequent superconduc-
tivity in these iron-based superconductors and related
precursors.”> " Pressure-induced isostructural phase transi-
tions were previously observed in 1111-type Nd(OggsFq 1,)-
FeAs,"> 122-type CaFe,As,,'® BaFe,As,,** EuFe,As,,*' and 111-
type Na,_,FeAs>> which seems to be general in these
compounds . However, no structural phase transitions have
been reported in La(OggoFo 0)FeAs up to about 32 GPa,
although it adopts a similar crystal structure with Nd(O,_,F,)-
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FeAs."” The reason for the obvious difference in the structure
evolution under high pressure in the 1111-type iron-based
superconductor family has to be related sensitively to their
crystal structures.

As a 1111-type compound, the superconductivity in
Ce(O,_,F,)FeAs was found with the maximal transition
temperatures T, of about 41 K at x = 0.16.* Figure 1 shows
the schematic view of crystal structure of Ce(O,_,F,)FeAs
under ambient conditions, in which the As—Fe—As (a and f3)
and Ce—(O, F)—Ce (y and &) angles are highlighted. The T, of
Ce(O,_,F,)FeAs decreases with pressure and then drops to 0
K, with a drastic drop at about 10—18 GPa for different F
content x, obtained from electrical resistance measurements
under high pressure.”**® For the isostructural F-doped
LaOFeAs, the T. increases with pressure and reaches a
maximum of about 43 K at 4 GPa, followed by an
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Figure 1. Schematic views of crystal structure of Ce(Ogg,F,5)FeAs
under ambient conditions.

approximately linear pressure dependence up to about 32
GPa.”> The obvious difference between these similar
compounds shows that further high-pressure structure
investigations are important to determine a detailed mechanism
of phase transition and gain insight into the pressure effect on
the superconductivity correlated with their detailed structures.
According to recent neutron scattering investigations, no crystal
structural phase transitions have been found when cooling to
low temperature in Ce(O,_.F,)FeAs samples at F-doping x >
0.10.>* So the pressure-induced structure evolution measured at
room temperature could elucidate the superconductivity change
upon compression at low temperature .

In this work, by using a diamond anvil cell (DAC) technique
combined with an in situ angle-dispersive synchrotron X-ray
diffraction (AD-XRD) experimental technique, the detailed
mechanism of pressure-induced isostructural phase transition
on iron-based superconductor Ce(QOyg,Fg;6)FeAs at 13.9 GPa
is presented, and a new phase above 33.8 GPa is discovered.
The correlation between the pressure dependences of detailed
structure evolution and superconductor transition temperature
T. is proposed. The relationship of lanthanide cations radius in
the charge reservoir layer and the structure and super-
conductivity evolution under compression for these 1111-type
iron-based superconductors is concluded.

B EXPERIMENTAL SECTION

The Ce(O,_,F,)FeAs samples were synthesized by a solid-state
reaction method using CeAs, CeF;, Fe, FeAs, Fe,As, and Fe,0; as
starting materials.* The X-ray diffraction (XRD) pattern indicates that
the synthesis yielded an almost pure phase. The in situ high-pressure
AD-XRD experiments on Ce(Ogg,F ¢)FeAs were carried out at room
temperature at the beamline X17C of the National Synchrotron Light
Source (NSLS), Brookhaven National Laboratory. The incident X-ray
monochromatic beam was focused by K—B mirrors to the sample
location with the spot size of about 25 X 25 um?, with the wavelength
of 0.04085 nm. The diameter of flat culets of the diamonds in the
diamond anvil cell was 500 or 300 #m. The sample was prepressed to a
pellet with thickness about 10—15 um, and then loaded into the
sample chamber of 120—160 pm diameter which was drilled in the
T301 stainless steel gasket and preindented to 40—SS pum thickness.
This could avoid sample bridging with anvils during compression.
The pressure was measured by using the ruby luminescence method
with the laser wavelength of 532.1 nm.*® Silicone oil were used as the
pressure-transmitting medium, which ensured a quasi-hydrostatic
pressure environment within the experimental pressure 1range.34‘35
Two-dimensional diffraction patterns were collected on a charge-
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coupled device (CCD) detector with the typical exposure time of 1200
s. The distance between sample and detector and the orientation
parameters of the detector were calibrated using CeO, standard. The
recorded images were integrated using the program Fit2D.** The XRD
patterns under high pressure were analyzed with Rietveld refinements
by using the GSAS program package.>”*®

B RESULTS AND DISCUSSION

Figure 2 shows the selected X-ray diffraction patterns of
Ce(Ogg4Fo16)FeAs up to 54.9 GPa at room temperature. In the
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Figure 2. Spectra of angle-dispersive X-ray diffraction patterns of
Ce(0gg4F16)FeAs at room temperature up to 54.9 GPa (4 = 0.04085
nm). The asterisk in the XRD pattern indicates the diffraction peaks
from the new structure at about 33.8 GPa.

pressure range of 0—31.8 GPa, no new peaks are observed.
However, the shift of position of several peaks with pressure is
abnormal at pressure above 13.9 GPa. Figure 3 shows the detail
change of peak (112) and (200) for Ce(Ogg,F 6)FeAs in the
pressure range of 10.5—21.7 GPa. The bold lines in Figure 3,
guided for the eyes, indicate that the peak (200) starts to shift
to low-angle direction with increasing pressure from 13.9 GPa,
and then moves to normal high-angle direction after 19.9 GPa.
The peak (112) shifts to high-angle direction in this pressure
region. Figure 4 shows the relationships of d spacing and full
width at half-maximum (FWHM) of peak (112) and (200)
versus pressure. With increasing pressure, d;;, decreases, but
d,go first increases from 13.9 to 19.1 GPa, and then decreases
above 19.9 GPa. The FWHM of the two peaks increases with
pressure below 19.1 GPa, and decreases above 19.9 GPa.
According to the pressure dependences of d spacing and
FWHM of these two peaks, the structural phase transition can
be found from 13.9 GPa and finishes after 19.9 GPa.

At about 33.8 GPa, the emergence of two new weak
diffraction peaks at 260 of about 10.1° and 11.3°, indicated by
the asterisk in the XRD pattern in Figure 2, shows that
Ce(0gg4F16)FeAs transforms to a new high-pressure phase.
With increasing pressure, the intensity of these two peaks
increases. Up to the maximal pressure of 54.9 GPa, the original
phase still remains as the main content in the XRD pattern, so
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Figure 3. Details of peak (112) and (200) of Ce(Oyg4Fq,1¢)FeAs in the
range of 10.5-21.7 GPa (1 = 0.04085 nm).
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Figure 4. Pressure dependences of (a) d spacing and (b) full width at
half-maximum (FWHM) of peak (112) and (200) of Ce(Oqg,Fos)-
FeAs in the pressure range of 10.5—21.7 GPa.

the two phases coexist in a large pressure region. It is difficult to
index the crystal structure of this new phase, since only two
new diffraction peaks were found in the XRD patterns.
Ce(0Ogg4Fo16)FeAs recovers to the original structure at pressure
release, which shows that the phase transition is fully reversible.
The similar pressure-induced new phase has been also observed
in the 111-type iron-based superconductor Na,_ FeAs above
about 20 GPa.*

Figure Sa shows the evolution of unit cell parameters of
Ce(Oyg4F.16)FeAs in the pressure range of 0—31.8 GPa, which
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Figure S. Pressure dependences of (a) lattice parameters and (b) unit
cell volume and the c/a ratio of Ce(Oyg,F 5)FeAs up to 31.8 GPa.
The solid lines in (b) are the fitting results according to the Birch
equation of state (EoS).

were determined from Le Bail refinements based on previous
reported unit cell.* Below 13.0 GPa, both the a- and c-axis

shrink with increasing pressure. From 13.9 GPa, the value of a-
axis decreases slowly with pressure, and then starts to increase
between 152 and 19.1 GPa. The c-axis drastically decreases
within the pressure range of 13.9—19.1 GPa. At pressures above
19.9 GPa, both the a and ¢ axis decrease up to the maximal
experimental pressure. These results show an isostructural
phase transition starting at about 13.9 GPa. Above 19.9 GPa,
Ce(Ogg4Fo.16)FeAs transforms completely to a high-pressure
tetragonal (HPT) structure keeping the same space group of
P4/nmm but with a lager g-axis and smaller c-axis, compared to
the primary low-pressure tetragonal (LPT) structure. The
schematic view of structure evolution with pressure in the
transition region of Ce(QOgg4F,15)FeAs is shown in the Table of
Contents. The pressure dependence of the c¢/a ratio is
presented in Figure Sb, showing a drastic drop between 13.9
and 19.1 GPa.

Figure Sb also shows the pressure dependence of unit cell
volume for Ce(Ogg,F 6)FeAs, where the solid lines are the
fitting results for the LPT and HPT phases, by using the Birch
equation of state (EoS).>* We obtained the ambient pressure
isothermal bulk modulus B, = 94(2) GPa with B} of 5, and B, =
98(3) GPa with Bj of 4, for the LPT and HPT phases,
respectively. The fitted unit cell volume V;, of the two phases at
ambient conditions is equal to 0.1375(2) and 0.1332(6) nm?,
respectively. The B, of the LPT phase of Ce(Qyg,Fq6)FeAs is
smaller than that of Nd(O,gF,,)FeAs (102(2) GPa),'> and
Sm(Oye3Foo,)FeAs (103(1) GPa),'® and is larger than that of
La(OyoFo;)FeAs (78(2) GPa)."” The range of 13.0-19.9 GPa
is a transitional region between the LPT and HPT phases, with
a discontinued variation in the V-P curve.

The structure of Ce(Ogg4Fo ) FeAs below 24.5 GPa was
refined from the XRD patterns by using the Rietveld method,
to study the pressure effect on the structural properties down to
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the atomic level. The typical refinement results at 4.03 and 17.7
GPa are shown in Figure 6, with the R, factor of 5.13% and
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Figure 6. Experimental (open circle) and fitted (line) X-ray diffraction
patterns for Ce(Ogg,F16)FeAs at 4.03 and 17.7 GPa (4 = 0.0408S
nm). The vertical lines are denoted the Bragg peaks in the XRD
patterns.

6.32%, respectively. The pressure dependences of the atomic
parameter z of As and Ce ions of Ce(Oy g,F;5)FeAs are shown
in the Supporting Information, Figure S1. Changes in the
atomic parameters under compression are only small within the
experimental errors, except in the transition region from the
LPT to HPT phases, that is, the region of 13.0—19.9 GPa.
Figure 7 shows the pressure dependences of selected bond
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Figure 7. Pressure dependences of (a) bond distances and As anion
height from Fe layer, and (b) bond angles for Ce(Oy,F15)FeAs up to
24.5 GPa. The angle a— is indicated in Figure 1.
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distances and angles, in which the angle a—¢ is indicated in
Figure 1, as well as the As anion height, that is, the distance
between the As anion and Fe layer. Both the As anion height
and the Fe—As and Ce—(O, F) distances decrease with
increasing pressure, with the discontinuity transition in the
pressure region of 13.9—19.1 GPa. At ambient pressure, both
the As—Fe—As angle a of 111.0(1)° (X2) and S of 108.7(1)°
(x4) are close to 109.47°, which indicates that the FeAs,
tetrahedron can be regarded as a regular one. The Ce—(O, F)—
Ce angle y of 117.34(9)° (X2) and & of 105.68(9)° (x4) show
that the (O, F)Ce, tetrahedron is distorted at ambient pressure.
With increasing pressure, the As—Fe—As angle f and Ce—(O,
F)—Ce angle § are decreasing, with a drastic drop in the
transition region of 13.9—19.1 GPa. The pressure dependences
of o and y angles are reversed with those of # and & angles.
The superconductivity for most iron-based superconductors
is closely related to their detailed structure. The T seem to gain
maximal values when the As—Fe—As angles are equal to
109.47°,% or the As anion height is equal to 0.138 nm obtained
by theoretical and experimental works.*""** Figure 8a combines

a T % I . I LI T

—r
40k ° T (Suneral) U 199
Angle (This work ~
gle (This work) | Ef
30 4108 =
g =
g 14
= 20 = o 4107
B : »
=
10 - - 106 £
i ""_'.":’.‘:fr ‘é‘
ol Ce(O,F, JFeAs i =1 e
b 1 L |
301 T (Liweral) [| 110
[ Angle (Liu er al.) |] T
25| 108 EF
- 12
o
o 201 - 106 =
2 =
v | <
=~ 151 - - 104 =
: 2
@
10 4102 &=
<
5t = 100
L L 1 TR NS B
0 4 8 12 16 20 24

Pressure (GPa)

Figure 8. Pressure dependences of T, and As—Fe—As angle () for (a)
Ce(Ogg4Fo16)FeAs and (b) Na,_,FeAs. The results of T. for
Ce(Ogg4Fo.16)FeAs and T, and As—Fe—As angle for Na,_ FeAs are
obtained from refs 24 and 22, respectively.

the pressure dependences of T, and As—Fe—As angle(f) for
Ce(Ogg4Fo16)FeAs, in which the data of T are obtained from
ref 24. The trends in the pressure-induced decrease of T and
As—Fe—As angle(f) are similar to each other before the
tetragonal to tetragonal isostructural phase transition. In the
transition process from LPT to HPT phase, the drastic drop in
the angle(f)-P curve shows the increasing distortion degree of
the FeAs, tetrahedron. Accordingly, the T, decreases drastically
with pressure as well, and then drops to 0 K at about 12.8
GPa.”* The phase transition pressure normally will decrease
under nonhydrostatic conditions compared to quasi-hydrostatic
conditions.* In the electrical resistance measurements under
pressure in ref 24, the solid pressure-transmitting medium may
induce the lower transition pressure than that in the liquid
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medium in the structural experiments in this work. In other
words, the different pressure-transmitting medium in the
electrical properties and structure measurements induced the
different transition pressure between T.—P and f—P curves.
Thus the pressure at T, = 0 K in ref 24 may be corresponding
to that when the isostructural phase transition has finished in
this work. The analogous case exists in 111-type iron-based
superconductor Na,_,FeAs.”> The relationships of T, and As—
Fe—As angle of Na; ,FeAs are shown in Figure 8b as a
comparison to Ce(Oyg4Fq16)FeAs > After the isostructural
phase transition, the As—Fe—As angle 8 of Ce(Oys4F16)FeAs
is smaller than 105.53° and «a is larger than 117.68°, which
corresponds to the T, = 0 K case.* On the other hand, the
value of 0.1372(3) nm for the As anion height at ambient
pressure in Ce(Ogg,F 6)FeAs is smaller than 0.138 nm. The
As anion height decreases with increasing pressure and shifts to
the lower value direction from 0.138 nm, which is consistent
with the decrease of T. under compression. After the
isostructural phase transition, the As anion height is smaller
than 0.118 nm, which corresponds to the T, = 0 K case.*"*
Therefore, according to the pressure dependences of As—Fe—
As angles and As anion height from the Fe layer, the
isostructural phase transition in Ce(Ogg4Fo c)FeAs under
compression results in the drastic drop of T, and eventually
the high-pressure tetragonal phase loses the superconductivity
at low temperature.

The ion size plays an important role in the superconductivity
and structure evolution under pressure in the iron-based
superconductors. For example, in the 1111-type RE-
FeggslrgsAsO (RE = La, Nd, Sm, and Gd) system, T.
increases with decreasing lanthanide cation size from La to
Gd.** So the cation effects are an important factor that should
be considered in the research on the iron-based super-
conductors. The 1111-type iron-based superconductors Ln-
(O,_,F,)FeAs (Ln = La, Ce, Pr, Nd, and Sm) have different
pressure dependences of structure and superconductivity with
each other,”>™'7?372¢ because of the different lanthanide cation
radius in the Ln,(O, F), charger reservoir layer. Their
corresponding high pressure experimental results are summar-
ized in the Supporting Information, Table S1. For the
La(O,_,F,)FeAs series, no structural phase transitions happen
up to about 32 GPa at x = 0.10,'” and T decreases linearly with
pressure after obtaining its maximum at about 4 GPa for the x =
0.11 sample,”' without the drastic drop in the T.—P curve.
Similar results exist in Sm-based compounds.** However, in the
sister compounds Ce(O,_,F,)FeAs and Nd(O,_,F,)FeAs, the
compression induces them to transform to a collapsed
tetragonal structure,' as well as the loss of superconductivity
after the isostructural phase transition.”* So there is a
correlation between the structure and superconductivity
under high pressure for these 1111-type compounds, in
which the tetragonal to tetragonal isostructural phase transition
corresponds to the drastic variation of the T.—P curve under
compression,24 and as a comparison, the continued structure
evolution corresponds to the linear decrease of T. with
pressure.”’26

The shearing movement of the charge reservoir layer during
compression is a Possible driving force for the isostructural
phase transition.'> In Ce(O,_,F,)FeAs, the (O, F)Ce,
tetrahedron is not stable, because of the close ion radius
between Ce** and O*7/F~,* which is different from the FeAs,
tetrahedron. So the movement of the Ce,(O, F), layer is easier
than that of the Fe,As, layer under compression. Recently,
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theoretical works in CaFe,As, and BaFe,As, show that the
structure phase transitions under hydrostatic pressure are
similar with those under uniaxial pressure parallel to the c-
axis.* This could be a reference to the compression behavior of
1111-type series. The shearing movement of the Ce,(O, F),
layer in the ab-plane during compression may result in the
enlargement of the g-axis, which is a possible reason for the
isostructural phase transition in Ce(Ogg4F,15)FeAs. For the
Ln(O,_,F,)FeAs series, the size of lanthanide element cations
in the charge reservoir layer may induce the dissimilar shearing
movement degree under compression. Therefore, no isostruc-
tural phase transitions have been found for the compounds
including larger or smaller cations in the experimental pressure
range, such as the La(O,_,F,)FeAs and Sm(O,_F,)FeAs
series.'”*® The similar pressure behavior related to ion radius
exists in ARh,P, (A = Ca, Sr, Ba) with the TiCr,Si, structure,*’
that is, the 122-type structure for iron-based superconductors.
The SrRh,P, undergoes an isostructural phase transition at
about 6 GPa, which is different from that in the corresponding
Ba and Ca compounds.

CeOFeP, which is isostructural with CeOFeAs, is a heavy
fermion system and does not have any superconductivity at low
temperature.** The isostructural phase transition under high
pressure may result in that Ce(O,_,F,)FeAs series convert to a
heavy electron system, since the bandwidth of the valence band
in them is close to that of CeOFeP. This is a possible reason for
loss of superconductivity in the HPT phase of Ce(Oyg,F16)-
FeAs. In the 1111-type LnOFeP (Ln = La, Ce, Pr, Nd, Sm)
series, the superconductivity exists in LaOFeP and SmO-
FeP.*™3! However, the sister compounds CeOFeP, PrOFeP,
and NdOFeP remain nonsuperconducting at low temper-
ature.***>%3 The annealed PrOFeP and NdOFeP were reported
to be superconducting,®’ which may be due to the change of
oxygen content. The LnOFeP series including lager or smaller
Ln jons (La and Sm) have superconductivity at low
temperature, being contrary to the other ones (Ce, Pr, and
Nd). For the 1111-type Ln(O,_,F,)FeAs (Ln = La, Ce, Pr, Nd,
Sm) series, there is no isostructural phase transition in the
compounds including larger or smaller Ln ions (La and Sm)
under compression, being contrary to the other ones (Ce and
Nd). Comparing with the two cases in Ln(O,_,F,)FeAs and
LnOFeP series, the effect of Ln ion radius on the structural
evolution under compression in the former is similar with that
on the superconductivity in the latter. More experimental data
on LnOFeP will be helpful to understand the structure and
superconductivity evolution under high pressure of these
compounds and the Ln(O,_,F,)FeAs series.

As shown in Supporting Information, Table S1, no structure
and superconductivity investigations under high pressure for
Pr(O,_,F,)FeAs compounds have been performed up to date.
Since the radius of Pr cation is in the middle of that of Ce and
Nd cations,* the F-doped PrOFeAs may also come through a
similar isostructural phase transition and the drastic drop of T,
P curve with Ce(O,_,F,)FeAs and Nd(O,_,F,)FeAs. The
corresponding high-pressure structural and physical measure-
ments on Pr(O,_.F,)FeAs could test the pressure behavior of
the Ln(O,_,F,)FeAs series. Furthermore, as a new unknown
structure, the high-pressure phase above 33.8 GPa in
Ce(Ogg4sFo16)FeAs has not been discovered in other 1111-
type iron-based superconductors up to now, and may have a
new electronic state under compression. So it is necessary to
perform further in situ high-pressure experiments on these
superconductor materials to obtain more structural and physical
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Inorganic Chemistry

properties of these compounds under higher pressure
conditions.

B CONCLUSIONS

The tetragonal to tetragonal isostructural phase transition at
13.9 GPa and another high-pressure new phase at 33.8 GPa in
the iron-based superconductor Ce(Ogg,Fy ¢)FeAs were found
by the high-pressure angle-dispersive X-ray diffraction experi-
ments. The results of detailed crystal structure evolution under
pressure provide the essential information for the pressure
dependence of the superconductor transition temperature T..
The relationships of T, versus As—Fe—As bond angle and As
anion height upon compression indicate that the pressure-
induced isostructural phase transition drastically compresses T,
and results in the loss of superconductivity at low temperature.
The pressure dependences of structure and superconductivity
of the 1111-type iron-based superconductors are related to the
radius of lanthanide element cations in the charge reservoir
layer. These high-pressure structural transition behaviors are
helpful for us to understand the universal structural evolution
pattern in iron-based superconductors upon compression.

B ASSOCIATED CONTENT
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The pressure dependences of the atomic parameter z of As and
Ce ions of Ce(Oyg,F 16)FeAs (Figure S1), and the summary of
structure and superconductivity under high pressure for the
1111-type iron-based superconductors Ln(O,_,F,)FeAs (Ln =
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