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We present a detailed investigation of the electronic properties of CeFeAsO under in-plane chemi-
cal (As by P substitution) and hydrostatic pressure by means of in-house and synchrotron Mossbauer
spectroscopy. The Fe magnetism is suppressed due to both pressures and no magnetic order was
observed above a P-substitution level of 40 % or 5.2 GPa hydrostatic pressure. We compared both
pressures and found that the isovalent As by P substitution change the crystallographic and elec-
tronic properties differently than hydrostatic pressure.

PACS numbers: 74.70.Xa, 76.75.41, 76.80.4y, 74.62.Dh

I. INTRODUCTION

The parent compounds of the 122 and 1111 families of
the iron-based superconductors show spin density wave
(SDW) order below the magnetic transition temperature
Tx.1? By changing a non-temperature control parameter
the SDW order can be suppressed. These control param-
eters can be classified in the following way: i) electron
doping (Fe—Co,>* O—F?), ii) hole doping (Ca—Na,5
Ba—K7), iii) isovalent substitution (As—P81%), and iv)
external pressure.'’ '3 Both electron and hole doping
change the amount of conduction electrons. The nom-
inal valence electron count remains constant in the case
of isovalent substitution and external pressure.

The isovalent substitution of a larger by a smaller
atom, e. g. As — P or La — Pr — Nd — Sm, results
in chemical pressure. The resulting question is: what are
the differences between chemical and hydrostatic pres-
sure? It was shown that both methods of achieving
pressures result in a similar suppression of the magnetic
order.'113724 The chemical substitution can be applied
either in the FeAs-plane (in-plane) or in the rare earth-O
plane (out-of-plane). Studies in the isostructural com-
pound LaCoPO have shown that isovalent out-of-plane
substitution (La substituted by Pr, Nd, and Sm) and
hydrostatic pressure equally change the magnetic prop-
erties of the system.?? ?* Complementary we will focus
on in-plane chemical substitution: As by P.

The CeFeAsO system is of particular interest due to
the interaction of the Fe 3d and Ce 4f electrons. Ce-
FeAsO shows spin density wave order of the Fe 3d elec-
trons below ~ 145 K and antiferromagnetic order of the

Ce 4f electrons below ~ 3.7 GPa.2> A strong Ce-Fe cou-
pling at temperatures much higher than the Ce magnetic
ordering temperature was found.2® Upon P substitution
the Fe magnetic order is suppressed and no Fe magnetic
order was observed for z > 37 %.2%27 In contrast, the Ce
magnetic ordering temperature remains constant for z <
30 %.25 For x > 30 % the Ce magnetic order changes from
antiferromagnetic to ferromagnetic.?®> Superconductivity
was observed for z ~ 30 %.25 Resistivity measurements
have shown the absence of superconductivity in CeFeAsO
up to 50 GPa.?® The application of hydrostatic pressure
on P substituted samples indicated that hydrostatic pres-
sure and P substitution change the electronic structure
differently.?? However, to resolve the microscopic changes
in the magnetic structure a local probe is needed.

We studied the electronic hyperfine parameters as
a function of P substitution and hydrostatic pressure
in CeFeAsO by means of in-house and synchrotron
Méssbauer spectroscopy as well as x-ray diffraction. A
quantitatively different behavior for P substitution and
hydrostatic pressure was found.

The work is organized in the following way: the ex-
perimental details will be presented in Sec. II and the
obtained results in Sec. III and IV. The discussion of
our results is given in Sec. V followed by a summary and
conclusion in Sec. VI.

II. EXPERIMENTAL DETAILS

Powder samples of CeFeAs;_,P,O with x =0, 5, 15,
22, 30, 35, 40, 90, and 100 % were investigated by in-



house Mossbauer spectroscopy at the Institute of Solid
State and Material Physics, TU Dresden, Germany.
The P-substitution level z is given in nominal values.3°
Mossbauer spectra were recorded at temperatures be-
tween 1.8 and 305 K using a CryoVac Konti IT cryostat
in standard transmission geometry. As a 7 source *”Co in
a rhodium matrix was used with an emission line width
(HWHM) of 0.135(5) mm/s. Isomer shifts are given with
respect to a-Fe at room temperature. Powder samples
were homogeneously distributed in thin polyamide PA6.6
sample holders of 13 mm diameter. The sample synthesis
of the CeFeAs;_,P,O powder is described elsewhere.?’
The in-house Mossbauer spectra were analyzed using the
Méssfit software.3!

Single crystals of CeFeAsO were investigated via time-
domain synchrotron Méssbauer spectroscopy (SMS), also
known as nuclear forward scattering, at the beamline
3ID-B of the Advanced Photon Source (APS) at Ar-
gonne National Laboratory, USA. The experiments were
performed in the hybrid operation mode which allows
the high precision measurement of hyperfine interactions
by offering a time window for data collection of 1.5 us.
The incident beam was linearly polarized. The single
crystals were enriched to an abundance of 10 % °7Fe.
They were grown similar to LaFeAsO32 and character-
ized by energy-dispersive x-ray spectroscopy and x-ray
diffraction (XRD). SMS spectra were recorded at tem-
peratures between 10 and 150 K and at pressures be-
tween 0.5 and 14 GPa using a special He-flow miniature
cryostat and a diamond anvil cell.?33* For pressures up
to 6 GPa diamond anvils with 800 um culet size and
for higher pressures diamond anvils with 500 pym culet
size were used. Pressures were changed at low tempera-
tures through a gas membrane. The pressure was mea-
sured in situ by an online ruby system. A Re gasket
was pre-indented to a thickness of 80 um (140 pm) and
a 250 pm (400 pm) hole was electro-sparked to act as
the sample chamber for the 500 ym (800 ym) diamond
anvils. As the pressure transmitting medium Ne and a
4:1 mixture of Methanol and Ethanol were used to en-
sure hydrostaticity. The uncertainty in the pressure de-
termination is 0.1 GPa if not stated otherwise. Single
crystals of 50x50x45 um? and 130x130x25 um? for the
500 pm and 800 pm diamond anvils were used, respec-
tively. The single crystals were aligned with the crys-
tallographic ab-axis perpendicular to the incident beam.
The beam size was 10x 15 ym? (FWHM). The SMS spec-
tra were analyzed using the CONUSS software.3> Both
Mossfit and CONUSS exactly diagonalize the hyperfine
Hamiltonian taking into account both electric and mag-
netic hyperfine interactions. For the former the trans-
mission integral formalism and for the latter the thin ab-
sorber approximation was used. XRD experiments were
conducted at the 13BM-C beamline of the APS using
CeFeAsO-powder at room temperature.’6 X-rays with
a wavelength of 0.434 A, a Re gasket as described ear-
lier and Daphne oil 7575 as the pressure transmitting
medium were used. The x-ray diffraction patterns were

analyzed using GSAS-I1.37 The numerical results of our
XRD study are recorded in the supplement together with
the numerical values of chosen diagrams.®

III. X-RAY DIFFRACTION RESULTS
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FIG. 1. Unit cell volume at room temperature as a function
of applied pressure p (black square) and the P-substitution
level z (red star, taken from Ref.*?). 100 % P-substitution
(CeFeAsO — CeFePO) reduces the unit cell volume similar
to the application of 6 GPa hydrostatic pressure.

To compare the structural effects of P substitution and
external pressure XRD measurements up to 5.3 GPa at
room temperature using a CeFeAsO powder sample were
performed. The unit cell volumes of the by Mossbauer
spectroscopy investigated P-substitution levels as well
as at the applied pressure points are summarized in
Tab. 1. The resulting unit cell volumes and ¢/a ra-
tios are shown in Fig. 1 together with published data on
CeFeAs;_,P,O for comparison.?? At room temperature
and ambient pressure CeFeAsO crystallizes in a tetrago-
nal structure with the space group P4/nmm.*° No indi-
cations for structural transitions up to 5.3 GPa and that
the ¢/a ratio is more reduced in the case of hydrostatic
pressure than upon P substitution were found. By com-
paring the unit cell volumes it was found that 100 % P-
substitution (CeFeAsO — CeFePO) has the same effect
as the application of 6 GPa hydrostatic pressure.

Atomic distances and block sizes are shown in Fig. 2.
The Ce-O-Ce as well as the As-Fe-As block size are pres-
sure independent. Both the Fe-As and Ce-As distances
are reduced with increasing hydrostatic pressure. There-
fore the reduction in the unit cell volume is achieved by
reducing the distance between the Ce-O-Ce and As-Fe-
As blocks. In contrast the unit cell compression due to
the P-substitution is caused by a compression of the As-
Fe-As layer.?”
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FIG. 2. Atomic distances and block sizes for CeFeAsO as a
function of pressure.

TABLE I. Unit cell volume of the investigated P-substitution
levels z (left two columns) and for the hydrostatic pressures
p (right two columns). The volumes were calculated by ex-
trapolating the data from Fig. 1.

2/ %V /A3p/GPa V /A3

0 138.46 0.8 137.1328
5 138.00 2.4 134.48
15 136.92 2.8 133.81
22 136.17 3.1 133.32
30 135.31 3.6 132.49
35 134.77 4 131.82
40  134.23 4.5 130.99
90  128.85 5.2 129.83

100 127.77

IV. MOSSBAUER SPECTROSCOPY RESULTS

Mossbauer spectra of CeFeAs;_,P,O in the paramag-
netic and magnetically ordered phase are shown in Fig. 3.
In the paramagnetic phase an asymmetric doublet struc-
ture is observed which is most pronounced for z < 30 %.
For powder samples one would expect a symmetric spec-
trum as the angle between the incident + and the prin-
cipal axis of the electric field gradient (EFG) is averaged
out. The asymmetric paramagnetic spectra indicate that
the samples consists of tiny polycrystalline platelets in-
stead of powder in accordance with the plate-like crystal
habit. As a consequence the angle between the incident
~ and the principal axis of the EFG is not averaged out
resulting in an asymmetric doublet. The magnetically
ordered phase is characterized by a sextet structure for z
< 22 % while for z = 30 and 35 % a broadening and a
symmetrization of the spectra was observed.

SMS spectra in the paramagnetic and magnetically or-
dered phase for various pressures are shown in Fig. 4. In
the paramagnetic phase no oscillations in the time spec-
tra were observed up to pressures of 14 GPa. The mag-
netically ordered phase is characterized by many oscilla-
tions with additional wiggles due to the angle between

the magnetic hyperfine field and the incident  beam.

A. Electric field gradient

In the principal axis system, the EFG is fully de-
termined by its z component V., and the asymmetry
parameter n. The latter is zero due to the tetragonal
symmetry of the crystallographic structure in the para-
magnetic phase. In the magnetically ordered phase no
non-zero 77 was observed which is consistent with the ab-
sence of an orthorhombic distortion.?> Neutron scatter-
ing experiments report an orthorhombicity of 0.5 % for
CeFeAsO which is suppressed due to P substitution.?”
However, the changes in the EFG due to the orthorhom-
bic distortion are below the resolution limit of our
method.

In Mossbauer spectroscopy an energy shift, the so-
called quadrupole splitting @S, due to the interaction
of the Fe nucleus with an EFG rather than V.. itself is
measured. From the @S the electric field gradient V.
at the Fe nucleus can be deduced. Here both @S in mm/s
and V., inV/ A? are provided. The conversion factor is
1 V/A%?=0.0167 mm/s which corresponds to a nuclear
quadrupole moment of Fe of 160 mb.#"42 At this point
we want to emphasize that in the paramagnetic phase
only the absolute value of V., is obtained. However, it
was shown that in the LaFeAsO-based compounds V., is
positive.#344 In the magnetic phase a positive V., value
was obtained and thus we are confident that this is also
the case in the paramagnetic phase of the CeFeAsO se-
ries.

Experimentally determined V ., values at various tem-
perature regions between 2 and room temperature are
shown in Fig. 5. At room temperature V., is close
to zero for CeFeAsO indicating a nearly spherical elec-
tron distribution around the Fe nucleus. V.. shows a
parabolic behavior as a function of z with a maximum at
intermediate z. The V., values of CeFeAsO and CeFePO
are equal to formerly reported data.*>:46

For x < 22 %, V.. increases by ~ 2V/A2 between
room temperature and the onset temperature of the mag-
netic order, 75", This increase of V. inside the para-
magnetic phase as a function of temperature is likely a
steric effect such as a change in the ¢/a ratio or the anion
height.

At Tt which we define as the highest temperature
with a non-zero magnetic volume fraction, V., jumps
from 2(1) V/A? to 7(1) V/A? for z = 0 and 5 % and
from 12.0(5) V/A? to 14.0(5) V/A? for z = 15 and 22
%, respectively. This indicates a change of the electron
distribution and hence of V., due to the magnetic phase
transition.

In the magnetically ordered phase V., remains con-
stant within error bars down to lowest measured temper-
atures. The increase in V. at the magnetic phase tran-
sition is suppressed similar to the reduction of T¢*** and
the magnetic hyperfine field as a function of z. No influ-
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FIG. 3. Mossbauer spectra of CeFeAs;_;P,O in the paramagnetic and magnetically ordered phase. The solid red lines are

theoretically calculated spectra. See text for details.

ence of the Ce magnetic order on V., has been observed
similar to the unsubstituted compound.45 For z > 30 %
V.. increases upon cooling and saturates below 100 K.

The SMS spectra in the paramagnetic phase show no
oscillations up to 330 ns. This gives an upper boundary
for the absolute value of the quadrupole splitting of ~ 0.1
mm/s (6 V/A?). Analyzing the spectra gives a value of
< 0.01 mm/s (0.6 V/A?) at 1 GPa which is similar to the
V .. values within error bars at ambient conditions. By
increasing the external pressure, V . increases to 0.08(1)
mm/s at 7 GPa and 0.11(1) mm/s at 14 GPa with both
values obtained at 15 K.

In the magnetically ordered phase, the quadrupole
splitting jumps to 0.08(2) mm/s (4.8(1.2) V/A?) and
stays constant within error bars down to lowest temper-
atures.

B. Magnetic order

The temperature dependence of the magnetic volume
fraction for z < 22 % and applied pressures of p < 5.2
GPa is shown in Fig. 6.

TSPse decreases with increasing z and p. The phase
transition region, which can be defined as the temper-
ature difference between T{™°* and TI{IOO%(the highest
temperature with a magnetic volume fraction of 100 %)
increases from ~ 10 K for 2 <5 % to 60(10) K for z = 15
and 22 %. For z = 30 and 35 % no magnetic volume frac-
tion was extracted as the obtained magnetic hyperfine
fields are too small to distinguish between a) a smaller
hyperfine field and 100 % magnetic volume fraction or
b) a slightly larger hyperfine field and a magnetic vol-
ume fraction of < 100 %, in particular as V. shows no
measurable between the paramagnetic and magnetically
ordered phase (in contrast to x < 22 %). As a conse-
quence, the magnetic volume fraction was set to 100 %
in the magnetically ordered phase. This may influence
the analysis close to the phase transition temperature
but the low-temperature behavior and therefore the sat-
urated magnetic hyperfine field is unaffected.

Trset is reduced as a function of the the applied pres-
sure consistent with reported results from electrical re-
sistivity measurements.?® The phase transition region be-
tween T and TI{IOO% stays constant up to an applied
pressure of at least 4.5 GPa. For an applied pressure of
5.2 GPa a magnetic volume fraction of 24(1) % was found
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parameters extracted from the time domain measurements.

while for 5.1 GPa a pure paramagnetic signal at lowest
measured temperature was observed. Note that the given
pressure values are determined at the ruby position with
an uncertainty in the pressure determination of 0.1 GPa.

The temperature dependence of the magnetic hyper-
fine field, Byus(T), as a function of = and p is shown in
Fig. 7. Bue(T) was analyzed using an order parameter
fit of the form

BMH=BMT=®P—<%)jﬁ 1)

at temperatures above the magnetic Ce ordering. The

results are shown in Tab. II.

Both the onset of the magnetic order as well as the
saturated magnetic hyperfine field at lowest temperatures
are continuously suppressed as a function of z. For z =
40 % no magnetic order was observed which is consistent
with results from other methods.?>2"47 For z = 5 %
an increase of the magnetic hyperfine field from 5.40(2)
above 4 K to 5.95(8) T below 4 K is observed due to the
antiferromagnetic ordering of the Ce 4f electrons.?® This
transferred magnetic hyperfine field was also observed in
the unsubstituted compound CeFeAsO where an increase
by 0.9 T was measured.?54>4® Increasing = to 15 % or
above leads to a full suppression of this transfer.
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TABLE II. Exponents o and [ obtained by analyzing the
temperature dependence of the magnetic hyperfine field ap-
plying Eq. 1 to temperatures above the Ce magnetic order.
To determine the critical exponent 8. = B(a = 1), Eq. 1
was applied in the vicinity of the phase transition and with «
=1

p/GPaz /% « 3 Be
0.6

0.09(4)

2.4 3.0(2) 0.18(1) 0.17(1)
2.8 2.3(1) 0.18(1) 0.14(1)
3.1 2(1) 0.17(6) 0.12(1)
3.6 1.8(2) 0.15(1) 0.12(1)
4.0 3.3(4) 0.42(6) 0.13(3)
45 1.2(6) 0.18(8) 0.13(4)
0 2.6(2) 0.25(1) 0.17(1)

5 1.7(2) 0.02(1) 0.14(1)

15 0.6(4) 0.09(3) 0.10(1)

22 0.7(6) 0.09(5) 0.10(3)

" 0.6 GPa (star) |
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28GPa 1
3.1 GPa —
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o

0 50 100 150
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FIG. 7. Temperature dependence of the magnetic hyperfine
field as a function of p (top) and z (bottom) in CeFeAsO.
Lines are calculated with Eq. 1.

The saturated magnetic hyperfine field is suppressed
with increasing applied pressure (Fig. 11). Between 0
and 4.5 GPa the saturated magnetic hyperfine field is
reduced by ~ 24 % followed by an abrupt suppression to
zero. Between 5.2 and 14 GPa no magnetic order was
found down to 16 K.

The azimuth angle 6 between the principal axis of the
EFG, which is parallel to the crystallographic c-axis, and
the magnetic hyperfine field at lowest observed temper-
atures is shown in Fig. 8 as a function of z and p. For
CeFeAsO at ambient conditions an angle of § = 90° was
obtained. Therefore, the Fe magnetic moments are lo-
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cated in the crystallographic ab-plane consistent with
neutron scattering experiments.*® Upon the application
of pressure a small tilting of 10° out of the crystallo-
graphic ab-plane at 4.5 GPa is observed. In contrast, 0
decreases to 56(6)° as a result of P substitution.

C. Isomer and chemical shift in CeFeAs;_.P.O

The temperature dependence of the isomer shift, §(7"),
for selected P-substitution levels is shown in Fig. 9. §(T)
is given by

§(T) = éc + or(T), (2)

where . denotes the temperature-independent chemical
shift. or(7) is the temperature-dependent contribution
due to the second-order Doppler shift and was analyzed
in the Debye approximation:

9 kg
B EMFe C (3)

3 rOm/T 3
Ont + 8T <£) / x dx]
91\/[ 0 et — 1

with Mpe being the mass of the resonant °’Fe nucleus
and 0y; denotes the Mossbauer temperature. #y; can be
interpreted as the Debye temperature of the Fe nucleus.
By fixing M, to its nuclear value of 56.93 a.u., 8y and
0. were calculated. The obtained results are shown in
Tab. III.

An increase of Ay from CeFeAsO to CeFePO upon
As—P substitution was found while §. decreases.

or(T) =

X

TABLE III. Mossbauer temperature ¢y and chemical shift o
obtained by applying Eq. 2 to the temperature dependence
of the isomer shift in CeFeAs;_.P.O.

z /% Ou/K O/ mm/s
0  381(32) 0.680(7)
377(5)50

5  445(53)  0.68(1)

15 342(26) 0.642(6)

22 401(13)  0.661(3)

30 385(5)  0.620(1)

35 360(5) 0.614(1)

40 401(12)  0.613(3)

90  438(23) 0.582(6)

100 448(31)46 0.55%6
0.80 L L
075 F = x=0% 07 | - _
" x=22% o | - 1
0.70 -— s x=359% © 06 “mn . _-
—~ 065 | x=90% i -
Q L = x=100 % 05 bl oo oo b o001
g 0.60 |- 0 50 100 -
= - X 4
50.55-::.,'.' .
'% [ '-l';l-' - - T
. 050 |- bl . - .
@ 3 - i
§ 045 - ¥ . - &
= 040 | o _
i -
0.35 | _
0.30 |- =

1 N 1 N 1 N 1 N 1 N 1 N 1

0 50 100 150 200 250 300

temperature (K)

FIG. 9. Temperature dependence of the isomer shift of x =
0, 22, 35, 90, and 100 % (z = 5, 15, and 40 % are omitted
for the sake of clarity). In the inset the chemical shift d. in
mm/s as a function of z in % is shown.

V. DISCUSSION

To reveal the differences in the electronic structure be-
tween hydrostatic pressure and P substitution, following
Ref.%!, the obtained electronic hyperfine parameters as a
function of the unit cell volume are compared. The rela-
tion between the unit cell volume and z and p is shown
in Fig. 1.

In the paramagnetic phase CeFeAsO hasa V.. of close
to zero indicating a nearly spherical charge distribution
around the Fe nucleus while CeFePO has a V. of 9.3(2)
V/A? indicating a deviation from a spherical charge dis-
tribution. This is consistent with reported results from
neutron scattering experiments.?” They found a contin-
uous reduction of the size of the Pn-Fe-Pn block, with
Pn = As/P, as well as a continuous reduction of the Fe-
Pn distance. As a consequence the Fe-Pn-Fe tetrahedra
angle increases from ~ 112.2° to ~ 114.6° for z = 0 and



43 %, respectively. Thus the angle continuously devi-
ates from the ideal value of 109.47° with increasing .
This continuous change in the Fe Pn block properties ex-
plains the increase in V., from CeFeAsO to CeFePO
but cannot explain the maximum at intermediate z. We
attribute this maximum to the disorder induced by the
substitution which is expected to be strongest at z ~ 50

%.

In contrast, the value of V., in the paramagnetic
phase increases only slightly and monotonically as a func-
tion of hydrostatic pressure. This indicates a slight devi-
ation from the spherical charge distribution around the
Fe nucleus with increasing pressure. As it was shown
in Fig. 2 the As-Fe-As layer remains robust against the
application of hydrostatic pressure. Reported high tem-
perature Fe-As-Fe angles for CeFeAsO are 112.6(1)°.49:52
A minor reduction of the Fe-As-Fe angle to ~ 112.2° at
5.3 GPa was observed. Due to the tetragonal symme-
try a reduction of the Fe-As distance will not increase
V... The crystallographic parameters which are signif-
icantly changing in the investigated pressure region are
the ¢/a ratio and the Ce-As distance and thus the As-Fe-
As and Ce-O-Ce block distance. However, both crystal-
lographic parameters are expected to have only a minor
influence on V.., in contrast to the As-Fe-As block size
in the P-substituted compound.?” Eventually the only
small increase of V., reflects the robustness of the As-
Fe-As layer against hydrostatic pressure and the only mi-
nor changes in the Fe-As-Fe angle.

At the magnetic phase transition temperature V.,
abruptly increases and remains constant within error
bars down to lowest temperatures. It was found that
V.. remains constant within error bars in the magnetic
phase at all investigated pressures. The abrupt increase
in V., at the magnetic phase transition is suppressed
with increasing external pressure similar to the magnetic
hyperfine field. For CeFeAsO a splitting in temperature
between the structural and magnetic phase transition was
reported.?”39 No change in V,, at the structural phase
transition was observed. For comparison: in FeSe, where
a tetragonal-to-orthorhombic phase transition without a
coinciding magnetic order occurs, similarly no change in
V.. was observed.”® This indicates that the magnetic
phase transition causes a redistribution of the electronic
charge and hence changes V., while the changes due to
the structural phase transition are negligible. This result
also explains why the abrupt increase of V., at the mag-
netic phase transition and the magnetic hyperfine field
are equally suppressed.

TS5t shows qualitatively similar behavior for increas-
ing z and p and is shown in Fig. 10. T is continu-
ously reduced until z ~ 30 % and p ~ 4.5 GPa followed
by a sharp suppression to zero at z ~ 40 % and p ~
5.2 GPa. No magnetic order was observed at higher val-
ues. For the P substitution series it is consistent with
neutron scattering experiments where no magnetic order
was found at z ~ 37 %.2" The phase transition region
AT = Tt — T10% increases with increased z. We at-
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FIG. 10. Onset temperature of the Fe magnetic order as a
function of hydrostatic pressure (black square) and P sub-
stitution (red star). TY™®" is suppressed in a qualitatively
similar way as a function of hydrostatic pressure and P sub-
stitution but more effective by the latter. For the conversion
between volume, z, and p see Tab. I.

tribute this to the fact that the P substitution results in
local P distributions and hence a distribution of magnetic
ordering temperatures. In contrast AT’ remains constant
within error bars for all applied pressures. This supports
that the increase in AT is caused by the disorder due to
the P substitution.

The temperature dependence of the magnetic hyper-
fine field was analyzed using Eq. 1. A second-order phase
transition in the magnetic hyperfine field for all investi-
gated pressures and P-substitution levels was found con-
sistent with published results for CeFeAsO.3° A critical
exponent 3. of 0.17(1) was obtained in CeFeAsO. Both
the application of pressure and P substitution result in
a reduction of . in direction of the two-dimensional
Ising universality class (8.= 0.125). This behavior in-
dicates an increase of the two-dimensionality of the mag-
netic order. Published Mossbauer data suggest that
the critical exponent of the magnetic hyperfine field
is of similar value in LaFeAsO (0.2(1)) and PrFeAsO
(0.19(2)).*> A 2D Ising critical exponent was also found
in BaF€2A82,54’55 SI‘FGQASQ,56 Ba0,75Na0,25FeQASQ,57 and
Cag.¢5Nag.35FesAss.% The reduction in 8. and therefore
in the dimensionality due to chemical pressure was also
observed in Caj_,Na,FesAss where a crossover from
three- to two-dimensional Ising behavior from 50 % to
30 % Na-substitution level was found.%

The low-temperature saturated magnetic hyperfine
field (above the Ce ordering temperature) as a function
of z and p is shown in Fig. 11. It is continuously reduced
to zero with increasing z. This behavior as a function
of z is similar to that of the Fe magnetic moment and
orthorhombicity.?” In contrast, the saturated magnetic
hyperfine field is reduced by 24 % between 0 and 4.5
GPa followed by an abrupt suppression to zero above 5.2
GPa showing a behavior similar to T,

It was shown that the Fe magnetic moment is propor-
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FIG. 11. Low-temperature saturated magnetic hyperfine field
(above the Ce ordering temperature) as a function of hydro-
static pressure (black square) and P substitution (red star).
The black cirlce data point was taken at 70 K and 0.6 GPa. P
substitution results in a continuously suppression of the mag-
netic hyperfine field to zero at x = 40 %. In contrast, the
application of hydrostatic pressure results in a reduction of
the magnetic hyperfine field by 24 % at 4.5 GPa followed by
an abrupt reduction to zero at 5.2 GPa. For the conversion
between volume, z, and p see Tab. I. CeFeAsO,_,F, data
(blue triangle) taken from Ref.*®

tional to the Fe-As distance and vanishes for distances
smaller than 2.36 A.27:59:60 The Fe magnetic moment is
not directly accessible by Mossbauer spectroscopy which
measures the magnetic hyperfine field. Theoretical calcu-
lations on BaFeyAso have shown that the conversion fac-
tor between the Fe magnetic moment and the magnetic
hyperfine field changes with chemical substitution.®! The
changes in the conversion factor are severe for electron
and hole doping but are below 3 % for P substitution.5!
Unfortunately no calculations for hydrostatic pressure
were performed but it is more likely that the conver-
sion factor exhibits only minor changes in the case of
hydrostatic pressure.®! Therefore the conversion factor
between Fe magnetic moment and magnetic hyperfine
field is treated as constant in our work. The saturated
low-temperature magnetic hyperfine field as a function of
the Fe-As distance is shown in Fig. 12.

At this point we want to emphasize that our XRD mea-
surements were conducted at room temperature while the
reported neutron scattering data was obtained at 1.8 to 8
K.27 However, the Fe-As distance is nearly temperature
independent with changes below 0.002 A between room
temperature®® and 1.8 K*° in CeFeAsO and therefore we
assume that this also the case in the P-substituted com-
pounds and under hydrostatic pressure.?” The Fe-As dis-
tance continuously decreases below the threshold value
2.36 Afor z ~ 37 %.2” The reduction of the magnetic
hyperfine field as a function of applied hydrostatic pres-
sure shows the qualitatively same behavior above 2.38
A. This result supports that the Fe magnetic moment
is somewhat proportional to the Fe-Pn distance which
determines the hybridization strength of the Fe 3d and
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FIG. 12. Magnetic hyperfine field as a function of the Fe-As
distance for hydrostatic pressure (black square), P substitu-
tion (red star), and F substitution (blue triangle). Fe-As dis-
tance as a function of the P-substitution level is taken from
Ref.?". For the conversion between volume, z, and p see Tab.
I. CeFeAsO;_,F, data taken from Ref.?®

Pn p electrons. The observation of a purely paramag-
netic phase at 5.3 GPa with a Fe-As distance of ~ 2.38
A implies that the dp hybridization is not the only mech-
anism controlling the Fe magnetic moment. This is sup-
ported by measurements in CeFeAsO;_,F, where a re-
duction of the magnetic moment to zero with increasing
F-substitution level while having a nearly constant Fe-
As distance of ~ 2.405 A was observed.*5® That the
Fe-As-Fe angle increases with increasing = but decreases
with increasing p may also play a role. Additionally, the
strong suppression to zero occurs between 4.5 and 5.2
GPa. In this pressure region a maximum in the magnetic
phase transition temperature of the Ce 4f electrons was
reported.?® In CeFeAsg 7sPg.22 it was observed that the
Ce 4f magnetic ordering temperature has a maximum at
1.95 GPa where the magnetic order changes from anti-
to ferromagnetic.?? The resulting question is if the anti-
to ferromagnetic transition also occurs in CeFeAsO be-
tween 4.5 and 5.2 GP and if the Ce ferromagnetic order
strongly suppresses the Fe magnetic order.

To derive an explanation of our obtained results
we want to compare them with results from density-
functional theory (DFT) in the La-1111 compounds and
add the additional Ce 4f component later. Comparing
LaFeAsO and LaFePO at ambient pressure shows that
the Fermi surfaces (FS) are comparable with three hole
pockets at I' and two electron pockets at M.62:63 The
states at the Fermi level are mostly of Fe 3d character.%*
The difference is that one of the hole pockets is of 2D
character in LaFeAsO and of 3D character LaFePO. This
indicates better nesting in LaFeAsO and hence magnetic
ordering than in LaFePO. It was shown that the FS topol-
ogy is sensitive to the local Fe-Pn arrangement, namely
the Fe-Pn distance and the corresponding tetrahedra
angle.2:6% This sensitivity is due to the hybridization of
the Fe 3d and Pn p states.®? Our experiments as well as



published results show that the Fe Pn distance decreases
with increasing pressure®® and As—P substitution?”:57 in
1111 compounds. An decreased FePn distance results in
an enhanced FePn hybridization.%?

DFT calculations in the paramagnetic state found that
the density of states (DOS) at the Fermi level is smaller
for LaFePO than for LaFeAsO.%* DFT calculations on
LaFeAsO under pressure in the magnetically order phase
show that the FS topology is rather robust which im-
plies that the nesting condition remains intact.5® In this
study it was also found that the DOS at the Fermi
level decreases with increasing pressure in LaFeAsO.%®
This is consistent with the observation that the DOS
at Fermi level is somewhat proportional to magnitude
of the magnetic order parameter.’® "' In summary DFT
calculations in LaFeAsO indicate that As—P substitu-
tion changes the dimensionality of one hole pocket from
2D to 3D and thus weakens the nesting properties while
the F'S remains robust under the application of pressure.
This is consistent with observations in BaFes(Asy_ P, )2
that the isovalent substitution changes the FS similar to
charge doping.”® This explains the differences in the mag-
netic properties on a qualitative level if it is taken into
account that the application of &~ 8 GPa in LaFeAsO has
the same effect on the unit cell volume as the transition
from LaFeAsO to LaFePO with the former showing mag-
netic order and the latter being paramagnetic.

Replacing La by Ce and thus adding one 4f electron
the discussion follows the same arguments. Published
calculations in the paramagnetic state used DFT + dy-
namical mean-field theory (DMFT) to account for the
additional 4f correlations.”™ Similar to the La-1111 com-
pounds the DOS at the Fermi level is mostly of Fe 3d
character.”™ It was found that CeFePO has a smaller
DOS at the Fermi level than CeFeAsO.”™ An applied
pressure of ~ 5 GPa on CeFeAsO yields the same DOS at
the Fermi level as CeFePO.™ In addition the hybridiza-
tion of the Fe 3d and Ce 4f states in CeFeAsO is much
smaller than in CeFePO.” This is consistent with angle-
resolved photo emission spectroscopy measurements in
the P-substitution series where a change in the FS and
an increase in the 3d-4f hybridization from z = 30 to
100 % was observed.™ 7 The application of ~ 10 GPa on
CeFeAsO results in a hybridization similar to CeFePO.

The transferred magnetic hyperfine field due to the
magnetic order of the Ce 4f electrons is reduced from z
= 0 to 5 % and was not observed for 15 % and higher
z. This implies that the ordered moment of the Ce 4f
electrons is strongly reduced as a function of z. This is
consistent with reported results that the Ce 4f order-
ing temperature is independent from z but the ordered
moment is rapidly suppressed with increased .27

The x dependence of the chemical shift is shown in the
inset of Fig. 9 and in Tab. III. A reduction of the chem-
ical shift §. with increasing z was found. A reduction in
dc corresponds to an increase in the electron density at
the Fe nucleus. It was reported that the Fe- Pn distance
decreases with increasing .2” This may increase the hy-

10

bridization of the Fe 3d and Pn p valence electrons.??:63
The hybridization of the Fe 3d with the Ce 4f electrons
as it was observed in CeFePO may also play a role.”
As a consequence the shielding of the Fe 4s electrons by
the Fe 3d is reduced resulting in an increased electron
density at the nucleus.

VI. SUMMARY AND CONCLUSION

In summary, we performed in-house and synchrotron
Maéssbauer spectroscopy experiments on CeFeAs; P, O
powder and on CeFeAsO single crystals, the latter under
hydrostatic pressure and provide an updated microscop-
ical phase diagrams in combination with XRD measure-
ments. A qualitatively similar suppression of the onset
temperature of the Fe magnetic order as a function of x
and p was found. In contrast, the low-temperature satu-
rated magnetic hyperfine field is continuously suppressed
to zero at x = 40 % while it is reduced by 24 % be-
tween 0 and 4.5 GPa followed by an abrupt suppression
to zero. Above z =40 % and p = 5.2 GPa no Fe magnetic
order was observed. It was found that he magnetic hy-
perfine field is proportional to the Fe-As distance above
2.38 A for both hydrostatic pressure and P substitution.
The observation of a paramagnetic phase for a Fe-As dis-
tance of 2.38 A which is above the threshold value of
2.36 A implies that the magnetic moment is not only
controlled by the dp hybridization. Our study suggests
that the size of the Fe magnetic moment is the result of
a delicate interplay of the Fe 3d, Pn p, and Ce 4f elec-
trons and goes beyond the Fe 3d - Pn p hybridization.
We conclude that hydrostatic pressure change both the
crystallographic and electronic properties of the system
differently than P substitution.
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