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We report an inelastic neutron scattering study (INS) on the low-energy crystal electric field (CEF) excitations
of Pr,_,Sr,NiOy4 single crystals at various temperatures. The observed low-E CEF level of the O-doped sample
(x=0, 6§ ~0.24) at ~5.5 meV appears at significantly lower energy than that of the Sr-doped sample
(x=0.5, § =0.0) at ~8.5 meV. Applying the point charge (PC) model calculation, this has been interpreted as
an effect of the interstitial oxygen via lowering the local symmetry and modifying the CEF environment of the

central rare earth Pr’* (*Hy) ions.

DOLI: 10.1103/PhysRevB.105.195147

I. INTRODUCTION

Complex oxides in the family of strongly correlated elec-
tron systems involving both 4 f” lanthanide and 34" transition
metal ions exhibit a rich variety of novel phenomena due to
a combination of their electronic interactions of spin, orbital
and charge degrees of freedom [1-4]. 2/4-nickelates, cobal-
tates, and cuprates fall into these similar categories and their
magnetism either Néel or stripe antiferromagnetic (AFM)
differs depending on the corresponding spin states of the
divalent transition metal (TM) ions Ni>* (§ = 1), Co** (S =
3/2), and Cu** (S = 1/2), respectively [5-8]. The underlying
magnetism becomes more complicated by the presence of
magnetic trivalent lanthanide (Ln) ions (Ln = Pr, Nd, Sm) in
comparison to the nonmagnetic La*" [9-11]. In some cases
the polarizing effect, i.e.. the internal magnetic fields acting
on the Ln sites induced by the ordered magnetic moment of
the TM ions or vice versa, plays an active role determining
the microscopic electronic and magnetic ground state [12—14].
Despite such polarization, Ln3t posses unique single-ion like
character defined by the local CEF which splits the 4f"
electronic states into a series of energy levels determining
the overall magnetic and physical properties of the system.
The CEF potential contains crucial information on the local
electronic structure and the ground state of the system.

Studies of the parent (Nd, Pr),NiO4 show that the Kramers
Nd** ions start to order antiferromagnetically below 10 K
with magnetic moment (3.2up) at 1.5 K while the non-
Kramers Pr** ions order partially or remain almost in
paramagnetic singlet ground state even below 1.5 K [15,16].
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There are differences as well in the CEF excitations with
doping. In both, parent and doped (Sr = 0.4) Nd-nickelates,
the lowest CEF excitation of Nd>* has been observed almost
at same energy (~8 meV) [17], while the lowest CEF excita-
tion in the parent Pr,NiO,4 has been reported at ~4.3 meV
[18]. However, Pr3* and Nd3* ions differ from each other
to a greater extent in terms of 4f" splitting by the CEF
and the polarizing effect by the ordered Ni>* spin sublattice.
Nonetheless, to our knowledge, so far there have been no
further studies on the Sr/O-doped Pr-nickelates reporting on
low energy CEF excitations. Therefore it is important to in-
vestigate the CEF excitations of Sr/O-doped Pr-nickelates to
understand the cooperative interplay of electronic correlations
of Pr** under different CEF potentials due to different types
of doping.

In this paper, we present a detailed study of the CEF exci-
tations of PI']jSI'QjNiO;; (PSNO) and PeriO4,24i0,0| (PNO)
single crystals, both of which lie at the higher doping sides of
Pr,NiO,4 with an electronically equivalent doping concentra-
tion (n;, = x + 26), especially showing the effect of interstitial
oxygen (Ojy) on the Pr’* CEF excitations in comparison with
Sr doping by looking at low energy INS spectra. However,
the Sr- and O-doped compounds do not align apparently in
terms of the crystal field environment and the electronic states
of the localized Pr** ion. We have used PC model simulation
incorporating the local CEF environment in both compounds
to explain the observed CEF excitation of Pr’* and the models
are verified against the directionally dependent magnetic sus-
ceptibility and magnetization curves. Interestingly, in the case
of the PNO sample, incorporating excess Oy, nominally one
per unit cell, lowers the local symmetry of those particular
Pr atoms close to the O, resulting in different crystal field
splitting compared to those Pr atoms without a nearby Ojy,.
Our study indicates the importance of including the actual

©2022 American Physical Society
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FIG. 1. (Left) Capped-square antiprism CEF environment of
Pr** ion with fourfold or twofold rotational z axis (black arrow) of
the local point symmetry in case of 4/mmm or mmm, respectively.
(Right) CEF environment with an extra Oj, (green).

CEF environment in the PC modeling in order to describe the
related single-ion properties.

II. METHODS

We have used the single crystals of PSNO and PNO taken
for our previous studies [19-21] and the INS experiments
are performed on the thermal triple-axis spectrometer (TAS)
PUMA [22] at Heinz Maier-Leibnitz Zentrum, Germany and
on the thermal neutron time-of-flight(TOF) chopper spec-
trometer MAPS [23] at the ISIS Neutron and Muon Source
of the Rutherford Appleton Laboratory, UK. The details of
the experimental methods are described in references [19-21].
Additional macroscopic magnetic measurements on both sam-
ples have been performed using a superconducting quantum
interference device (SQUID) magnetometer under DC mode
(MPMS XL7-Quantum Design Inc., San Diego, CA) at the
Walther-MeiBner-Institut, Germany.

III. RESULTS AND DISCUSSION

PSNO (mass = 5 g) crystallizes in tetragonal structure with
space group I4/mmm and lattice parameters ¢ = 3.78 A and
¢ = 12.54 A, where the onset of the Ni>* spin-stripe ordering
takes place below 130 K, whereas for PNO, it takes place
almost at room temperature (RT) but start to become pro-
nounced below =~ 220 K. PNO (mass = 3.5 g) crystallizes
in a monoclinic structure adopting space group F'112/m and
lattice parameters a = 5.39 A, b=1545 A, c=12.44 A, and
y = 90.03°. The monoclinic symmetry implies an additional
complexity related to twin domains as further outlined in the
references [24,25]. This leads to a pseudomerohedrical over-
lay of satellite reflections related to the only small deviation
from an orthorhombic symmetry (Fmmm) as the monoclinic
angle is 90.03°. However, the established long-range O order-
ing will certainly imply a well defined atomic positions even
though of low point symmetry of Pr. Since the deviation from
an orthorhombic symmetry is only minor, we have chosen the
respective F'mmm unit cell for theoretical PC modeling. This
turned out to be still a good choice, although the real point
symmetry is supposed to be lower.

Figure 1 shows only the Pr-polyhedra in both cases
of doping. In the PSNO, Pr** ions have capped-square
antiprism-type coordination by three sets of nonequal Pr—O

bonds and are kept at a long distance in the structure not
being influenced by the ordered magnetic moments of the
Ni2* sublattice. However, in case of PNO with Fmmm setting
as there will be one Oy in the unit cell occupying any of the
eight possible Wyckoff position 8f (1/4, 1/4, 1/4), we have
to consider two sets of Pr polyhedra, one with a nearby Oy
and other without the nearby Oj,,. Using these structural input
we have carried out PC calculations using PYCRYSTALFIELD
software [26] to simulate the experimental neutron spectrum
and SQUID data.

In order to describe the experimental observation, we start
with building the CEF Hamiltonian from Coulombic repulsion
for the PC calculation treating the surrounding ligands (O) as
point charges (2¢) and the Hamiltonian can be written as

Heer = ) ByOY, (0

n,m

where B are so-called CEF parameters and O;' are the
Stevens operators with —n > m > n. In general for the rare
earth (RE) ion, 4f electrons are more shielded from their
ligands than 3d TM electrons, leaving the crystal field weak
compared to the spin-orbit interaction. Thus J becomes a good
quantum number in RE ions. For our calculation we stick to
the J basis for Pr’*. To have nonzero CEF parameters of the
central ion and to eliminate the imaginary CEF operators one
needs to find the y axis normal to the mirror plane and the z
axis along the highest rotation axis. In the tetragonal case of
PSNO the z axis lies along the fourfold rotation axis of the
crystal structure (left in Fig. 1). Howeevr, in PNO, we have
two different CEF environments: one without O;,; where the z
axis is along twofold rotation axis (similar to left in Fig. 1) and
the other with Oy, where the corresponding high-symmetry z
axis is absent but the y axis perpendicular to the diagonal (110)
mirror plane passing through Ojy,.

We start with the discussion of results from the PSNO
sample followed by the comparison with the results from
PNO sample. Two-dimensional (2D) energy-momentum (E-
Q) maps and the corresponding one-dimensional (1D) line
cuts of excitation spectra of PSNO are shown in Figs. 2(a),
2(b) and 2(c), 2(d), respectively. These line cuts were chosen
in such a way that they do not include any elastic signal
from the spin stripe ordering and nuclear Bragg peaks. Thus
intensity at £ = 0 meV is solely coming from incoherent
scattering as there is no intensity expected from the calcu-
lation for the ground state CEF of Pr’* at low-T. The low
lying CEF excitations appears at ~8.85meV with a broad
full-width at half maxima (FWHM) ~5.5 meV where the in-
strumental resolution is only 2.8-3 meV. Pr*" ion with 4 f2
electron has quantum numbers § = 1 and L = 5 giving rise
to an effective J =4 by Hund’s rule and under the CEF it
splits the electronic states into two doublets and five singlets
for dy, symmetry. In this configuration, we have five nonzero
B} CEF parameters namely Bg, Bg, Bﬁ, Bg, and Bg which are
given in the Table I considering effective oxygen charge to be
2e. We found these B]} parameters are almost robust even if
we consider the effective oxygen charge to be 1.7¢ (see the
Table I). However, the second excited doublets predicted at
34.85 meV was difficult to identify because of the weak and
broad intensity distribution of the spectra in this energy range
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FIG. 2. The INS spectra of PSNO measured at MAPS spec-
trometer with incident neutron energy E; = 60 meV at (a) 10 and
(b) 150 K. Corresponding 1D line cuts at (100) with 0.95 < Ah <
1.05 (r.1.u) are shown in (c) and (d) with vertical error bars, where the
solid green lines represent the calculated CEF excitations from the
PC model. Inverse magnetic susceptibility along the crystallographic
(e) a and (f) ¢ axes where the solid red lines are the calculated inverse
susceptibility of Pr** using PC model.

of 25 to 40 meV [as visible in the color map in Fig. 2(a)],
which includes contribution as well from magnons [20]. Rest
of the eigenvalues show no intensity in the PC model calcula-
tion similar to the experimental data. As we have found only

TABLE 1. Calculated CEF parameters from PC model with the
effective charge 2e¢/0 except the third column.

B" (meV)  PSNO PSNO PNO PNO
(1.7¢/0) (no Oin) (with Ojn)
BY 10603  —09807  —1.4961  —0.8854
Bl —8.2417
B2 —0.1253  —0.0882
B! 00047  —0.0043  —0.0064 0.0003
B, 0.0124
B 0.0021 0.0026
B} 0.0978
B 0.0644 00595  —0.0578  —0.0361
B 9.204 x 105 8514 x 10°5  0.0001 0.0001
B! —0.0004
B 1.974 x 1075 3.116 x 105
B} —0.0004
B 0.0029 00027  —0.0027  —0.0038
B ~0.0023
BS 8.157 x 1075 9.856 x 10~5
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FIG. 3. (a) The INS spectra of PNO measured at MAPS spec-
trometer with incident neutron energy E; = 60 meV at 5 K and the
corresponding 1D line cuts at (100) with 0.95 < Ak < 1.05 (r.l.u)
are shown in (b) with vertical error bars, where the solid lines repre-
sent the calculated CEF excitations from the point charge (PC) model
with two sets of CEF environment. Inverse magnetic susceptibility
along the crystallographic (c) a and (d) ¢ axes where the solid lines
are the calculated susceptibility using PC models.

one strong CEF excitations in the INS spectrum measured up
to 54 meV and we have five CEF parameters, we avoid fitting
the spectra, rather it has been simulated. To show that the
intensity of the CEF excitation peak at 8.85meV is coming
from Pr’* ions, we have compared the intensity fall with the
calculated magnetic form factor of Prit, see Fig. 4(a).

However, to have a confidence on the calculated CEF
parameters, we have calculated the magnetic susceptibility
with the predicted CEF parameters and we have found a fine
agreement with the experiment shown in Figs. 2(e) and 2(f).
For the magnetic susceptibility, it should be noted that the sys-
tem contains two magnetic ions Pr’* and Ni**. Susceptibility
(xm) and the magnetization (M-H) curves of Pr" ion were
calculated using an effective Hamiltonian Hcgr + upgs/B.J
under the applied external magnetic field B. Calculated x,,'
along the crystallographic ¢ direction reproduces adequately
the experimental observation down to 5 K, whereas along a
axis a certain deviation occurs above 150 K, see Figs. 2(e)
and 2(f). Such deviation comes from the Ni** paramagnetic
contribution since the Ni** spin-stripe ordering does not get
fully established at this temperature. Below 150 K more or
less the features of x,,;! comes from the crystal field of Pr**
ions and they do not order magnetically down to 10 K as
verified in the excitation spectra and calculation due to its
crystal-field induced singlet ground state.

Now, we switch to PNO sample where we have much
more complicated situation regarding CEF environment. Fig-
ures 3(a) and 3(b) display the CEF excitations spectrum
obtained at 5 K. The low energy CEF level is observed at
~6 meV but with less FWHM ~4 meV compared to PSNO
sample. This might be due to the absence of Sr disorder in
PNO sample. First, we considered the CEF environment of

195147-3



RAJESH DUTTA et al.

PHYSICAL REVIEW B 105, 195147 (2022)

—30
o O Datal0OK Data 10 K
= F2(Q) Pr3+ 401 — fiatline
v 20
Ke)
£
B~'10 20
‘«
c
o 0 (b)
E 0
0 2 4 0 2 4
QI (A7) QI (A7Y)
—30
=] —e— Data -2 <AE< 2 meV
“E —e— Data 4 <AE< 8 meV
u 201 = Background -12 <AE< -8 meV
Q — FXQ) Pr3*
E
210
0
9 )
€ 0 (CI ... A
-0 1 2 3 4 5
Q] (A7)

FIG. 4. (a) Integrated intensity of the INS spectrum of PSNO
over the energy range 6 < AE < 10 meV in Fig. 2(a) where the or-
ange solid line represents the calculated magnetic form factor of Pr’*
ion. (b) Integrated intensity of the INS spectrum of PSNO around
the elastic scattering line over the energy range —2 < AE < 2meV
where the flat green solid line is the eye guide to zero intensity. In
both cases the intensity integration has been performed taking into
account fixed —0.3 < Ak < —0.2 along (h, —0.1, 0). Strong intense
peaks in (b) are coming from Bragg scattering. (c) Integrated inten-
sity of the INS spectrum of PNO over the energy range —2 < AE <
2meV (red), 4 < AE < 8 meV (cyan) and —12 < AE < 8meV
(blue), where the grey solid line represents the calculated magnetic
form factor of Pr** ion. The intensity integration has been performed
taking into account fixed —0.3 < Ak < —0.2 along (h, —0.1, 0).

Pr without Oy, i.e., with only nine oxygen atoms as ligands
similar to Fig. 1 (left) but having twofold rotational axis along
z in the orthorhombic d,;, symmetry where only 9 nonzero B}
parameters are allowed. Using this particular setting with the
B} parameters listed in Table I, it gives rise to a strong peak
at ~6 meV but the calculated x,, [green curves in Figs. 3(c)
and 3(d)] using these B} parameters does not reproduce the
experimental x,, ' curves. To look for the reason behind such
discrepancies between the calculated and experimentally ob-
served data we have decided to include the Oy, [Fig. 1 (right)]
in the calculation to represent Pr-CEF environment in a better
way. We have considered two sets of Pr-CEF. The first set
contains 9/4 Pr atoms out of 8 Pr atoms of the PNO unit
cell which will have the O;,; in the CEF environment as the
Ojne will be shared by the nearby 4 Pr atoms independent of
which Wyckoff postion is occupied by Oj, and the second set
contains rest 23/4 Pr atoms which will have no Oj, in the
CEF environment. This information is crucial as the relative
intensity of the CEF excitation calculated per formula unit will
depend on these two sets of Pr atoms which will be treated as
an overall scale factor. However, we had to consider these two
Pr-CEF sets in our calculations separately and afterwards we
performed the weighted sum of calculated spectra according
to the overall scale-factor as the CEF is after all a single-
ion property. This avoids overestimating the CEF spectral
intensity.
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FIG. 5. Measured and simulated magnetization curves along the
crystallographic a and ¢ axes for the sample [(a) and (b)] PSNO and
[(c) and (d)] PNO.

However, as it is easily noticeable in the Fig. 1 (right) that
inclusion of Oy, does not preserve the twofold rotation along
z axis anymore even in the F'112/m setting rather reduces it to
lower symmetry (c;) which gives 15 nonzero B parameters
out of 26 total parameters. Since the diagonal (110) mirror
plane containing the Oy, still exists, it eliminates the other
total of 11 imaginary B] parameters. With this setting calcu-
lated CEF excitations give rise to a peak at ~0.25 meV [blue
curve in Fig. 3(b)]. It is difficult to identify this peak from
our INS measurements as it is near the zero energy incoherent
scattering. Nonetheless we have obtained a satisfactory agree-
ment with the measured x,, ' using these two sets of Pr-CEF
environment; with and without Oy, in Figs. 3(c) and 3(d).
Red curves represent the combined signal after considering
the overall scale factor from both Pr-CEF sets. In addition
to the |Q| dependency of the excitation peak intensity at
~6 meV, the integrated intensity around the elastic line follow
the magnetic form factor of Pr’* as presented in Fig. 4(c),
indicating the possible existence of the lowest excited CEF
peak at ~0.25 meV as calculated whereas Fig. 4(b) shows
no such |Q| dependency in PSNO sample indicating no such
presence of CEF state close to zero.

Additionally, we have carried out the calculation of mag-
netization curves for the both PSNO and PNO samples which
are shown in Figs. 5(a), 5(b) and 5(c), 5(d) respectively.
Only Pr sublattice magnetization obtained from PC model
are shown. In the PSNO sample magnetization curves show
typical AFM signal up to 7 T, whereas in PNO sample there
is a saturation like tendency at higher field. and this is more
likely from Pr atoms. For both samples, calculated magne-
tizations along ¢ axis follows nicely with the experimental
data than that along aaxis. This also indicates that in the ab
plane Ni sublattice magnetizations needs to be included in
order to have better agreement with the experimental data.
However, magnetic susceptibility and magnetization curves
are highly anisotropic indicating the ¢ axis as an easy axis
for Pr’*. The single ion anisotropy of Pr atoms in terms of 3D
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(a) Prq5Sro.sNiO4

(b) PraNiO4 45 (without O

FIG. 6. 3D plots of saturation magnetization representing the Pr
single ion anisotropies of PSNO and PNO, in various directions at
10 K computed from the CEF parameters using the field of 150 T.
The colored traces indicate the outline of the 3D figure along the x,
v, and z directions.

magnetization density distribution is calculated from the sat-
uration magnetization using the CEF parameters listed in
Table I for the PC calculation with 2¢/0O. The anisotropy
surfaces of magnetization for PSNO and PNO samples are
displayed in the Fig. 6. Figure 6(a) clearly indicates that the
anisotropy surefaces for the PSNO sample is pointing towards
¢ axis. For PNO sample the anisotropy surfaces are treated
separately (with and without Oy, ). Without Oy, the anisotropy
surface in Fig. 6(b) is similar to the PSNO but including Oy,
Fig. 6(c) clearly shows the significant effect of the Oj, on
changing the anisotropy surface.

IV. CONCLUSION

In summary, crystal electric field excitations of Pr based
214-nickelates are investigated by using INS and macroscopic
magnetization measurements where the effect of an interstitial
oxygen in the O-doped sample has been revealed through
CEF excitations in comparison with the Sr-doped sample.
Our point charge models adequately reproduces the strong
low-E CEF excitation peak in the INS spectrum for both
sample. In addition, the calculated magnetic susceptibility
together with magnetization curve based on CEF parameters
indicate the nature of ground and excited states of Pr atoms
depending on CEF environments. Sr-disorder might accounts
for the broadening of CEF excitations linewidth, in contrast
ordered Oj, may help narrowing the linewidth of the CEF
excitation in case of O-doped sample. Additionally, from PC
calculation O-doping reveals a low-lying excited state near the
zero energy ground state which was necessary to interpret the
characteristics of susceptibility data. In addition, the effect of
Ojn: on the anisotropy magnetization surfaces is also revealed.
Specially, this study highlights the importance of considering
the both high and low symmetry Pr-CEF environments in the
presence of Ojy. Further investigations on the CEF contribu-
tion from Ni octahedra relatively at high energy (> 100 meV)
might benefit such study.

MAPS data are available at ISIS Neutron and Muon Source
Data Journal in Ref. [27].
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