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Direct evidence for anisotropic three-dimensional magnetic excitations
in a hole-doped antiferromagnet
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We report a neutron-scattering study on Pr2−xSrxNiO4 (x ≈ 0.5) with magnetic incommensurability ε = 0.461
at 10 K, showing direct evidence for out-of-plane magnetic excitations caused by a non-negligible interlayer
spin coupling (J⊥). The magnetic spectrum is fully represented by linear spin wave theory considering an
unconventional body-centered-like stacking of discommensurated spin stripes. A large easy-plane-type single-
ion anisotropy (≈1.5 meV) has been found to be responsible for a finite-energy (≈13 meV) Goldstone mode at
the magnetic zone center. Our results validate the presence of a sizable out-of-plane interaction resulting in an
anisotropic three-dimensional nature of spin dynamics in Pr2−xSrxNiO4 near the half-doped region.
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I. INTRODUCTION

Long-range three-dimensional (3D) antiferromagnetic
(AFM) ordering has been observed in both stoichiometric
214-type nickelates and cuprates. Hole doping in the normal
state of high-Tc La-based cuprates partially suppresses 3D
AFM ordering [1,2], whereas studies on La-based nickelates
suggest hole doping leads to a strong two-dimensional (2D)
charge and spin ordering [3,4]. Most of the previous stud-
ies [5–8] have predominantly suggested hole-doped 214-type
nickelates to be quasi- or purely two-dimensional antiferro-
magnets neglecting the possible out-of-plane interactions in
between the interlayer stripes, and accordingly the related
effects on the in-plane excitations have not been discussed.
In the previous study on half-doped Pr2−xSrxNiO4 [9] a siz-
able out-of-plane interaction (J⊥) was predicted by linear
spin wave theory (LSWT). However, it is very important to
understand whether the presence of such out-of-plane inter-
action is common for any underlying spin microstructure in
Pr2−xSrxNiO4.

Here we present an inelastic neutron scattering (INS)
study on Pr1.5Sr0.5NiO4 single crystals, but with another
ε = 0.461, i.e., a significantly different underlying spin mi-
crostructure compared to the previous study (ε = 0.4). Our
results provide a detailed picture of the [Qx,y,Qz] depen-
dence of the spin excitations in Pr1.5Sr0.5NiO4 over several
Brillouin zones presenting its anisotropic three-dimensional
nature which has never been realized experimentally before
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in 214-type nickelates. The magnetic spectrum is adequately
described in an unconventional model of two-layer stack-
ing of discommensurated spin stripe (DCSS) NiO2 planes
along the c axis. Our results signify that the presence of
L-dependent spin dispersion is more likely to be common at
least in Pr-based 214 nickelates near half-doping while the
in-plane exchange interactions and the presence of single-
ion anisotropy are highly dependent on the underlying spin
microstructure.

II. METHODS AND GENERAL CONSIDERATIONS

A single crystal of Pr1.5Sr0.5NiO4 was grown using the
traveling solvent floating zone method [10]. INS experi-
ments were carried out at the thermal triple-axis spectrometer
PUMA [11] and time-of-fight spectrometer MAPS [12]. A
complete description of experimental configurations and data
analysis is given in the Supplemental Material [13]. The
observed spin stripe incommensurability ε = 0.461 in our
half-doped Pr1.5Sr0.5NiO4 can be represented by a DCSS
NiO2 layer consisting of an alternating arrangement of one
1/3-stripe and five checkerboard (CB) units as in Fig. 1(a),
where we have considered the average unit cell parameters
in the pseudotetragonal lattice F4/mmm with a = b = 5.4 Å
and c = 12.54 Å. The spin stripe ordering takes place below
TSO ≈ 130 K (see Fig. S1 in the Supplemental Material [13]).
In nickelates, the stripes run diagonal to the Ni-O-Ni bonds
and magnetic wave vectors are defined as qso = (1 ± ε, 0, 0)
[15–17] where the coordinates are in reciprocal lattice units
(2π/a, 2π/b, 2π/c).
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FIG. 1. Spin stripe discommensuration in Pr1.5Sr0.5NiO4. (a) DCSS unit cell corresponding to the magnetic incommensurability ε = 0.461
for one twin domain. The average chemical unit cell (F4/mmm) is indicated in black dashes. Green and red shading represents 1/3-stripe
and CB unit, respectively. For the other orthogonal twin domain the model is exactly the same but rotated by 90◦ around the c axis. Magnetic
exchange interactions are indicated by the solid lines in different colors. (b), (c) 2D cuts of (HK2) and (HK3) planes, obtained using the
HORACE software [14] from wide crystal-rotation-scan (80◦ around the vertical c axis) data at MAPS with incident neutron energy Ei = 60 meV,
representing four elastic spin order peaks modulated from (0,−1, L = integer) AFM zone centers. Yellow and red boxes indicate respectively
the strong and weak intensity variation along L. (d), (e) 2D slices of (0KL) and (H -1L) planes showing the intensity variation of the spin order
peaks along L. (f)–(i) Elastic scans through the AFM zone centers in different L planes from data measured at PUMA confirming the magnetic
incommensurability ε = 0.461 and the intensity variation in different L. Horizontal bars represent the instrumental resolution and vertical lines
are error bars.

III. RESULTS AND DISCUSSION

2D cuts of (HK2) and (HK3) planes at E = 0 meV in
Figs. 1(b) and 1(c) show the intensity of the spin satellites
modulated along H are strong in L = even planes and weak
in L = odd planes, and vice versa for the satellites along K .
This becomes even more comprehensible from the (0KL) and
(H-1L) planes in Figs. 1(d) and 1(e). These planes contain
well-separated strong intensities centered on L = integer po-
sitions showing a 3D correlation of the magnetic ordering.
Gaussian fitted FWHMs of the scans along H, K is about
0.095 ± 0.003 r.l.u. in Figs. 1(f)–1(h) and along L is about
0.5 r.l.u. in Fig. 1(i). The instrumental Q resolution is calcu-
lated to be ≈0.045 ± 0.002 Å−1 at the elastic limit using the
Eckold-Sobolev algorithm [18] for the used configuration of
PUMA. From these values the estimated in- and out-of-plane
correlation lengths are ξH,K ∼ 19 Å and ξL ∼ 8.4 Å, respec-
tively, which indicate a short-range nature of the 3D ordering.
The intensity ratio of the strong and weak spin peaks within
and in between the L planes is about 3:1. Please note that as
the intensity ratio between the weak and strong spin satellites
alternates for different L, this cannot be related to only the
twin volume fraction. Instead we found that stacking of NiO2

planes along L plays the most important role. Since no extinc-
tion of the magnetic reflections was observed for L = integer,

the DCSS layer at z = 1/2 has been shifted towards the left
[indicated by the black arrow in Fig. 1(a)] by one chemical
unit cell from the ideal body-centered-like stacking to match
the observed intensities of the magnetic reflections taking into
account the equal volume fraction. Such intensity variation
is directly linked to the specific 3D stacking of the NiO2

layers (see Fig. S2 in the Supplemental Material [13] for a
comparison to ideal body-centered-like stacking).

Figure 2 summarizes the measured and calculated in-plane
magnetic excitations up to 50 meV energy transfer. To explain
the observed spin excitation spectra, we have performed a
LSWT-based calculation via the SPINW code [19] using a
generalized Heisenberg spin only Hamiltonian given as

H =
∑

i, j

Ji j
(
Sx

i Sx
j + Sy

i Sy
j + Sz

i Sz
j

) + �
∑

i

(
Sz

i

)2
, (1)

where the indices i and j run over all the lattice sites of Ni2+,
Ji j represents all possible isotropic Heisenberg exchange in-
teractions acting on Ni2+ spins, and � > 0 is the easy-plane
single-ion anisotropy (EPSIA) constant. We have incorporated
the DCSS unit cell shown in Fig. 1(a) for our spin wave
calculation with a fair assumption of local spin arrangements
to be collinear in the NiO2 planes like other homologous
compounds [9,20,21]. Although SPINW assumes long-range
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FIG. 2. In-plane magnetic excitations in discommensurated Pr1.5Sr0.5NiO4 at 10 K. (a) Constant-E scans performed at PUMA using final
neutron energy of Ef = 14.68 meV. All the scans are measured along K through the (0, 1.461, 7) magnetic zone center. (b) Constant-E scan
profiles integrated within an energy range of �E = ±2 meV for a K range of �K = ±0.1 reciprocal lattice units (r.l.u.) and obtained from
narrow crystal-rotation-scan (±3◦ around the vertical a axis, keeping the c axis almost parallel to the neutron beam) data measured at MAPS
with incident neutron energy Ei = 60 meV. All the scans are background subtracted and fitted with multiple Gaussian profiles. (c) Intensity
convoluted in-plane spin wave spectra with overplotted magnetic wave vectors and full widths at half maximum (FWHMs) as horizontal bars.
The strong crystal-electric-field excitation observed in the measurement is indicated in blue green shading in the energy range 6–13 meV. No
constant-E scans were performed on PUMA in this energy range. In (a) and (b) vertical lines represent error bars.

spin order for LSWT calculation, still we have obtained a
satisfactory agreement with the experimental observation in
our case where the spin correlations are relatively short. But
it is worth mentioning that the effect of short-range spin
correlation might broaden the spin dispersion without giving
rise to any extra modes [22]. From a least-squares fit of the
spin dispersion we have obtained the refined in-plane ex-
change interactions of J1 ≈ 14.0, J2 ≈ 0.1, J3 ≈ −0.05, and
J4 ≈ 6.7 meV, and out-of-plane interaction J⊥ ≈ 2.2 meV and
� ≈ 1.5 meV. In the low energy range (<5 meV) the acoustic
branches dispersing from the magnetic satellites cannot be
resolved separately. Instead they appear as broad peaks due to
the limitation of instrumental resolution. We cannot confirm
whether this broadening is due to the disorder (short-range
magnetic correlation) as the instrumental Q resolution in this
energy range is already larger than the calculated splitting
between the two branches of the acoustic mode (gapless
Goldstone mode). In addition another finite-energy Goldstone
mode arises at the same AFM zone center with an energy gap
of 13 meV due to the EPSIA. It is worth noticing that no
EPSIA was observed in the previous study (ε = 0.4) [9]. The
optical modes in the energy range 22–38 meV result solely
from the out-of-plane interaction. In the absence of J⊥, all the
corresponding modes will collapse with a maximum energy
of the dispersion up to 40 meV which is contradictory to
the experimental observation, i.e., 50 meV (Fig. S3a in the
Supplemental Material [13]). Simply increasing the in-plane
interactions without considering J⊥ does not match the mea-
sured spin dispersion. The overplot of the measured magnetic
wave vectors on the calculated dispersion in Fig. 2(c) shows
an impressive agreement between the measurements and the

calculated dispersion. In addition, we have also estimated the
out-of-plane exchange interaction by following the analytical
expression below [23–25]:

(Ms/Mt )
2[ξ (Tso)/a]2J⊥ ≈ KBTso, (2)

where Ms is Ni2+ sublattice magnetization (≈1.5μB) and
Mt = gμB, ξ is the in-plane spin correlation length at the spin
ordering temperature Tso, a is the lattice constant of the chem-
ical unit cell, and KB is the Boltzmann constant. Plugging the
corresponding values in Eq. (2), we obtain J⊥ ≈ 1.9 meV,
which is quite similar to the value obtained from the spin
dispersion fit. It is worth mentioning that following Eq. (2) the
estimated J⊥ interaction in La2CuO4 (∼0.007 meV) is much
smaller than that in Pr1.5Sr0.5NiO4 (∼2.2 meV), indicating
that the typical in-plane correlation length in nickelates is
much smaller than in cuprates (Fig. S4 in the Supplemental
Material [13]).

A remarkable result of our study is the direct observation
of the out-of-plane excitations presented as a composite image
in Fig. 3. A series of constant-E scan profiles along L are dis-
played in Figs. 3(a)–3(d). The spin wave dispersion calculated
along L is in a good agreement with the experiments as can be
seen from the overplotted peak positions in Fig. 3(e). Even the
weak acoustic modes dispersing from the corresponding weak
spin peaks are clearly visible in the scan profile at ∼6 meV.
The acoustic branches of the out-of-plane excitations disperse
with a maximum energy of 25 meV. The rest of the optical-like
modes are the same as described in the in-plane excitations in
Fig. 2(c). For clarity see the combined in- and out-of-plane
spaghetti plot in Fig. S3 in the Supplemental Material [13].
Even though the statistics of the data collected during the
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FIG. 3. Out-of-plane magnetic excitations in discommensurated Pr1.5Sr0.5NiO4 at 10 K. Data in this figure are measured at MAPS (wide
crystal rotation scan) using incident neutron energies Ei = 60 meV, and at PUMA using a final neutron energy of Ef = 14.68 meV. (a)–(d)
Constant-E scan profiles along L at two orthogonal spin satellite positions (0, 1.461, L) and (1, 0.461, L). All the scans are background
subtracted and fitted with multiple Gaussian profiles to extract the magnetic wave vectors. Vertical lines represent the error bars. (e) Calculated
out-of-plane excitations with overplotted magnetic wave vectors and FWHMs as horizontal bars. Please note that the spin wave modes are the
same for both satellites as indicated by the two different x axes. The bottom axis corresponds to those data measured along (1, 0.461, L) where
modes from L = even peaks are strong. The top axis represents the data along (0, 1.461, L), where modes from L = odd peaks are strong.
(f), (g) Two constant-E slices of (1KL) plane from MAPS (top) presented with their corresponding simulations (bottom). White sinusoidal-like
dashed lines are visual guides for the inelastic intensity distribution. (h), (i) Low- and high-T maps of the out-of-plane excitations measured at
PUMA for the rectangular section of the L dispersion indicated by red dashes in (e). Lines in black dashes are visual guides for the magnon
modes of L dispersion.

wide crystal rotation scan at MAPS was not enough, two
constant-E slices of the (1KL) plane in Figs. 3(f) and 3(g)
clearly show the dynamical features which resemble the cor-
responding simulations. More importantly, in order to confirm
the magnetic origin of the out-of-plane excitations, we have
carried out temperature-dependent mapping of a small section
of the L dispersion [indicated in Fig. 3(e)] at 10 and 300 K
which are presented in Figs. 3(h) and 3(i), respectively, where
the intensity represents the scattering cross section S(Q, E )
without any Bose factor correction. Both acoustic and optical
modes are clearly visible at 10 K and disappear at 300 K.

The in-plane (ip) and out-of-plane (oop) magnon band-
width of the acoustic modes (�Eip ≈ 38 meV and �Eoop ≈
25 meV) and their corresponding spin wave velocities are
direct measures of the anisotropic nature of the magnetic
excitations. We have evaluated spin wave velocities vip ≈
177 ± 12 meV Å and voop ≈ 90 ± 7 meV Å via a linear
least-squares fit of magnetic wave vectors corresponding to
the acoustic modes in the low-energy regime. These values
are consistent with our analytical calculations following the
simple approximation [26,27] from Chakravarty, Halperin,
and Nelson (CHN) renormalization group theory [28,29] for
the quantum Heisenberg antiferromagnets. Spin wave veloc-
ity then can be written as v = Zc(S)2

√
2JSa where in our

case we have considered effective in-plane exchange coupling
J ≡ Jeff ≈ 10.35 meV since we have a mixture of stripe and

CB units rather than a pure Néel AFM ordering. Here, Zc(1) =
1.0843 is the renormalization factor for the spin wave velocity
in S = 1 systems and a is the lattice constant. Using these
values we obtained vip ≈ 171 meV Å. We have applied the
same equation for the out-of-plane spin wave velocity where
J ≡ J⊥ ≈ 2.2 meV, lattice constant c ≈ 12.5 Å, which gives
voop ≈ 84 meV Å. It is worth noting that the observed in-plane
spin wave velocity in the study [9] on the similar compound
with ε = 0.4 is vip ≈ 360 meV Å with J ≡ Jeff ≈ 18.8 meV.
This clearly indicates that the particular mixture of stripe and
CB units following the incommensurability plays an impor-
tant role to modify the in-plane spin wave velocity of the
magnetic excitations.

IV. CONCLUSION

In summary, three-dimensional anisotropic magnetic ex-
citations have been directly evidenced using INS at 10 K in
half-doped Pr1.5Sr0.5NiO4. All the experimental observations
are in good agreement with the LSWT-based calculation con-
sidering the unconventional body-centered-like DCSS model
of two-layer stacking of NiO2 planes along the crystallo-
graphic c axis. The salient difference in the static DCSS
unit cell representing different underlying spin microstruc-
ture with a combination of 1/3-stripe and CB units leads to
different in-plane effective exchange interactions resulting in
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different in-plane spin wave velocities. Consideration of out-
of-plane interaction, even though it is weaker than in-plane
interactions, might be decisive to have more insight into the
characteristics of spin wave dispersion in 214-type nickelates.
Our study indicates that the presence of three-dimensional
spin dynamics at least in Pr-based 214 nickelates is seem-
ingly ubiquitous near the half-doped region and motivates
to explore the interesting aspects of magnetic excitations in
the doping range near 1/3- and 1/4-stripe phases. In general
our findings encourage to reinvestigate for possible three-
dimensional magnetic excitations in other families of 214
nickelates.

The data sets for the inelastic neutron scattering experi-
ment on the time-of-flight spectrometer MAPS are available
from the ISIS facility, Rutherford Appleton Laboratory data
portal [30]. The data sets for the inelastic neutron scattering
experiment on the thermal triple-axis spectrometer PUMA

are available from the corresponding authors upon reasonable
request.
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