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Spin Stripe Fluctuations in Antiferromagnetic Pry ,Sr,NiO4
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We report inelastic neutron scattering study of the antiferromagnetic spin stripe fluctuations above
the spin stripe melting temperature T, = 190 K in the hole doped Prz_;Sr;NiO44s5 with stripe
incommensurability € = 0.33. The fluctuations are non-dispersive and detected upto 10 meV at the
incommensurate wave vector indicating a persisting instantaneous spin and charge stripe correlation
above Ts,, while they are strongly diminished already below the charge stripe melting temperature
Teo =~ 255 K which indicates that static charge stripe order is essential for the dynamical spin stripe
correlation to exist. Furthermore it also suggests that the presence of spin stripe fluctuations is not
a prerequisite for the formation of static charge stripes.

I. INTRODUCTION

Spin and charge stripe correlation and their dynam-
ics have been well explored in the superconducting La-
based 214-cuprates and other hole doped 214-nickelates
to understand the possible role of stripe correlation in
the high-T, superconductivity [IHI0]. Beyond a critical
hole doping concentration the charge carriers segregate
in the form of stripes and act as antiphase domain walls
inbetween the antiferromagnetic spin stripes [I, [B]. The
incommensurabilities of the stripes as well as their or-
dering temperatures directly depend on the hole doping
concentrations ny, = z + 26 [11, [12]. Stripes in nickelates
are localized over a wide range of hole doping concentra-
tions [I2]. In contrast, stripes in cuprates exist almost in
a liquid like fluctuating state and play an important role
in the spin fluctuation mediated high-T, superconductiv-
ity [I3HI7]. It has been also suggested that the presence
of low energy spin stripe fluctuations acts as a driving
force behind the charge nematic ordering in electronic
liquid crystal state of high-T, cuprates [I5, 17, [I§].

Considering the amount of experimental work put for-
ward characterizing the spin stripe ordering and dynam-
ics of 214-nickelates [6HI0] and theoretical calculations
presenting various aspects of the ground state [T9H21],
what remains less explored is the fluctuating state of the
spin stripes including their dynamical correlation from
which the long range static spin stripes develop on cool-
ing. Recent studies show the existence of a strong charge
stripe fluctuations above the spin stripe melting tem-
perature T,,. The presence of such fluctuating charge
stripes in Las_,Sr,NiO4 with = 0.33 have been in-
ferred from the temperature dependence of the atomic
displacement parameters [22]. While a direct evidence
of dynamic charge stripes has been reported by Anissi-
mova et al. for Las_,Sr,NiO4 with = 0.33 and 0.25
using inelastic neutron scattering (INS) study [23]. Zong

* lavishek.maity@frm2.tum.de

T rajesh.dutta@frm2.tum.de

43

4

=

4

&

4

>

5

ko

4

I3

4

©

5

S

5

=

52

5.

@

5

by

55

5

-

5

g

5

o

5

©

6

S

6

2

6

o

6

@

6

b

6!

o

6

>

67

68

69

70

7

oy

72

73

74

75

76

7

78

7

©

80

81

et al. reported the presence of the charge stripe fluctua-
tion dispersion in a Las_,Sr,NiO4 sample with x = 0.25
where the anisotropy in the measured dispersion reveals
the compelling evidence of the presence of electronic ne-
matic order [24]. In the same way the investigation on
the spin stripe excitations just above the spin stripe melt-
ing temperature may also give interesting information
on spin stripe fluctuations and their possible interaction
with the charge stripes.

In this paper, we present an INS study of the
spin stripe fluctuations at temperatures above T, in
Pro_;Sr;NiOygys (z &~ 0.125,5 ~ 0.1) with ¢ = 0.33.
In the present case, we investigate the regime where the
static charge stripes are fully established without the
presence of a static spin stripe correlation. We show
that the dynamical correlation of the non-dispersive spin
stripe fluctuations persists upto a maximum energy 10
meV at the incommensurate wave vector and strongly
diminished already below the charge stripe melting tem-
perature T, which clearly indicates that the formation of
static charge stripe order is not driven by the spin stripe
fluctuations, rather the presence of static charge stripe
order is essential for dynamical spin stripe correlations
to exist.

II. EXPERIMENTAL DETAILS

INS measurements were performed using the thermal
neutron triple axis spectrometer PUMA at Heinz Maier-
Leibnitz Zentrum, Germany [25]. The high quality single
crystal of Pry_,Sr;NiOy4s used for the experiment was
grown by travelling solvent floating zone method using a
mirror furnace. INS data were collected on a 10 x 6 x 3
mm? single crystal with a fixed final energy Ey = 14.68
meV of neutrons. We have used the pyrolytic graphite
(PG 002) crystals monochromator and analyzer to se-
lect the incident and final energies of neutrons. A PG
filter was used in between the sample and analyzer to
suppress the higher order harmonics from the scattered
neutron beam. The crystal was aligned to measure the
INS in the (hkO) scattering plane. Optimally focused
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FIG. 1. (a) Schematic representation of the spin and charge
stripes in real space with stripe incommensurability ¢ = 0.33.
The stripes are running parallel to the b-axis and diagonal
to the Ni-O bond. For the twin domain the spin and charge

stripes are just rotated by 90°. (b) Simulation of the spin
(in blue dots) and charge (in red squares) stripe reflection
positions including the main Bragg reflections (in green dots).

monochromator and analyzer configuration of the spec-
s trometer with open collimation was used for both elastic
s and inelastic measurements.

82

III. RESULTS AND DISCUSSION

85

s We interpret our results in the pseudotetragonal
s F4/mmm unit cell with lattice parameters a = b ~ 5.41
@ and ¢ ~ 12.45 A. The stripes form along the diagonal
s direction with respect to the Ni—O bonds i.e. parallel
o to the h or k reciprocal directions. Then the spin and
charge stripe wave vectors are indicated in terms of in-
commensurability € as g5, = (€,0,0) and ¢., = (2¢,0,1)
o3 respectively where the coordinates are in reciprocal lat-
o tice units (27/a, 27 /b, 21 /c).

s We have determined the stripe incommensurability e
o through the scan along h and k directions from the an-
o tiferromagnetic zone center. For our measurements on
s the single crystal of Pry_,Sr;NiO445 we have obtained
o the stripe incommensurability e = 0.33. The schematic
10 for spin and charge stripes are presented in Fig. a)
11 with incommensurability e = 0.33 for a single domain.
102 With € = 0.33 the spin and charge stripe wave vectors
103 coincide as presented in the Fig. b). All the satel-
104 lite reflections corresponding to the charge stripes over-
10s lap with spin stripes, excluding the spin stripe satellites
16 which are located on the dashed green lines connecting
17 the main Bragg reflections. The samples with € = 0.33
s show relatively high spin stripe (Ts,) and charge stripe
w0 (Teo) ordering temperatures with respect to the samples
uo with higher or lower incommensurabilities [I1], 12]. We
m have performed a set of elastic scans through the satel-
12 lites corresponding to the spin and charge stripes to de-
u3 termine Ty, and T,,. Fig. a) shows the scans through
us & spin stripe satellite position (0.67,0,0), whereas Fig.
115 b) presents the scans through the spin and charge stripe
us overlapped satellite position (3,—0.33,0). Since the spin
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FIG. 2. (a) T-dependent scans through the spin stripe satel-
lite (0.67,0,0). (b) T-dependent scans through the spin
and charge stripe overlapped satellite (3,—0.33,0). (c) T-
dependence of the relative intensities from the spin and
charge stripe reflections from different Brillouin zones. (d)
T-dependent full width at half maxima (FWHM) of the spin
stripe satellite (1.33,0,0). (e) T-dependent FWHM of the
spin and charge stripe overlapped satellites (0.33,—1,0) at
lower Q and (3,—0.33,0) at higher Q. The fainted lines are
for the guide to eye.

u7 and charge stripe satellites are overlapped at certain po-
sitions for ¢ = 0.33, it needs extra care to separate the
scattering intensities related to the spin and charge stripe
ordering to determine the respective ordering tempera-

tures.
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120
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The scattering intensities from spin stripes are higher
at low @ and decrease at high @ following the mag-
124 netic form factor. Whereas the scattering intensities from
charge stripes can not be measured directly by neutrons
but can be detected through the associated lattice defor-
mations for which the intensities grow at high @ [23, 24].
128 We performed scans through the spin and charge stripe
satellites in several Brillouin zones (see Fig. S1 in sup-
1o plementary information [26]) to determine the relative
1 intensity fall of the static spin and charge stripe satellites
as a function of temperature (7') as presented in the Fig
133 c). The integrated intensities of the spin stripe satellite
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13 positions at (0.67,0,0) with Q = 0.77 A~! and (1.33,0, 0)
155 with Q = 1.55 A= drop close to zero approximately at
136 190 K. This indicates the spin stripe melting tempera-
17 ture Ty, = 190 K. The weak non-vanishing intensities
138 above T, may possibly come from the integrated inten-
139 sity of the low energy spin fluctuations close to elastic
1o line [27]. Similarly the integrated intensity measured at
1 the spin and charge stripe overlapped satellite position
w2 at (1,0.33,0) with relatively lower Q value Q = 1.23 A~1
13 as well drops close to zero at around 190 K. This implies
s that at this () the magnetic scattering intensities from
the spin stripes still dominate over the intensities from
charge stripes. Nonetheless one can notice that the mag-
netic intensities for the (1,0.33,0)-type satellites peak
at ~ 60 K showing a different T-dependence compared
to the magnetic intensities measured at (0.67,0,0)-type
satellites. This can be related to the change in spin ori-
entation in the stripes [28]. The Ty, can be aswell iden-
tified from the estimated peak width at (1.33,0,0) and
(0.33,—1,0) as a function of temperature in Fig. [2(d,e)
which clearly shows an increase in FWHM as the mag-
netic intensities start to drop [27]. For the measurements
at relatively higher Q values at the spin and charge stripe
overlapped satellite positions (1.67,1,0) with Q = 2.26
A=1 and (3,0.33,0) with Q = 3.52 A~!, the scattering
intensities related to static charge stripes start to dom-
inate as the intensities persist upto 255 K as presented
in Fig. c) which can be considered as the charge stripe
melting temperature T, where the corresponding peak
width at (3, —0.33,0) also shows a clear increase as shown

in Fig. [2(e).

We have further investigated the T-dependence of the
low energy (FE) inelastic signal at and above the spin
stripe ordering temperature T, &~ 190 K to have an esti-
mation of the dynamical contribution related to the short
range spin stripe fluctuations and dynamical correlation
coming from existent charge stripe ordering. Fig. a)
shows the Bose corrected inelastic scans at £ = 3 meV
at the spin and charge stripe overlapped satellite position
(3,—0.33,0) as a function of temperature. Clearly the Q-
integrated x”(w) decreases monotonously above T, and
vanishes close to the T, as presented in Fig. B|(b). The
monotonous decrease of the inelastic signal without pre-
senting any upturn while increasing the temperature sug-
gests the inelastic signal is predominantly contributed by
the spin stripe fluctuations rather than the possible con-
tribution by the dynamics of the ordered charge stripes
at (3,—0.33,0) [23, 24]. Note that even though there
was a persisting static charge stripe contribution in the
elastic signal in Fig. b) at this @ value, in the inelas-
tic signal the dynamical contribution is dominated by
15 the magnetic intensity from the fluctuating spin stripes.
18 Nonetheless, we have also performed the T-dependent
1s7 inelastic scans at £ = 2 meV at the spin stripe satellite
18 position (1.33,0,0) in Fig. c) where the contribution
180 from the dynamics of the ordered charge stripes is ab-
100 sent. Similar monotonous decrease of the Q-integrated
1 X" (w) is observed as presented in Fig. [3(d) as expected
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FIG. 3. (a) T-dependent inelastic scans through the spin and
charge stripe overlapped satellite position at (3,—0.33,0) at
E = 3 meV. (b) Corresponding plot of the @-integrated dy-
namic susceptibility x”(w) from the inelastic scans a function
of temperature. (c¢) T-dependent inelastic scans through the
spin stripe satellite position at (1.33,0,0) at £ =2 meV. (d)
Corresponding plot of the Q-integrated x”’ (w) from the inelas-
tic scans as a function of temperature. The inelastic scans are
Bose corrected. Fainted lines are guide to eye.

12 following the magnetic form factor. This confirms un-
13 ambiguously that the dominated magnetic character of
1 the observed inelastic signal above Ty, at (3,—0.33,0)
105 is from the spin stripe fluctuations even when the satel-
106 lite position is a spin and charge stripe overlapped po-
17 sition. The fluctuations of the spin stripes are strongly
108 diminished close to the charge stripe melting tempera-
100 ture T,,. Since we have performed our inelastic mea-
surements just above the spin stripe ordering tempera-
ture Ts, =~ 190 K and below the charge stripe order-
ing temperature T., ~ 255 K, the static charge stripe
correlation should persist. Hence a dynamics related to
204 the ordered charge stripes should be detectable but only
205 possibly at much higher @) values e.g. as reported in
06 Lag 7591005 NiOy at (4.44,3,0) with Q = 6.26 A~1 [24],
207 and in La1_668r0,33N104 at (71,7.67, 0) with Q = 9.03
2s A~ [23]. However our previous INS studies on the
200 Pry 59195NiO4 show that the dynamics related to the
ordered charge stripes at (£0.2,3,0) with Q = 3.51 A~!
at 10 K is no longer detectable already beyond 3 meV in
the inelastic map [29].

For our investigation of the spin stripe fluctuations
above the spin stripe melting temperature T, and to
215 determine simultaneously their possible interaction with
216 the concomitant charge stripe correlation in the same
ar (@, E)-range we have performed the inelastic scans at
x5 the spin and charge stripe overlapped satellite position
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FIG. 4. (a,b) Spin stripe fluctuations measured along h and k
directions at (3,—0.33,0) at 195 K just above Ts,. (c,d) The
respective color maps of the spin stripe fluctuations. (e,f)
Spin stripe fluctuations measured along h and k directions at
(3,—0.33,0) at 245 K close to Teo.

(3,—0.33,0). The choice of this satellite potions was also
very helpful to avoid strong scattering intensities from
the crystalline electric field (CEF) of Pr3* ion at lower
Q [30]. The constant-E scans at (3, —0.33,0) were per-
formed in the energy interval of 0.5 meV upto 10 meV
energy transfer at 195 K just above the T,, where no
longer static spin stripe correlation persists. Fig. El(a)
presents selected set of constant-F scans. It is noticeable
that with energy transfer the background intensities of
the scans change. We relate this to the CEF level of the
Pr3t at ~ 8 meV with a Gaussian distribution in energy
which is reflected in the background intensities of the
scans (see Fig. S2 in supplementary information [26]).
Such CEF level is also observed in our previous INS stud-
ies on PI‘1_5SI‘0_5NiO4 and PI‘gNiO4+§ (5 = 024) ﬂm—m
Similarly we have performed another set of constant-F
scans in the perpendicular direction k£ in the same en-
ergy interval of 0.5 meV upto 10 meV energy transfer as
presented in Fig. @(b) All the scans were performed in
the step size of 0.025 r.l.u. For a convenient visualization
we have presented the inelastic intensities in the color
maps in Fig. El(c,d) respectively.

From the color maps it is apparent that the fluctu-
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ations can be detectable maximum upto 10 meV. Fig.

203 c,d) clearly present the non-dispersive character of the
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279

spin stripe fluctuations, as the scattering intensities re-
main broadly distributed around the incommensurate
wave vector position. Here it is important to mention
that the charge stripe fluctuations reported above the
spin stripe melting temperature in the Laj 7551.25NiOy4
show rather a dispersive nature with a clear anisotropy
indicating the presence of electron nematic order [24].
However, we were unable to observe any significant
anisotropy of the spin stripe fluctuations along h and
k directions i.e. in the parallel and perpendicular di-
rections of the spin stripes in Fig. Ekc,d). It is notable
that we have not seen any anomalous behaviour in the
spin stripe fluctuations suggesting a significant interac-
tion between the spin stripe fluctuations and the dynam-
ical charge stripe. Nonetheless the peak position of the
non-dispersive spin stripe fluctuations did not shift in @),
leaving the incommensurability of the stripes invariant
which suggests that the spin and charge stripes can main-
tain an instantaneous correlation even when the static
spin stripe order is absent above T,,. Such instanta-
neous correlation in between the spin and charge stripes
has also been observed in time resolved x-ray diffraction
studies [33] [34].

We have repeated some of the constant-F scans at
the selected energies in between the 1 to 9 meV along
the h and k directions at 245 K well below the T., as
presented in Fig. Eke,f). In this temperature the static
charge stripes are expected to be present but only with a
very short range correlation. The constant-FE scans show
only a flat signal without any perceivable intensities at
the incommensurate peak position corresponding to the
spin stripe fluctuations. However one can identify imme-
diately the changing background levels of the scans which
is related to the CEF level and define a Gaussian with
a peak at around 8 meV (see Fig. S2 in supplementary
[26]). Nonetheless the high temperature scans in Fig.

280 e7f) show that the spin stripe fluctuations are strongly
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diminished as the static charge stripe correlation starts
to vanish close to the T, [6] [7]. This clearly indicates
that static charge stripe order is essential for the dynam-
ical spin stripe correlation to exist. On the other hand
as the intensity of the spin stripe fluctuations vanishes
already below the T, it is apparent that the formation
of the static charge order is not driven by the spin stripe
fluctuations. This understanding is also consistent with
the resonant x-ray photon correlation spectroscopy study
on stripe formation in Lag_,Sr,;NiOyys [35].

IV. CONCLUSION

In summary, we have investigated the spin stripe fluc-
tuations in Pro_,Sr,NiOy4ys with € = 0.33 above the spin
stripe melting temperature T, ~ 190 K. The fluctua-
tions are non-dispersive indicating a persisting instanta-
neous spin and charge stripe correlation above T, and
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can be detected upto 10 meV. The spin stripe fluctua-
tions are strongly diminished already below the charge
stripe melting temperature T., ~ 255 K, which clearly
indicates that the formation of static charge order is not
driven by spin stripe fluctuations, rather it suggests that
the presence of static charge stripe order is a prerequisite
for the spin stripe fluctuations to exist. The presence of
spin stripe fluctuations has been suggested to promote
the high temperature superconductivity in the antiferro-
magnetic high-T, cuprates and therefore the knowledge
about the microscopic route towards the spin stripe fluc-
tuations remains crucial. Although 214-nickelates are not
superconducting, however our results are important for
elucidating the essential ingredients for spin stripe fluc-

29;

=3

29!

©

30

S]

30.

2

302

303

30:

=

305

30

>

30

<

30

&

30

©

31

15

s tuations. Such understanding may give key information
about the competition between the antiferromagnetically
ordered spin stripes and superconductivity. Therefore
our findings are interesting to anticipate the role of spin
stripe fluctuations in the mechanism of unconventional

superconductivity as discussed in the high-T, cuprates.
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