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Spin reorientation and glassy dynamics in La; 5551 4sNiO4
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The magnetism of charge-stripe-ordered La; 5551 45NiO4 was studied by a combination of neutron diffrac-
tion, muon-spin relaxation (uSR), and bulk susceptibility. Long-range magnetic ordering was observed at a
lower temperature by SR than by neutron diffraction, consistent with a glassy transition to the ordered phase.
A second magnetic transition is detected by all techniques and is consistent with a spin reorientation. On
cooling below Tsg=42 K the spins reorientate from lying 32.9 = 0.6° away from the stripe direction at 70 K
to 56.8 £0.4° at 10 K. The magnetic order was observed by neutron diffraction to have both three-dimensional
and two-dimensional (without any correlation along the ¢ axis) characters. uSR measurements confirmed this
and are consistent with a single magnetically ordered spin-stripe phase. The effects of checkerboard charge
order on the ordered phase and the characteristics of the phase diagram of the spin reorientation in charge-

ordered La,_,Sr,NiO4 are commented on.
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I. INTRODUCTION

The behavior of charge-ordering (CO) and spin-ordering
(SO) phenomena in doped transition-metal oxides has pro-
vided a wealth of opportunity for researchers. In particular
this work has stemmed from the original observation of in-
commensurate magnetic fluctuations observed in supercon-
ducting La,_ Sr,CuO, (LSCO)."? Resultant investigation
concluded this behavior to be consistent with charge-stripe
correlations.® Specifically, magnetic fluctuations in the super-
conducting state of LSCO have been shown to be centered
on wave vectors parallel to Cu-O bonds.* These fluctuations
rotate to 45° to the Cu-O bond in the nonsuperconducting
phase.’ La,_,Sr,NiO, (LSNO) is known to be isostructural
with LSCO. However superconductivity is not observed;
both materials exhibit a spin-charge-ordered “stripe” phase®®
in their rich respective phase diagrams. This makes LSNO an
ideal material in which to examine the phenomena of stripe
ordering without the complications of superconductivity.

Charge-stripe ordering in LSNO has previously been in-
vestigated using neutrons’~'3 and x rays.!'#-1® Despite a num-
ber of investigations into the charge-stripe structure, only the
crystal structure has been experimentally determined.'” A
complete structural determination of the charge- and spin-
stripe structures in these materials has yet to be obtained. In
addition to diffraction measurements, probes such as
Raman'® and infrared!® spectroscopies observe a symmetry
change consistent with charge-stripe ordering in LSNO. The
charge stripes are observed from diffraction measurements to
be static on the relative experimental time scales, and corre-
lations in excess of 100 A have been observed for certain
compositions.>~1% This indicates a degree of stability in the
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spin-stripe structure that forms below the charge-stripe-
ordering temperature. However neutron-diffraction experi-
ments have indicated a spin reorientation (SR) below the
ordering temperature for long-range two-dimensional (2D)
antiferromagnetic spin stripes in the compositional range
0.275=x=0.5,""1220 highlighting an inherent instability in
the stripe systems. The SR temperature occurs at higher tem-
peratures for both the x=0.33 and 0.5 LSNO samples and
has been attributed to a commensurability that pins the
charges to the lattice.!’? The x=0.5 has a highly stable
checkerboard charge-ordered state.5!0 All samples that dem-
onstrate a SR have also been shown to exhibit remnant mag-
netization, indicative of glasslike behavior. Moreover there is
a dramatic change in the functional form of the remnant
magnetization around the SR temperature.'?

The purpose of this work is to further characterize the
compositional doping levels up to x=0.5, more specifically
to investigate the stability of the spin stripes as the
checkerboard-type order, obtained at half doping, is ap-
proached from lower doping levels. At half doping the mag-
netic excitation spectrum of LSNO shows additional modes
to those observed at x~ 1/3.2! To correctly understand the
magnetic excitation spectrum below half doping, the mag-
netic structure of this material must be determined. This in-
vestigation will concentrate on the La; 5551, 45sNiO, compo-
sition, which may determine if the base-temperature spin
orientation correlates with the charge-ordering temperature
as previously postulated, or whether the increase in Sr dop-
ing increases a strain effect in the lattice producing a favored
orientation.'? The x=0.45 composition has both incommen-
surate charge- and spin-stripe orderings. From this investiga-
tion it can be determined if the enhancement of the spin
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reorientation in the half-doped LSNO is due to the occur-
rence of the highly stable commensurate checkerboard
charge-ordered state.

Using standard neutron-scattering techniques, the SR tem-
perature in the x=0.45 is observed to be enhanced with re-
spect to other incommensurate doping compositions. The en-
hancement occurs as the half-doping composition is
approached even though the spin and charge stripes are not
commensurate with the lattice. The magnetic neutron scatter-
ing is characterized by both 2D and three-dimensional (3D)
magnetic peaks, indicating two components to the magnetic
order. The magnetic frustration is characterized using stan-
dard volume-averaged magnetometry techniques and probed
directly on a microscopic scale using muon-spin rotation
(uSR). The muon is shown to act as a passive probe of the
SR and detects no behavior consistent with long-range glassy
phenomena in the microsecond time scale. Glassy behavior
observed in the susceptibility measurements cannot be
viewed as a spin glass. However the uSR clearly demon-
strates evidence of competing magnetic interactions. The
magnetic ordering is observed to occur at a lower tempera-
ture in uSR than in neutron diffraction, indicating that the
transition to the magnetically ordered state is glassy and re-
sults from a slowing down of fluctuating magnetic correla-
tions. Moreover the muons clearly demonstrate that the
sample is a single magnetic phase, which is important when
considering the interpretation of the neutron results.

II. EXPERIMENTAL

Single crystals of La, 55Sr;45NiO4 were grown using the
floating-zone technique.?> All samples used were cut from
the same crystal ingot, a rod of 6 mm in diameter. Initial
magnetic characterization of the sample was performed on a
Quantum Design MPMS XL superconducting quantum inter-
ference device (SQUID) magnetometer with the susceptibil-
ity recorded parallel and perpendicular to the ab plane. All
measurements were performed using the standard zero-field-
cooled (ZFC) and field-cooled (FC) protocols in a measuring
field of 10 mT.

Unpolarized- and polarized-neutron-diffraction measure-
ments were performed on the triple-axis spectrometers
PUMA at FRM-II and IN20 and IN3 at the Institut Laue-
Langevin. The data were collected with a fixed incident and
final neutron wave vector of k;=2.662 A. A pyrolytic graph-
ite (PG) filter was placed after the sample to suppress higher-
order harmonic scattering. The energies of the incident and
scattered neutrons were selected by Bragg reflection from a
double-focusing PG crystal monochromator on PUMA, a
vertically focused PG crystal monochromator on IN3, and an
array of Heusler crystals on IN20. On IN3 the neutron beam
was collimated by 60 min before and after the sample posi-
tion. For polarized-neutron scattering on IN20, the spin po-
larization P was maintained in a specified orientation with
respect to the neutron wave vector Q using an adjustable
guide field of a few milliteslas at the sample position. The
sample was orientated so that on PUMA (h,k,0) positions
and on IN20 and IN3 (k,h,l) positions in reciprocal space
could be accessed. LSNO has a tetragonal unit cell, with the
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FIG. 1. (Color online) The temperature dependences of the mag-
netic susceptibility for both the FC and ZFC protocols. The mea-
suring field in both cases was 10 mT and applied parallel to the ab
plane. The charge order and spin order obtained from neutron scat-
tering are indicated. The inset shows the derivative of the mass
susceptibility with respect to temperature. The temperature labels
are described in the text.

cell parameters a=~3.8 A and ¢=~12.7 A. The correlation
lengths stated in this paper are resolution corrected from the
widths of the structural Bragg reflections.

MSR measurements were performed in zero field (ZF) on
the Dolly spectrometer at the PSI in Switzerland. Muons are
fundamental spin-1/2 particles, and are implanted randomly
into the sample to act as a microscopic probe of bulk mag-
netic properties. The subsequent decay of the muon into a
positron is dependent on the final spin direction of the muon,
enabling the internal fields to be mapped out with respect to
the muon implantation sites.

III. RESULTS

Figure 1 shows the temperature dependence of the mag-
netic susceptibility for both the FC and ZFC data when the
field is applied in a direction parallel to the ab plane. The
general form of the susceptibility is similar to that of other
compositions.!® A change in the slope of the susceptibility
corresponds to a CO (Ref. 12) at high temperatures and a
resultant SO at lower temperatures. x=0.45 has a CO tem-
perature of 150 K with the SO on the neutron time scale
occurring at 125 K. These are observed as a subtle change in
the derivative of the mass susceptibility as shown in the inset
of Fig. 1.

Magnetic frustration can be clearly identified in the de-
rivative of the mass susceptibility with respect to the tem-
perature. The irreversibility point is clearly highlighted in the
inset of Fig. 1 as a difference between the FC and ZFC data
at 78 K (Ty). The occurrence of long-range magnetic order
and the observation of spin frustration is an unresolved prob-
lem of LSNO, for which possible scenarios have previously
been discussed.!® Finite domain size, finite-length charge
stripes, or competing length scales of the Coulomb and mag-
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FIG. 2. (Color online) (a) The
temperature dependence of the in-
' tensity of the magnetic Bragg
f peak at Q,=(0.71,0.71,0); the SR
| occurs at 42.5 K. The inset dem-
i onstrates the spin-charge ordering
in La; 55S145NiO4, where arrows
w denote the Ni** ions and circles
denote the holes. (b) The tempera-
ture dependence of the angle from
the stripe direction of the Ni2*
ions. The line is a guide for the
eyes.
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netic interactions are different explanations for this dual
character that are consistent with the present understanding
of LSNO.!323 Magnetic order accompanied by spin frustra-
tion is also observed in the “spin-glass” phase’*? of mag-
netically “charge-stripe-ordered” cuprates.’®?’” uSR mea-
surements reveal that these materials are magnetically
ordered on the time scale of microseconds, 20’ with bulk
magnetization measurements indicating spin frustration ob-
served as FC and ZFC splittings.?> In the cuprates as in
charge-stripe-ordered LSNO, there is bulk magnetic order
throughout the material and observed spin frustration.

Below the spin ordering in x=0.45 LSNO, the magnetic
stripes have not stabilized, resulting in an upturn in the de-
rivative of both the FC and ZFC data at 42 K (Tsg) seen in
the inset of Fig. 1. Note that no evidence of a ZFC/FC split-
ting and hence a glassy transition is observed when the mea-
suring field is applied perpendicular to the ab plane (not
shown), indicating the sensitivity of the effects to field direc-
tion.

Neutron diffraction and magnetic susceptibility probe in
different time domains. dc susceptibility is essentially a static
probe, whereas neutron scattering provides a snapshot of the
magnetic correlations on a time scale of 107!% s. This could
in part explain why the spin- and charge-ordering tempera-
tures observed by neutron diffraction correspond only to very
subtle features in the bulk susceptibility, and why an extra
apparently frustrated transition is also observed in the sus-
ceptibility measurements.

Charge-stripe order in LSNO results in magnetic Bragg
reflections at (h+1/2+¢&/2,k+1/2* &/2,1) and superstruc-
ture Bragg reflections associated with the charge order at
(h*=e,k*e,l), where h, k, and [ are integers and € is known
as the incommensurability. The incommensurability varies
with doping as &~x, but with systematic deviations away
from e=x.8 For £=1/3 the charge-stripe order is said to be
commensurate as the charge stripes are three lattice sites
apart; for other values of & the charge order is said to be
incommensurate. For LSNO with x=1/3 and 1/2 magnetic
Bragg peaks are only observed when [ is an odd integer, but

30 45 60 75
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for other compositions magnetic Bragg peaks are observed at
both odd and even /. In this study of La; 5551 45NiOy, peaks
are observed at the expected magnetic- and charge-order po-
sitions for stripe-ordered LSNO with £=0.425, consistent
with previous studies of LSNO.®!0 The inset of Fig. 2(a)
shows the basic stripe pattern expected for La; 5551 45NiOy,
assuming the stripes are centered on the Ni sites (site
centered).® The arrows represent S=1 Ni** ions; the charge
stripes are represented by open circles.

In Fig. 2(a) the temperature dependence of the integrated
intensity of the magnetic Bragg reflection at Q,
=(0.71,0.71,0) is shown, retaining the labeling in previous
work.!"12 This reflection arises from domains in which the

charge stripes run parallel to [110] as shown in the inset of
Fig. 2(a). Since magnetic neutron diffraction is sensitive to
spin components perpendicular to Q, the scattering at Q,
comes mainly from the spin components parallel to the stripe
direction and along the ¢ axis, the latter of which is found to
be zero!"1220 as expected given the easy-plane xy-like aniso-
tropy in LSNO. Figure 2(a) shows that on cooling the mag-
netic Bragg reflection increases from zero intensity at 130 K,
and reaches a maximum at 50 K as the ordered moment
increases in magnitude. On further cooling below Tgx
=42.5+2.5 K, the intensity of the reflection decreases,
implying that the component parallel to the stripe direction
decreases, consistent with a SR away from the stripe direc-
tion.

By employing XYZ longitudinal polarization analysis neu-
tron diffraction, it is possible to determine the angle!' ¢ that
the ordered Ni** ions are directed away from the stripe di-
rection; e.g., for ¢=90° the spins are aligned perpendicular
to the direction of the stripes. The two magnetic Bragg re-
flections chosen for this analysis were Q;=(0.29,0.29,3)
and Q,=(0.71,0.71,1) so that Q, and Q, are directed close
to (0,0,1) and (&,h,0), respectively. The scattering from Q,
arises mainly from the total in-plane spin moment, while that
at Q, comes mainly from the spin components parallel to the
stripe direction and along the ¢ axis as mentioned above. To
analyze the direction of the spins over this temperature
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range, the direction of the neutron polarization P was varied
relative to the scattering vector Q.

From measurements at 10 and 60 K on Q, and Q,, it was
determined that the spins lie on the ab plane within the res-
olution of the technique. Assuming that the spins lie on the
ab plane for the rest of the temperature range, Q, is used to
determine the spin orientation. This method is described in
Ref. 20. Figure 2(b) shows the temperature dependence of
this spin orientation. On cooling from 70 K the spin orienta-
tion remains fairly constant at ~35°, then between 50 and 20
K the spins rotate away from the stripe direction by over 20°.
By 20 K the spin reorientation is nearing completion and the
spins are orientated at 56.8 £(0.4° away from the stripe di-
rection at 10 K. From an orientation of 32.9 = 0.6° at 70 K,
the complete spin reorientation is 23.9 +0.5°.

On cooling, the spins rotate away from the stripe direction
in the same fashion as other LSNO charge-ordered materials
in the compositional range 0.275=x=0.5."> The charge-
ordering temperature of x=0.45 is ~150 K. This has been
estimated from an inflection in the susceptibility as shown in
Fig. 1. Although the CO is not measured directly with neu-
trons in this experiment, the behavior of the susceptibility is
consistent with other compositions measured using neutrons
and susceptibility.'> The SR in x=0.45 is at a temperature of
~50 K, similar for x=1/3 and 0.5, but unlike other incom-
mensurately doped nickelates in which the SR occurs at
~15 K. This suggests that strict long-range commensurabil-
ity is not required for a high SR temperature. The SR in x
=0.45 is of the same magnitude as that in the x=0.5
(26 £ 5°), and larger than the SR of 10°—15° observed in the
doping range 0.275=x=0.4.

Correlation lengths were obtained from the spin-ordering
peaks of x=0.45 from the inverse of the half-width at half
maximum of the Bragg reflections. The / dependence of the
magnetic scattering was measured with polarized-neutron
scattering with Pl1Q, a configuration where all the spin-flip
(SF) scattering is magnetic in origin. Figure 3(a) shows a SF
and a non-spin-flip (NSF) scan in the [ direction passing
through the magnetic Bragg reflection at (0.29,0.29,3). There
is a peak at /=3, with a correlation length of 21.4+0.7 A,
but no peak at /=2. However there are a large number of
counts in the SF channel at /=2 when compared to the NSF
channel, indicative of a strong magnetic background scatter-
ing that is / independent. For incommensurate charge-stripe-
ordered LSNO, magnetic Bragg reflections occur at all /
=integer, inconsistent with the lack of peak at /=2 in the x
=0.45. The correlation parallel to the stripe direction was
found to be 121 +6 A in the (h,k,0) plane.

Stimulated by the observed magnetic background in Fig.
3(a), Figs. 3(b) and 3(c) show scans parallel to (h,h,0) at [
=3 and /=2, respectively. In both scans magnetic peaks are
clearly observed. The peak at /=3 is sharper with a correla-
tion length of 186+ 12 A, compared with the peak at /=2,
which has a correlation length of 92+ 6 A. At /=3 the mag-
netic Bragg peak has finite correlation lengths in all direc-
tions, while the feature at /=2 shows that the signal origi-
nates from a ridge of magnetic scattering with no !
dependence, i.e., from magnetic order that is uncorrelated
along ¢ and is therefore two dimensional in character.

Further unpolarized measurements on IN3 indicates that
the observed [-independent scattering occurs across the tem-
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FIG. 3. (Color online) Neutron diffraction of the magnetic
Bragg reflections with P|IQ so that all SF scattering is magnetic in
origin and all NSF scattering is nonmagnetic in origin. (a) A scan
parallel to (0,0,/) that passes through (0.29,0.29,/). (b) and (c) are
scans parallel to (h,h,0) at [=3 and /=2, respectively. All the line
shapes are Gaussian on a sloping background.

perature range of 1.5-110 K. Scans parallel to (%,%4,0) per-
formed at [=2, 2.15, and 2.3 are identical. Figure 4(a) shows
the temperature-dependent comparison of the /-independent
scatterings for the /=3 peak from [ scans and the /=2.15
peak from (hh0) scans. They have a similar temperature de-
pendence, although both are normalized to the lowest tem-
perature point, which in the case of the /=2.15 peak had a
lower intensity and larger error, giving the apparent offset in
the data. Moreover, temperature-dependent scans of Q,
=(0.71,0.71,1) shown in Fig. 4(b) demonstrate a similar
temperature dependence on Q,=(0.71,0.71,0) [Fig. 2(a)],
suggesting that the spin reorientation behaves identically re-
gardless of the magnetic Bragg reflection originating from
the magnetic ridge or not. Any difference in behavior below
the spin-reorientation temperature would result in a relative
change in the elastic intensity between the two scans, which
is not the case, meaning the spin reorientation occurs homo-
geneously from the /=odd Bragg reflection and the
l-independent Bragg ridge. The temperature dependence of
the ridge scattering and the integrated intensity of the mag-
netic Bragg reflections at Q; and Q, are consistent with the
polarized-neutron data. Significantly, a weak peak is ob-
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FIG. 4. (Color online) (a) Temperature dependence of the /=3
peak from the (00/) scan compared to the temperature dependence
of the [=2.15 from (hhO) scans, showing a similar temperature
dependence. (b) Temperature dependence of the intensity of the
magnetic Bragg peak at Q,=(0.71,0.71,1). This shows excellent
agreement with Fig. 2(a).

served at (0.58,0.58,/) for /=5 and 7, consistent with a
charge-ordered peak with a correlation length on the order of
15 A in the [ direction, unlike the x=0.5 composition in
which no [ dependence is observed.!! To enable high count
rates, a neutron wave vector of k;=4.1 A" was used to sig-
nificantly widen the instrument resolution so that the charge-
order Bragg reflections at (1.42,1.58,0) and (1.58,1.58,0)
were clearly observed on PUMA. Because of the broad res-
olution used, it is not possible to extract correlation lengths
for these observed charge-order Bragg reflections.

The magnetic ridge that is uncorrelated along the ¢ axis,
combined with the observable peaks in Fig. 3(a) (the SF
data), signifies that the magnetic order in La; 55Sr45sNiOy
has both 2D and 3D characters from either one magnetically
ordered state or two separate magnetically ordered states. At
first glance both the 2D and 3D magnetic orders have the
same periodicity on the ab plane; therefore two separate
magnetically ordered states seems less likely. Differentiation
of these two situations is possible from a complete neutron-
diffraction study of x=0.45, but a simpler approach is to
study the internal magnetic fields using uSR. The implanted
muons will have a distribution of stopping sites with respect
to the spin and charge stripes, directly implying different
internal fields. This will reveal itself as a volume-averaged
distribution of internal fields. Therefore any impurity phase
should be easily discernible by its temperature dependence.
The wSR technique occupies a unique time window,
107°-107° s, with which to observe spin fluctuations. Indeed
previous work has investigated a wide range of LSNO
compositions?*=3! using uSR, observing critical behavior
consistent with 2D ordering as detected via neutron-
diffraction measurements. However, this work aims to ex-
plicitly combine this additional technique with bulk suscep-
tibility and neutron diffraction upon the same crystal to
reveal more information upon the local magnetic structure.

An example of a typical ZF uSR spectrum for
La, 5551y 4sNiO, is shown in Fig. 5(a). The data were mea-
sured at 25 K, i.e., below the ordering temperature (Ty) ob-
served on the muon time scale. The muons were implanted
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FIG. 5. (Color online) (a) ZF uSR spectra for La; 5551 45NiO,
at 25 K, along with a fit to the data by Eq. (1). Damped oscillations
are clearly visible. (b) The Fourier transform of the observed oscil-
lations. (c) The temperature dependence of the longitudinal relax-
ation rate together with an activated fit to the data as described in
the text.

with their initial polarization perpendicular to the spins on
the ab plane. The data clearly show spontaneous muon pre-
cession, observable for LSNO up to 75 K. The precessions
are rapidly damped, implying a very strong relaxation. The
frequency (v;) of the oscillations can be expressed as v
=1,|B|/27, where B, is the average magnitude of the local
field at the ith muon site and vy, is the muon gyromagnetic
ratio. Any oscillatory signal observed in ZF uSR is direct
evidence of long-range magnetic order. The damped oscilla-
tions could be a consequence of fluctuations of the moments
surrounding the muon and/or the fact the implantation site is
not unique in the unit cell of LSNO with respect to the spins
and holes. Jestidt et al.’® predicted a symmetrical implanta-
tion site on the NiO, plane. Subsequent work by Klauss®!
suggested the possibility of a muon binding to the apical
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FIG. 6. (Color online) The temperature dependences of B,
(filled squares) and B, (hollow circles), along with critical fits to the
data as described in the text. No oscillations were observed in the
ZF uSR data at 80 K. The shaded area indicates the region where
the critical function no longer fits for the muons implanted into the
charge stripes and indicates the observation of the SR by the muons.

oxygen to account for the large internal field distribution in
LSNO relative to La,CuQ,.

A Fourier transform of the 25 K data as shown in Fig.
5(b) indicates two distinct frequencies up to Ty in agreement
with previous work performed on the x=0.33 sample.3! In
order to extract the temperature dependence of the two fre-
quencies, the data can be fitted to the following function
below Ty:

2
A(1) = 2 A, exp(= [Nit])cos(2mmyr) + As exp(=[\st]) + Ay,

i=1

(1)

where A; represents the relative contribution for those muons
undergoing coherent precession and A; represents the non-
precessing signal amplitude due to a local field distribution
parallel to the initial spin polarization of the muon. \ is the
relaxation rates for the respective components and Ay, rep-
resents a nonrelaxing background component from those
muons which stop in the cryostat tails or the Ag sample
holder. This function has been previously used to character-
ize the behavior of the x=0.33 sample.’!

The temperature dependence of N5 is shown in Fig. 5(c)
and clearly displays a strong reduction on decreasing the
temperature below Ty. In doped transition-metal oxides, the
motion of charge carriers results in a spin hopping in the
opposite direction. On a local level this will give rise to a
strong relaxation when the system is magnetically ordered
along the direction of the initial muon polarization.>! More-
over there is expected to be a thermally activated form of
relaxation below Ty due to the charge hopping processes.
Indeed N can be described by Ao« exp(-E,/T) with E,
=85(10) K, and is shown as a fit to the data in Fig. 5(c).

The temperature evolution of B;_, , is shown in Fig. 6. No
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oscillations were observed at temperatures higher than 75 K.
During the fitting procedure all of the fitting parameters were
allowed to vary; importantly the ratio of A; to A, remained
constant at 4/3. The muons are randomly implanted into the
material and have distinct stopping sites. Some of these sites
will be close to the charge stripes, while others will be near
the antiferromagnetic ordered regions, resulting in an observ-
able volume fraction (=A) for both the charge- and spin-
stripe phases. Therefore the muons probe the local field in
both the charge- and spin-ordered regions. The implantation
sites of the muon enable two distinct muon precession fre-
quencies. Although both signals are heavily damped, this can
be interpreted as inequivalent magnetic regions. With the
high-field (B,) contribution as a consequence of implanted
muons in the spin stripe and the lower-field (B,) one as a
result of muons situated in the charge stripes, this conclusion
is in agreement with previous work on a single crystal of
LSNO with a composition of x=0.33.%!

The temperature dependence of the two internal field dis-
tributions (directly related to the muon precession frequency
as previously described) shown in Fig. 6 displays two dis-
tinct temperature evolutions below T as observed by muons.
To highlight this the data have been compared to a standard
critical function of the form

B(T) = B{0)(1 = TITy)”, 2)

above 50 K, where Ty is the transition temperature and 3 is
the critical component. When all the parameters are allowed
to float for Bj, it is found that Ty=78.6(0.5) K and B
=0.23(2). The value of B is what can be expected for a
typical 2D ordered material with XY-type interactions.?? The
fit is clearly applicable down to the lowest temperature of 10
K measured in this experiment. The fit of Eq. (2) to B,
(muons implanted into the charge stripe) is not so well de-
fined. When T, was 78.6 K the extracted value of S is 0.32;
this is indicative of 3D Heisenberg, not 2D ordering.*

The data show two distinct temperature evolutions, in-
dicative of muons implanted into the spin and charge stripes
being sensitive to different magnetic regions. When the data
are force fitted to have B=0.23 (dashed line) for B,, it is
clear that this value for the critical exponent does not fit the
experimental data, as Ty is approached. The B, value of 8
=0.32 is consistent with the muon being implanted into the
unordered charge stripe and seeing the internal fields of
neighboring ordered spins in the ab layer it is implanted in
and the internal fields of neighboring ordered spins of the
layers above and below the implantation site. Importantly,
the onset temperatures of both B, , are identical, suggesting
that the observations are not simply attributable to phase
separation and can be explained with an interpretation con-
sistent with one magnetically ordered phase. This is further
confirmed by the ratio of A;:A, matching the spin- and
charge-stripe ratio obtained using (1—¢)/e=1.35~4/3 from
the neutron-scattering measurements.

IV. DISCUSSION

It is currently assumed that the charge stripe contains no
ordered Ni moments.>? Therefore the origin of the magnetic

184423-6



SPIN REORIENTATION AND GLASSY DYNAMICS IN...

60 130

50
40+ 1208
< g
% 30 3
'_ ~—
g

20

] 110
10-

FIG. 7. (Color online) The compositional dependence of the
spin-reorientation temperature (7sg) and the spin-reorientation
angle (A¢). The line is a guide for the eyes. The Tsg and A¢ are
taken from Ref. 12.

order observed by the muons implanted in the charge stripe
may be a direct consequence of the ordered moments in the
spin stripe. This would also account for the reduced value of
the internal field. Moreover the value of Ty, 78.6 K, appears
to signify that static magnetic order has been achieved. This
is clearly visible in the temperature dependence of the differ-
ential mass susceptibility, as shown in the inset of Fig. 1 and
the observed muon oscillations. At 78 K the FC and ZFC
mass susceptibility data also show irreversible behavior. This
behavior is not a traditional spin glass, a process that has
well-defined relaxations in ZF uSR.** The muons located in
the charge stripe observe a three-dimensional contribution to
the critical behavior. Any exchange in the ¢ axis is very weak
compared with in-plane exchange®-¢ and could explain the
origin of the glassy behavior, as shown in the inset of Fig. 1.

The temperature dependence of B, in Fig. 6 also demon-
strates a deviation from critical behavior below 50 K. Mea-
surements in Figs. 1 and 2 have clearly demonstrated that a
SR occurs at 42 K. The change in the functional form of the
temperature dependence of B, suggests that the muons in the
charge stripe are also sensitive to the SR. This is clearly
highlighted as the shaded region in Fig. 6. Although previous
work has discussed SR detection with muons, no work has
systematically proved it with polarized-neutron studies on an
identical sample.?"373° Moreover the muon is acting as a
passive probe of the SR as it is observing the change in spin
polarization with respect to the crystal axis from the charge
stripe. As the magnitude of the moment is unaltered, this also
explains why no SR is seen in the muons implanted into the
spin stripe.

Measurements of the SR in x=0.45 indicate that the en-
hancement of the Tgg and the size of the SR in x=0.5 (Ref.
11) is not due to a coupling to long-range checkerboard
charge order. This is clearly indicated in Fig. 7, which shows
the compositional dependence of 7Tgqgz and the spin-
reorientation angle (A¢). This clearly demonstrates that the
commensurate stripe stability that occurs at the x=0.333
does not occur as half doping is approached. The rotation
away from the stripe direction on cooling for incommensu-
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rately doped compositions is enhanced from 10°-15°
(x=0.275-0.4) to ~25° (x=0.45) where the correlation
length of the spin order along the ¢ axis is on the order of 1
unit-cell length. This is unlike the enhanced Tgy in the x
=1/3 which is thought to be related to commensurate pin-
ning of the charge order to the lattice.”’ Considering the pos-
sibility of the charge stripes overlapping at higher doping,
the increased Tsg and magnitude of the SR could be due to
charge stripes being less well defined and thus having shal-
lower potentials than separated charge stripes. If the SR re-
orientation is due to a competition of the ordered spins with
a spin or charge degree of freedom associated with the
charge stripes, then the weakening definition and hence ef-
fect of the charge stripe could enable Tz and magnitude of
the SR to increase.

Importantly this work observes a magnetic ridge which is
two dimensional in character and signifies the possible influ-
ence of propagation along the ¢ axis at high doping levels.
Specifically in commensurate compositions, stacking along ¢
can propagate in an ordered way along the ¢ axis. However
other incommensurate doping levels cannot, suggesting that
disorder increases with doping and results in 2D scatter as
observed for x=0.45. Such a model can describe the intensity
of the magnetic Bragg reflections in charge-stripe-ordered
La,NiO,, 5* If the charge-stripe order is commensurately
spaced parallel to (h,h,0), then the stripes would stack in a
body-centered-tetragonal fashion, ensuring that only /=o0dd
magnetic Bragg reflections are observed, as in x=1/3. How-
ever, incommensurate charge-stripe order will lead to non-
ideal stacking of the charge stripes, resulting in additional /
=even magnetic Bragg reflections, as in 0.275=x=0.4.1220
Moreover the correlation length of /=o0dd is twice that of the
I=even peaks. A qualitative explanation has been proposed;'?
for x=0.45 the correlation length along the ¢ axis from the
[=0dd magnetic Bragg peaks is between 1.5 and 2 unit cells
long. The expected correlation length for the /=even peak is
half that of the odd peak, less than 1 magnetic unit cell.
Hence the /=even Bragg reflections are associated with non-
ideal charge-stripe stacking losing their correlation along the
¢ axis. A possible origin of such an effect is because of the
influence of strain from Sr-ion doping.

With increasing doping La’* ions are replaced by the
larger Sr’* ions, increasing the size of the La/Sr-O layer,
while holes are doped into the Ni-O layer, increasing the
average Ni valency and thus reducing the size of Ni-O layer.
Moreover the angle ¢ that the spins order away from lying
parallel to the stripe below the spin reorientation increases
with doping in the x=0.333-0.5 region. This trend does not
match the behavior of the ordering temperatures in LSNO.
Above x~0.5 the difference in layer size prohibits large
single-crystal growth, suggesting the importance of strain in
the system.!® Any distortion on the ab plane and along the ¢
axis should be able to be probed using high-resolution x-ray
diffraction.

At present a complete structural analysis of charge-stripe
and spin-stripe orderings in LSNO has not been performed.
This is due to the weak strength of charge-stripe Bragg re-
flections and the short correlation lengths of stripe order
along the [ direction limiting the number of observable su-
perstructure reflections. The results of our studies however
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provide an accurate account of the doping variation in the
magnetic ordering, which should provide a stringent basis for
theoretical models of charge-stripe order in LSNO. Along
with the / dependence of the different magnetic Bragg reflec-
tions, one of the biggest remaining issues of charge-stripe
order in LSNO is a theoretical description of the charge order
preferentially ordering with charge stripes three Ni sites
apart.®° The doping dependence of LSNO x<0.135 is un-
studied, and hence the crossover from the Néel antiferromag-
net state to charge-stripe ordered. The transition to a charge-
stripe-ordered state in LSNO would be insightful in
understanding the same crossover to the charge-stripe-
ordered state in the cuprates.*!

The analysis and discussions are based on the generally
excepted charge-ordered model of La,_ Sr,NiO,. In materi-
als such as manganates and cobaltates that are thought to be
similarly charged or orbitally ordered, recent alternative
models have been proposed based on neutron-diffraction
measurements.*>*3 LSNO shows diverse behavior with dop-
ing, such as the / dependence of magnetic Bragg reflections
and the presence of a SR reorientation with doping depen-
dence. As such LSNO will represent a stringent test of any
universal model of doped transition-metal oxides. The need
to improve general theories of doped transition-metal oxides
is desirable to achieve a better understanding of the doped
transition-metal oxides, colossal magnetoresistance (CMR),
and high-temperature superconducting materials.

V. CONCLUSIONS

In summary La; 551, 45NiO, has been studied using neu-
tron diffraction, uSR, and susceptibility techniques. A spin
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reorientation at 42 K was observed using all techniques.
From neutron diffraction it was determined that, on cooling,
the spins rotate 23.9 = (0.5° away from the stripe direction. To
our knowledge only the SR in the LSNO x=0.5 compound
has such a large SR. Moreover the large SR and the high
onset temperature is observed even though the magnetic or-
der and charge stripes are not commensurate. The neutron-
diffraction work shows that the observed magnetic order
is characterized by both 2D and 3D orders, indicating the
importance of the spin- and charge-ordering propagations
along the ¢ axis. The muon technique suggests that the ma-
terial is fully magnetically ordered. Two distinct magnetic
regions were observed using muons; those implanted into the
charge stripe are sensitive to the SR. The temperature depen-
dence of the observed frequencies from wSR are consistent
with the glassy magnetic transition and the neutron observa-
tions. The diverse magnetic properties of charge-ordered
La; 5551 4sNiO,4 further add to the wealth of behavior of
La,_,Sr,NiO,. However the physical origin of the SR is still
not understood and the consequences of determining an ac-
curate model should have direct implications for understand-
ing other materials demonstrating spin-stripe order.
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