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Field-induced staggered magnetic order in LaNiO, 133
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At low temperature the holes doped into the NiPlanes of LaNiO, ;33 by the excess oxygen collect in
diagonal stripes that separate narrow antiferromagnetic domains. The magnetic order drops abruptly to zero at
T,,»=110.5 K, but charge order remains with a periodsaf We show that application of a magnetic field in
the regimeT>T,, induces staggered magnetic order of peria die to the net magnetic moment of the
high-temperature bond-centered stripes, together with the odd number of Ni spins across an antiferromagnetic
domain.[S0163-182697)50314-§

It is now experimentally established that holes doped into To provide a context for understanding our results, it is
the NiO, planes of LgNiO, tend to order in a periodic first necessary to review some details concerning the previ-
structure consisting of parallel charge stripe$The segre- ously determined order?® We consider a unit cell of size
gation of the holes into charge stripes leaves intervening re¢2a,x \2a,x c relative to the tetragonal unit cell of the
gions that are essentially undoped. The magnetic moments @f ,NiF , structure. Antiferromagnetic order within a NjO
the Ni ions in these regions are correlatedplane would then be characterized by the modulation wave
antiferromagnetically:> Neighboring antiferromagnetic do- vector Q= (1,0,0), where the components are in units of
mains, separated by a charge stripe, have an antiphase re{g-./5 27/a, 2/c). The charge order is characterized by
tionship; th_at is, the phase of _the mag_netlc order shifts by« \vave vector (2,0,0)2* with the average distance be-
r on crossing a charged domain wafiEvidence for related ween domain walls in real space equakf@e; the magnetic

T e . et ) s OOl f £0.0) Wi espect 1 (Not tha, 6
2 4 Y P€ive to the simple square lattice of a Nj(plane, the stripes

?g&;ﬂ?ﬁo&z g@gez gggrnaigg?n with the superconductwnyrun diagolnally) I_:or =%, charge order occurs @t<220 K

The problem of stripe order in a doped two-dimensionalVith €=3, while magnetic order appears abruptly at
antiferromagnet has received considerable attention fronfm=2110.5 K with a concomitant jump i to 0.295. The
theoristsi®~°One feature of theoretical interest concerns thenodulation parametee continues to decrease as the tem-
alignment of the charge stripes with the lattice. In particularperature is lowered beloWy,.
one would like to know whether the domain walls are cen- At 10 K we find e= 3=0.278% This is close to the value
tered on rows of metal atomsite-centered stripgor on  0.266 (=26) that one would expect to find if there were
rows of oxygengbond-centered stripgsThis alignment is exactly one hole per site along a charge stripe, as suggested
difficult to determine in a standard scattering experiment beby the calculations of Zaanen and Littlewotdrhe fact that
cause of the loss of the phase information carried by the increases with temperature indicates that the density of
scattered beam. In the present paper, we determine the stripiipes becomes greater as the magnetic order parameter is
alignment in a crystal of LaNiO,. 5 through an unusual reduced[Note that, with a fixed hole concentration, the hole
effect, in which a staggered magnetization is induced in alensity (per Ni site within a stripe, given by 2/e, must
paramagnetic phase by the application of a uniform magneticorrespondingly decreagdn principle, the change in den-
field. This effect can be understood as a ferrimagnetic resity could be accommodated with a single type of stfigie
sponse associated with the ferromagnetic nature of bondher site or bond centerged=or example, near 100 K where
centered stripes in the high-temperature charge-ordereelocks into a value o, the observed wave vector could be
phase. explained by alternating stripe spacings 3af and 2a. In

The particular crystal of LgNiO 4, 5 studied has an oxy- terms of the magnetic order, the positions of the domain
gen excess 0b=%=0.133, and a detailed characterization walls would be far from the nodes of a sinusoidal modulation
of the charge and spin order will be presented elsewffere.with the same wave vector, and hence one would expect
The oxygen interstitial order is the same as that in samplesignificant magnetic harmonics at 3and 5. On the other
with a nominalé=0.125 studied previousRbut we believe hand, if the stripes alternate between site- and bond-centered
that 5= 4 corresponds to the optimal interstitial concentra-positions, then they have a uniform spacingjaf resulting
tion for this particular phase. The magnetic Bragg peaksn much weaker harmonics. Quantitative analysis of experi-
measured on the present crystal are sharper than those abentally observed harmonic intensities supports the latter
served in our own previous work, allowing better sensitivity model. Hence, it appears that there is a mixture of site- and
to intrinsic properties. bond-centered stripes whose respective densities change with
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FIG. 2. Bulk magnetization measurédn warming, after zero-
field cooling with an applied field 61 T aligned parallel to the
NiO, planes (circles, and density of bond-centered stripes
(squares which is equal to 4—1, where values ot are taken
from Ref. 20.

tion at the magnetic ordering temperature when the magnetic
field is applied parallel to the Ni@planes.(An example of
(b) O—centered domain walls such a measurement on a piece of our crystal is shown in
Fig. 2) They also showed that the peak disappears when the
FIG. 1. Stripe models foe=1. Arrows indicate correlated Ni  1€ld is applied along the axis, perpendicular to the planes.
magnetic moments: shaded circles indicate locations of Hoes (We have checked that there is no significant dependence of
oxygen. Dashed lines trace the bonding paths of the square latticdN€ magnetization on the direction of the field within the
while solid lines outline a unit cell. Double lines indicate positions Plane, so the spins are apparendy-like.) The peak was
of domain walls.(a) Ni-centered(i.e., site-centeréddomain walls.  attributed to the response of Ni spins with spiral correlations
All Ni moments (between domain wallsare equivalent.(b) within the planes, by analogy with the response associated
O-centered(i.e., bond-centergddomain walls. Moments near do- Wwith out-of-plane spin canting that occurs in JGuO, (Ref.
main walls and in the center of domains, respectively, are no22) and LaNiO, (Ref. 23; however, we have shown
equivalent. elsewheréthat, in the magnetically ordered phase, the spins
are essentially collinear and oriented parallel to the stripes,
temperature; however, we do not know experimentallywhich is inconsistent with spiral order.
which type dominates at low temperature. In terms of the stripe model, the peak in the magnetization
Now let us consider the situation whesr 1. In this state  for T=T,, appears to be evidence for bond-centered ferro-
the charge is still ordered, but the Ni spins are only dynamimagnetic domain walls. If this picture is correct, then it
cally correlated. The wave vector is such that the stripeshould be possible to induce a staggered magnetization by
must all be either site centered or bond centered; these twapplying a uniform magnetic field. To test this model, we
possibilities are illustrated in Fig. 1. In the figure we haveperformed a neutron-diffraction experiment on a piece of the
also indicated the spin arrangements one might find if ssame crystal of LaNiO, ;33 that we have characterized in
“snapshot” were taken. For cas@), the antiferromagnetic detail elsewheré® The crystal was mounted in a flow cry-
domains are just 2 spins wide, and each spin has an antipa@stat that was placed in a vertical-field superconducting mag-
allel partner. In caséb), the domains are 3 spins wide, and net. The [010] axis of the crystal was aligned parallel
an uncompensated moment may appear. The magnetic m6<1° errop to the magnetic field, both of which were per-
ments on sites adjacent to a charge stripe are likely to bgpendicular to the scattering plane. Elastic scattering measure-
reduced in magnitude compared to those in the middle of aents were performed using 5 meV neutrons at the H9A
domain, but perfect compensation would be a suprising cotriple-axis spectrometer, located at the High Flux Beam Re-
incidence. Furthermore, every domain contains two up spingctor, Brookhaven National Laboratory. Most of the scans
for each down spin, so that this spin configuration shouldvere performed alon®@=(h,0,1), through magnetic peaks
exhibit a ferrimagnetic response. Note that in both céges ath=1—e.
and (b) the phase of the antiferromagnetic order shifts by Representative scans are shown in Fig. 3. In the scans of
7 on crossing a domain wall; however, for a bond-centeredrig. 3@, measured aT =111 K (>T,,), there is no mag-
stripe the adjacent spins are ferromagnetically alignednetic peak in zero field} but a clear peak a=% (e=3)
whereas for a site-centered stripe adjacent spins are antipaappears in a field of 6 T. The staggered magnetizatioo-
allel. portional to the square root of the intengityaries linearly
Magnetization measurements by Yamadaal® provided  with the applied field. On cooling just beloW, [Fig. 3(b)],
the first indication of a ferrimagnetic response in the paraa zero-field peak appears ht=0.705 (€=0.295). As the
magnetic phase. They found a sharp peak in the magnetizéield is raised from zero, th&d=0.705 peak decreases in
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500
400 MZ~e= 2o, @
300 with To=20+5 K. The exponential dependence on tempera-
200 ture is similar to what one would get from a Debye-Waller
factor, suggesting that the magnetization is limited by fluc-
100 tuations of the correlated spins about the stripe-ordered state.
o (We have not tested for th® dependence that one would
0.64 0.66 0.68 0.70 0.72 0.74 expect for a Debye-Waller factgrAlso shown in the inset is

h  (riu) the temperature dependence of a charge-order peak intensity,
obtained in a separate measurement in zero ffeld. the
FIG. 3. Elastic scans alon@=(h,0,1) in zero field (open temperature range where the field-induced magnetic peak is
circles and in a magnetic field of 6 Tfilled circles. Scans were observed, the charge-order intensity is fairly constant; how-

measured at temperatures of 111, 110 K (b), and 108 K(c). ever, it is somewhat surprising that, at higher temperatures,
the charge-order intensity also decreases exponentially with

. . ) temperature. The fit shown in the inset of Fig. 4 corresponds
intensity while theh=2 peak grows. Rather than a smooth o T = 67=5 K. This unusual behavior might indicate that
shift of the peak, there is a coexistence of the two wavene charge correlations are fluctuating about the commensu-
vectors. When the applied field reaches 6 T, all of the intenrate lattice potential caused by the ordered interstitial oxy-
sity is in theh=§ peak. By the time that the sample has beengens. Fore= 1, the charge-order wave vector is equal to the
cooled to 108 K, the 6-T field has essentially no effect on thesecond harmonic of one of the two interstitial-order wave
magnetic ordefFig. 3(c)]. Note that the width of théd=3  vectors?
peak is resolution limited, both alorfgand in the transverse The observation of field-induced magnetic scattering cor-
direction, along (not shown. The h widths of the incom- responding toe=3 is direct evidence that the high-
mensurate peaks are slightly broader, indicating a smatemperature domain walls are bond centered.T~afT,, the
amount of disorder in the stripe spacing. density of stripes decreases, and the stripes become increas-
Figure 4 shows the temperature dependence of the magngly site centered. The density of bond-centered stripes
netic peak intensity. In zero field the magnetic peak intensitydiagonal row of Ni sitesis equal to 4—1, and can be
grows rapidly below the first-order transition at 110.5 K. In acalculated using the results fer from Ref. 20. The bond-
6-T field the e= 3 peak is observable over a wide tempera-centered stripe density is shown by the squares in Fig. 2. A
ture rangex=110 K. The inset shows the logarithm of the comparison of this density with the magnetization shows that
normalized peak intensity versus temperature at 6 T. Sinceorresponding structures are found in the temperature range
the intensity is proportional to the square of the staggere®0-110 K. This indicates that there is a bulk response from
magnetizationM, the linear variatior(denoted by the fitted the ferromagnetic domain walls even in the ordered state.
line) indicates that Note that there is no net macroscopic ferrimagnetism in the
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ordered state because, wigh< 3, the ferromagnetic domain magnetic; however, for doped L&uO, the hole concentra-
walls are no longer all in phase with one another. The drop inion is ~3 hole per site along a charge stripe. For a bond-

the magnetization aT <10 K suggests another shift ia

centered domain wall, it is possible to imagine a

below the minimum temperature studied by neutronconfiguration that yields a net magnetic moment. It would be

diffraction?°

interesting to see whether such a configuration can be de-

What are the implications of these results for stripe cor+ected in a real compound.
relations in the cuprates? One significant difference in the

cuprates is that the domain walls are “verticaldr “hori-
zontal”) instead of diagonal within a square lattfté\s a
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