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Spin canting and lattice symmetry in La,CuQ,
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While the dominant magnetic interaction in La,CuQ, is superexchange between nearest-neighbor Cu mo-
ments, the pinning of the spin direction depends on weak anisotropic effects associated with spin-orbit coupling.
The symmetry of the octahedral tilt pattern allows an out-of-plane canting of the Cu spins, which is compensated
by an opposite canting in nearest-neighbor layers. A strong magnetic field applied perpendicular to the planes
can alter the spin canting pattern to induce a weak ferromagnetic phase. In light of recent evidence that the
lattice symmetry is lower than originally assumed, we take another look at the nature of the field-induced
spin-rotation transition. Comparing low-temperature neutron diffraction intensities for several magnetic Bragg
peaks measured in fields of 0 and 14 T, we find that a better fit is provided by a model in which spins rotate
within both neighboring planes but by different amounts, resulting in a noncollinear configuration. This model
allows a more consistent relationship between lattice symmetry and spin orientation at all Cu sites.
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I. INTRODUCTION

Interest in La;CuQy, the parent compound of the original
high-temperature superconductor family [1,2], was renewed
recently with the discovery by Taillefer and co-workers that,
at low temperature, it exhibits an unusually large thermal Hall
conductivity [3]. The original measurements were performed
in a c-axis magnetic field of 15 T, which puts the system into
the weak ferromagnetic phase, associated with a field-induced
in-phase alignment of the small out-of-plane canting of the Cu
spins [4,5]. Further studies have provided evidence that the
thermal Hall conductivity is due to phonons [6] and that a siz-
able response can also be found in nonmagnetic compounds
such as SrTiO; [7]. While a number of possible explanations
based on intrinsic effects have been proposed [8—10], extrinsic
effects involving skew scattering off of defects might be the
dominant effect [11,12]. Nevertheless, experimentalists have
discussed the effect in terms of chiral phonons [6,13].

Following on work by Rechuis er al. [5], we recently
demonstrated [14] that the structural symmetry of La,CuOy
is lower than originally determined [15,16]. In particular,
the ordered rotation of the CuOg octahedra includes a small
component rotated around the Cu-O bond axis, with associ-
ated anomalous soft phonons. A complete softening of such
phonons occurs in the related compound La; gEup,CuO,4 be-
low 133 K [17]. Similarities between the magnetization of that
low-temperature phase and the field-induced weak ferromag-
netic phase of La,CuOy4 led us to wonder whether the soft
phonons might couple to the canted spins in an interesting
way (despite the fact that measurements on other cuprates
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indicate that canted moments are not essential for observation
of a large thermal Hall conductivity [13]).

We have used neutron scattering to study the impact of a
14-T magnetic field applied along the ¢ axis of a crystal of
La,CuOy4. We find that the crystal structure is quite stable to
the field, and no significant change to phonons was detected.
The measurements did, however, provide an opportunity to
reconsider the proposed model for the weak ferromagnetic
phase. We propose a model involving a noncollinear arrange-
ment of spins in neighboring planes and show that it gives a
better fit to our measured magnetic peak intensities.

To provide context, we note that, as La,CuQy is a charge-
transfer correlated insulator [18,19], it exhibits strong anti-
ferromagnetic correlations within the CuO, planes from high
temperatures [20-22] driven by a large nearest-neighbor su-
perexchange energy [23,24]. Antiferromagnetic order [25,26]
develops below a Néel temperature of Ty ~ 325 K [27], which
is sensitive to oxygen stoichiometry [28]. While the ordered
Cu moments lie largely within the CuO; planes [see Fig. 1(a)]
[25], there is a small canting perpendicular to the planes that
is apparent as a rise in the magnetization (measured with a
field perpendicular to the planes) on cooling toward Ty, where
the magnetic layers are decoupled; below 7Ty, the canting in
neighboring layers cancels out, resulting in a decrease in the
magnetization [29,30]. The approximate magnetic structure
and its relation to the octahedral tilt pattern are illustrated in
Fig. 1(a).

The spin canting has been explained [29] as a consequence
of exchange terms resulting from the effects of spin-orbit
coupling as originally identified by Dzyaloshinsky [31] and
Moriya [32] (DM). The evaluation of the DM interaction for
cuprates with particular lattice symmetries is not trivial, and
it received considerable attention in the decade following the
discovery of cuprate superconductivity [33—40].

©2023 American Physical Society
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FIG. 1. Schematics of possible spin configurations in CuO, layers, where each arrow represents a Cu spin, circles indicate oxygen atoms
(white/gray indicates displacement above/below the plane; size indicates relative displacement), the dashed line indicates the octahedral tilt
axis, and the lower/upper panel corresponds to the plane displaced along the ¢ by z = 0/z = 0.5. The orientations of the a and b axes are
indicated at the lower left; the definition of the spin-rotation angle 6 is indicated in red. (a) Conventional model of antiferromagnetic order in
zero field. (b) Conventional model of order in the weak ferromagnetic phase, with spins in the z = 0.5 layer rotated by 180°. (c) Zero-field
model allowing for in-plane canting of spins, following the octahedral tilt direction in the revised structure, plotted here with « = 5°. (d) Spin
and tilt pattern in a low-temperature phase of La; sEu,,CuQO, exhibiting weak ferromagnetism [17].

Empirically, the moment direction and canting in zero
field are found to be orthogonal to the octahedral rotation
axis [17,41]; this comes from studies of Nd- and Eu-doped
La,;CuQy, in which the low-temperature phase has a modified
octahedral tilt pattern and a noncollinear spin order, as shown
in Fig. 1(d). In fact, the Eu-doped compound exhibits weak
ferromagnetism in the noncollinear phase at low field, with a
magnetization very similar to that of the high-field magneti-
zation of La,CuOy4 [17]. This makes it tempting to associate
the canting of the moments with the octahedral tilts. There are
two problems with such an association: (1) The size of the
canted moment estimated from the high-field magnetization
is much smaller than one would expect from the measured
moments and tilt angles. (2) The relationship between the spin
direction and the octahedral tilt direction reverses from one
layer to the next in the zero-field phase, as can be seen in
Fig. 1(a). One might try to explain the latter point in terms
of the impact of interlayer exchange; however, that energy is
quite small and nearly frustrated [42]. We note that one feature
not considered in the previous analyses is the shear distortion
of the octahedra associated with the monoclinic symmetry
[5,14]. That distortion has the same orientation for Cu sites
in neighboring planes with the same zero-field spin direction,
in contrast to the opposite signs of the tilt directions.

If the spin structure of La;CuQO4 were collinear, with the
spin direction determined by the interlayer coupling [42], then
it would be reasonable that a high magnetic field could flip the
spin in every other layer, as originally proposed [29] and as
shown in Fig. 1(b). A challenge, however, is that we now know
[14] that the octahedral tilts are rotated slightly away from the
b axis, as indicated in Fig. 1(c), and we expect a corresponding
noncollinear rotation of the spins. In fact, we will show that a
fit to our neutron diffraction intensities in zero field indicates
a finite in-plane rotation angle for the spins.

The noncollinear structure suggests that anisotropies due
to DM interactions plus Coulomb exchange interactions

determine the directions of the ordered spins [17,37,39]. In
such a case, it seems more reasonable that a large applied
field will cause spins in both layers to rotate in some fashion.
Indeed, we find that such a field-induced spin-rotation model
gives a better fit to our high-field neutron diffraction data than
does the collinear spin-flip model.

The rest of the paper is organized as follows. After a
description of the experimental methods, the results are pre-
sented in Sec. III and analyzed in Sec. IV. We end with a
summary and discussion in Sec. V.

II. EXPERIMENTAL METHODS

The La,CuO4 sample studied here is the same 11-g
vacuum-annealed crystal used previously in Ref. [14]. Based
on the temperature-dependent peak in the magnetic suscep-
tibility, 7y is equal to 327 K. The lattice parameters of
La,CuOy4 at low temperature are a = 5.335 A, b=5.415 A,
and c = 13.12 A [43]. We will express the momentum trans-
fer Q = (H, K, L) in reciprocal-lattice units (r.l.u.) given by
2m/a, 27 /b, 27 /c).

The present neutron scattering experiment was performed
on the HYSPEC spectrometer [44] at the Spallation Neu-
tron Source, Oak Ridge National Laboratory. The crystal was
mounted in the 14-T vertical-field magnet, with the ¢ axis
parallel to the magnetic field and transverse to the horizon-
tal scattering plane. The sample orientation with respect to
the incident beam could be changed by rotation about the
vertical axis. An incident energy of 27 meV was selected
and the Fermi chopper frequency was set at 300 Hz. For
measurements of the magnetic peak intensities, the center of
the movable area detector was set to 34°. Data were collected
over a range of sample angles with steps of 0.25° between
measurements.

Some measurements at larger Q were performed with the
detector at —59°. In particular, measurements of the (040) and
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FIG. 2. Maps of intensities around (400) and (040) reflections;
red arrows point to the reflections from the dominant domain, while
blue arrows correspond to one of the two twin domains.

(400) peaks, with a step size of 0.1°, are shown in Fig. 2.
As one can see, there is one dominant domain with two twin
domains rotated with respect to it by £89°.

For convenience, we will label reflections according to the
dominant domain; for the low-Q peaks, the twin domains
are not well resolved, so that integrated intensities combine
the dominant and twin reflections. We measured the (100),
(120), and (300) reflections, where the dominant domain has
magnetic reflections, and (010) and (210) peaks, where the
magnetic signal of the twin domains appears. Data were col-
lected in fields of 0 and 14 T applied along the c axis.

III. RESULTS

To check the impact of the magnetic field on the crystal
structure, we show in Fig. 3 nuclear scattering along longitu-
dinal cuts through the (—4, 0, 0) and (0,4,0) positions (with
integration over the transverse directions) in fields of 0 and
14 T. As one can see, there is no significant change with field
of either the orthorhombic splitting or the peak intensities.

As the structure is unaffected by the field, we turn to the
magnetic reflections. Previous neutron diffraction studies of
the field-induced transition to the weak ferromagnetic phase
have focused on the (100) and (210) magnetic peaks [4,5].
The integrated intensities of those peaks, along with (010) and
(120), and their dependence on field are listed in Table I. [Note
that the (210) and (120) reflections are close to an Al powder
ring from the sample holder, so that some careful subtraction
of the Al ring had to be done.] A complication is that there
are structural superlattice peaks allowed at (010) and (210)
[5,14], and we were not able to separate the scattering from the
twin domains from the main domain. As a result, modeling of
the measured intensities must account for both the magnetic
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FIG. 3. Plot of Bragg peaks near (a) (—4, 0, 0) and (b) (040), in
B =0 (black) and B = 14 T (red). In (a) [(b)], the data have been
integrated over K = 0+ 0.1 (H = 0=£0.1) to catch the intensities
from all domains. The absence of any detectable change to the
orthorhombicity due to the field is readily apparent.

and nuclear scattering from all domains at each of these four
peaks.

IV. ANALYSIS

It has been established empirically that the spin di-
rection tends to align with the octahedral tilt direction
(perpendicular to the octahedral rotation axis) [17,41]. In the
low-temperature-orthorhombic (LTO) structure, long believed
to characterize La;CuQy, the octahedral tilts point along the
b axis. Neutron diffraction studies have shown that the Cu
magnetic moment is largely transverse to the a axis, roughly
consistent with this picture, as indicated in Fig. 1(a). The
recent neutron evidence indicates that the octahedral tilt di-
rection deviates slightly from the b axis, with that deviation
alternating its orientation from one layer to the next.

Let us consider two adjacent CuO, planes. To describe
the spin directions, we consider site j = 1 in the first layer
at R =(0,0,0) and site j =2 in the second layer at R =
(%, 0, %). We will take the spin configuration in Fig. 1(a) as
the reference; the spin direction at sites j = 1 and 2 can then
be written as

Si = (—sin6y, cos b, 0), (1)

S, = (sin6,, — cos 6, 0). 2)

Note that we ignore the c-axis component; it was estimated [4]
to have a canting angle of 0.17°, corresponding to S. = 0.003,
which is too small to impact neutron scattering measurements.
The nominal LTO phase is described by 8; = 0 and 6, = 0.

TABLE . Integrated intensities of superlattice peaks (in arbitrary
units) at 7 = 1.7 K versus field.

(HKO) I(B =0) I(B=14T)
(100) 2.51 £ 0.07 0.72 £ 0.07
(010) 3.39 + 0.08 3.25 + 0.08
(120) 453 £ 0.16 4.65 £ 0.16
(210) 9.03 £ 0.19 11.61 £ 0.20
(300) 1.98 £ 0.11 0.76 £ 0.10
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(a) at zero field and (b) at 14 T, with fits to the models.

We now know that the octahedral tilt direction is rotated with
respect to the b axis (though the precise rotation angle has
not been determined) [14]. If we call that rotation «, then we
expect 6, = « and 6, = —«. The case of spins following the
tilt direction, with @ = 5°, is indicated in Fig. 1(c).

For magnetic diffraction, only the component of spin per-
pendicular to Q, S 1j» contributes. We can then write the
magnetic structure factor as

Finag(H, K, 0) = Afey(Q)FarmIS 11 +S12¢™|,  (3)

where A is a scale factor (to be determined by fitting) and
Fapm = cos(mH) — cos(wK). For the magnetic form factor
fcu(Q), we use the results of Ref. [45] to obtain the Q de-
pendence [46].

There is a nuclear contribution for (H, K, 0) with K odd
and H even [5]. From our previous study of the same sample,
measurements at 332 K (above Ty, where there is no mag-
netic intensity) we find that |Fx(2, 1,0)|?/|Fx(0, 1,0))* =
3.01 and |Fx(0, 3, 0))2/|Fn(0, 1, 0)]> = 0.70. We will assume
that the ratio remains the same at low temperature, and take
|FN(O, 1, 0)] as a fitting parameter.

The total structure factor at a given Q is then

Fot =Fmag+FNa @

and the measured intensities I are proportional to |Fio |2. Since
we integrate over intensities from twin domains, we still need
to take account of the inequivalent reflections that are com-
bined in this way. Let the primary domain be associated with
(H, K, 0); then, we will evaluate the effective intensity as

Ieff(H,K,O)=I(H,K,O)+C'I(K,H,O), (5)

where c is the relative intensity of the minority twin domains
relative to the main domain for the same Q. The value ¢ =
0.598 was determined from the intensities of the resolved twin
domains for the (400) and (040) reflections.

To check our assumed ground-state spin structure, we fit
the spin angle 6y = 6, = —6, along with the unknown param-
eters, A and |Fy(0, 1, 0)|, to the zero-field data. We did this
by evaluating x? on a three-dimensional parameter grid with
steps of 0.1°, 0.001, and 0.01, respectively. The global mini-
mum, with X2 = 15.2, occurs for 6y = 3.1°; for comparison,
x? rises to 15.6 at fy = 0. If we take an increase of x2 by 1 to
determine the uncertainty in parameters, then we find that 6,
could be as large as 8.8°. The fitted intensities are compared
with the measurements in Fig. 4(a). We will take 6y as a
measure of the octahedral rotation angle, so that cg = 3.1°.

-135-90 -45 0 45 90 135

61 (deg)
200 N T L DL L | L | L | L | T
(b) ap = 3.1deg
180 | 0y = 180deg — 0, -

100 1 1 1 1 1 1 1
-135-90 -45 0 45 90 135

0 (deg)

FIG. 5. (a) False-color plot of x2 vs 0, and 6, obtained in fitting
the high-field superlattice peaks with the noncollinear spin model.
Red dashed lines indicate valleys corresponding to 6, = 180° — 6;;
red squares indicate absolute minima. (b) Variation of x? vs 6, for
the condition 6, = 180° — 6.

It is interesting to note that, in the neutron diffraction study
by Reehuis et al. [5], it was found that the (010) peak intensity
grew on cooling from T > Ty to 10 K. They noted that if
the increase were attributed to magnetic scattering, it would
correspond to a moment of 0.060up along the a axis. The
moment along the b axis was determined to be 0.42up. In our
model, that would correspond to 6y = 8.1°, within the range
of uncertainty for our fit.

Next, we consider the high-field data. Here, we use the val-
ues of A and |Fy(0, 1, 0)| determined from the zero-field data,
assuming that there is no significant field dependence. We
initially treated the rotation angles #; and 6, as independent
parameters. A plot of x? as a function of these two parameters
is shown in Fig. 5(a). Note that we expect to obtain 4 equiva-
lent minima, as the absolute spin direction is not constrained
and exchanging 6; and 6, does not impact the fit. We find
that the minima occur along the lines 6, = 180° — 6; (modulo
360°), indicated by dashed red lines, with the absolute minima
indicated by the red squares.

In Fig. 5(b), we plot x? along the line 6, = 180° — 6; as a
function of 6. Selecting one of the equivalent minima, we
have 0, = 69° and 6, = 111°. The spin-flip model of Thio
et al. [29] corresponds to 6; = 0°, and we see that it gives
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FIG. 6. Schematic of the high-field noncollinear spin model with
the optimal 8, = 69°, 6, = 111°; symbols have the same meaning as
in Fig. 1.

a much poorer fit to the data. The calculated peak intensities
for the two models are compared with the measured ones
in Fig. 4(b). The optimized high-field spin configuration is
shown in Fig. 6.

V. SUMMARY AND DISCUSSION

Previous neutron diffraction tests [4,5] of the magnetic-
field-induced transition to the weak ferromagnetic phase
observed changes in the intensities of the (100) and (210)
magnetic peaks that were qualitatively consistent with the
original proposal that Cu spins in half of the CuO, planes
flip their direction at the transition [29]. Our quantitative
analysis of several peaks indicates a better fit with a model
that treats the layers in a more uniform fashion, allowing
for field-induced spin rotations to result in a noncollinear
state. We find that the spin orientations in neighboring layers
change from 6, 4+ 6, = 0 in zero field to 6, + 6, = 180° in
high field, where in each case 6, and 6, are nonzero. (These
equations also describe the spin-flip model, but with §; = 0 in
both field cases.)

This result is intriguing on its own, but we think it also has
relevance to understanding other experimental observations.
For example, we have already mentioned the peak in the
magnetic susceptibility observed at 7y when the magnetic
field is applied along the c axis [29,30]. That situation became
more complicated when measurements on a detwinned crystal
revealed that there was also a peak in the susceptibility when
the field is applied along the orthorhombic b axis [30]. A
theoretical analysis including both the DM and pseudodipolar
direct exchange interactions provided a qualitative description
of this effect, assuming that the lattice symmetry corresponds
to space group Bmab [47]. We suggest that including the

slight in-plane canting of the spin directions due to the small
adjustment of the octahedral tilt axes in space group P2;11
[14] may lead to better agreement with experiment [30].

Another related issue is the static spin-stripe order
observed in Lajg7sBag 125CuO4 [48], which has the low-
temperature tetragonal (LTT, space group P4,/ncm) structure
[49,50]. The pinning of the spin direction generally depends
on anisotropy of the exchange interactions, which requires
consideration of both spin-orbit and Coulomb exchange inter-
actions [37,39]; for coupled spin ladders without anisotropic
interactions, an unreasonably large exchange coupling be-
tween neighboring ladders (across charge stripes) is necessary
to achieve order [51,52]. (A small energy gap of ~0.7 meV
in the spin excitations, as expected for anisotropic spin cou-
plings, was observed at low temperature [53].) For in-plane
magnetic field, the anisotropy of the spin-flip transition with
field relative to the Cu-O bond directions is consistent with a
zero-field orientation of spins perpendicular to the octahedral
tilt axes, which corresponds to orthogonal spin directions in
neighboring planes [54]. There have been conflicting predic-
tions [37,40] for the Cu spin orientation in cuprates with LTT
structure, where experimental results [17] are more consistent
with [37]. Our result provides another experimental constraint
that requires a consistent understanding.

A related puzzle in La; g75Bag 125CuQy is the observation
of a finite magneto-optical Kerr effect that onsets with the
transition to the LTT phase [55] where charge-stripe order
onsets [48,50,56]. It was measured with a technique such that
the finite Kerr effect implies time-reversal symmetry breaking
[57,58]. Further measurements provided evidence for chirality
in association with the Kerr effect [59]. Theoretical analyses
have considered the possibility of chiral-nematic charge order
[60] as well as charge stripes plus spin-orbit coupling [61].
DM interactions are a logical spin-orbit effect to expect, and
combining nematic spin-stripe order with the charge stripes
might provide a basis for understanding the Kerr effect results,
especially if there are interesting correlations between neigh-
boring layers along the ¢ axis. A very recent x-ray diffraction
study [62] has provided evidence of a structural coupling
between charge stripes in neighboring layers. Whether this
coupling, plus spin-orbit effects, can provide the chirality
needed to explain the Kerr-effect results will require further
theoretical work.
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