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Magnetization and magnetoresistance have been measured in insulating antiferromagnetic

La2Cu0:97Li0:03O4 over a wide range of temperatures, magnetic fields, and field orientations. The

magnetoresistance step associated with a weak ferromagnetic transition exhibits a striking nonmonotonic

temperature dependence, consistent with the presence of Skyrmions.
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A remarkable manifestation of complexity in magnetic
systems is the emergence of topologically nontrivial
arrangements of spins, such as Skyrmions [1]. These are
‘‘knots’’ in an otherwise ordered spin texture, which be-
have as excitations with particlelike properties. Skyrmions
are stabilized by a magnetic field B in several ferromag-
netic (FM) metals [2–5], where they manifest themselves
in the electronic transport [2–4,6,7], or they form a detect-
able periodic Skyrmion lattice [5]. Skyrmions have been
predicted to emerge also in the ground state of doped
antiferromagnetic (AFM) insulators [8–10], but the iden-
tification of such isolated Skyrmions is a challenge.
Neutron scattering, for example, would not be a definitive
probe, since Skyrmions here do not form a lattice, while
their possible signatures on transport may be screened by
the insulating character of the carriers.

In a FM system, a charge carrier with the spin aligned to
the magnetic background preserves its metallic character
with a mass renormalization due to scattering by low-
energy spin waves. Thus, the more complex spin excita-
tions associated with topologically nontrivial magnetic
textures have characteristic signatures in transport. This
is indeed the case for Skyrmions in the polarized quantum
Hall state of a two-dimensional electron gas [2,3], in
colossal magnetoresistance (MR) manganites [4], and
in the three-dimensional FM MnSi [6,7]. In a doped
AFM insulator, the description of transport is complex
already in the topologically trivial AFM ground state, since
the carriers cannot move without inducing spin-flip scat-
tering [8,11]. If, however, the external B field causes a
change in transport that depends on the configuration of the
spin background, the MR becomes a key probe to identify
signatures of anomalous spin textures. This situation
can be realized in the AFM insulator La2CuO4, lightly
hole doped with Li. Here we show that the striking non-
monotonic temperature (T) dependence of the MR step

associated with a B-induced magnetic transition is consis-
tent with the Skyrmion formation.
La2CuO4, the parent material of La2Cu1�xLixO4, is a

Mott insulator with a residual AFM coupling between the
S ¼ 1=2 spins located at the Cu2þ ions, forming a nearly
square lattice with a small orthorhombic distortion [12]
[Fig. 1(a)]. A small antisymmetric Dzyaloshinskii-Moriya
(DM) exchange between neighboring moments causes
a uniform canting of the spins, leading to a weak ferro-
magnetism per CuO2 plane, along with AFM ordering
[Fig. 1(a)]. When La2CuO4 is doped with charge carriers,
e.g., via Sr or Li substitution, the carriers frustrate the

FIG. 1 (color online). (a) Orthorhombic crystal structure of
La2CuO4; Li replaces Cu in CuO2 (ab) planes. The spins on the
Cu atoms have the AFM order with the large staggered compo-
nent n0 along b and small FM components L ¼ D� n0 along c
(D, DM vector, aligned along a). The weak FM moments have
staggered order along c at B ¼ 0. (b) This AFM background
becomes deformed near Li sites, via Skyrmion formation. For
simplicity, we show the Skyrmion configuration of the FM
moments only. The circle represents the Skyrmion core size �.
(c) Weak FM moments around the Li site across the weak FM
transition: due to Skyrmion formation, spins have a FM order
inside a distance of the order of � at B< Bc and AFM outside it,
while the reverse is true for B> Bc.
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magnetism, leading in both cases to a strong reduction of
the Néel temperature TN [13,14]. Different types of mag-
netic textures may be stabilized depending on the geometry
and character of the dopants. For example, the diagonal
incommensurate magnetic signatures reported by neutron-
scattering experiments at very low (insulating) doping (x)
[15] when Sr2þ replaces La3þ on top of a 4-Cu plaquette
can be explained well by the formation of local spin spirals
[8,16]. At higher x, the incommensurate magnetic signa-
tures, now rotated by 45�, have been consistently attributed
to the emergence of spin and charge stripes [17]. The
substitution of Liþ for Cu2þ in plane, on the other hand,
may stabilize the formation of Skyrmions [10] that are
obtained, roughly speaking, by reversing the average spins
in a finite region of space around the dopant [Fig. 1(b)].
At low x, Skyrmions are expected to affect only the tails of
NMR or neutron line shapes [10], making any unambig-
uous interpretation difficult, but even this has not been
reported so far. Here instead we take advantage of the
weak FM moments to tune the orientation of the AFM
background using a uniform B. This gives rise to magneto-
transport that is sensitive to the spin configuration around
the dopants, and consequently to its nontrivial textures.
The resulting MR data on AFM La2Cu0:97Li0:03O4 are
consistent with the presence of local Skyrmions.

A high-quality La2Cu1�xLixO4 (Li-LCO) single crystal
with a nominal x ¼ 0:03 was grown by the traveling-
solvent floating-zone technique [18]. Magnetization M
was measured in a standard superconducting quantum
interference device magnetometer in 0:1 � BðTÞ � 7
applied either parallel or perpendicular to the CuO2 (ab)
planes. The in-plane resistance R was measured on a bar-
shaped sample with dimensions 2:2� 0:57� 0:41 mm3

using a standard four-terminal ac method (� 7 Hz) in the
Ohmic regime. The contacts were made by evaporating Au
and annealing at 700 �C in air. MR was measured by
sweeping either B k ab or B ? ab at constant T in the
5–190 K range. The sweep rates were low enough to
avoid the heating of the sample due to eddy currents.

In La-based AFM systems, the easy axis for the spins is
the longest (b) of the two in-plane orthorhombic directions
[19]. The DM vector D is oriented along a, the AFM order
parameter n0 along b, so that the weak FM moments
L ¼ D� n0 are parallel to c [Fig. 1(a)]. One signature
of the presence of the weak FM moments is a peak in the
magnetic susceptibility at TN , such that it is more pro-
nounced for B k c than for B k b [20,21]. This is indeed
observed also in Li-LCO [Fig. 2(a)]. Since the sample is
twinned, the B direction within the plane is not specified,
but only twins having B k b contribute to anomalies
in M (and resistivity �). TN is suppressed by both B k c
[Fig. 2(b)] and B k ab (not shown). Moreover, the low-T
upturn of M is similar to that in undoped and Sr-doped
La2CuO4 (LSCO) [21], and thus it is irrelevant to the
Skyrmion formation. A second signature of the weak FM
moments is found inMðBÞ at fixed T. Because of the weak
interplane AFM coupling, the weak FM moments have a

staggered order along the c axis [Fig. 2(c) inset (c1)].
A sufficiently large field Bc k c can overcome the inter-
plane AFM coupling and induce a discontinuous spin-flop
reorientation in both the weak FM and the large AFM
components [Fig. 2(c) inset (c2)], causing the so-called
weak FM (WFM), first-order transition [19,20,22]. This
results in a jump �MðTÞ at BcðTÞ [22,23] [Fig. 2(c)].
Both �MðTÞ and BcðTÞ decrease with T [20,22,23], fol-
lowing the decrease of the staggered magnetization n0ðTÞ
due to thermal fluctuations [19]. For B k b, the weak FM
moments induce a continuous rotation of n0 in the bc plane
[19,24] [Fig. 2(d) inset], so that MðBÞ increases smoothly
[Fig. 2(d)]. Thus the magnetic properties of Li-LCO re-
semble very much those of Sr- and O-doped La2CuO4

[20,21,23] where Skyrmions cannot form.
At very low x, the motion of the holes may be described

as the hopping of (spinless) charges in the two AFM
sublattices [8,11]. Because of orthorhombicity, the major-
ity of holes have momenta close to ð�=2;��=2Þ [25];
i.e., the most relevant pocket is the one along the b direc-
tion. When the Coulomb potential provided by the dopant
is taken into account, the holes get localized, with a typical
2D pancakelike exponential envelope c ðrÞ � expð�r=�0Þ
(r, planar distance from the impurity site; �0, localization
length) [25]. The low-T electronic transport is then ex-
pected to occur via variable-range hopping (VRH) between

FIG. 2 (color online). (a) M vs T for B k c and B k ab. The
B k ab curve is shifted up by 3:5� 10�3 emu=g. (b) M vs T for
several B k c. The curves at 1 and 0.1 T are shifted down by
1:5� 10�3 emu=g and 1� 10�3 emu=g, respectively. Arrows
denote the Néel temperature; TNðB ¼ 0Þ � 180 K. (c) M vs B k
c at different T. The arrows denote the direction of B sweeps.
Insets: Spin configuration for (c1) B ¼ 0 and (c2) B> Bc, where
Bc is the critical field for the spin-flop transition [medium gray
(red) and dark gray (blue) arrows, full Cu spins; light gray
(green) arrows, weak FM moments]. (d) M vs B k ab at T ¼
5 K. Inset: Continuous rotation of spins in the bc plane for B k
b, where Bð2Þ

c is the saturation field. Dashed lines guide the eye.

PRL 106, 227206 (2011) P HY S I CA L R EV I EW LE T T E R S
week ending
3 JUNE 2011

227206-2



localized states [26] at a characteristic hopping distance
rhðTÞ. Indeed, the insulating behavior of R [Fig. 3(a)]

follows a 2D VRH form R/ expðT0=TÞ1=3 (T0 ¼ 3753 K)
for T < 23 K, and it crosses over to R / expðEA=TÞ
(EA ¼ 313 K) at higher T [27], similar to the behavior of
other La-based AFM samples [12].

The in-plane MR ½RðBÞ=Rð0Þ � 1� at first glance
also resembles that of AFM LSCO [22,24]. For example,
for B k ab, the MR is negative, decreases continuously with
a tendency to saturate above some threshold field [Fig. 3(b)],
and its overall magnitude increases monotonically as T is
reduced [Fig. 3(c)]. For B k c, MR is also negative, with a
steplike decrease [Fig. 3(d)] at the same critical field Bc

where the WFM transition occurs and the uniformM shows
a jump [Fig. 2(c)]. Moreover, both M [Fig. 2(c)] and MR
[Fig. 3(d)] exhibit a hysteresis associated with a first-order
phase transition. However, as shown below, it is the non-

monotonic T dependence of the MR magnitude [Fig. 3(e)]
and j�Rj=R [Fig. 3(f)], the MR step size at Bc, that signals
the formation of Skyrmions in the ground state of AFM
Li-LCO. At high T, j�Rj=R grows with decreasing T as
expected, but unlike AFM LSCO [22], it exhibits a dramatic
reversal of the behavior below T � TS ¼ 35 K, and starts to
decrease as T is reduced further. We attribute this decrease
to the progressive emergence of Skyrmions of increasing
core size that suppress the interlayer tunneling process re-
sponsible for the negativeMR in doped AFMLa2CuO4 [25].
In general, holes can only tunnel between planes along

the direction of FM order of the spins: b at B ¼ 0 [Fig. 1(a)]
and a above the WFM transition. However, since the hole
momentum is close to ð�=2;��=2Þ due to orthorhombicity,
this hopping process is suppressed at B ¼ 0. It becomes
possible only above the WFM transition [27], modifying
the in-plane wave function as c BðrÞ ¼ fðr; BÞc 0ðrÞ (c 0;B

are the wave functions at zero and finite B, respectively).
In the hopping-conductivity scheme described above,

R� jc ðrhÞj�2, so that the MR is given by RðBÞ�Rð0Þ
Rð0Þ ¼

�ð1� jc 0ðrhÞj2
jc BðrhÞj2Þ. At the typical length scale rhðTÞ for hop-

ping,fðrh; BÞ ’ 1þ �½rht?ðBÞ�2 > 1 [25], leading to a neg-
ativeMR, as observed in Figs. 3(b), 3(d), and 3(e). Here t? is
the interlayer hopping and � ¼ 2=ð�0�0Þ2 (�0, the localiza-
tion energy of the hole bound state). When B k b, t?ðBÞ ¼
t0 sin�ðBÞ increases continuously with B [Fig. 3(c) inset];
here �ðBÞ is the angle with the b direction that spins form
in their smooth rotation in the bc plane (see also Ref. [24]).
However, for B k c, t?ðBÞ jumps discontinuously [Fig. 3(d)
inset] from zero to the maximum value t0 at the critical field
Bc. Hence, the MR is continuous [24] for B k b [Fig. 3(b)],
while it is discontinuous [22,23] for B k c [Fig. 3(d)].
In this picture, the T dependence of the step size j�Rj=R

is determined by rhðTÞ and t?ðTÞ. As the transport crosses
over from the activated to the VRH regime [where rhðTÞ �
�0ðT0=TÞ1=3] at low T, rhðTÞ increases with decreasing T,
and one expects only a monotonic increase of the MR
magnitude. This is indeed observed for B k b [Fig. 3(c)]
and in AFM LSCO [22]. Since the MR behavior is inti-
mately related to the AFM order, any mechanism that leads
to a global reduction of theAFMorder parameter n0ðTÞmay
be expected to contribute also to a suppression of j�Rj=R.
However, the low-T drop of j�Rj=R cannot be ascribed to
any such mechanism, since the magnetization step�MðTÞ,
which is proportional to n0ðTÞ [19], increases continuously
in the same T range [Fig. 3(f)]. This rules out, for example,
spin glassiness, which is known to reduce �MðTÞ in AFM
LSCO [28], but which here sets in only below 7–8 K [18]. It
also rules out a structural change of the kind observed in
La1:79Eu0:2Sr0:01CuO4 [29], although none have been re-
ported on Li-LCO in our T range. Charge glassiness, which
gives rise to a positiveMR, is also not relevant, as it sets in at
much lower T [30]. Thus the only mechanism that can lead
to a decrease in j�Rj=R is the local suppression of t?, as it
happens when a Skyrmion forms.

FIG. 3 (color online). (a) � vs T at B ¼ 0. (b) MR for B k ab at
several T. (c) MR vs T at 18 T for B k ab. Inset: Sketch of the
weak FMmoments (blue arrows) and the corresponding interlayer

hopping t? for B k ab (t0, maximum value of t?; B
ð2Þ
c , saturation

field). (d) MR for B k c at three selected T. Arrows denote the di-
rections of the B sweeps. Inset: Weak FM moments (blue arrows)
before and after the weak FM transition at Bc and the correspond-
ing field-induced t?. (e) MR for Bkc at 15�TðKÞ�190. (f) The
nonmonotonic T dependence of the MR step size shown in (e),
and the monotonic decrease of the magnetization step with T. The
dashed line guides the eye. The calculations of the MR step size in
the presence and in the absence of Skyrmions [27] are also shown.
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Close to the Li impurity position r ¼ 0, where the
Skyrmion is centered, n0 is nearly fully reversed with
respect to the equilibrium direction and recovers only at
distances r � � [�, the characteristic length scale fixing
the core size of the Skyrmion; Fig. 1(c)]. At B ¼ 0, the
ordering of spins in the two neighboring layers, the one
with the impurity and the one above it, is nearly FM within
a distance of the order of �. For B> Bc, a full reversal
of both weak FM and staggered moments occurs: the
ordering of the magnetic moments within a distance �
from the impurity is AFM [Fig. 1(c)], and t? is suppressed
for distances up to r ’ �. Thus, if the formation of
Skyrmions suppresses t? in fðrh; BÞ, the MR step size is
expected to decrease. By modeling the gradual increase of
� as T is lowered [27], we have reproduced [Fig. 3(f)] the
observed nonmonotonic behavior in j�Rj=R for Bkc,
characterized by a pronounced downturn below TS¼35K.
This behavior is contrasted to the smooth and monotonic
increase in the case where no Skyrmions are formed [25].
Since � obtained in our analysis is of the order of 1 lattice
spacing [27], such nearly pointlike Skyrmions will interact
very weakly among themselves and they are not expected
to cause significant changes in bulk quantities, such as M.
They will be crucial, however, in suppressing local pro-
cesses, such as the vertical tunneling around the impurity,
associated with the negative MR effect.

Skyrmions carry a nonzero topological charge, Q � 0,
and a Skyrmion configuration is orthogonal to the Q ¼ 0
Néel state. In order to stabilize a Skyrmion at T ¼ 0, the
hole state must modify the topology of the CuO2 layers.
Since the spins on the four nearest neighbors to the Li sites
belong to the same AFM sublattice [Fig. 1(a)], the local-
ized hole wave function can be labeled by the eigenvalues
of the orbital angular momentum: ‘ ¼ 	1 (excited states)
or ‘ ¼ 	i (lowest energy states) [9]. The ‘ ¼ 	i eigen-
states have circulation associated with them, describing a
localized hole orbiting around the Li center [9]. The asso-
ciated, nonzero spin current induces the Skyrmion defor-
mation of the AFM background [9,10]. This circulation
might, or might not, be affected by an applied B, depending
on whether the original symmetry of the problem is
preserved. For B k c, the symmetry is preserved, ‘ ¼ 	i
are still good quantum numbers, and Skyrmions survive the
applied B. For B k ab, on the other hand, the symmetry is
broken, the ‘ ¼ 	i states become mixed, causing the
quenching of the hole angular momentum, and eventually
Skyrmion formation is suppressed. As a result, j�Rj=R
increases monotonically as T is lowered [Fig. 3(c)], as
expected without Skyrmion formation [see theory curve
in Fig. 3(f)]. Such a monotonic increase is indeed observed
in both B k ab and B k c for Sr doping [22], where
Skyrmions cannot occur since the hole orbital angular
momentum is always quenched, from the start, by the
mixing between the two sublattices around the position
of the Sr dopant. For vanishingly small B k ab, however,
Skyrmions might still be favorable and induce a nonmono-
tonic behavior for j�Rj=R, but probably for T much lower

than those accessed in our experiment. Thus, what matters
for the Skyrmion formation is the local structure of the hole
wave function at the Sr or Li sites, not the way transport
occurs. Indeed, in the AFM phase of interest, both LSCO
[24] and Li-LCO show similar VRH or activated behavior,
with differences emerging only at higher doping [13,14].
In summary, the low-T magnetic and transport proper-

ties of the AFM La2Cu1�xLixO4 provide the first experi-
mental support for the predictions of Skyrmions in AFM
insulators. Our work may offer new insights into the
mechanisms that can stabilize or suppress topological
excitations in complex magnetic systems.
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