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Muon spin rotation experiments in zero magnetic field and magnetization measurements have been carried
out in a single crystal of spin S=1 /2 double chain cuprate LiCu2O2 over a temperature range of 2–300 K. In
the antiferromagnetic state we find a bound state of an electron around the muon—the magnetic polaron—with
the electron wave function confined within R=0.55�0.05 nm. Electron localization in this form persists up to
31 K, well above TN=24.7 K.
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In many materials, interaction of conduction electrons
with the medium is strong enough to qualitatively change the
state of the carrier. The general picture depends critically on
the adiabaticity of its interaction with excitations of the en-
vironment. In systems with large electronic bandwidth EB
such that EB�� �the characteristic phonon frequency�, car-
rier transport can be accurately described in the framework
of the adiabatic approximation �Fermi-liquid theory�. In nar-
rower band systems, carrier motion becomes nonadiabatic as
it is followed “instantaneously” by phonon modes and is best
thought of as a quasiparticle—a polaron1—whose mobility is
drastically decreased �the lattice polaron �LP��.

In a magnetic material, the exchange interaction between
conduction electrons and localized spins creates an addi-
tional channel for electron localization. In metals, where the
exchange coupling parameter I is small compared to the
Fermi energy EF, the effects of the exchange are modest, as
illustrated by the Kondo effect. In magnetic semiconductors
�MSs�, however, the exchange coupling is strong2 while the
kinetic energy of the free carriers is small as they occupy
energy levels close to the bottom of the conduction band.
Then the opposite limit �EF� I� may be realized, dramati-
cally influencing the electron state. In particular, the ex-
change interaction between the free carrier and magnetic ions
may cause electron localization into a ferromagnetic �FM�
“droplet” on the scale of the lattice spacing in a paramagnetic
�PM� or antiferromagnetic �AF� “sea.2,3” The charge carrier
coupled to its immediate FM environment together behave as
one entity, referred to as a magnetic polaron �MP�, with a
large composite spin S.

The MP concept now forms the basis for numerous stud-
ies of MS and related materials. In particular, the remarkable
transport and optical properties of these materials are dis-
cussed in the framework of MP formation.4 Recent direct
observations of the magnetic polaron in the PM phase of
SmS �Ref. 5�, EuS, EuO, EuSe, and CdCr2Se4 �Ref. 6� have
revealed electron localization within a FM cluster about 0.6
nm across �i.e., the first coordination sphere� due to ex-

change interaction with Eu�Cr� magnetic moments. In EuS,
the composite spin of the MP thus formed is determined5 to
be S=36�4.

In ferromagnetic MS, below the transition temperature Tc
the lattice spins are already aligned; the exchange coupling
of the carrier with these spins is then of no particular signifi-
cance. In fact, as the magnetization develops toward low
temperature, the electron avoids localization at temperature
higher than Tc. In contrast, in AF semiconductors the mag-
netization decreases as T→TN from above. The carrier may
then be localized even at zero temperature.3,7

The scaling approach to both lattice8 and magnetic9 po-
larons has shown that the conditions for polaron formation
depend critically on the dimensionality of the system. In a
three-dimensional �3D� system, the LP is separated by an
energy barrier from the free carrier state while in two-
dimensional �2D� and one-dimensional �1D� systems the LP
forms without any energy barrier.10 The MP is most stable in
a 1D AF; in a 3D lattice the MP is stable only when it is
bound to some center �the so-called bound magnetic polaron
�BMP��.11,12 Thus polaron formation is encouraged by the
general tendency of the electronic bandwidth EB to be nar-
rower as the dimensionality gets lower.2

Studies of polaron formation and transport in low-
dimensional systems are also motivated by considerations of
charge transport within the CuO2 planes in superconducting
cuprates. In most of these materials, holes created by sub-
stituent doping or variable oxygenation cause a transition
from an insulating AF parent compound to a “strange metal”
that becomes superconducting below Tc. Their discovery
prompted early theoretical attempts to explain the origin of
high-Tc superconductivity in terms of magnetic
interactions.13–15 Some of the proposed models involve local
magnetic order around a localized carrier. �For a recent re-
view, see Ref. 16 and references therein.� A hole may be
localized by the combined effects of charge-phonon interac-
tion, causing local distortion of the lattice �LP-like�17 and
spin-charge interaction leading to a local distortion of the AF
order �MP-like�.18
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The general problem of a charge carrier in an AF lattice
has been studied within the Hubbard or t-J models. This
problem is intimately connected to formation of the spin po-
laron �SP�: at low temperature, the competition between the
kinetic energy of the hole ��t� and the �super�exchange in-
teraction ��J� results in localization of the hole in the dis-
torted AF environment.19 A numerical solution20 shows that
the MP exists if �t /J� is larger than some critical value
�t /J�c�50. If �t /J�� �t /J�c, the so-called “string SP” is be-
lieved to be a more favorable excitation.19

One-dimensional S=1 /2 AF compounds based on copper-
oxide “chains” or “ladders” form a family related to the
high-Tc cuprates. Both transport properties and electronic
structure of these materials also involve considerations based
on the Hubbard model. Compounds with coupled S=1 /2
chains are particularly interesting as they represent a struc-
ture intermediate between 1D and 2D systems. Within this
family, long-range AF order has been found in systems with
zigzag chain structure �SrCuO2� �Ref. 21� and with weak
�Sr2CuO3 and Ca2CuO3� �Ref. 22� or comparatively strong
�LiCu2O2� interchain exchange interaction. The latter has re-
cently received special attention23–28 because of expected
quantum effects. In this Rapid Communication we report ob-
servation of BMP formation in LiCu2O2.

LiCu2O2 has a layered orthorhombic crystal structure
�space group Pnma�. It is a mixed-valent compound whose
unit cell contains equal numbers of Cu1+ and Cu2+ ions.24,25

Its magnetism is due to two linear Cu2+ chains that run along

the b̂ axis and form a zigzag ladderlike structure, with these
ladders being effectively isolated from each other by chains
of Li and O ions in the â direction and the layers of nonmag-
netic Cu1+ ions along the ĉ direction.23,25 Competition be-
tween a combination of nearest-neighbor FM and next
nearest-neighbor AF interactions and an additional long-
range AF coupling causes magnetic frustration. As a result of
this frustration, a spiral �helicoidal� magnetic structure is re-
alized below TN�24 K.23 Magnetization,25,27,28 ESR,25

specific-heat,24,25 muon spin rotation ��+SR�,24 neutron,23,28

dielectric,27,28 angle resolved photoemission spectroscopy,
and optical26 studies all reveal that long-range AF order sets
in at TN between 23 and 25 K. Note, however, that previous
experiments23–28 were all carried out in multidomain
�twinned in the ab plane� single crystals of LiCu2O2.

For the current measurements a single crystal of LiCu2O2
was grown in an alundum crucible using a self-flux tech-
nique. X-ray diffraction measurements at room temperature
�using monochromatic Cu K� radiation� have revealed no
traces of any parasitic phases. The sample exhibits no 90°
twinning within the ab plane: a single-domain pattern is
clearly seen in Fig. 1. Crystalline mosaicity does not exceed
0.3° �full width at half height�. The lattice parameters
�a=0.5716�1� nm, b=0.2864�1� nm, and c=1.2416�2� nm�
are close to those reported in previous publications. The
sample is clearly an insulator: its resistance at room tempera-
ture exceeds 107 �.

Superconducting quantum interference device measure-
ments in a magnetic field of H=10 Oe applied along the c
axis were used to determine TN=24.7�2� K in our sample in
close agreement with earlier experiments.24,25,27 The sharp-

ness of the transition from the AF to the PM state ensures the
absence of any parasitic magnetic phases.

Time-differential �+SR measurements in zero magnetic
field �ZF� with 100% polarized positive muons implanted
into this single-domain LiCu2O2 crystal were carried out on
the M20 surface muon channel at TRIUMF using the Helios
spectrometer. The crystal was oriented with its ĉ axis along
the muon momentum and perpendicular to the muon polar-
ization.

Positive muons are used as a local magnetic probe on the
nanometer scale.29 Each muon stopped in the lattice �typi-
cally at an interstitial site� experiences the combined effect
of external and local magnetic fields; its magnetic moment
precesses at the characteristic frequency 	�=
�B, where

� /2�=135.5388 MHz /T is the muon magnetogyric ratio
and B is the magnetic field at the muon site. Thus the �+SR
technique offers extreme sensitivity to the detection of inter-
nal magnetic fields of electronic and/or nuclear origin.

In magnetic materials, �+SR measurements have long
been employed to determine local magnetic fields at the
muon site as this provides information on the local magnetic
environment.29 One advantage of �+SR over other magnetic
techniques is its ability to reveal local magnetism in zero
external field �ZF-�+SR� since the muons arrive into the lat-
tice 100% polarized. Thus observation by ZF-�+SR of co-
herent muon oscillations at a single characteristic frequency
	� in an AF material �with long-range magnetic order� gives
an unambiguous measure of the local magnetic field at the
muon site. Once long-range order is lost above TN, no coher-
ent ZF-�+SR oscillation is observed.29

Observation of several different oscillatory signals is also
possible in the ordered phase. This is typically taken as evi-
dence that muons occupy several magnetically inequivalent
lattice sites. However, all such signals are expected to disap-
pear above TN.

At low temperature, ZF-�+SR spectra in our LiCu2O2
crystal exhibit spontaneous muon spin oscillations, as ex-
pected in the ordered phase. Typical ZF-�+SR spectra are
shown on Fig. 2.

FIG. 1. �Color online� Selected reflections �left, red online:
�800�; right, blue online: �040�� of XRD pattern at T=300 K from
two orthogonal sides of the LiCu2O2 crystal. Single-domain pat-
terns are clearly seen.
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In this case there are two signals at different frequencies
�in agreement with previous �+SR measurements24�, as
shown in the inset to Fig. 3, which presents the temperature
dependence of the two frequencies.

Well below TN, our �+SR spectra are similar to those in
previous �+SR studies.24 Accordingly, they were fit to a
combination of two oscillatory and one nonoscillatory sig-
nals similar to that used by Roessli et al.,24 giving an ad-
equate description of the raw data �Fig. 2� with similar fitted
parameters at low temperature. Above TN, however, this re-
semblance is lost. In our experiment, the two-frequency
pattern is observed up to at least 31 K, well above
TN=24.7�2� K. This discrepancy may come from the differ-
ence in quality of the samples used: experiments in Ref. 24
were carried out in a sample which consisted of “approxi-
mately ten crystals” arranged as a mosaic. X-ray studies of

those crystals showed that they contained �3% of a parasitic
Li2CuO2 phase.24

Based on this observation we conclude that the local mag-
netic environment around the muon is fundamentally differ-
ent from the rest of the crystal: coherent muon spin oscilla-
tions are impossible in the disordered phase expected above
TN. As the muon creates its own local environment, it does
not notice the successive phase transitions at TN1

=22.5 K
and around TN2

=2–25 K detected by heat capacity measure-
ments in LiCu2O2.24

In insulators30,31 and semiconductors,32,33 the positive
muon can bind an electron to form a muonium �Mu� atom
analogous to a hydrogen atom in which the proton is re-
placed by a muon.29 A positive muon thus acts as Coulomb
attractive center for electron localization.34 In an array of
magnetic ions, the long-range Coulomb interaction ensures
initial electron capture while the short-range exchange inter-
action provides further localization into a MP bound to the
muon. This phenomenon of BMP formation in a PM has
recently been demonstrated in SmS �Ref. 5� as well as in
other magnetic semiconductors.6 In an AF in the BMP thus
formed, the increase in the electron kinetic energy due to
localization is expected to be compensated by the on-site
exchange interaction IS /2 of the electron with local spin S
combined with Coulomb interaction with the muon as op-
posed to the energy NJS2 required to flip N local spins S with
the effective exchange energy J of an AF to produce a FM
“droplet” within the radius R so that the change in the free
energy,

�F =

2

2mR2 − I
S

2
−

e2

�R
+ NJS2, �1�

has a minimum as a function of R—the radius of the elec-
tron’s confinement.5,9

In a strong magnetic field B, formation of such a BMP �a
Mu atom involving local spins� manifests itself as a two-
frequency precession with both signals positioned symmetri-
cally �except for a possible FM shift� about 	�=
�B.5,29

These signals correspond to two muon spin-flip transitions
between states with the same electron spin orientation �either
up or down� according to the Breit-Rabi Hamiltonian.29

We deduce B�0.09 T from the average of the frequen-
cies shown in Fig. 3, which is in the range of typical mag-
netic fields on the interstitial muon in AF materials. On the
other hand, the splitting of these lines provides a measure of
the muon-electron hyperfine coupling A, which is determined
by the probability density of the electron wave function at
the muon.29 In a magnetic field high enough that 
�B�A,
for a Mu atom with A�Avac=4463 MHz �the hyperfine cou-
pling for a Mu atom in vacuum� this splitting �	=A, inde-
pendent of temperature,5,29 as is the case in LiCu2O2 below
about 20 K �see Fig. 3�. From these measurements we de-
duce that A=3.5�3� MHz for the Mu atom �BMP� in
LiCu2O2. As a crude approximation, within the hydrogenlike
model the hyperfine coupling scales as 1 /R3, where R is the
characteristic Bohr radius of the corresponding 1s wave

FIG. 2. �Color online� Muon spin rotation/relaxation spectra in
zero magnetic field in LiCu2O2 crystal at different temperatures.

( )

(
)

FIG. 3. �Color online� Temperature dependence of the charac-
teristic pair of muon spin oscillation signals in a LiCu2O2 crystal.
Both signals persist well above TN=24.7�2� K. Circles and squares:
spectra taken with muon spin direction along the b axis. Triangles:
spectrum taken with muon spin direction along the a axis. Inset:
typical Fourier power spectrum �at T=18 K�.
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function. This gives R=0.55�5� nm; the corresponding
sphere is about the size of the entire unit cell of LiCu2O2,
which include about ten magnetic Cu2+ ions.

Electron localization into a BMP in LiCu2O2 is ensured
by the combined effects of the Coulomb and exchange inter-
actions. The leading role of the exchange interaction is ob-
vious from the fact that we do not see the Mu atom �BMP� at
higher temperature. The increase in the electron kinetic en-
ergy due to confinement is compensated by the difference in
exchange energy between the final FM and the initial AF
states. ESR line broadening in LiCu2O2 above TN is associ-
ated with short-range AF correlations25 which provide a sig-
nificant exchange contribution for electron localization
around the muon even 6 K above TN. Once these correlations
are lost, the electron avoids localization, the BMP does not
form, and we do not see characteristic two-frequency Mu
precession.

As the exchange coupling is the dominant source for the
electron localization and the localization radius is compara-
tively large in LiCu2O2, the role of the muon as a localiza-
tion center seems to be quite modest: exchange interaction
might ensure electron localization around any charged or
even neutral defect in the lattice.

In conclusion, we have detected electron localization into
a magnetic polaron bound to the positive muon in LiCu2O2.
The exchange interaction, with about ten magnetic Cu2+ ions,
is proposed to be the main source for electron confinement
within R�0.55 nm. This scenario of charge carrier localiza-
tion might apply to other low-dimensional cuprates, includ-
ing high-Tc materials.
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