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High transverse magnetic field and zero field muon spin rotation and relaxation measurements
have been carried out in a lightly oxygen-doped high-Tc parent compound La2CuO4 in a temperature
range from 2 K to 300 K. As in the stoichiometric compound, muon spin rotation spectra reveal,
along with the antiferromagnetic local field, the presence of an additional source of magnetic field at
the muon. The results indicate that this second magnetic order is driven by the antiferromagnetism
at low temperature but the two magnetic orders decouple at higher temperature. The ability of
µ+SR to detect this additional magnetism deteriorates with doping, thus rendering the technique
impotent to reveal time-reversal symmetry breaking in superconductors.

Superconducting (SC) cuprates exhibit a pseudogap
(PG) state with anomalous transport, magnetic, opti-
cal and thermodynamic properties [1, 2]. This enigmatic
state is believed to hold the key to the mechanism of high-
temperature SC (HTSC) but its nature is still a major
unsolved problem in condensed matter physics. Some
theories suggest that the PG is a disordered precursor to
the SC phase lacking phase coherence among preformed
pairs [3, 4]. However, mounting experimental evidence
associates the PG with a broken symmetry state accom-
panied by onset of charge density wave, nematic or mag-
netic orders [5–10].

In particular, the magnetic order causes time-reversal
symmetry breaking (TRSB). Angle-resolved photoemis-
sion spectra of Bi2Sr2CaCu2O8+x demonstrate sponta-
neous dichroism, an indication of a TRSB ordered state
[11]. Polarized neutron scattering (NS) experiments in
YBa2Cu3O6+x [5], HgBa2CuO4+x [12], La2−xSrxCuO4

[13] and Bi2Sr2CaCu2O8+x [14] reveal an intra-unit-cell
magnetic order. Its onset coincides with the known PG
boundary T ∗ [15]. The electronic state identified in those
experiments is qualitatively consistent with the model of
orbital current loops for the PG state [16, 17], gaining
further support from weak magnetic excitations detected
in cuprates [18, 19]. The puzzling part is the observa-
tion of large in-plane components of magnetic moments.
Possible explanations include a spin component due to
spin-orbit coupling [20], a quantum superposition of loop
currents [21], or a contribution from apical oxygen atoms
[22]. A recent study [23] suggests that T ∗ corresponds
only to the onset of the in-plane component.

Additional evidence for broken symmetry in the PG
region comes from high-precision polar Kerr effect (PKE)
measurements of cuprates [6, 24, 25]. The effect signals
TRSB but demonstrates unusual characteristics ascribed
to a chiral order [25]. The relation between the PKE
and NS observations is unclear: The characteristic PKE-
detected moments are tiny, about 4 orders of magnitude

smaller than those revealed in the NS experiments. The
onset of PKE occurs at a temperature which is noticeably
lower than T ∗ but is close to that of charge ordering,
prompting proposals in which fluctuating charge- [26] or
pair-density-wave [27] states induce spontaneous currents
with broken mirror symmetries.

Somewhat surprisingly, the magnetic order eludes de-
tection with local magnetic probe techniques, thus arous-
ing legitimate doubts on its intrinsic and universal na-
ture. The failure of nuclear magnetic resonance (NMR)
[10, 28] is certainly conspicuous — upper bounds on
static fields at oxygen sites are two orders of magni-
tude smaller than estimates for the current-loop order
[10]. Similarly unsuccessful is the search for orbital
currents with the Zeeman-perturbed nuclear quadrupole
technique [29]. It can be explained by a fluctuating char-
acter of the magnetic order, possibly induced by defects
[17], and a large difference in the characteristic correla-
tion times accessible by NMR and NS: the fluctuations
may be too fast for NMR causing dynamical narrowing
but fall within the time window of the NS technique.

In terms of the characteristic correlation times, muon
spin relaxation (µ+SR) techniques bridge the gap be-
tween NMR and NS, thus seeding expectations that the
magnetic order observed with NS may leave pronounced
fingerprints in µ+SR spectra. However, µ+SR experi-
ments in highly doped HTSC cuprates [30, 31] have not
detected the expected magnetic order. Among the ex-
planations put forward are again the defect-driven fluc-
tuating character of the order [17] but also screening of
the charge density in the vicinity of the muon [32]. Both
problems are absent in the insulating parent compounds
while the ordering may well be present should it be an
intimate feature of chemical bonding in CuO2 planes. In-
deed, orbital currents have been observed in the antiferro-
magnetic (AFM) phase of insulator CuO [33]. Following
this strategy we recently carried out µ+SR measurements
on single crystals of another parent compound, stoichio-
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metric La2CuO4 [34]. The transverse-field measurements
show characteristic splittings in the spectra indicating
the presence of a source of magnetic field additional to
AFM. The estimated magnitude and tilting of the local
moments are found to match those detected in the NS
experiments [34]. The main interest, however, concerns
doped cuprates which exhibit or approach the PG state.

In this Letter we present the results of µ+SR studies of
doped samples, namely La2CuO4+x. We follow the evo-
lution of the spectra with doping (x), temperature and
external magnetic field and demonstrate that the local
muon probe does detect a magnetic order distinct from
AFM in doped cuprates. The results also set limitations
on the applicability of µ+SR spectroscopy to such prob-
lems.

The current µ+SR studies employ stoichiometric
La2CuO4 and oxygen-doped La2CuO4+x with x=0.0075
and x=0.0085. Higher doping sets an insurmountable
hurdle for the µ+SR technique (see below). Single crys-
tals of La2CuO4+x are grown from CuO flux. The crys-
tal orientation, lattice parameters, and mosaicity (not
exceeding 0.05◦ along the ĉ axis) are determined with x-
ray diffractometry. To produce stoichiometric samples,
the surplus oxygen is removed by annealing in vacuum
for 168 h at 700 ◦C. The samples with x=0.0075 come
from annealing in air for 6 h at 900 ◦C, while x=0.0085 is
reached by similar annealing in oxygen (p=1 atm). The
oxygen concentration is determined from the lattice pa-
rameter c of orthorhombic La2CuO4+x using Vegard’s
law [35]. Time-differential µ+SR experiments, employ-
ing 100% spin-polarized positive muons, were carried out
on the M15 surface muon channel at TRIUMF using the
HiTime spectrometer.

The AFM behavior of the samples is well characterized
by zero field (ZF) µ+SR spectroscopy. Positive muons,
being a local microscopic magnetic probe, have proved to
be remarkably sensitive to any kind of magnetic order.
In La2CuO4 the muon stopping site is at a bonding dis-
tance from an apical oxygen on the plane bisecting an O-
Cu-O angle of the copper-oxygen plaquette [34]. Figure
1 demonstrates the temperature dependence of the ZF
muon spin precession frequency in all three samples. In
the case of stoichiometric La2CuO4, ZF-µ+SR spectra at
low temperature contain an additional small-amplitude
component associated with a second muon site [34]. Such
spectra are fitted by a 2-component spin polarization
function with exponential relaxation and common phase.
The second signal disappears below the background at
higher temperature in La2CuO4 (as in Figure 1) and
is not detected at all in the doped samples. The Néel
temperatures determined from the temperature depen-
dence of the muon frequencies are 325±5 K, 225±5 K and
170±5 K for La2CuO4, La2CuO4.0075 and La2CuO4.0085,
respectively. These values are in full agreement with
magnetization measurements: the inset of Figure 1 shows
the Néel temperatures of all 3 samples determined with
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FIG. 1: Temperature dependence of the muon spin preces-
sion frequency in ZF in La2CuO4 (red circles for 2-component
fit and black triangles for 1-component fit), La2CuO4.0075

(blue squares) and La2CuO4.0085 (green diamonds). Inset:
Néel temperatures determined for the samples with SQUID
(red circles) and ZF-µ+SR (blue triangles) plotted against the
boundary line for the 3D-AFM state of La2CuO4+x.

SQUID and ZF-µ+SR superimposed on the phase dia-
gram of La2CuO4+x [35].

The difference between the samples is not limited to
signal frequencies and their temperature dependences —
the envelope of spectra also changes. Figure 2 shows the
evolution of ZF-µ+SR spectra at 50 K with oxygen dop-
ing, in both time and frequency domains. One can see
that even small doping results in significant broadening of
the spectra. Probably inhomogeneities in the oxygen dis-
tribution cause magnetic field inhomogeneities, increas-
ing the linewidth of the µ+SR signal. Such µ+SR line
broadening may prevent detection of magnetic order, es-
pecially in heavily doped cuprates.

Like the NMR studies, broad ZF-µ+SR spectra do not
reveal any additional magnetism (AM). However, in or-
der to reconcile the experimental facts accumulated so
far, one has to appreciate pecularities of the techniques.
Indeed, comparatively long characteristic times may ex-
cuse NMR, but the µ+SR technique should be able to do
the job when the sample is close to be insulating so that
the charge screening effect does not apply. In fact, µ+SR
is expected to be better suited for the task than neu-
trons as it “measures” in real space and “sees” roughly
only the first coordination sphere around the muon, while
NS is essentially a k-space technique requiring a substan-
tial correlation length for the neutron to be effective as
a magnetic probe.
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FIG. 2: (a) Time-domain spectra of muon spin precession in
ZF at 50 K in La2CuO4 (green line), La2CuO4.0075 (red line),
and La2CuO4.0085 (blue line); (b) Fourier transforms of the
same spectra.

For detection of AM we resort to transverse field (TF)
µ+SR studies, which are often helpful in revealing dif-
ferences in local magnetic fields that are hidden from
ZF-µ+SR spectra. Figure 3 presents µ+SR spectra for
the doped samples in a transverse magnetic field of 1 T
at different temperatures. The corresponding spectra for
the stoichiometric La2CuO4 are given in Ref. [34]. The
central line at about 135.6 MHz comes from muons that
miss the sample and stop in a nonmagnetic environment.
In the case of AFM there should be only two signals
besides the central one. Additional peaks indicate the
presence of AM. Namely, each of the two AFM signals
on both sides of the central line is further split into two.
In fact, the spectra are those expected for a combination
of the AFM order and the AM detected by NS in highly
doped cuprates. Such form of spectra is also the one ex-
pected for the model of orbital current loops in cuprates
[16, 17, 34]. As in the ZF spectra, doping leads to broad-
ening of the signals and the extra (additional to AFM)
splitting becomes smeared. The study of signal splittings
in La2CuO4 for different directions of the external mag-
netic field [34] allowed us to determine the magnetic field
vector at the muon. This information is sufficient to rule
out some of the proposed models for AM in cuprates [34].
However, all those conclusions are valid only if the split-
ting is indeed caused by AM. One can imagine that the
splitting pattern comes not from an independent mag-
netism but from the same AFM moments acting upon
muons in two different structural positions — arising, for
example, from two different tiltings of CuO6 octahedra
[36]. The absence of any signal splittings above the Néel
temperature certainly adds credibility to this alternative.
Although the observed splitting is too large for such an
explanation [34], further studies are necessary to exclude
such a possibility.

The hypotheses of AM vs. two inequivalent sites can
be verified by combined analysis of the temperature de-
pendence of the splittings, especially in the vicinity of
the Néel temperature. TF-µ+SR time-domain spectra
are typically modeled as

P (t) =
∑
n

AnGn(t) cos (ωnt+ φn) , (1)

where index n counts states of µ+ with amplitudes An,
relaxation functions Gn(t), Larmor frequencies ωn and
phases φn. We fitted the spectra in the time-domain
by n = 5 oscillating components with exponential re-
laxation and common phase. One (central) component
corresponds to µ+ in a non-magnetic environment (for
those muons which miss the sample) while the other 4
components characterize the material: the magnetic field
B on the muon is determined from ω = γµB, where γµ =

2π×135.53879 MHz/T. Since B =
√

(B‖ +Bext)2 +B2
⊥,

the component of the local magnetic field on the muon B‖
along the external magnetic field Bext can be evaluated
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FIG. 3: Fourier transforms of the muon spin precession sig-
nal in (a) La2CuO4.0075 and (b) La2CuO4.0085 in an external
magnetic field of 1 T directed along the ĉ axis of the crystal
at different temperatures.

as (B2−B2
0−B2

ext)/2Bext, where B0 is the modulus of the
local magnetic field as given by ZF-µ+SR. To characterize
the magnetic structure we analyze the 4 signals coming
from AFM and (supposedly) AM in the TF-µ+SR spec-
tra fits. Namely, 4 magnetic field projections BI‖ , B

II
‖ ,

BIII‖ and BIV‖ (in ascending order) are computed and
the average splittings associated with the AFM and AM
magnetic orders are defined as (BIV‖ +BIII‖ −BII‖ −BI‖)/2
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FIG. 4: Temperature dependence of the splittings in TF-
µ+SR spectra of La2CuO4 caused by AFM (blue triangles)
and AM (red circles) orders. Inset: the same dependences for
La2CuO4.0085.

and (BIV‖ −BIII‖ +BII‖ −BI‖)/2, respectively.

Figure 4 shows the temperature dependence of the two
splittings for stoichiometric La2CuO4. The behavior is
quite peculiar. One can distinguish two regions: below
250 K the splittings are proportional to each other but
above 250 K there is a sharp divergence of the trends.
The behavior within the higher temperature region prob-
ably rules out the hypothesis of two structural muon po-
sitions and a single AFM order. It means that the muon
local probe indeed detects some AM which is quite sim-
ilar to the intra-unit-cell magnetic order observed in the
NS experiments for highly doped cuprates [5, 12–14]. As
shown in Ref. [34] by analysis of The local magnetic field
on the muon (in the dipole approximation) in conjunc-
tion with different models of the magnetic order suggests
the magnitude of the local moments producing AM to be
0.04 µB. This value agrees well with estimates around
0.05 ÷ 0.1 µB coming from both the NS experiments [5]
and the orbital current loop model [20]. Furthermore,
both NS and TF-µ+SR experiments determine the mag-
netic moments to be significantly tilted (around 50◦)
[5, 34]. Similar temperature dependences of the split-
tings are observed for the doped samples — the inset of
Figure 4 shows it for La2CuO4.0085. The coupling of the
two magnetic orders seems to be largely determined by
the strength of the AFM order: at lower temperature
the AM is driven by AFM but in the region close to the
Néel temperature, the AFM order is rapidly dying out
and the AM order decouples from the AFM order. The
AM splitting even increases when the Néel temperature
is approached. However, the AM order is not observed
above the Néel temperature. This does not necessarily
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mean that it is absent, only that µ+SR techniques are
not capable to detect any AM. It is reasonable to sup-
pose that AFM affects the fluctuation time of the AM
order: without the AFM order the characteristic fluctua-
tion times of AM are too small for this magnetism to be
detected directly with µ+SR (in contrast to neutrons).
Regrettably, it also means that µ+SR techniques stand
no chance in finding this AM in heavily doped cuprates.

In summary, we studied local magnetic fields in
lightly oxygen-doped as well as stoichiometric La2CuO4

with ZF- and TF-µ+SR spectroscopy. Both techniques
demonstrate that doping leads to an increase in magnetic
field inhomogeneity that hinders detection of magnetic
ordering. TF-µ+SR experiments show a characteristic
pattern based on 5 signals: a central line from muons
that missed the sample and 4 signals corresponding to
AFM superimposed with some additional magnetic or-
der. The temperature dependence of the spectral lines
reveals that the two magnetic orders are strongly cou-
pled at low temperature. However, when the AFM order
is weakened at higher temperature, the second magnetic
order gains strength. Thus, we assert the existence of
an additional magnetic order stemming from the AFM
phase. The result is especially important since recent
Hall coefficient measurements establish that the pseudo-
gap in cuprates is a separate phenomenon from the charge
order but strongly linked with the AFM Mott insulator
[37]. Our results also explain the failure of previous at-
tempts to detect the magnetic order in doped cuprates
with µ+SR: the technique is capable of its detection only
when the doping level is relatively small.
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