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The magnetic order of �La,Eu�22xSrxCuO4 (x # 0.2) has been investigated with mSR techniques. In
this system a low temperature tetragonal (LTT) structure is present in the entire range of doping and
it is possible to follow the evolution from the long range antiferromagnetic state at x � 0 to the static
magnetic stripes. We find a nonmonotonic change of the Néel temperature with increasing x and the
obtained magnetic phase diagram of the LTT phase resembles the generic phase diagram of the cuprates
where the superconductivity is replaced by a second antiferromagnetic phase.

PACS numbers: 74.25.Ha, 74.72.Dn, 76.75.+ i
Spatial modulations of the charge density seem to be a
generic feature of doped transition metal oxides, such as
cuprates, nickelates, and manganites [1–3]. In particular,
there is growing evidence that so called stripe correlations
of spin and charge are crucial for the understanding of the
physics of the cuprate high temperature superconductors
(HTSC) [4]. In this class of compounds static spin and
charge stripes are inferred from neutron and x-ray diffrac-
tion investigations of the low temperature tetragonal (LTT)
phase [1] which is observed in rare earth doped La22xSrx-
CuO4 (LSCO) [5]. It is well known that the small struc-
tural differences between the orthorhombic (LTO) phase of
LSCO and the LTT phase have a drastic influence on the
electronic properties [5]. Superconductivity (SC) is sup-
pressed in the LTT phase and static antiferromagnetism
(AF) occurs in compounds with large hole content. It has
been argued that the LTT structure provides a pinning po-
tential for the stripe motion and the changes of the elec-
tronic properties at the LTO to LTT phase transition are
attributed to a change from dynamic to static stripes [1,3].

These observations are further examples which clearly
show the proximity of superconductivity and AF in the cu-
prates. Usually, this proximity is discussed in connection
with the generic phase diagram of the HTSC exhibiting
a change from an antiferromagnetic to a superconducting
ground state with increasing charge carrier content. It is
argued that the properties of the HTSC are determined by
quantum critical behavior and, moreover, a close connec-
tion of AF and SC in terms of a SO(5) theory has been
suggested [6].

It is apparent that the LTT phase of doped La2CuO4
markedly differs from the generic phase diagram of the
HTSC, since static stripe AF is also present for high carrier
content. This stripe AF is well established for x � 0.12
from studies of Nd doped LSCO [1,7,8]. For smaller x yet
another structural modification occurs in Nd doped LSCO
inhibiting studies of a strongly underdoped LTT phase.
However, the LTT phase is present in the entire range of
Sr concentrations 0 # x # 0.25 when doping LSCO with
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smaller Eu ions. In these systems it is possible to investi-
gate the change from the commensurate AF at x � 0 to
the stripe AF at large x. So far, magnetic properties
of �La,Eu�22xSrxCuO4 (LESCO) have been studied with
magnetization, ESR and NMR measurements [9,10]. In
the LTT phase a drastic slowing down of the spin fluctua-
tions is revealed [9], which depends nonmonotonically on
the Sr doping and is most pronounced for x � 1�8 [11].

In this Letter we present a systematic muon spin rotation
(mSR) study of Eu doped LSCO. Our measurements yield
two very surprising features: (i) In the LTT phase the mag-
netic ordering temperature TN depends nonmonotonically
on the hole concentration. (ii) Even more spectacular, the
obtained charge carrier concentration dependence TN �x�
for x $ 0.05 is very similar to the superconducting Tc�x�
in the LTO phase. Thus, the magnetic phase diagram re-
sembles the generic phase diagram of the HTSC where su-
perconductivity is replaced by a second antiferromagnetic
phase.

For our study we have used well characterized, carefully
annealed samples with the composition La1.82xEu0.2Srx-
CuO4 (0 # x # 0.2) [9,11,12]. For all samples x-ray
diffraction data show an LTT structure at low temperature
[13] and the LTO ! LTT transition temperature TLT �
125 hardly changes as a function of x. As discussed in
Ref. [11] SC is destroyed in underdoped LESCO and there
is a broad crossover to a superconducting LTT phase for
large x which is determined by the decreasing tilt distor-
tion F. If F is smaller than a critical value Fc � 3.6±,
there is no significant difference between the supercon-
ducting properties of LTO and LTT phases (see also [5]).
For the samples studied here this broad crossover occurs
at x � 0.19. Superconductivity is absent for x , 0.15
whereas for higher doping traces of SC are observed in re-
sistivity and susceptibility measurements [11]. Zero-field,
longitudinal-field, and transverse-field mSR experiments
have been performed at the M13 and M15 spectrometers
of TRIUMF, Canada, and at the GPS and LTF spectrome-
ters of Paul Scherrer Institute, Switzerland.
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In Fig. 1 we show representative zero field mSR time
spectra of La1.82xEu0.2SrxCuO4 for Sr concentrations 0 #

x # 0.2. A striking nonmonotonic Sr concentration de-
pendence of the static magnetic order is apparent. For x �
0 and x � 0.014 a clear precession of the time evolution
of the muon spin polarization is visible which proves the
presence of a static magnetic field at the muon site. This
precession is absent for higher doping 0.02 # x # 0.08.
For x � 0.02 a strong decay of the muon polarization sig-
nals the proximity of a spin freezing, whereas there is no
indication for static magnetic order at 10 K for x � 0.04
and x � 0.08. However, clear signatures of static mag-
netic order reappear in the mSR spectra for higher Sr con-
centrations. A strong decay and a precession is visible in
the spectrum for x � 0.1 at T � 10 K and the signatures
of magnetic order are even more pronounced for x � 0.12
and x � 0.15. Further increasing the doping suppresses
the magnetic order and for x � 0.2 we find only an onset
of spin freezing at T � 8 K. Note that the two phase be-
havior reported in Ref. [14] for x � 0.15 does not occur
in our samples with a larger Eu content, i.e., a more stable
LTT phase.

Whereas the data discussed so far show that the elec-
tronic properties of the LTT and LTO phases markedly dif-
fer at high hole doping, the suppression of magnetic order
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FIG. 1. Zero field mSR spectra at T � 10 K for La1.82xEu0.2-
SrxCuO4 with 0 # x # 0.2. The solid lines are fits to the data
(see text).
for small Sr concentrations is very similar. This is illus-
trated in Fig. 2, where we compare our observations to the
findings in LSCO. Neither for the transition temperatures
to the long range AF state at small Sr doping x # 0.02 nor
for the concentration range 0.02 # x # 0.05 with short
range static magnetic order we do observe any significant
differences between the LTT and LTO phases. However,
drastic differences show up upon further increasing the
doping. Whereas the ordering temperature as determined
from mSR data decreases monotonically in LSCO, we find
an increase of TN with increasing hole content in LESCO.
For a doping of x � 0.08 TN is already twice as large as
the ordering temperature inferred from mSR data on LSCO
and this difference further increases with increasing x.

We turn now to the analysis of the mSR spectra. For
all samples the low T spectra are analyzed without a sig-
nificant nonmagnetic signal fraction [18]. Comparing the
spectra for x � 0 and x � 0.12 in Fig. 1 reveals two main
differences. The precession frequency is apparently much
smaller in the doped system showing a smaller magnetic
field at the muon site on the one hand. On the other hand
there is much stronger damping of the precession in the
doped system revealing a substantial spatial inhomogene-
ity of the sublattice magnetization. A closer inspection of
the data reveals that it is impossible to fit the spectra for
x . 0.04 assuming a single precession frequency. As has
been discussed in Ref. [7] a better fit is obtained assum-
ing a superposition of at least two precessing spectra [19].
The larger frequency n of the two frequencies obtained in
this “two spectra analysis” is clearly visible in the Fourier
transformed raw data. It reflects a well developed peak,
whereas the second signal is necessary only in order to de-
scribe the asymmetric shape of the frequency peak with
a slowly decreasing low-frequency tail (see the Fourier
spectrum for x � 0.18 in the inset in Fig. 3). In the follow-
ing we consider only the larger frequency n, which gives
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FIG. 2. Magnetic ordering temperatures TN in lightly hole
doped La1.82xEu0.2SrxCuO4 (filled symbols) and La22xSrxCuO4
(open symbols). Left: Long range Néel state for x & 0.02 as
signaled by the susceptibility x and mSR. Right: Short range
order for 0.02 # x # 0.1 as revealed from mSR. The data for
La22xSrxCuO4 were taken from Refs. [15–17].
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FIG. 3. Temperature dependence of the mSR frequency n in
La1.82xEu0.2SrxCuO4 for 0.08 # x # 0.2. Left inset: Saturation
frequency nsat as a function of x. Right inset: Comparison of
the Fourier transformed mSR spectra for x � 0.18 and x � 0.2
at T � 2 K.

an appropriate measure for the magnetic field at the muon
site and thus allows the staggered magnetization of the Cu
spins to be determined.

The temperature and doping dependence of n is shown
in Fig. 3. For the samples with 0.08 # x , 0.18 the
sublattice magnetization follows a typical temperature
dependence of an order parameter and does not show any
anomalies at low T . In particular, there is no further in-
crease of n at T ø TN , which is observed in the Néel state
of lightly doped LSCO (x # 0.02) (see, e.g., [20]). More-
over, our data do not give any evidence for a reorientation
of the Cu spins at low T which has been inferred from neu-
tron diffraction data on Nd doped LSCO [21]. Again in
contrast to the findings for the LTT phase of Nd doped
compounds [7] decoupling experiments in longitudinal
fields reveal that the spin system in LESCO becomes static
in the time window of mSR. We thus conclude that in Nd
doped LSCO both the remaining magnetic dynamics as well
as the Cu spin reorientation are due to the magnetic mo-
ments of the Nd ions and their interaction with the Cu spins.

For the Eu doped system the frequencies for T ! 0
(nsat) are very similar in the concentration range 0.08 #

x , 0.18 and taking into account the different ordering
temperatures the data indicate a nearly concentration in-
dependent T � 0 sublattice magnetization in this range of
doping. Though TN is an order of magnitude smaller than
for undoped �La,Eu�2CuO4 and though there are many mo-
bile holes [12] the values of nsat amount to about 70% of
the frequency found in the Néel state for x � 0. These
rather large nsat are qualitatively consistent with the calcu-
lations of the magnetic properties of CuO2 planes with a
static stripe order in Ref. [22].

A drastic change of the mSR spectra is found when
slightly increasing the hole content from x � 0.18 to x �
0.2. TN drops substantially (see Fig. 1) and, in addition,
the low T spectra for x � 0.2 differ drastically from those
found for smaller doping. Using the same fit as for smaller
4592
x reveals a reduced nsat � 1.7 MHz. However, there is not
only a reduction of nsat. For x � 0.2 the mSR spectra do
not show a clear precession even at 2 K and there is no well
defined frequency as displayed in the right inset in Fig. 3.
Whereas a clear peak at n � 3 MHz is visible in the Fou-
rier transformed spectrum for x � 0.18, there is only a broad
distribution of precession frequencies for x � 0.2. It is
apparent that the magnetic properties of La1.82xEu0.2Srx-
CuO4 drastically change at a hole doping of x � 0.2. We
stress that in the same range of doping there is also a
pronounced change of SC. For samples showing a well de-
veloped magnetic order in the mSR data susceptibility mea-
surements exhibit reduced shielding signals (see, e.g., the
data for a smaller Eu content y � 0.17 in Ref. [11]). We
mention that these pronounced changes of AF and SC cor-
relate with the critical tilt angle Fc. They are found at x ,

0.2 in samples with smaller Eu content, i.e., for smaller tilt
angle [23]. Our results for La1.82xEu0.2SrxCuO4 are sum-
marized in the phase diagram in Fig. 4. For all samples
we find a low temperature structural transition at TLT *

125 K and a LTT-like structure at low temperatures [13]
whereby the tilt angle F decreases monotonically with x.
At low Sr doping a strong suppression of the AF is ob-
served, as in the LTO phase. The increase of the ordering
temperature for larger x strongly suggests that one has to
discriminate clearly between the AF state at very low dop-
ing and the static magnetism at moderate and high doping.

It is straightforward to discuss the nonmonotonic behav-
ior of the magnetic order within the stripe scenario. For
very small x the Coulomb repulsion prevents the formation
of stripes. In this range of doping the suppression of AF
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FIG. 4. Phase diagram of La1.82xEu0.2SrxCuO4. Full and open
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transition temperatures, respectively. The structural transition
from the high temperature tetragonal to the LTO phase is in-
dicated by the dashed line. The solid (dotted) line marks the
region with strong (weak) diamagnetic signals due to supercon-
ductivity (see Ref. [11]).
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can be qualitatively explained by the presence of individ-
ual holes with large mobility [24] for both LTO and LTT
phases. Neutron scattering gives evidence for dynamic
stripes along the [100]�[010] directions in the LTO phase
of LSCO for Sr contents x . 0.05 [25] and in this range
of doping we find the increase of TN in the LTT phase (see
Fig. 2) with increasing Sr content. It is thus quite natural to
ascribe the increase of TN with increasing x to the pinning
of stripe correlations. The nonmonotonic TN �x� is thus a
consequence of the usual suppression of AF at low doping
on the one hand and the formation of static stripes for suffi-
ciently large x on the other hand. It is also straightforward
to interpret the disappearance of AF at large x, i.e., at the
critical tilt angle, within this scenario. With increasing x
the tilt distortion in the LTT phase decreases and thus one
expects a “depinning” of stripes, i.e., the disappearance of
static stripe AF for large x (see, e.g., [3]). Summarizing
this discussion we find that the phase diagram of the LTT
phase in Fig. 4 strongly supports the stripe picture, though
our mSR data do not give a direct confirmation of a spa-
tially modulated AF in the form of stripes.

We now turn to the most surprising result of our study.
Comparing the phase diagrams of pure and Eu doped LSCO
yields a striking similarity. The superconducting phase of
LSCO seems to be replaced by the stripe AF in LESCO. In
the LTO phase superconductivity occurs for x . 0.05 and
Tc increases with increasing hole content. In the same
range of hole doping we observe an increase of the static
magnetic order in the LTT phase and even the ordering
temperatures TN compare well with Tc found in the LTO
phase, i.e., TLTT

N �x� � TLTO
c �x�. Thus, by changing the

structure from LTO to LTT it is possible to switch from SC
to AF with a nearly unchanged critical temperature. For
x � 0.15 this switching at the same critical temperature
has also been observed in Nd doped LSCO [7]. Moreover,
the phase diagram (Fig. 4) shows that the change from SC
to AF does not only occur due to the LTO ! LTT transi-
tion, but also within the LTT phase. For x $ 0.20 the
magnetic transition is replaced by bulk SC and again, the
observed Tc corresponds to the extrapolated TN . Further
studies of this crossover region are in progress to discrimi-
nate the influence of hole doping [26] and tilt distortion [5].

The magnetic phase diagram of the LTT phase with its
striking similarity to the generic phase diagram of the HTSC
is the main result of our study. Our data clearly show the
proximity of AF and SC. Often this proximity is inferred
from the generic phase diagram and it is argued that the hole
doping determines whether a system is superconducting or
magnetic. Our data show that it is possible to switch the
entire hole concentration dependent phase diagram from
SC to AF whereby the crucial parameter is a small struc-
tural deformation of the CuO2 layers. Moreover, the phase
diagram in Fig. 4 suggests that it is necessary to discrimi-
nate between the static AF at low doping and the stripe
AF for larger x. It is the latter AF phase which is closely
related to superconductivity.
Comparing the electronic phase diagrams of the LTO
and the LTT phases it seems worthwhile to investigate
theoretically, e.g., in terms of a SO(5)-like theory, a switch-
ing between antiferromagnetism and superconductivity at
constant hole doping. Moreover, from Fig. 4 it is apparent
that a proximity of antiferromagnetic and superconducting
ground states is not restricted to a single hole doping. In
contrast, our data suggest that this proximity is important
for a discussion of the electronic/magnetic properties of
the cuprates in the entire superconducting region.
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