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Magnetic phase diagram of La,_,Sr,CoOy revised using muon-spin relaxation
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We report the results of a muon-spin relaxation («SR) investigation of La,_, Sr,CoOy, an antiferromagnetic
insulating series which has been shown to support charge ordered and magnetic stripe phases and an hourglass
magnetic excitation spectrum. We present a revised magnetic phase diagram, which shows that the suppression of
the magnetic ordering temperature is highly sensitive to small concentrations of holes. Distinct behavior within
an intermediate x range (0.2 < x < 0.6) suggests that the putative stripe ordered phase extends to lower x than
previously thought. Further charge doping (0.67 < x < 0.9) prevents magnetic ordering for T > 1.5K.
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Thirty years after the discovery of high-T, superconduc-
tivity, the role of multiple order parameters in the cuprates
continues to be a topic of intense research, with the interplay
between correlations of charge order (CO), antiferromagnetic
spin order (SO), and superconductivity the topic of much
investigation [ 1-5]. Although a detailed comparison of specific
systems has been found to be problematical, in order to
elucidate the details of the physics at play in a different context
it is illuminating to study isostructural nonsuperconducting
3d transition metal oxides [6] such as the antiferromagnetic
series La,_, Sr,CoO,4 (LSCO). Controlled doping of holes into
the two-dimensional CoO, layers is achieved via substitution
of Sr for La but, in contrast to the cuprates, a spin-blockade
mechanism means the series remains an insulator forx < 1[7].
The previously reported phase diagram of LSCO, determined
by neutron scattering [8], shows a region of nearest-neighbor
antiferromagnetism (nnAFM) for low dopant concentrations
(x £0.3) and incommensurate (IC) magnetism consistent
with stripelike CO and SOs for an intermediate doping
range 0.3 < x < 0.6. Recently, muon-spin rotation («SR) and
NMR measurements made on the stripe ordered x = 1/3
compound [9] revealed the importance of a range of time
scales in the magnetic ordering of the material, with SR
showing both the onset of static magnetic order and the
freezing of dynamical processes at temperatures significantly
lower than the ordering temperature previously identified using
neutrons. This is because (SR is sensitive to fluctuations on the
microsecond time scale (set by the muon gyromagnetic ratio
Yu =27 x 135.5MHz T~'). Such slow fluctuations appear
static in neutron scattering measurements where the energy
resolution AE =~ 1 meV constrains the sensitivity of the
technique to fluctuations with a much faster time scale
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h/AE ~ 10~"'s. This has motivated the SR investigation
of the full phase diagram of the LSCO system reported here,
allowing us to probe the influence of slow fluctuations on the
low-temperature magnetism across this series and determine a
revised phase diagram.

Crystals of LSCO were grown using the floating-zone
method, with varying sintering conditions depending on the Sr
content x [10]. Such crystals have a tendency for excess oxygen
when x < 0.3, similar to the La;_, Sr,NiOg4s system [11-14].
On this basis we expect that the lowest doped samples have
6 > 0, but approach oxygen stoichiometry by x =~ 0.3. In
a uSR experiment [10,15], spin-polarized positive muons
are implanted into the sample and subsequently decay into
a positron, emitted preferentially in the direction of the
muon’s instantaneous spin. Time-dependent asymmetry A(z)
is proportional to the muon ensemble’s spin polarization. Zero-
field measurements were made using the EMU spectrometer at
ISIS, and the GPS and DOLLY instruments at the Swiss Muon
Source (SuS), with the initial muon polarization directed along
the ¢ axis of each crystallite, perpendicular to the planes
containing the CoQ; layers.

In data measured at SuS damped oscillations are visible at
low temperature in the asymmetry spectra for all concentra-
tions with x < 0.5 [Fig. 1(c), inset]. These are indicative of
quasistatic local magnetic fields at the muon sites and confirm
the presence of SO. The two precession frequencies observed
in most samples indicate two distinct classes of muon site with
local field strengths in the approximate ratio 2:1 (for certain
concentrations only one frequency is resolvable). There is little
doping dependence in the magnitude of the two frequencies,
supporting the claim that Co®" ions remain in the low-spin
S = 0 state throughout this doping range [16—18], and that
there is little variation in the moment size of the § = 3/2 Co**
ions.

Before considering detailed analysis, we provide a broad
survey of the concentration-temperature (x,7") phase diagram
that forms the main result of this Rapid Communication. To
do this, it is illustrative to consider the average early-time
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FIG. 1. (a) Normalized early-time initial asymmetry A, in the
(x,T) plane. (b) Normalized relaxation rate A. Crosses identify
measured points and the dashed line shows the phase boundary from
Ref. [8]. (c) Revised phase diagram showing the nominal transition
temperature 7y and freezing temperature 7r. Inset: muon precession
frequencies.

asymmetry Ay = (A(r < 0.13 us)), where the time averaging
allows us to identify the depolarization of the muon ensemble
due to static or slowly fluctuating magnetism (Fig. 1(a),
normalized between extreme values for each asymmetry
spectrum [19]). At temperatures well above Ty, the muon
spins are insensitive to rapidly fluctuating Co?* moments
(motional narrowing), leading to large values of Ag. For
x < 0.5 initial asymmetry is lost upon cooling, reflecting
the presence of large internal magnetic fields, such as those
giving rise to the oscillations described above. This drop in A,
may be fitted [20] with a Fermi-like broadened step function
Ao(T) = Ay + (AL — Ay)/(eT=T/® 4+ 1), which provides a
transition temperature 7, by parametrizing the continuous step
of width w from high- (Ay) to low-T (AL) asymmetry [21].
An onset temperature for magnetic ordering may be obtained
using Ty = (Tt + w) £ w, and these values are shown in the
revised phase diagram, Fig. 1(c). The previous uSR study on
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x = 0.33 demonstrated sensitivity to slow fluctuations and the
freezing of dynamics [9]. To follow these features datasets
were heavily binned to filter out high-frequency components
and fitted to A(t) = Al * + Ay, where A, and Ay are
the relaxing and nonrelaxing baseline amplitudes, respectively,
and B was constrained to be greater than 0.5 [10]. The resulting
relaxation rates A (also normalized) are shown in Fig. 1(b).
It is expected that the relaxation rate A o ((B — (B))*)t
(i.e., the second moment of the magnetic field distribution
multiplied by the correlation time 7 [22]) reflecting both
field distribution widths and fluctuation rates. A peak in X
is often indicative of a freezing of dynamics on the muon time
scale as correlation times diverge, and so nominal freezing
temperatures T (defined as the temperature corresponding to
peak values of ) feature on the phase diagram [Fig. 1(c)].

We distinguish three distinct regions in the phase diagram.
For x < 0.2 (Region I) the introduction of S =0 Co** ions
suppresses Ty of nnAFM order, and there is evidence for
freezing of dynamics at lower temperatures for compounds
with small x. For intermediate doping (0.2 < x < 0.6, Region
II) the behavior is consistent with that previously observed
for x = 0.33, where CO within the CoO, layers stabilizes
IC stripe-like SO with a cluster glass nature. For x = 0.6
(Region III) the system remains paramagnetic down to low
temperatures. We examine the data in each region in more
detail below.

Region I. Data measured on the x = 0 compound La;CoQOy4
at SuS show oscillations in the asymmetry for 7 < 75K
[Fig. 2(c)], confirming a transition to SO. The asymmetry
spectra within the ordered regime were found to be best
fitted for ¢ < 0.5 us to the two-frequency relaxation function
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FIG. 2. Asymmetry data for x = 0 measured at (a) ISIS and (c)
SuS showing spontaneous precession at low 7' (1.51 K data shifted
by —5% for clarity). (b) Relaxation rate and early-time asymmetry
Ay, used to determine Ty and Ty, respectively. (d) Evolution of the
two precession frequencies.
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A1) = Y- 5 Ai cos(2mv;t)e ™" + Arge ", where the os-
cillatory components, with amplitudes A;, fixed to their
average values, indicate two magnetically inequivalent muon
stopping sites. The fitted values of the precession frequencies
vy 2 are plotted in Fig. 2(d), and drop to zero at a temperature
T, as expected for a magnetic transition to a paramagnetic
state. Measurements made at ISIS are well suited to probing
the slow dynamics of the system [Fig. 2(a)]. An abrupt drop in
average early-time asymmetry is apparent upon cooling below
T ~ 75K [Fig. 2(b)] and a fit to the broadened step function
yielded a value of Ty = 77(2) K, consistent with the vanishing
of the oscillations. Upon further cooling below T ~ 70K A,
does not change, but the longitudinal relaxation rate increases
to a peak at around 22.5 K, before dropping again at lower
temperatures. This is suggestive of a freezing of dynamics (as
the correlation time 7 increases) at lower temperatures than the
transition to magnetic long-range SO. This feature is shared by
the x = 0.01 sample, possibly indicating that the introduction
of frustration by small concentrations of S =0 Co*" ions
induces a freezing transition for a relaxation channel that has
a characteristic time scale within the ©SR dynamical range.
The freezing is visible in the asymmetry spectra below T [see
Fig. 2(a)] as an increase in the nonrelaxing baseline amplitude,
reflecting those components of muon-spin polarization parallel
to the local magnetic field, which can only be relaxed by
dynamic field fluctuations.

We note that the value of Ty for x = 0 is considerably
suppressed compared to the accepted value of 275 K reported
in Ref. [23]. We attribute this to oxygen nonstoichiometry,
which is an alternative route to doping holes into the CoO,
layers (for La;_, Sr,CoQy44 the hole density is given by n, =
x + 28), as seen in the cuprate and nickelate systems [24,25].
Further annealing of an x = 0 sample led to a restored value
of Ty & 275 K; however, the lowered amplitude of the uSR
signal and our subsequent NMR measurements indicate that
the annealing process introduces impurity phases, particularly
at the surfaces of the crystals. As Sr is introduced within
region I (x < 0.2), Ty is found to drop abruptly to around
30 K by x ~0.1. This effect, together with that of the
oxygen nonstoichiometry, demonstrates the sensitivity of the
magnetism within the LSCO system to the concentration of
nonmagnetic Co>* ions within the CoO, layers. The presence
of holes due to excess oxygen dramatically suppresses the
onset temperature compared to the pristine compound, and
T is further reduced rapidly by further addition of holes via
Sr doping. This is in contrast to both the previously reported
phase diagram [8], and the predictions of percolation theory
for static nonmagnetic impurities in two dimensions (2D)
where long-range AFM SO would persist up to x ~ 0.41
[26,27]. However, the effect is much less abrupt than in the
superconducting series La,_, Sr,CuQOy, where long-range SO
is replaced by an IC spin-glass phase by justx = 0.02 [28] (we
find % ~ —103 K/doped hole at low x; an order of magnitude
smaller than in the cuprate series). The freezing temperature
Tr does not decrease in the same manner, but remains at
around 25 K across region 1. The convergence of Ty and Tg
above around x = 0.1 suggests that for these concentrations
the peak in relaxation rate is sensitive to the critical divergence
in correlation times accompanying the transition to magnetic
SO on the muon time scale.
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Region II. As more holes are introduced from further Sr
substitution, a marked change in behavior for concentrations
x 2 0.2 is encountered, with samples in the region 0.2 <
x < 0.5 showing similar responses, suggestive that they share
common features which might relate to stripe ordering. Stripe
order in LSCO has been proposed for x > 0.3 on the basis
of neutron scattering experiments [8]. Doping away from
the parent compound introduces disorder and frustration into
the planes and intermediate doping levels lead to short-range
stripe correlations which stabilize IC magnetic order. The
most robust CO is checkerboard CO, which occurs at x = 0.5
[29,30], where in-plane CO correlation lengths are largest [8].
Despite having different electronic properties to the cuprates,
LSCO samples with x = 0.33 and 0.25, which exhibit disor-
dered stripe CO correlations, display the distinctive hourglass
magnetic excitation spectrum [31-37]. However, the origin
of the hourglass spectrum and the nature of the CO in this
region remain controversial [38—40]. The results of SR and
NMR measurements of the x = 1/3 compound revealed the
onset of magnetic order within partially disordered charge and
spin stripes at around 35 K, with a further glassy freezing of
dynamics involving the slow, collective motion of spins within
the magnetic stripes at lower temperatures [9]. We find that the
uSR of x = 0.25 is similar to the x = 0.33 material, although
the slightly broader features preclude the identification of a
second freezing feature at lower temperatures.

A key observation is that the behavior of x = 0.2 is
markedly different than samples in region I and suggests stripe
correlations exist to lower concentrations x than previously
believed. Asymmetry spectra obtained at SuS [Fig. 3(a)] show
oscillations for temperatures below around 40 K, which were
best fitted to the single-frequency relaxation function A(t) =
Agse OS2t + @)e ol + Arqe A" 4 Ay Broad peaks in
the temperature dependence of both longitudinal relaxation
rate A and amplitude A, [Figs. 3(b) and 3(c)] suggest a
freezing temperature T¢ = 38(7) K. Upon cooling below 20 K,
there is a gradual increase in the nonrelaxing contribution
Ay [Figs. 3(a) and 3(b)], which points to a more static field
distribution. Taken together, these results are consistent with
slow dynamics within spatially inhomogeneous disordered
stripes of magnetic Co** ions which start to freeze upon
cooling for T < 40K, with regions of static, glassy SO
appearing as temperatures are lowered further. This description
is consistent with a cluster glass, previously observed only at
higher x [37].

The x = 0.5 compound has been of special interest as it
has been found to support checkerboard CO below around
Tco =~ 800K [18,29,30]. Susceptibility and neutron scattering
measurements reveal magnetic correlations appearing for T <
60K [18,41] and a spin freezing transition at around 30 K
dominated by 180° antiferromagnetic interactions between
Co’™ ions across the nonmagnetic Co7 sites [18]. Our muon
data show a broad drop in A on cooling through around 30 K,
coinciding with a peak in relaxation rate and the appearance
of heavily damped oscillations indicating the onset of SO.
No features are observed around 60 K, where moments are
still fluctuating outside of the muon time scale. We note
that the high level of disorder for x = 0.5, indicated by
the heavily damped oscillations, is surprising given the high
charge ordering temperature for this compound. However,
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FIG. 3. (a) Asymmetry for x = 0.2 showing evolution of oscil-
lations, and the nonrelaxing baseline (dashed horizontal lines). Solid
lines are fits (see text). (b) Amplitude components; (c) longitudinal
relaxation rate and exponent 8; (d) amplitude and frequency of the
oscillatory component.

the observation of a single oscillatory period provides a
lower bound on the magnetic correlation length of around
10a ~ 4 nm [42] (where a is the nearest-neighbor spin
separation), which is consistent with previously reported
in-plane correlation lengths [8,18,29].

Region III. For Sr concentrations x 2 0.5, neutron mea-
surements have revealed short-range IC magnetic correlations
on the neutron time scale [43], where glassy SO is likely
to be accompanied by short-range CO. Our measurements in
region III [10] detect no long-range SO on the muon time
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scale down to the lowest measured temperatures (*21.5 K) for
the compounds x = 0.67,0.75 and 0.9. For these samples, no
muon precession is resolvable and full initial polarization is
maintained at all temperatures. However, we see evidence of
moments fluctuating more slowly as temperature is lowered
below T ~ 15 K. If SO occurs above 1.5 K, then it could be
short ranged or still fluctuating too rapidly on the muon time
scale to be detectable.

In general, we note that for all temperatures of interest
in this study (7 < 100K) the crystal structure of LSCO
has been shown to be orthorhombic (Bmab symmetry) for
x < 0.33 and tetragonal (/4/mmm symmetry) for x > 0.4
[8,39,40,44]. This structural transition does not coincide with
either boundary of region II and so does not appear to be a
driving factor for the magnetic behavior in this system.

The unique high- and low-spin nature of the magnetic and
charge ordered cobalt ions in LSCO, and its insulating nature,
means comparisons to other isostructural systems should be
treated with caution. However, we note that our revised phase
diagram does share some features with those of the cuprates
and nickelates. The rapid suppression of Ty with increasing x
in lightly doped samples is reminiscent of La,_, Sr,CuO,4 and
other cuprates, where local probe measurements also reveal a
continuous spin-freezing transition at temperatures well below
that of magnetic ordering [45—48]. Our results indicate that the
behavior associated with region II extends over a broad range
of x, implying that the phase diagram bears a greater similarity
to that of La,_, Sr,NiO4 [6,49-52]. Howeyver, the stripe phase
in the nickelate system is of a very different character, since
the charge stripes themselves remain magnetically active [53].
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