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A long-range magnetic order was discovered in the quasi-one-dimensional spin-ladder compound
SrCa;3Cu,404; by susceptibility, specific heat, and neutron diffraction experiments. The temperature dependence
of the magnetic Bragg peak intensity could be well fitted to the power law with a transition temperature Ty =
4.23 K and a critical exponent 8 = 0.28, indicating a three-dimensional phase transition for a low-dimensional
magnet. A computer program was coded and found two possible magnetic structure models fitting best with all
the observed magnetic peaks. These models suggest the spin-ladder sublattice is magnetically ordered with Cu
moments aligning along the a axis. The spin interactions are primarily antiferromagnetic along rungs and legs,
while there are ferromagnetic clusters along legs. Surprisingly, the singlet-triplet spin-gap excitation is observable
above and below Ty, indicating a coexistence of the spin-singlet ground state and long-range magnetic ordering
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state in this compound.

DOI: 10.1103/PhysRevB.88.174424

I. INTRODUCTION

In the last two decades, many predictions for one-
dimensional (1D) magnets, such as Haldane’s conjecture on
spin chains' and Dagotto’s model on spin ladders,>® have
been proved experimentally.*> This progress has strongly
excited researchers’ interests in low-dimensional magnetic
systems and might help us understand more complex materials
such as high temperature superconductors. Dagotto et al.”
and Rice et al® also predicted that spin ladders with even
legs can become either superconducting or develop a charge
density wave when doped with an appropriate level of holes.
Experimentally, it was discovered that the two-leg spin-ladder
compounds Sry4.,Ca,CupsOy; (SrCax with x > 10) become
superconducting under pressure,® drawing extensive attention
to Dagotto’s prediction and this series.’” In spite of numerous
efforts, it is still widely debated whether superconductivity in
SrCax originates from the hole-pairing mechanism suggested
by Dagotto et al.> As the only known spin-ladder superconduc-
tor, it is thus of high importance to understand its electronic
and magnetic properties, especially the ground state at low
temperature and high pressure.

The series SrCax consist of edge-shared CuO, chains and
two-leg Cu, 03 ladders, which are stacked along the b axis and
run incommensurately along the ¢ axis. SrCax compounds are
inherently hole doped with an average Cu valence of around
+2.25. In the parent compound Sri4Cuy404; (SrCa0), most
of the doped holes were believed to be located on chain sites,
forming a Zhang-Rice singlet (Cu®") at low temperature.’
Bridged by a Zhang-Rice singlet, two neighbor Cu?* form an
antiferromagnetic (AFM) dimer (Cu?*(1)-Cu**-Cu?*({)) on
chains. The spin ladders in SrCax have a similar structure to the
two-leg ones in SrCu, O3 and feature a gapped-singlet ground
state below room temperature.’ A particularly fascinating
behavior has been observed in the Ca-doped SrCax samples.’
Even though Ca substitution for Sr is isovalent, holes transfer
from chains to ladders with increasing Ca doping, causing
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substantial changes in the physics of both ladders and chains.’
One surprise is the discovery of a superconducting phase
under hydrostatic pressure in SrCax with x > 10. However,
the ground state for both chains and ladders in the SrCax
compounds with x > 10 at ambient pressure is still under
active debate. For example, K. Kumagai et al.'’ speculated
that the spin gap of the ladder collapses at x ~ 13 with the
nuclear magnetic resonance (NMR) measurements. However,
we recently observed the spin-gap excitation in the compound
with x = 13."" Another noteworthy fact is that long-range
magnetic ordering was suggested from the susceptibility
measurement in the powder samples,'?> which was confirmed
by T. Nagata et al.'> with neutron scattering. The coexistence
of the long-range magnetic ordering and spin-gapped states
was observed in various 1D magnetic systems, e.g., Si-doped
CuGeOs; (Ref. 14) and CsNiCl; (Ref. 15). The corresponding
theoretical work demonstrated that these two states in each
system originate from the same chemical lattice in a specific
temperature range.!®!” However, the origin of the magnetic
ordering and spin-gapped states in SrCax is still not clear.

In this paper, we systematically investigated the static and
dynamic behaviors of the newly grown SrCal3 single crystal
in order to characterize the ground state in this compound.
We measured the magnetic susceptibility and heat capacity
and observed an anomaly at ~4 K, providing evidence for
a magnetic phase transition. Magnetic order was directly
observed through the measurement of magnetic Bragg peaks in
ac and bc planes using neutron diffraction. Considering a wide
range of magnetic structure models, we found two magnetic
models that give a good agreement with the observed magnetic
intensities. The Cu?* moments on the ladder sublattice are
aligned along the a axis. The antiferromagnetic coupling
overwhelms the exchanges through rungs and legs, while some
local ferromagnetic (FM) clusters exist in the magnetic phase.
On the other hand, the singlet-triplet spin-gap excitation was
found to survive below Ty by inelastic neutron scattering. We
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argue that there is a scenario of coexistence of long-range
magnetic ordering and singlet ground states in the spin-ladder
compound SrCal3.

II. EXPERIMENTAL

A SrCal3 single crystal was grown by using a traveling
solvent-floating zone technique with 35 Bar high oxygen
pressure.'® High resolution x-ray powder diffraction exper-
iments with the powderized samples from different parts
of the crystal boule were carried out on a Bruker D8
x-ray diffractometer, confirming the phase purity of the
as-grown single crystal.'® The magnetic susceptibility was
measured using a superconducting quantum interference de-
vice (SQUID) magnetometer (Cryogenic Ltd.). The neutron
scattering experiments were done on the thermal neutron
triple-axis spectrometer TAIPAN and the high flux
neutron powder diffractometer WOMBAT, both located at
the high flux beam reactor OPAL in Australian Nuclear
Science and Technology Organization (ANSTO). A fixed
final energy mode (Ef = 14.87 meV) with vertically focused
monochromator was used for the experiments on TAIPAN.
The sample for the neutron experiment was cylindrical with
a diameter of 6 mm and a height of 15 mm. The experiments
on WOMBAT were done by using an incident beam with
A = 2.41 A. All the reflections used in this paper are based
on the average unit cell (@ = 11.26, b = 12.46, ¢ = 27.46) of
SrCal3 with ¢ = 7cpaager & 10¢chain- The magnetic structure
fittings were done by Fullprof,!” which was invoked by a
computer program written in C+ +. The C+ + program is
responsible for creating different magnetic models and testing
the goodness of the fittings.

III. RESULTS AND DISCUSSIONS

Figure 1(a) shows the magnetic susceptibility from the
single crystal sample of SrCal3 along the b and c axes. Because
of the large spin-ladder gap, the ladder contribution to the
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susceptibility is small at low temperature. As a result, the
magnetic susceptibility arises mostly from the spin chains
at low temperature. According to the spin-dimer model
used in Carter et al.’s work,2 the chain contribution to the
susceptibility is given by:

Xchain = 2Npg” w3 /TkpT[3 + exp(Jp/ ks T)1],

where Np is the number of dimer per formula unit (f.u.),
up is the Bohr magneton, kp is the Boltzmann’s constant,
and Jp is the intradimer exchange energy. Due to the hole
doping, unpaired Cu spins exist on both chains and ladders,
leading to a Curie tail at low temperature whose susceptibility
is given by xcw = Nrg?u3%/[4kgT(T — 0)], where Np is
number of free spins per f.u. The experimentally observed
magnetic susceptibility [see the inset in Fig. 1(a)] could be well
fitted to a sum of these two contributions. For the magnetic
susceptibility along the b axis, we obtained Jp = 136.2 K,
Np = 1.05, and N = 1.64. The observed Jp is very close
to the previous reported value 133 K in SrCa0. However, the
dimer number Np = 1.05 is somewhat less than the reported
1.47 in SrCa8, while the free spin number Ny = 1.67 is much
higher than that value (0.55) in SrCa8 (Ref. 20). This is most
likely the result of an increased hole transfer to ladders for the
higher Ca doping in SrCal3.

In order to do further analysis, the original susceptibility
data were subtracted with the fitted Curie tail below 7' =5 K
and plotted in Fig. 1(a). The resulting magnetic susceptibility
reveals a broad maximum around 80 K, which corresponds to
the contribution of the Cu spin dimers on the chain sublattice.?’
Additionally, a sharp peak, indicated by a black arrow, was
observed at ~4.2 K in the susceptibility data, indicating that
it corresponds to the onset of antiferromagnetic order. In spite
of its weakness, this anomaly is also visible in the raw data
without the Curie tail subtraction.

Specific heat C,, was measured for the SrCal3 single crystal
sample to further clarify the origin of the anomaly. C,,-T and
C,/T-T were plotted in Fig. 1(b) and its inset, respectively.
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FIG. 1. (Color online) (a) Temperature dependence of magnetic susceptibility of a SrCal3 single crystal along b and ¢ axes in which the
Curie-Weiss term was subtracted, as described in the text. The black arrow points to the sharp peak at ~4 K after subtraction. The inset shows
the original susceptibility data without any subtraction. (b) Temperature dependency of specific heat of a SrCal3 single crystal sample at a zero

magnetic field. The inset shows the C,/T versus temperature curve.
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FIG. 2. (Color online) (a) Magnetic Bragg peak (013) at different temperatures near Néel temperature. (b) Temperature dependency of the
intensity of Bragg peak (013); the red circles show the peak intensity, and the purple curve is fitted to it.

A weak anomaly is clearly visible near 4.2 K and is thus
consistent with the anomaly in the susceptibility. The anomaly
becomes even clearer in the C,/T-T plot. Such a A-type
anomaly demonstrates that this is a transition to a long-range
magnetic order rather than spin-glass freezing.”'

In order to elucidate the origin of the observed phase transi-
tion above, we performed neutron diffraction experiments for a
SrCal3 single crystal sample. The temperature dependence of
the intensity of Bragg peaks (013) and (107) were measured on
the three-axis neutron spectrometer TAIPAN. The temperature
dependence of the peak intensity at Q(013) is shown in
Fig. 2(a). It gradually decreases with increasing temperature
from 1.5 K to 4.2 K and disappears above 4.2 K. This indicates
a second-order nature of this phase transition in SrCal3. A
similar temperature dependence was also measured at (107)
Bragg peak, which disappeared at the same temperature that
(013) did. The agreement of the transition temperature from the
neutron diffraction and specific heat measurements confirms
that all of these observed phenomena originated from the same
magnetic transition.

The integrated intensity vs temperature curve for (013) is
shown in Fig. 2(b). It could be fitted to a simple power law:
I = A(Ty — T)*¥, where I is intensity, A is a scaling factor,
Ty is the Néel temperature, and g is the critical exponential.
The fit yields for Ty = 4.23 + 0.01 K and 8 = 0.28 +
0.01. The fitted Ty value is close to the 4.2 K obtained from
the specific heat measurement, and the difference probably
arises from a slightly different calibration of the thermometers.
The exponent B is larger than the exponent for the two-
dimensional (2D) Ising model but smaller than the one for
the three-dimensional (3D) Heisenberg model, which is 8 =
0.367. Similar exponents have also been observed in other 1D
magnets featuring 3D magnetic order, e.g., BaCu,Si,07 (8 =
0.25; Ref. 22) and CsNiCl; (8 = 0.27; Ref. 23).

Our experimental results clearly show that SrCal3 un-
dergoes a long-range magnetic transition around 4 K. We
now attempt to characterize the structure of the magnetic

phase. Since the system has an incommensurate composite
crystal structure,” describing the chemical structure is quite
complicated. As we will see, this also complicates the
description of the symmetry of the magnetic structure. In a
simplification, the nuclear structure can be described in an
average unit cell with ¢ = 7¢jadader & 10¢chain. In such a large
unit cell, there are seven Cu spins in each leg of one spin ladder
and 10 Cu spins in each chain. The whole unit cell has four
spin ladders and four spin chains (in two layers), for a total of
96 Cu spins.

We measured the magnetic peaks of the SrCal3 single
crystal sample by using the diffractometer WOMBAT below
and above Ty. Two crystal planes (namely, ac and bc planes)
were aligned in the horizontal scattering plane and mapped by
vertically rotating the crystal sample. The diffraction patterns
were combined and converted into a 2D mapping of the
corresponding reciprocal planes covering at least one quadrant.
Figures 3(a) and (b) show some parts of the mapped (0k/) and
(hO0l) reciprocal planes at 1.5 K and 10 K, respectively.

Figure 3(a) shows that the two different diffraction peaks
at 1.5 K disappeared on heating to 10 K. They correspond
to a wave-vector transfer Q = (107) and (507). In Fig. 3(a),
we show five magnetic peaks that appear when cooling down
to 1.5 K. They are (013), (033), (053), (073), and (093). By
subtracting of the mapping results at 1.5 K and 10 K, it is
possible to identify more magnetic peaks in both (0k/) and
(hOI) planes. A schematic diagram of the observed magnetic
Bragg peak in the bc plane is shown in Fig. 4. The integrated
intensities of the magnetic peaks were corrected with Lorentz
factor and listed in Table I. It is worthwhile to mention that
Nagata et al.>* only observed six magnetic reflections in the
SrCall.5 single crystal sample by neutron diffraction. Table I
also shows a few Bragg peaks sitting where no magnetic
intensity was observed in our experiment, which provides more
constraints on the magnetic structure refinement.

The refinement of the magnetic structure represents a
challenge, first because of the large unit cell that contains
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FIG. 3. (Color online) Some magnetic peaks observed by neutron
diffraction in the ac (a) and bc (b) reciprocal planes of SrCal3 at 1.5 K
and 10 K. The white arrows in (a) point out the emerged Bragg peak
at low temperature. The ring-shape stripes are attributed to the Al
sample holder in the cryostat.

96 magnetic ions and second because the number of degrees
of freedom cannot be easily reduced due to the chemical
complexity of the material. We note that the magnetic peaks
cannot be indexed with an ordering wave vector of either
the chain or ladder chemical lattice. This means that the
magnetic order may be described by an ordering wave vector
of the superspace group. To simplify the analysis, the magnetic
structure models were built on the basis of the approximated
average structure model, which was generated from the
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FIG. 4. (Color online) Schematic diagram of the (0 k /) plane in
the first quadrant of reciprocal space of SrCal3. The dark gray circles
denote the nuclear peaks, while the red circles denote magnetic peaks.
The dark red circles show the overlapping of the nuclear and magnetic
peaks.
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TABLE 1. Observed integrated intensities (/o) and model
A calculated intensities (I.,c) of magnetic Bragg reflections in
SrCaj;3Cuy4Oy;. Iyps values were measured at 77 = 1.5 K. The
reflections with * means no apparent intensities were observed in
the measurement, thus they were set to zero for refinement.

(h k l) Iobs Err Icalc
003) 0 — 0
013) 134.02 3.32 1427137
021) 0 — 0.0234
023) 0 — 0.0286
(205) 0 — 2.7916
033) 117.49 248 136.4064
©17) 54.4 7.02 60.6219
107 55.57 1.99 33.8687
207) 0 — 5.3063
041) 0 — 0.0693
043) 0 — 0.0828
037 47.72 13.4 58.1333
052) 0 — 8.3249
(0110) 53.12 8.89 79.9475
©47) 0 — 0.7599
(053) 95.21 4.4 108.0833
407 0 — 1.1076
061) 0 — 0.0975
063) 0 — 0.1164
(0310 59.25 10.01 58.5897
057) 46.75 10.52 49.0892
507) 17.07 4.09 1.4647
0114 9.24 11.29 29.4831
(0610) 23.59 6.65 36.1175
(0314) 33.36 14.87 26.1004
073) 84.33 5.21 73.0731
071) 0 — 8.2398
072) 0 — 3.1587
©77) 54.29 8.34 36.5239
©117) 33.44 3.61 36.3669
(0710) 9.31 7.19 19.1552
0514 21.26 14.61 19.8942
0317) 52.56 4.28 36.4887
©607) 0 - 0.1116
083) 0 - 0.1132
©091) 0 - 5.6404

incommensurate modulation model from our previous research
work.? In order to simplify the magnetic structure model, we
assumed only collinear magnetic structures, and we tested
the chain and ladder magnetic structure models separately by
assuming only ladders or chains order. For each sublattice, the
magnetic moment orientation was tested for the three main
axes. A series of C + + programs was coded to build and test
various magnetic structure models by invoking Fullprof for
the refinement. We found that only chain-sublattice ordering
cannot explain the observed magnetic Bragg peaks. The ladder
spin sublattice must be ordered. Two best solutions were found
for the ordered ladder sublattice by using this sifting method
with a criteria of the fitting parameters like Rr> and x? etc.
The spin configurations of these two models are exhibited in
Fig. 5.

The Fops-Fealc plot in Fig. 6 shows how close the observed
and calculated intensities are. The fitting parameters for each
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FIG. 5. (Color online) Magnetic structure models A and B for the
ordered ladder sublattice. Only the first layers are shown here; the
second layer has the same configuration but with flipping all spins
and exchanging the two ladder positions. The Cu position marked
with a yellow circle is possibly taken by a hole in each model.

model are listed in the plot. The calculated intensities of both
magnetic structure models match the measured intensities
very well. Considering that the other parameters, such as
the approximate nuclear structure, Debye-Waller factors, etc.,
are fixed with the exception of the spin configuration, the
agreement of these two models with the data is reasonably
good. The remaining difference between the model and the
data could arise from the use of an average structural model
instead of the incommensurate model, the omission of the
existence of holes on the ladder lattice, or a canting of the
magnetic moments.
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FIG. 6. (Color online) The observed intensities of the magnetic
Bragg reflections at 1.5 K are plotted against the values calculated
from the magnetic structure model A and B.
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In addition, the spin-chain sublattice could be ordered at the
same time. However, when adjusting the Cu-chain moments,
the refinement yielded only relatively small Cu moments
compared to those on ladders. This is in contrast to NMR data
that indicate that the Cu-chain moments are significantly larger
than the Cu-ladder moments.> It is possible that the Cu-chain
spin are only partially ordered. The magnetic moment is
averaged when all the Cu spins on chains are taken into
account. Since the number of fitting parameters is increased in
this process, it is also possible that the Cu-chain moments
remain disordered. However, we have tested whether only
chain ordering without ladder ordering could explain the
diffraction data, and we can exclude such a possibility. It is
worth mentioning that the uncertainty of the state of the Cu
moments on the chain sublattice also causes the difficulty in
determining the size of Cu moments on the ladder sublattice.

The two models in Fig. 5 share several interesting common
features. First of all, the nearest next-neighbor spins of both
models mostly have an AFM interaction along rungs and legs.
Some ferromagnetic clusters (3 ~ 4 Cu atoms) can be found
along the legs in both models. By measuring six magnetic
peaks, T. Nagata ef al.’* had proposed a magnetic structural
model for SrCall.5. Their model, in which both the chain
and ladder sublattices are magnetically ordered, is based on
an ad-hoc assumption that the magnetic moments on both
chains and ladders are along the a axis.’* Nagata’s model
showed that most Cu-Cu spin interactions along rungs and
legs are ferromagnetic while they are mainly antiferromagnetic
in our models. Considering the nearly 180° Cu-O-Cu bond
angle along rungs/legs, an antiferromagnetic coupling through
rungs/legs is more reasonable. The larger number of observed
reflections in our experiments makes the structure model
proposed in this work more reliable.

The most striking fact about our magnetic models is its
compatibility with hole doping. As shown in Fig. 5, inserting
a hole near ferromagnetic clusters (marked with the yellow
circle in each model), the fitting results do not substantially
change. However, when substituting other Cu?>* away from
ferromagnetic clusters, the fitting gets tremendously worse.
This hints that the local ferromagnetic clusters could be
induced by the doped holes.

Long-range magnetic ordering state was reported in a lower
Ca-doped composition (SrCall.5) of the same spin-ladder
series by Nagata et al?* In another two-leg spin-ladder
compound, namely SrCu,O; (Ref. 21), which features the
same ladder structure as in Sry4.,Ca,CupsQOy4, it was found
that long-range magnetic ordering state can be induced by
doping with nonmagnetic impurity Zn on Cu sites. Further-
more, the Néel temperature of this magnetic phase increases
with the doping level of Zn.?! A very similar Ty dependence
on the Ca-doping level was reported in the powder sample
in Sry4.,Ca,Cuy4Oy4; by Isobe et al.'? The similarities of the
crystal structures and doping effects in these two spin-ladder
compounds hint that the long-range magnetic ordering could
be also induced by impurities in Sri4,Ca,Cuy4Oyy, just like
SrCu203.

It is well known that nonmagnetic impurities have various
impacts on the behavior of low-dimensional magnetic systems.
A particularly striking example is the observation of fractional
spin % edge state in the Haldane gap integer spin compound
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FIG. 7. (Color online) Constant energy (E = 32meV) scans along Q, direction: (a) Q; scans at 1.8 K and 220 K; (b) Q, scans below and
above Ty. The background scan at 220 K in (a) is scaled down to match the background at 1.8 K by a factor of 1.7.

Y,BaNiOs doped by Mg (Ref. 26). Ca doping in the same
compound induced double peaked subgap excitation by the
formation of AFM droplets induced by local FM bonds.”’
Another example is the spin-Peierls gapped magnet CuGeOs3
that undergoes a new AFM phase at low temperature when
doping with nonmagnetic dopant Si (Ref. 14). These effects
are fundamentally correlated to the staggered fields induced
by the impurities in the system.?

Here we speculate that doped holes on the ladder sublattice
form a nonmagnetic singlet state on Cu sites, just as the
so-called Zhang-Rice singlet in other 2D network high temper-
ature superconducting cuprates.?’ Such a nonmagnetic singlet
state plays a similar role to nonmagnetic impurities in driving
Cu spins on the ladder sublattice into a long-range magnetic
ordering state in SrCal3. Our speculation is supported by the
theoretical work from Sandvik et al.® They found that the
nonmagnetic impurities on a two-leg spin-ladder lattice can
induce staggered localized magnetic field near the impurity
within a vicinity of ~3.2 lattice spacing, which can cause
the long-range magnetic ordering of the spin-gapped low-
dimensional magnetic system, such as spin-Peierls system and
two-leg spin-ladder system. The magnetic structures proposed
in this work agree well with the scenario discussed here. The
FM clusters could be induced by the staggered magnetization
and the size of the cluster matches well with the theoretical
result. Furthermore, a modified t-J model proposed by J.
Sabczynski et al.*” indicates that FM clusters are formed in
the vicinity of doped holes on a 2D spin lattice of cuprates,
explaining theoretically the ferromagnetic clusters found in our
experiment. A more recent Monte-Carlo study confirmed the
above conclusion, demonstrating that ferromagnetic clusters,
which were called by the authors as “ferromagnetic bubbles”,
come into form when holes are introduced into an AFM
matrix.?!

When the spin ladder forms a long-range magnetic ordering,
it is expected that the singlet ground state is weakened,
and the spin excitation becomes gapless at certain wave
vectors. Our recent work on the spin gap of the whole
series of Srjs,Ca,Cuy4O4; have shown that the spin gap

of the singlet-triplet excitation survived in all Ca-doped
compounds with x up to 13 (Ref. 11). As shown in Fig. 7(a),
a clear spin-gap excitation peak was observed near Q(4.5,
0, 3.5) in SrCal3 at 1.8 K but disappeared at 220 K. We
have also investigated the magnetic ordering impact on this
singlet-triplet spin-gap excitation by measuring below Ty
(1.8 K) and above Ty (4.8 K). The result in Fig. 7(b) shows
that the excitation intensity was slightly enhanced at lower
temperature. Therefore, these results unambiguously indicate
the coexistence of the long-range magnetic ordering and the
spin-singlet ground state in SrCal3, as previously suggested.?*

A similar coexistence was also observed in several other
low-dimensional magnetic systems with spin gap. For ex-
ample, CuGeOs is the well-known 1D spin-Peierls system.
Nonmagnetic impurity (e.g., Zn or Si) doping in this system
causes the coexistence of long-range magnetic ordering and
spin-Peierls (with spin gap) transitions in a wide doping range,
which was confirmed via neutron scattering by J. P. Regnault
et al."* Fukuyama et al.'® used a phase Hamiltonian to
investigate the coexistence of the long-rang magnetic ordering
and spin gap in this doped spin-Peierls system. They found that
the lattice-order parameter and the spin-order parameter can
coexist together in this system. Another example is CsNiCls,
which is the first § = 1 Haldane chain system confirmed to
have a spin gap. This magnet undergoes a long-range AFM
phase transition at ~4.8K. Below Ty, the Haldane gap still
survives with enhanced intensity near the zone center (%,
%, 1). Another spin-wave mode from the 3D ordering phase
shows up below T (Ref. 32). Theoretical work attributes the
long-range magnetic ordering to the interchain coupling at low
temperature.'” The spin-gap excitation intensity of SrCal3
slightly increases below Ty, which is consistent with the
observation in CsNiCl; (Ref. 15) but different from Si-doped
CuGeOs (Ref. 14). Besides, we did not observe magnetic
Bragg peak at the wave vector (4.5, 0, 3.5), where the spin-gap
excitation was observed. A detailed theoretical work may help
us to understand the special characteristics of the coexisting
ground state in this compound.
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IV. CONCLUSION

In conclusion, a long-range magnetic ordering state was
observed in the spin-ladder compound SrCal3 and confirmed
by neutron diffraction. We found two possible magnetic struc-
ture models to explain the observed magnetic peak intensities
by searching through a great amount of models. The magnetic
models show that the magnetic ordering is due to the ordering
of Cumoments along the a axis on the spin-ladder sublattice. It
was also found that the nearest Cu couplings along rungs and
legs are mainly antiferromagnetic with some ferromagnetic
clusters. The holes transferred from chains to ladders could
be the main reason for this long-range magnetic transition.

PHYSICAL REVIEW B 88, 174424 (2013)

In the magnetic ordered phase, the singlet-triplet excitation
was confirmed by inelastic neutron scattering, evidencing
the coexistence of the singlet ground state and long-range
magnetic ordering in SrCal3.
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