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The inference of Ying et al. [EPL 104, 67005 (2013)] of a composition-induced change from
c-axis ordered-moment alignment in a collinear A-type AFM structure (AFMI) at small = to ab-
plane alignment in an unknown AFM structure (AFMII) at larger z in Cai—;SrzCos—yAss with
the body-centered tetragonal ThCra2Siz structure is confirmed. Our major finding is an anomalous
magnetic behavior in the crossover region 0.2 < x < 0.3 between these two phases. In this region
the magnetic susceptibility versus temperature xq,(7") measured with magnetic fields H applied in
the ab plane exhibit typical AFM behaviors with cusps at the Néel temperatures of ~ 65 K, whereas
Xc(T) and the low-temperature isothermal magnetization M.(H) with H aligned along the ¢ axis

exhibit extremely soft ferromagnetic-like behaviors.

Much research since 2008 has focused on studies of
iron-based layered pnictides and chalcogenides due to
their unique lattice, electronic, magnetic and supercon-
ducting properties [1-6]. An important family of these
materials is comprised of doped and undoped body-
centered tetragonal parent compounds AFesAsy (A = Ca,
Sr, Ba, Eu) with the ThCrySis-type structure (122-type
compounds). The undoped and underdoped AFe;Ass
compounds exhibit a tetragonal to orthorhombic distor-
tion of the crystal structure at Ts < 200 K. They also
exhibit itinerant collinear antiferromagnetic (AFM) spin-
density-wave ordering at a temperature Tn the same or
slightly lower than 7g. The ordered moments in the
stripe AFM structure of the orthorhombic phase are
oriented in the ab plane. In 2014 a temperature T-
induced AFM spin-reorientation transition to a new
AFM () phase was discovered in the hole-underdoped
Baj_,Na,Fes Asy system upon cooling below Ty that can
coexist with superconductivity [7]. A subsequent investi-
gation by polarized and unpolarized neutron diffraction
determined that the ordered moments in the new phase
are aligned along the ¢ axis instead of along the ab plane
as in the stripe AFM structure [8]. The work on the
Baj_,Na,Fes Ass system was followed by the observation
of the same AFM () phase in the Ba;_,K,FeaAss [9-
11], Sr1—Na,FeaAsy [12, 13], and Ca;_,Na, FeaAsy [14]
systems. These results are important to understanding
the mechanism of superconductivity and other aspects of
the hole-doped iron arsenides [15-21].

A similar but composition-induced moment realign-
ment was suggested to occur in the isostructural CoAs-
based system Caj_,Sr;Cos_yAsy [22]. CaCos_yAsy has
a so-called collapsed-tetragonal (cT) structure with As—
As bonding along the ¢ axis between adjacent CoAs layers
[23] and has ~ 7% vacancies on the Co sites [24, 25]. It
exhibits itinerant A-type AFM ordering below Ty = 52—
77 K, depending on the sample, with the ordered mo-
ments of ~ 0.3-0.4 up/Co (up is the Bohr magneton)

within an ab-plane Co layer aligned ferromagnetically
(FM) along the ¢ axis and with AFM alignments be-
tween moments in adjacent Co planes [24-28]. The dom-
inant interactions are found to be FM from the posi-
tive Weiss temperature obtained by fitting the magnetic
susceptility x versus T measurements above Ty by the
Curie-Weiss law [25-27], indicating that interplane AFM
interactions responsible for the A-type AFM ordering
are much weaker than the intraplane FM ones. Elec-
tronic structure calculations are consistent with the itin-
erant A-type AFM ground state and the small ordered
moment [29]. Spin-flop transitions in single crystals of
CaCoa—_yAsy with the magnetic field H applied parallel
to the ¢ axis occur at Hgp ~ 3.5-3.7 T [25, 26, 30, 31]. On
the other hand, metallic SrCosAss exhibits no magnetic
transitions versus T' [32]. However, single-crystal x(T)
data for both c-axis and ab-plane magnetic field align-
ments show broad maxima at 7"~ 115 K, suggesting the
presence of dynamic AFM correlations. Indeed, inelas-
tic neutron scattering measurements on single crystals
revealed strong AFM correlations with the same stripe
wave vector as seen in the parent and doped Fe-based
AFesAsy compounds [33].

In view of the A-type AFM of CaCoy_,Asy where
strong FM correlations dominate and the contrast-
ing strong AFM correlations in paramagnetic (PM)
SrCogAss detected by neutron scattering, studies of the
magnetic properties of Ca;_;Sr,Coz_,Asy crystals have
the potential to reveal additional interesting physics.
This system is metallic with the ThCrsSis-type struc-
ture over the entire composition range 0 < z < 1
[22]. On the basis of magnetization versus magnetic
field M(H) and electrical resistivity measurements on
Cay_,Sr,;Coa_yAse crystals, the authors of Ref. [22] in-
ferred A-type c-axis AFM for 0 < z < 0.15 (AFMI), a
c-axis FM phase for 0.15 < = < 0.27, ab-plane AFM or-
dering for 0.27 < x < 0.42 (AFMII), and a PM phase for
0.42 < x < 1, with one crystal defining each of the FM



and AFMII phase regions. A first-order transition from
the ¢T to the uncollapsed-tetragonal (ucT) structure at
x ~ 0.4 was suggested from the variation in the c-axis
lattice parameter with z, which the authors suggested
was important to the evolution of the magnetic structure
with z [22].

Here we present a detailed study of the magnetic prop-
erties and phase diagram of the Ca;_;Sr;Cos_,Asy sys-
tem that was carried out using ten single crystals with
Sr compositions in the range 0 < z < 0.52. For crystals
with x in the intermediate crossover regime 0.2 < z < 0.3
between the c-axis and ab-plane AFM moment orienta-
tions of the AFMI and AFMII phases, respectively, we
discovered that xq»(7") exhibits a cusp at the magnetic
ordering temperature typical of an ab-plane AFM tran-
sition, whereas the response of x.(T') and M.(H) to a
c-axis field is extremely soft, suggesting instead a c-axis
FM structure in this region as proposed in Ref. [22]. This
divergence between the magnetic responses in the two
field directions is highly anomalous. We also established
that the moment realignment between the AFMI and
AFMII phases results from a continuous composition-
induced evolution of the magnetocrystalline anisotropy
field from c-axis to ab-plane orientations; and that the
structural parameters versus x, Tn(z) [defined as the
cusp temperature in xq,(7)], the low-T' saturation mo-
ment psat(2z), and the effective moment peg(x) in the
PM state at T > Tn all vary continously with « for
0 < x <0.45. Details about the crystal growth together
with elemental analyses and single-crystal structure de-
terminations are given in Ref. [34]. M(H,T) and Cy(T')
data were obtained using a Quantum Design Magnetic
Properties Measurement System and Physical Properties
Measurement System, respectively.

Shown in Fig. 1 are zero-field-cooled x(T') = M(T)/H
data in H = 0.1 T applied both parallel and perpendic-
ular to the ¢ axis for 0 < x < 0.52. For x = 0 to 0.15
one sees that y. < xqp for T' < T = 63 K, suggesting
A-type collinear c-axis ordering as already established for
x = 0. Here x4 exhibits a cusp at 7' = Tx and is approx-
imately independent of T below Ty, as expected for an
AFM transition. Even though Ty is nearly independent
of = in this region, the magnetic system becomes very
soft against c-axis fields as reflected by the sharp peak in
Xc for z < 0.15 that appears to be diverging with increas-
ing x. This is also reflected by the order of magnitude
increase in the maximum y. from = 0 to = 0.19 in
Fig. 1. For x = 0.33 a T-induced spin-reorientation tran-
sition appears to occur at about 50 K. This plot is similar
to that for = 0.34 reported in Ref. [22]. For = 0.40
and 0.45, the x values at low T decrease to small val-
ues, and the y(7') data suggest ab-plane AFM ordering.
Finally, for z = 0.52, a PM behavior is observed. As
a point of reference, the magnetic dipole interaction be-
tween local moments on a simple-tetragonal lattice with
¢/a ~ 3.65 as in CaCog_,Ass predicts that the ordered
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FIG. 1: (Colour online) Zero-field-cooled magnetic suscepti-
bility x of Cai—;Sr;Coz—y,Asy crystals versus T'in H = 0.1 T
applied in the ab plane (xqs) and along the c axis (x.). Note
the large changes in the ordinate scales versus x.

moments should lie in the ab plane [35].

To clarify the origins of the behaviors in Fig. 1 and the
magnetic ground state versus z, we carried out isother-
mal M (H) measurements on the same set of ten crystals
at T = 2 K and the results are shown in Fig. 2. As
expected for A-type c-axis collinear AFM ordering for
small z [24], the crystals with = = 0, 0.09, and 0.15 show
clear evidence for first-order field-induced spin-flop (SF)
transitions for H || ¢, where the SF fields decrease from
Hsp ~ 3.7 T for x =0 to Hsp ~ 0.6 T for x = 0.15. The
measured saturation moment pus,; values at high fields
are in the narrow range of =~ 0.35 to ~ 0.42 ug/Co for
0.09 < z < 0.33. Additional magnetic data in Ref. [34]
show that the effective moment peg per Co atom in the
PM state is also nearly independent of = for 0 < z < 0.45.
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FIG. 2: (Colour online) M(H) data for Cai—gSryCoz—yAss
crystals at T'= 2 K for H applied in the ab plane (Myp) and
along the c axis (M.).

Figure 2 indicates that at 2 K, Hgp ~ 0 for x = 0.19,
0.25 and 0.28, where Tx from Fig. 1 and Ref. [34] de-
creases continuously from 71 to 63 K over this compo-
sition range. At the same time, the slope of M.(H) at
low fields for these compositions remains high. To exam-
ine this low-field dependence in more detail, expanded
plots of M.(H) for 0 < H < 1500 Oe are shown in
Fig. 3. For z = 0.19 a weak SF transition is detected
at Hsp =~ 100 Oe. One also sees in Fig. 3 that the rapid
increase in M, with H at low fields for H || ¢ in Fig. 2 is
linear in H with nearly the same slope for the three com-
positions. This effect is expected if the slope is limited by
demagnetization effects. The dimensionless volume sus-
ceptibility of the M.(H) data in Fig. 3 up to H = 800 Oe
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FIG. 3: (Colour online) M.(H) data for H < 1500 Oe at
T = 2 K for three crystals of Cai_;Sr;Coa—_yAss.

for all three compositions is x. = dM./dH = 0.077. This
value is about the same as the value x. = 1/47 ~ 0.080
expected if M./H in the absence of demagnetization ef-
fects is so large that the observed value is limited by
the demagnetization factor [35]. Hence the magnetic re-
sponse along the ¢ axis is extremely soft for x = 0.19,
0.25 and 0.28, which may be expected if these composi-
tions are in a crossover region in the magnetocrystalline
anisotropy field from being parallel to perpendicular to
the ¢ axis. The rapid growth with increasing = of the
sharp peak in x.(Tx) for £ = 0.09 and 0.15 in Fig. 1
is an additional indication of the growth of strong FM
fluctuations.

The crystal with Sr composition x = 0.33 is unique
among the ten Caj;_,Sr,Coa_yAsy crystals, because it
exhibits a T-induced spin-reorientiation transition as re-
vealed by the y data for this composition in Fig 1. On
cooling below its Ty = 60 K, the x anisotropy indi-
cates that the ordered moments are oriented within the
ab plane. But then on further cooling to the range
T = 45 to 50 K, the ordered moment direction switches
from the ab plane to the ¢ axis and remains so down to
2 K. This spin-reorientation transition is confirmed by
the anisotropy of the magnetization isotherms in Fig. 4,
which show a weak metamagnetic transition at about
2.5 kOe at 50 K for H aligned in the ab plane, and in-
stead a spin-flop transition at Hgp =~ 2.4 kOe at 2 K for
H aligned along the c axis.

The M.(H) behavior for x = 0.2 in Ref. [22] is about
the same as we see for x = 0.19, 0.25 and 0.28 in
Fig. 2, which those authors interpreted as a c-axis FM
region of the phase diagram. However, the x.(T) be-
haviors in Fig. 1 for z = 0.19, 0.25 and 0.28 instead
suggest that the magnetic structure is AFM in this re-
gion. The magnetic behaviors of ThCo; 2Cug gSny with a
different crystal structure [36] are similar to our data for
Caj_;Sr;Cos_yyAss in the crossover regime with = ~ 0.2
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FIG. 4: (Colour online) Magnetization M versus applied mag-
netic field H for fields aligned along the ¢ axis (open symbols)
and ab plane (filled symbols), each at 2 K, 50 K and 60 K. The
ab-plane data are offset vertically by 0.1 ug/f.u. for clarity.

to 0.3, but no discussion or interpretation of the data
were given.

At larger x values of 0.40 and 0.45, metamagnetic tran-
sitions occur at 2 K with H applied in the ab plane in-
stead of along the ¢ axis which indicates ab-plane AFM
ordering (AFMII) as suggested for x = 0.34 in Ref. [22].
We interpret this as resulting from a crossover in the
anisotropy field from being parallel to the ¢ axis for 0 <
z < 0.2 to perpendicular to the ¢ axis for 0.35 < = < 0.45.
If this ordering is collinear, one expects AFM domains to
occur in the ab plane with orthogonal easy axes, cor-
responding to an extrinsic noncollinear AFM structure.
The xqu(T) data for z = 0.40 and 0.45 in Fig. 1, which
remain relatively large with respect to x.(T) at T' < T,
suggest that the AFM structure in this = range is either
extrinsically or intrinsically noncollinear [37-39]. In ei-
ther case, the high-field M,,(H) behavior is not straight-
forward to interpret. Therefore we denote the metam-
agnetic transition field for x = 0.40 and 0.45 as Hym,
instead of Hgp. One sees from Fig. 2 that Hy,,, increases
from ~ 1.7 T for x = 0.40 to ~ 2.8 T for z = 0.45 before
becoming irrelevant in the PM state for x > 0.52.

We have also carried out C,(7) measurements on
the Caj_,;Sr;Cos_yAsy crystals in H = 0 [34]. As
in the Cp(T) measurements for z = 0 in Ref. [25],
we see no distinct anomalies in C, at Ty for any of
the Caj_,Sr;Cos_,Asy crystals. The low-7T" data indi-
cate substantial Sommerfeld coefficients v, suggesting en-
hanced densities of states at the Fermi energy.

The ground-state magnetic phase diagram of the
Caj_5Sr,Coa—yAsy system derived from the measure-
ments at T = 2 K of Hsp and H,,,, versus x is shown in
Fig. 5, where Tx(z) is also plotted. The AFMI phase for
0 <2 <0.2is an A-type AFM with c-axis moment align-
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FIG. 5: (Colour online) Magnetic phase diagram of the

Cai_ 51, Coz—yAsz system versus « at T = 2 K, containing
the c-axis AFMI (A-type), ab-plane AFMII and PM phases.
The crossover region in yellow and the AFMII phase have un-
known structures. Plotted are the spin-flop field Hsr with
H || ¢ for x < 0.2 and the metamagnetic transition field Hmm
with H || ab for > 0.3 (left-hand ordinates). Also shown is
Tn(z) (right-hand ordinate), defined as the cusp temperatures
in the xq,(7") data in Fig. 1.

ment. The AFM structure in the anisotropy crossover
region 0.2 < z < 0.3 is unknown. Then an AFMII phase
with unknown AFM structure with the ordered moments
aligned in the ab plane occurs for x = 0.40 and 0.45, fol-
lowed by a PM region for 2 > 0.52. From the x(7') data
for x = 0.40 and 0.45 in Fig. 1 we infer that the AFMII
structure is intrinsically noncollinear or else extrinsically
noncollinear due to multiple AFM domains aligned in
the ab plane. Since TN, psat and peg over the region
0.2 < 2 £ 0.3 do not change appreciably [34], one might
infer that a continuous tilting of the ordered moment
from c-axis to ab-plane orientation occurs over this re-
gion. However, this seems unlikely since the magnetic
data for this region do not provide clear evidence for it
and the magnetism is itinerant.

In summary, the magnetic and thermal properties of
Caj_5Sr,Coa—yAsy single crystals with 0 < = < 0.52
were studied and the magnetic phase diagram at 7' =2 K
was constructed. We confirm a collinear c-axis AFM
phase at small z < 0.2 and an ab-plane AFM phase
at large x = 0.40 and 0.45 [22]. Our major result
is the observation of AFM-like transitions from xqu(T")
coexisting with strong FM-like c-axis correlations from
Xc(T) and M.(H) data in the crossover region 0.2 < 0.3
between these two phases, an anomalous dichotomy.
We also find continuous evolutions with z from = =
0 to 0.52 of the crystal structure, of the anisotropy
field at T = 2 K which results in the composition-
induced ordered-moment reorientation between the c-
axis AFMI and ab-plane AFMII phases, and of the or-



dered and effective moments [34]. An important feature
of this system is that it is isoelectronic and isostruc-
tural over the entire composition range 0 < x < 1,
which may simplify theoretical analyses. The itinerant-
electron AFM Ca;_,Sr;Cos_Asy system provides fer-
tile ground for additional experimental and theoretical
investigations that may also shed light on the origin of
the temperature-induced ordered-moment realignments
of the AFM phases in the hole-underdoped 122-type
FeAs-based high-T, superconductors.
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