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Itinerant electronic ferromagnetism in Sr,ScO3;CoAs with largely spaced CoAs conduction layers
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We studied magnetism of Sr,ScO;CoAs, a member of the group of layered compound with CoAs conducting
layers, by using successfully synthesized polycrystalline sample. As a result of magnetic and electric resistivity
measurements, Sr,ScO;CoAs was revealed to be an itinerant electronic ferromagnet with the Curie temperature
Tc =48 K. We discussed the magnetism of this compound within the spin fluctuation theory for three-dimensional
itinerant electronic ferromagnets in the ordered state and also pointed out possible quasi-two-dimensional behavior

observed in magnetism.
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I. INTRODUCTION

Itinerant electronic magnetism is an old but still interesting
theme in strongly correlated electronic systems. Several new
topics have recently sprung from this field, e.g., iron-based
n-carbide-type compounds with the stella quadrangula net-
work, where itinerant electronic magnetism collaborates with
a geometrical frustration,"? and UCoGe in which supercon-
ductivity and itinerant electronic ferromagnetism coexist.>~
Collaboration between low-dimensionality and itinerant elec-
tronic magnetism is also one of the interesting topics. A group
of compounds with CoPrn conducting layers (Pn: P and As)
has recently attracted attention as a candidate for collaboration
between ferromagnetism and two-dimensionality because of
their layered structure.

Among the family with CoPn conducting layers,
LaCoPnO, which have the same structure as iron-based
superconductor LaFeAs(O,F),® have been studied by several
groups.”” In spite of a relatively large interlayer distance
of CoPn layers (~8.5 A), those compounds show ferromag-
netism below the Curie temperature 7 ~ 50 K. Ferromagnetic
ordering at finite temperature is an evidence of existence of
magnetic interactions between Co Prn layers, meaning the sys-
tem is not purely two-dimensional but quasi-two-dimensional.
For enhancement of two-dimensionality, it seems a good way
to increase the distance between CoPn layers. Sr;ScO3CoPn
(also called as Sr4Scr,OgCo, Py or SrpScCoPnQs3) are suit-
able compounds for such a purpose: Co Pr layers are separated
by a perovskitelike Sr,ScOs3 block, and the distance between
CoPn layers is therefore about 16 A, which is a value about
two times larger than that of LaCoPnO (see Fig. 1). For
the case of Pn = As, Sr;ScO3;CoAs was reported to show
a ferromagneticlike behavior with T¢ possibly being higher
than room temperature,'” a value that is the highest among
compounds with Co Pn layers. This result is surprising because
enhancement of two-dimensionality usually causes a lowering
of magnetic transition temperature. For further understanding
of itinerant ferromagnetism in two dimensions, it is important
to elucidate precise magnetism of Sr,ScO3;CoAs.

Spin fluctuation is one of the most important keywords
for strongly correlated electronic systems. In the case of
iron-based superconductors, for example, antiferromagnetic
spin fluctuations are reported to play an important role for
the formation of the Cooper pairs.'! Usually spin fluctuations
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of compounds can be observed only by NMR and neutron-
diffraction experiments.'” For weak ferromagnets, however,
one can pull out the information of spin fluctuations by
measuring macroscopic (static) magnetization according to
Takahashi’s spin-fluctuation theory.!? The family with CoPn
layers conforms to such a situation, since they tend to become
weakly itinerant electronic ferromagnets (WIFs).

In this paper, we report results of synthesis of Sr,ScO3;CoAs
and electric resistivity and magnetic measurements for our
sample. We also discuss magnetism of this compound based
on the spin-fluctuation theory for WIFs.!314

II. EXPERIMENT

Polycrystalline samples of Sr,ScO3CoAs were obtained by
a conventional solid-state reaction method.'” A powder of
CoAs was first synthesized from powders of cobalt (purity:
99.9%) and arsenic (purity: 99.9%) by heating a mixture
of them at 800 °C in evacuated silica tubes. Obtained CoAs
powder was then mixed with Sr (purity: 99%), SrO (purity:
99%), and Sc,03 (purity: 99.9%) in an appropriate ratio. This
process was performed in a glovebox filled with highly pure
N, gas to prevent the oxidation of Sr and moisture absorption
of SrO. The mixture was sealed in a silica tube and heated at
1200 °C for two days. After regrinding, the obtained sample
was heated again at 1200 °C for two days. The final process
was repeated twice to homogenize the sample.

The obtained sample was characterized by powder x-ray
diffraction (XRD) measurements utilizing RIGAKU Smart-
Lab with Cu K|, radiation. Crystal structure was refined by the
Rietveld method using RIETAN-FP software.'> Magnetization
(M) of the sample was measured using a superconducting
quantum interference device magnetometer (MPMS, Quantum
Design) installed in RIKEN in conditions of temperature (7')
from 2 to 300 K, and magnetic field (H) up to 70 kOe. Electric
resistivity (p) was measured by a conventional dc four-probe
method in a condition of T from 10 to 280 K with the sample
sintered in a shape of a rectangle about 1 x 2 x 0.5 mm? in size.

III. RESULTS AND DISCUSSION

A. Characterization

Figure 2 shows the results of powder XRD measurement
and Rietveld analysis. The simulated pattern obtained by
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(b)

FIG. 1. (Color online) (a) Crystal structure of Sr,ScO3;CoPn.
(b) Projection of the CoPn conduction layers along the ¢ axis.
(c) Crystal structure of LaCoPnO shown for comparison. Two
compounds belong to the tetragonal structure with space group
of P4/nmm. Solid black lines show unit cell of each structure.
Panels (a) and (c) are drawn on almost the same scale.

Rietveld analysis well explains the experimental data and no
extra peak is observed, showing that the sample is in a single
phase of Sr,ScO3CoAs. Lattice parameters were determined
as a = 4.0486 A and ¢ = 15.557 A, which are similar to those
reported by Xie et al.'” The result of Rietveld refinement is
shown in Table L.

The value of parameter a is similar to that of LaCoAsO
(a = 4.055 A),° while the value of ¢ is about two times larger
than that of LaCoAsO (¢ = 8.462 A),° as pointed out above.
The similarity of the value of a indicates a realization of similar
magnetism within the CoAs layers, since the band structures of
the CoAs layer in two compounds are expected to be the same
as each other. On the other hand, the difference of value of ¢
may lead to different magnetic transition temperatures, since
magnetic interaction along the ¢ axis, which is responsible for
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FIG. 2. (Color online) Powder XRD pattern of the sample and
the result of Rietveld analysis. Upper row: Observed pattern (red
dots) and simulated pattern obtained by Rietveld analysis (green
line). Middle row: Difference profile between the observed and
simulated patterns. Bottom row: Positions of Bragg reflections from
Sr,ScO;CoAs.
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TABLE I. Result of Rietveld analysis of Sr;ScO3;CoAs. R, Ryp,
and R.,, are the profile R factor, the weighted profile R factor and
the expected R factor, respectively. S = Ryp/Rexp-

a (&) cA)  Ry(%) Ryp(®) Ry S
4.0486(3) 15.557(1)  1.943 2.532 2.001 1.27
X y b4 occupancy

Srl 0 12 0.1935Q3) 1.0

Sr2 0 12 04211(2) 1.0

Sc 1/2 0 0.3188(5) 1.0

ol 1/2 12 0.2795(@8) 1.0

02 1/2 0 0.422(2) 1.0

Co 1/2 1/2 0 1.0

As 1/2 0 0.0881(3) 1.0

the long-range order, should become weak when the distance
of CoAs layers becomes large.

B. Magnetization and electric resistivity

Figure 3(a) shows temperature dependence of M in H =
1, 10, 30, 50, and 70 kOe, and Fig. 3(b) shows H dependence
of M at various temperatures. From the behavior of the
magnetization in the figures, one can find our sample being

T T T T T T
16 (a T -
Y g6 R
- EV[ < |
G 4 N
3 12k g 03-
§ I <2 £
P P S N RN
5§ sl 0 100 200 300
© T(K)
= Ll H=1,10,30, |
50, 70 kOe
0 |
0 50 100 150 200 250 300
T (K)
T T T T
161 (b) 2K
30 |
48
= 12 -
60
g
3 70
5 s 80 |
°
S 100 |
=, i
300
0 e peee
0 20 40 60 80
H (kOe)

FIG. 3. (Color online) (a) 7 dependence of M at H = 1, 10, 30,
50, and 70 kOe. Inset: T' dependence of p and dp/dT . (b) Isothermal
magnetization curves at various temperatures.
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in a ferromagnetic state in the low-T region in spite of a
large distance between CoAs layers. The inset of Fig. 3(a)
shows temperature dependence of p and dp/dT of the sample.
Clear metallic conductivity was observed as other members
with CoAs layers.”'®!” The dp/dT shows a peak at about
50 K, which peak corresponds to the ferromagnetic transition
since spin fluctuations which scatter conduction electrons are
abruptly reduced in the ferromagnetic state. These results show
that the ferromagnetic ordering and the electric conductivity
simultaneously occur in the CoAs layers as in the case of
LaCoAsO. The results of measurements are different from
those shown in the previous report.!” Though we cannot
explain the cause of the difference, we think our results are
reliable since the quality of our sample is good as shown
above. Effects of demagnetization should be taken into account
in cases of the usual ferromagnetic compounds. Since our
sample shows smaller magnetization than usual ferromagnets,
effects of demagnetization are negligible even if one assumes
the demagnetizing factor N = 1. From this reason, we ignore
the effects of demagnetization in this paper.

Usually, the Arrott plot, or the M? vs H/M plot, is used
to determine the value of 7¢, especially in cases of WIF
compounds. Figure 4 shows Arrott plots of the sample at
various temperatures. We could not observe the linear relations
between M? and H/M which are expected for usual WIF
compounds, but we observe two characteristic behaviors: one
is that M? draws convex curves around T¢ (~50 K), and the
other is that at T = 2 K the data seem to change their slopes
around H/M = 15 mol Oe/emu. Within the spin fluctuation
theory by Takahashi,'? the former character can be understood
as the critical behavior of the ferromagnetic transition, and we
can get spin fluctuation parameters out by analyzing the curves.
We will discuss the values of these parameters and the validity
of them in the next subsection. The latter character is not
understood within Takahashi’s theory, since M? should obey a
linear relation with H/M at the ground state. We presume that
this anomaly is due to an anisotropy in the magnetic structure
like LaCo,P,,'® but for further discussion, we need a single
crystalline sample.

Spontaneous magnetization [Ms (= M|p—0)] and mag-
netic susceptibility [x (= M/H|p—o)] were estimated from
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FIG. 4. (Color online) Arrott plots at various temperatures.

PHYSICAL REVIEW B 88, 094441 (2013)

12-\ '
Y
g . ‘\,A i'_
o . 8
S 4k i -
X -— 5

0 : 1 1 1 1 IO

0 50 100 150 200 250 300

T (K)

FIG. 5. (Color online) T dependence of M; (closed triangle) and
x ! (closed circle). Solid line on x ' shows a result of Curie-Weiss
fitting.

the values of intersections of extrapolation of the M?>-
H/M curve and vertical or horizontal axes, respectively.
Figure 5 shows the temperature dependence of thus estimated
M and x~'. Both M, and x~' show typical temperature
dependence for WIF. We determined the value of 7¢ from
the figure as the temperature at which both M, and x~!
take zero: Tc = 48 K. The spontaneous magnetization at
the ground state was estimated as P; = 1129 emu/mol
(=0.202up) by extrapolating the M curve to T = 0 K. Here
up is the Bohr magneton. The solid line in the figure is the
result of fitting the Curie-Weiss law with a constant term
to x ' above 130 K. By this analysis, the effective Bohr
magneton number, the Weiss temperature, and the constant
term were determined as Peg = 1.30ug, 8 = 78 K, and xo =
1.63 x 10~* emu,/mol, respectively. The ratio of P.i/ P, which
indicates the degree of itinerancy of magnetic moments, is 6.5.
This value is larger than the value of ~1 which is for the case
of localized magnetic moments. Sr,ScO3CoAs is therefore an
itinerant electronic ferromagnet and can be categorized as a
WIF. These magnetic parameters are listed in Table II.
Magnetic interaction between CoAs layers is necessary
for long-range ordering at finite temperature. In cases of
high-T. cuprates, the interlayer molecular field is enhanced
through development of in-plane magnetic susceptibility.!*~>>
This fact shows that if magnetic moments within a plane
strongly interact with each other and behave as “giant magnetic
moments,” magnetic interaction between such giant magnetic
moments can stabilize three-dimensional ordering at finite
temperature, even if the interlayer interaction is quite weak
as compared with its strength expected from the transition
temperature. We would like to note that for a ferromagnetic
case, magnetic dipole interaction cannot be ignored. In our
tentative calculation for Sr,ScO3;CoAs, with an assumption
that each ferromagnetic domain is in a size of 1 um? in
CoAs layers and magnetic dipole interaction works between

TABLE II. Magnetic parameters of Sr,ScO;CoAs and LaCoAsO
for comparison (Ref. 9).

Te (K)  6(K)  Pey (us) P (us)  Pei/ P
Sr,Sc0;CoAs 48 78 1.30 0.202 6.5
LaCoAsO 55 98.4 1.34 0.28 4.8
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them, stabilization energy due to this interaction becomes large
enough for making the system order at finite temperatures.
Three-dimensional ferromagnetic transition of Sr,ScO3;CoAs
is therefore driven by two-dimensional magnetic interaction
within CoAs layers and is supported by weak interlayer
magnetic interaction, possibly a classical magnetic dipole
interaction. In such a case, ordered magnetic moments are
expected to align along the ¢ axis according to simple
electromagnetism. The same logic can apply to other members
of the family with CoAs layers. In the case of LaCoAsO, a
member of the family, ordered magnetic moments have been
reported to align along the ¢ axis,?* indicating correctness of
the above scenario. The same magnetic structure is therefore
expected for SrpScO3CoAs, and the anomaly observed in the
Arrott plot at T = 2 K is possibly due to such an anisotropic
magnetic structure.

Sr,ScO3CoAs resembles LaCoAsO in magnetism as shown
in Table II and also in the value of lattice parameter a.
These resemblances indicate that magnetism of these two
compounds depends only on the electronic structure within
CoAs layers and is not sensitive to the distance between
CoAs layers. Therefore suppression of ferromagnetic ordering
is difficult to achieve by increasing the distance between CoAs
layers. On the other hand, suppression of ferromagnetism is
expected to be achieved by decreasing lattice parameter a
as in the case of three-dimensional WIFs. If ferromagnetic
ordering is completely suppressed by compression along a
axis and the system reaches the quantum critical point, a pure
two-dimensional nature is possibly observed. For this reason,
it must be interesting to study compounds with the value of a
smaller than Sr,ScO5;CoAs.

C. Analyses based on the spin-fluctuation theory

In the spin-fluctuation theory for WIF, a spin-fluctuation
spectrum of a system is in a form of double Lorentzian function
and the magnetism of the system is determined by the width
of the spectrum.lz'24 Ta, Ty, and F; are important parameters
in this theory, where T, and Tj are, in K, related to the width
of the spin-fluctuation spectrum along wave-number direction
and along the frequency direction, respectively. Fj is, also in
K, related to the fourth coefficient of the Landau expansion
of free energy of the system. According to Takahashi,'? it
is also determined as F; = ng/f/lSTo, where g = 2. We
analyzed the magnetization of Sr,ScO3CoAs based on this
theory.

We first estimated the value of the critical exponent § by
fitting M oc H'/® to the low-H region of the M vs H curve at
Tc as 6 = 5.02, a value larger than those of three-dimensional
Heisenberg and three-dimensional Ising models (8 ~ 4.81),%
and much smaller than that of the two-dimensional Ising model
(8 = 15).2° In Takahashi’s theory, a linear relation between M*
and H/M are predicted at 7T¢ due to the ferromagnetic critical
behavior. This relation is expressed with T}, as'?

M* =1.86 x 10"°(T¢/T3)(H/M). (1)

This means that the value of § in the system for which
Takahashi’s theory is adapted is 5, which indicates the validity
of this theory for Sr,ScO3CoAs. Figure 6 shows M* at Te
plotted against H /M. Although the data follow a convex curve

PHYSICAL REVIEW B 88, 094441 (2013)

mt (10]2 emu4/mol4)

77 (10° K%)

L | L | L
0 20 40 60
(M/H)'1 (mol Oe / emu)

FIG. 6. (Color online) H/M dependence of M* at T = T¢. Solid
line is a result of a linear fitting of Eq. (1) to the data. Dotted line
is a result of fitting of [In(H/M)]* to the data (see text). Inset:
T? dependence of 082 [=M(T)?/M,(0)?]. Solid line is a result of
calculation by Eq. (3) using the value of T, obtained from M* vs
H/M plot.

rather than a straight line, in the low-H (low-H /M) region the
data show linearity. This behavior is consistent with the value
of & observed in the low-H region as discussed above. The
value of T, was estimated by fitting Eq. (1) to the low-H/M
region of the data as 7.71 x 10° K. Putting the values of T4,
Tc, and P; in the equation,

Te = (60c) /4 PY2TYA T4, 2)

we obtained the value of Tj as 1389 K. Here c is a constant
equal to 0.3353.... By putting the values of T, and Tj in
F) = g*T}?/15T), we estimated the value of Fj as 11.4 x
103 K. The values of spin-fluctuation parameters are listed in
Table II1.

The parameter T also appears in temperature dependence
of spontaneous magnetization near the ground state as

ap
o2=1

; - —T? 3

where ag = 112.1 ... and o, = M(T)/M,(0).">?" In the inset
of Fig. 6 we show the o2 vs T? plot together with the
result of a calculation by Eq. (3) using the values of 75 and
P obtained above. The calculated result well explains the
experimental data, showing validity of the estimation of Tj.
F) also appears in the slope of the Arrott plot at the ground
state as Ng (gup)*/ kg F1, where Ny is the number of magnetic
atoms in a sample. The value of F; estimated by fitting this
equation to the Arrott plot at 2 K above 15 mol Oe/emu
is 22.6 x 10° K. One can consider this value consistent

TABLE III. Spin-fluctuation parameters of Sr,ScO;CoAs
together with those of LaCoAsO (Ref. 9). Values of F; are those
estimated from the equation F; = g2T2/15T,.

TA(10°K)  Th(K)  F(0°K)  Te/Tp
Sr,Sc03CoAs 7.71 1389 114 0.035
LaCoAsO 6.21 644 16.0 0.085
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FIG. 7. (Color online) Takahashi-Rhodes-Wohlfarth plot. Data
shown by small opened circles are reproduced from Ref. 13 and
references therein. Data of LaCoAsO are reproduced from Ref. 9.

with the value obtained from T, and Ty. The result of these
crosschecks shows that we successfully obtained the spin
fluctuation parameters consistently. As shown in Table III,
spin-fluctuation parameters of Sr,ScO3;CoAs are different
from those of LaCoAsO although static magnetic parameters,
especially T¢c and P, are similar to each other. It should
be noted that the value of Tj is double compared with that
of LaCoAsO, from which we suggest that destabilization of
magnetic ordering due to enhancement of two-dimensionality
proceeds in Sr,ScO3CoAs.

The ratios of Pes/Ps; and T/ Ty should obey the rela-
tion Pegr/Ps = 1.4 x (TC/T())’z/3 when a system is three-
dimensional WIE."* We plotted P/ Ps against Tc/ Ty in Fig. 7
to evaluate magnetism of Sr,ScO3;CoAs. As observed in the
figure, the data of Sr,ScO3CoAs are a bit far from the theo-
retical curve. This shows that the model of three-dimensional
WIFs can be used to explain most magnetism of Sr, ScO3;CoAs
but needs to be corrected slightly in order to explain it com-
pletely. We also plotted the data of LaCoAsO. One can see that
Sr,ScO3CoAs is closer to the ferromagnetic quantum critical
point than LaCoAsO. When a system is quasi-two-dimensional
WIF, the value of P.g;/P; tends to reduce.'* Deviation from
the theoretical curve for three-dimensional WIF indicates an
appearance of quasi-two-dimensional character.

By using spin-fluctuation parameters and magnetic param-
eters, one can calculate magnetic susceptibility as a function of
temperature.”'3 Figure 8 shows the result of calculation (black
line) by using parameters in Tables II and III together with
experimental x ~! (open circles). The inset of the figure shows
the magnification of the main panel around 7¢. The calculated
data are not in agreement with the experimental ones except
for the narrow region close to Tc. We therefore supposed that
magnetism of Sr,ScO3CoAs just around ¢ can be understood
using the theory of three-dimensional WIF, and it needs
modification taking account of the quasi-two-dimensionality
for overall explanation of magnetism above 7¢.

Finally, we pointed out possible appearances of quasi-two-
dimensional character of Sr,ScO3;CoAs. In Fig. 8, we showed
a result of fitting of the equation for two-dimensional WIF,
X1 =2TaA(T/6T0)*? x exp(—P2Tx/10T), to the experi-
mental y ~! as a purple line.?®?° The result of calculation is well
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FIG. 8. (Color online) Black line shows calculated results of x !
based on Refs. 9 and 13. Open circles are the experimental x ~'. Purple
line is aresult of fitting of equation for two-dimensional ferromagnetic
case (Ref. 28). Inset: magnification of the main panel around 7¢.

fitted to the data, indicating an appearance of two-dimensional
character of Sr;ScO3;CoAs. From the fitting, 75 and Tj are
estimated as Ty = 52.5 x 10° K and Ty = 16.5 x 10° K,
respectively. These values are almost 10 times larger than the
values listed in Table III. This problem should be solved in
the future. If magnetic interaction is highly two-dimensional,
H/M is proportional to exp(M?) at Tc,'* and thus M* is
proportional to [In(H/M)]>. In the main panel of Fig. 6, we
showed a result of fitting [In(H/M )] to the data as a dotted
line. As observed in the figure, the fitting curve well fits the data
in much wider range of H/M than Eq. (1). Thus nonlinearity
of the M* vs H/M curve also indicates an appearance of
quasi-two-dimensional character of Sr,ScO3CoAs. We can
show several collateral evidences of quasi-two-dimensionality
of this compound as discussed above. We believe that we can
show direct evidences of it if we obtain a single crystalline
sample of Sr,ScO3CoAs.

IV. CONCLUSION

In summary, we successfully synthesized a polycrystalline
sample of Sr;ScO3;CoAs and revealed that this compound
shows itinerant electronic ferromagnetism with the Curie
temperature 7¢c = 48 K in spite of a large interlayer distance
of CoAs layers. We showed magnetism of Sr,ScO3;CoAs
is explained by three-dimensional spin-fluctuation theory
around and below 7 and also pointed out the possibil-
ity of the realization of quasi-two-dimensional nature in
magnetism.
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