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Physical properties of metallic antiferromagnetic CaCo, gsAs; single crystals
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X-ray powder diffraction (XRD), magnetic susceptibility yx, isothermal magnetization M, heat capacity C,,
and in-plane electrical resistivity p measurements as a function of temperature 7 and magnetic field H are
presented for CaCo; ggAs, single crystals. The electronic structure is probed by angle-resolved photoemission
spectroscopy (ARPES) measurements of CaCo, gsAs, and by full-potential linearized augmented-plane-wave
calculations for the supercell CagCo;sAs; (CaCoj ggAs,). Our XRD crystal structure refinement is consistent with
the previous combined refinement of x-ray and neutron powder diffraction data showing a collapsed-tetragonal
ThCr,Si,-type structure with 7(1)% vacancies on the Co sites corresponding to the composition CaCo; ggAs,
[D. G. Quirinale et al., Phys. Rev. B 88, 174420 (2013)]. The anisotropic x(7') data are consistent with
the magnetic neutron diffraction data of Quirianale er al. that demonstrate the presence of A-type collinear
antiferromagnetic order below the Néel temperature 7y = 52(1) K with the easy axis being the tetragonal ¢
axis. However, no clear evidence from the o(7T) and C,(T') data for a magnetic transition at Ty is observed. A
metallic ground state is demonstrated from the band calculations and the p(T'), C,(T'), and ARPES data, and
spin-polarized calculations indicate a competition between the A-type AFM and FM ground states. The C(T)
data exhibit a large Sommerfield electronic coefficient reflecting a large density of states at the Fermi energy
‘D(EF) that is enhanced compared with the band structure calculation where the bare D(EF) arises from Co 3d
bands. At 1.8 K, the M (H) data for H || ¢ exhibit a well-defined first-order spin-flop transition at an applied field
of 3.5 T. The small ordered moment of ~0.3ug/Co obtained from the M (H) data at low T, the large exchange
enhancement of x and the lack of a self-consistent interpretation of the x(7) and M(H,T) data in terms of a

local moment Heisenberg model together indicate that the magnetism of CaCo; gcAs; is itinerant.
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I. INTRODUCTION

The discovery of high-temperature superconductivity in
iron arsenides that share features with the high-7, cuprate
superconductors such as antiferromagnetic (AFM) ordering in
the nonsuperconducting parent compounds and a transition
metal square sublattice has attracted significant attention
in seeking a common understanding of the mechanism of
high-7, in iron arsenides and cuprates [1-14]. On the other
hand, in contrast to the parent cuprate compounds, which
are local-moment AFM insulators, the parent iron arsenide
compounds such as AFe;As; (A = Ca, Sr, Ba) have an AFM
ground state in which an itinerant spin-density wave transition
ata Néel temperature Ty is closely accompanied by a structural
distortion from the body-centered tetragonal ThCr,Si,-type
(122-type) structure to an orthorhombic structure. The ordered
moment in the collinear “stripe” AFM structure is oriented in
the tetragonal ab plane [9], breaking the fourfold tetragonal
rotational symmetry about the c axis, which is correlated with
the orthorhombic lattice distortion. Superconductivity in the
AFe;As, materials occurs upon suppression of the SDW tran-
sition by partial substitutions at the A, Fe, and/or As-sites or
by the application of external pressure [9]. Superconductivity
also occurs in 122-type compounds not containing Fe such as
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found from recent measurements of CaPd,As; (T, = 1.27 K)
and SrPd,As; (T, = 0.92 K) single crystals [15].

In our effort to search for and understand the physics of
novel 122-type arsenide compounds, we recently investigated
the physical properties of SrCu;As, and CaCu,; 7As,, which
form in a collapsed tetragonal (cT) structure and behave like
sp-band metals with Cu atoms in a nonmagnetic 34'° Cu™!
electronic configuration with the atomic 4s valence electron
being itinerant [16,17]. In the cT structure, SrCu,As; has a
c/a ratio of 2.39 in contrast to the c/a ratio of 3.29 for the
uncollapsed tetragonal (ucT) structure of BaFe;As; [16]. The
associated dimerization of the As atoms of adjacent layers
of the cT structure leads to a formal As~2 = [As—As]™ /2
oxidation state in contrast to the oxidation state As™3 in
BaFe,;As,. Thus with Sr in the +2 oxidation state, the formal
oxidation state of Cu in SrCu,As, is Cu™! with a nonmagnetic
3d'0 electronic configuration, leading to the observed sp-band
metal behavior [16] as predicted from electronic structure
calculations [18].

A pressure-induced lattice collapse transition from the ucT
to the cT phase has been found to quench the magnetic ordering
of the Fe magnetic moment and associated AFM fluctuations
in CaFe,As, [19-21]. On the other hand, Cot' with a 3d4®
electronic configuration in c¢T phases is magnetic [22-30].
Thus the behaviors of the Co- and Fe-based pnictides versus
formal oxidation state are reversed: the Fe arsenides in the ucT
structure exhibit long-range magnetic ordering but not in the
cT structure, whereas the reverse is true for the Co pnictides
[16].

Comprehensive studies of the physical properties of
SrCo,As, crystals with the ucT ThCr,Sir-type structure
were recently reported [31,32]. Remarkably, from inelastic
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neutron scattering measurements, SrCo,As, was found to
exhibit dynamic AFM spin fluctuations/correlations [32] with
the same in-plane stripe wave vector [(7,0) and (0,7)] as
occurs in the (Ca,Sr,Ba,Eu)Fe;As, parent compounds [9],
and the ¢ axis lattice parameter exhibits negative thermal
expansion from 7 to 300 K [31]. Thus SrCo,As, does not
exhibit long-range magnetic ordering, in agreement with the
above phenomenology of magnetic ordering in 122-type Co
pnictides. In view of the similarities of the strength and wave
vector of the AFM fluctuations to those in BaFe,As, and the
absence of long-range AFM order in metallic SrCo,As,, the
lack of high-T; superconductivity in SrCo,As; is a conundrum
at present.

The compound CaCo,As; that we study in this paper
is reported to have a cT ThCr;Siy-type structure with a
small c/a =2.59 [33,34]. Three groups have reported the
physical properties of single crystals of this metallic compound
[35-37]. Cheng et al. reported AFM ordering in CaCo,As;
crystals grown from CoAs self-flux at 7y =76 K [35],
whereas Ying et al. observed AFM ordering at 7y = 70 K
in similarly grown crystals [36]. Both groups suggested on
the basis of their respective magnetization data that the AFM
structure is collinear A type. In this AFM structure, the Co
ordered magnetic moments within an ab plane layer are
ferromagnetically (FM) aligned along the ¢ axis whereas the
moments in adjacent layers are aligned antiferromagnetically
with respect to each other.

A combined neutron diffraction and synchrotron-based
x-ray diffraction (XRD) study of polycrystalline samples of
crushed crystals and a laboratory-based x-ray study of a single
crystal of CaCo,As; were reported by Quiranale et al. [37],
where the crystals were grown in Sn flux instead of CoAs
flux. The results confirmed the ThCr, Si,-type crystal structure
as shown in Fig. 1. This work further demonstrated that the
crystals contain a 7(1)% vacancy concentration on the Co
sites, yielding an actual composition CaCoy g¢2)Asz, and also
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FIG. 1. (Color online) The body-centered tetragonal magnetic
and chemical unit cell of CaCo, g¢As, (space group /4/mmm) [37].
The red arrows denote the ordered moment directions along the ¢ axis
in the A-type AFM structure determined from neutron diffraction
measurements [37].
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contain ~0.5 mol% of Sn within the crystals from wavelength-
dispersive x-ray analysis. A similar crystallographic analysis
was not done in the two studies of CoAs-grown crystals
[35,36], so it is unknown if those crystals also contain
significant concentrations of Co vacancies.

The work by Quiranale et al. also showed that the Néel
temperature of the CaCojggAs, crystals is Ty = 52(1) K
[37], significantly lower than the above values of 70-76 K
obtained [35,36] for CoAs-grown crystals. The magnetic
structure was found to be A-type as previously inferred
[35,36] as shown in Fig. 1 [37]. The ordered Co moment
at 10 K was too small to measure accurately from the neutron
diffraction measurements, but an upper limit of ~0.6 ug/Co
was estimated, where up is the Bohr magneton, consistent
with the value of 0.3-0.4 g /Co obtained from magnetization
M versus applied magnetic field H isotherm measurements at
10 K [35]. The low ordered moment suggests either itinerant
AFM or suppression of the ~1ug/Co ordered moments of
local Co spins-1/2 due to quantum fluctuations associated
with a low effective dimensionality of the Co spin lattice.
From the studies in the present paper, we infer that the former
explanation is the correct one.

An investigation of the magnetic phase diagram of CoAs-
flux grown crystals of Ca;_,Sr,CoyAs; for 0 < x < 1 was
carried out by Ying et al. [38]. From their XRD and M(H,T)
measurements, they deduced the occurrence of A-type AFM in
the cT phase with the Co ordered moments aligned along the ¢
axisfor0 < x < 0.15, ferromagnetism in the cT phase with the
ordered moments aligned along the ¢ axis for 0.15 < x < 0.3,
A-type AFM in the cT phase with moments aligned in the ab
plane for 0.3 < x < 0.45, and no long-range magnetic order
in the ucT phase for 0.45 < x < 1. Thus the above-noted
correlation that magnetic ordering occurs in the cT phase
but not in the ucT phase of Co pnictide-based ThCr,Si,-type
compounds is further confirmed.

Herein, we extend the crystallographic and magnetic
diffraction studies of Quiranale et al. [37] on our Sn-
flux grown CaCo;ggAs, crystals to investigations at room
temperature using laboratory-based powder XRD, and at
variable temperature 7 using magnetic susceptibility x(T),
isothermal M(H), heat capacity at constant pressure Cp(T),
electrical resistivity p(7), and angle-resolved photoemission
spectroscopy (ARPES) measurements. We also report LDA
electronic structure calculations for CaCo,As, and for a
supercell of the composition CagCo;s5As;s (CaCop ggAsy) that
is close to the value for our crystals.

We found from Rietveld refinements of our powder XRD
data for crushed “CaCo,As;” crystals a Co vacancy con-
centration of 6.0(5)%, consistent with the value of 7(1)%
obtained in Ref. [37] corresponding to an actual composition
CaCoj g6As;. Our magnetic susceptibility results are consis-
tent with collinear A-type antiferromagnetic ordering with
the ordered moments aligned along the ¢ axis as suggested
by Cheng er al. [35] and Ying et al. [36] and confirmed
using neutron diffraction by Quirinale er al. [37] (Fig. 1).
The Ty = 52(1) K that we and Quirinale et al. consistently
observe is about 20 K lower than reported in the two recent
reports [35,36], for unknown reasons that may be associated
with the different fluxes and/or heating/cooling profiles used
for the crystal growths.
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The o(T), Co(T), and ARPES measurements and the
electronic structure calculations consistently indicate that
CaCoj geAs; is metallic. Our electronic structure calculations
and the large value of the Sommerfield coefficient obtained
from our Cp(7T) data both reveal a rather large density of
states at the Fermi energy. Within an itinerant model, we
find that CaCo,gsAs, is strongly exchange-enhanced and
on the verge of ferromagnetism, consistent with the FM
Weiss temperature in the Curie-Weiss law and the FM in-
plane alignment of the Co moments in the A-type AFM
structure below Ty. The band calculations also showed that
the FM and A-type AFM structures are nearly degenerate
in energy in CaCoyAs;. We modeled our M(H) and x(T)
data for CaCoj g¢As; using molecular field theory assuming
a local moment Heisenberg model and obtained values for
the exchange and anisotropy parameters. However, the low
saturation moment of ~0.3up/Co obtained from our from
M(H) data at low T and the lack of self-consistent analyses
of the entirety of our M(H) and x(T) data in terms of the
local moment model indicate that CaCo, ggAs, is an itinerant
antiferromagnet.

In Sec. II, we give details of the experimental and theoretical
work. The crystallography is presented in Sec. III. The M (H)
and x(T) data are presented in Sec. I'V together with a detailed
analysis of these data in terms of both an itinerant picture and
molecular field theory for Heisenberg interactions between
local magnetic moments. The Cp(T') data are presented in
Sec. V, where the only indication of magnetic ordering at
~50 K is a possible small change in slope, and the p(T") data
in Sec. VI also show little indication of the AFM ordering. The
ARPES measurements in Sec. VII indicate little change in the
Fermi surface topology at Ty, although there is some indication
that the bands are somewhat temperature dependent overall.
The electronic structure calculations presented in Sec. VIII
show a sharp and high peak in the density of states (DOS)
at or near the Fermi energy Ef that arises from the Co 3d
bands, consistent with the large density of states inferred
from the Cp,(T') data. This section also contains spin-polarized
calculations of the band structure and total energy of the FM
and several AFM structures. A summary of the paper is given
in Sec. IX.

II. EXPERIMENTAL AND THEORETICAL DETAILS

Single crystals of CaCo; ggAs, were grown using Sn flux
and their composition analyzed as described in detail in
Ref. [37]. Powder XRD measurements using Cu K,, radiation
were carried out with a Rigaku Geigerflex x-ray diffrac-
tometer. A Quantum Design, Inc., superconducting quantum
interference device magnetic properties measurement system
(MPMS) was used for the M and y measurements, where
the contribution from the empty sample holder was corrected
for except for measurements in low (0.01 T) fields where the
contribution is negligible. A Quantum Design, Inc. physical
properties measurement system (PPMS) was used for C;, and o
measurements. The C, was measured by the relaxation method
and the p was measured using the standard four-probe ac
technique. High magnetic field isothermal M(H) data were
collected using the vibrating sample magnetometer (VSM)
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TABLE I. Crystallographic and Rietveld refinement parameters
obtained from room-temperature powder XRD data of crushed
CaCo, g¢As, crystals.

Structure ThCr,Si,-type
Space group 14/mmm
Formula units/unit cell Z=2
Lattice parameters
a (A) 3.9837(2)
c(A) 10.2733(4)
c/a 2.5788(3)
Veerr (A%) 163.04(1)
Refinement quality
X2 3.90
R, (%) 6.02
Ry (%) 8.45

option of the PPMS, and the contribution of the empty sample
holder was subtracted from the measured data.

ARPES experiments were performed using a laboratory-
based system consisting of a Scienta SES2002 electron ana-
lyzer, GammaData UV lamp and custom-designed refocusing
optics at the Ames Laboratory. The samples were cooled using
a closed-cycle refrigerator and cleaved in-situ yielding flat,
shiny mirrorlike surfaces. All data were acquired using the He
I line with a photon energy of 21.2 eV and in ultrahigh vacuum
below 5x 10~ !! torr. The total experimental energy and angle
resolutions were set at <20 meV and <0.3°, respectively. The
Fermi energy (Ef) of the sample was referenced to that of a
Au sample deposited in situ on the sample holder.

The full-potential linearized augmented plane-wave
(FPLAPW) method [39] with the local density approximation
(LDA) [40] was used for electronic structure calculations.
To obtain a self-consistent charge density, we employed
2.1 a.u. muffin-tin (MT) radii for all atoms and Ryrkmax =
8.0, where Ryt is the smallest muffin-tin radius and k.
is the maximum wave vector value in the expansion of
plane waves. Calculations were iterated to reach the total
energy convergence criterion that was 0.01 mRy/f.u., where
f.u. means formula unit. The experimental lattice constants
a=b=3983A, ¢=10.273 A from Table I were used,
and the As atom position was relaxed until the force on the
As atom was less than 0.01 mRy/a.u. For the nonmagnetic
(paramagnetic, PM) calculation, this gave zas = 0.3622 as
the theoretical As ¢ axis coordinate, which is similar to the
experimental value 755 = 0.3672(2) in Table II.

TABLEII. Atomic coordinates obtained from the Rietveld refine-
ment of room-temperature powder XRD data of crushed CaCo, gsAs,
crystals.

Fractional
Wyckoff occupancy
Atom position X y z (%)
Ca 2a 0 0 0 100
Co 4d 0 12 1/4 94.0(5)
As 4e 0 0 0.3672(2) 100
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III. CRYSTALLOGRAPHY

The room-temperature powder XRD data collected on
crushed CaCo, g6 As; single crystals were analyzed by Rietveld
refinement using the FULLPROF software [41]. The XRD
pattern and the Rietveld refinement profile are shown in Fig. 2.
The crystal data and refinement parameters are listed in Tables I
and II and the former are in good agreement with previous
values [33,34,37]. The refinement revealed the presence of
a significant amount of adventitious Sn impurity phase from
the growth flux that could not be removed from the crystal
surfaces before crushing them and which was accounted for
using a two-phase refinement as shown in Fig. 2.

During the refinement the thermal parameters B were kept
fixed to B = 0 since within the error bars the lattice parameters
and the As ¢ axis position parameter za, were insensitive to
changes in B. However, we found that the refinement quality
and the calculated line intensities significantly depended on the
fractional occupancy of the Co 4d sites. Therefore we refined
the occupancy of Co keeping the Ca and As occupancies
fixed to the stoichiometric values of unity, and thus obtained
an occupancy of 94.0(5)% for Co. This indicates a vacancy
concentration on the Co sites of 6.0(5)% corresponding to the
composition CaCo, ggAsy, in agreement with the Co vacancy
concentration of 7(1)% found in Ref. [37]. In this paper, we
cite and use the composition CaCo; ggAs; determined for our
crystals in Ref. [37].

We obtained the c/a ratio and the interlayer As—As
distance das_as = (1 — 2za5)c using the crystallographic data
in Tables I and II, yielding c/a = 2.5788(3) and das—as =
2.729(5) A. These values indicate that CaCoj geAs, is in the
cT phase [16] in agreement with previous reports [33,34,37].
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FIG. 2. (Color online) Powder x-ray diffraction pattern of
CaCo, g6As, recorded at room temperature. The solid line through
the experimental points is the two-phase Rietveld refinement profile
calculated for the body-centered tetragonal (bct) ThCr, Si,-type struc-
ture (space group /4/mmm), including the influence of vacancies
on the Co site, and the bet 8-Sn (space group /4, /amd) structure.
The short vertical bars mark the fitted Bragg peak positions. The
lowermost curve represents the difference between the experimental
and calculated intensities.
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FIG. 3. (Color online) Zero-field-cooled (ZFC) and field-cooled
(FC) magnetic susceptibility x of a CaCo; gcAs, single crystal as
a function of temperature 7 in the temperature range 1.8-300 K
measured in a magnetic field (a) H = 3.0 and (b) 0.01 T applied
along the ¢ axis (x., H || ¢) and in the ab plane (x.,H L c).

IV. MAGNETIZATION AND MAGNETIC SUSCEPTIBILITY

The x = M/H data of a CaCo, ggAs, single crystal as a
function of 7 measured at different H applied along the ¢
axis (x., H || ¢) and in the ab plane (x.», H L c) are shown
in Figs. 3 and 4. At low fields, the T dependence of x for
H || ¢ in Fig. 3(b) exhibits a well-defined cusp at Ty = 52(1)
K typical of an AFM phase transition. From Figs. 3(b) and
4(b), when H is applied along the ¢ axis the Ty decreases
from 52 to 42 K as the field increases to H = 3.0 T, such
a decrease is expected for an AFM transition. On the other
hand, for H applied in the ab plane the transition in x(7') is
less well-defined.

In order to obtain more insight about the nature of the
transition, we also collected zero-field-cooled (ZFC) and field-
cooled (FC) x(T) data at H = 0.01 T, which are shown in
Fig. 3(b). No hysteresis is observed between the ZFC and FC
data, which is consistent with long-range AFM ordering of
CaC01_86A52 below TN.

From Fig. 3, the anisotropy in x for 7 < Ty indicates
that the AFM structure is collinear with the easy axis along
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FIG. 4. (Color online) Zero-field-cooled magnetic susceptibility
x of aCaCoj g¢As, single crystal as a function of temperature 7' in the
temperature range 1.8—120 K measured in different magnetic fields
H applied (a) in the ab plane (x.»,H L c) and (b) along the ¢ axis
(XeH | ©).

the ¢ axis. This observation of ordering along the c¢ axis
contrasts with the AFM stripe ordering with the ordered
moment oriented in the ab plane in the iron arsenide family,
e.g.,in AFe,As; and EuFe;As, [9], but is the same as the easy
axis for G-type AFM ordering of the Mn spins § = 5/2 in
BaMn,As, [42].

In the paramagnetic state at sufficiently high temperatures
above Ty, x(T) follows Curie-Weiss behavior

x(T) = , ey

T -6,
where C is the Curie constant and 6, is the Weiss temperature.
The anisotropic x ~'(T) data measured at H =3 T are
shown in Fig. 5 together with the respective fits by Eq. (1)
for 150 K < T < 300 K. The fitting parameters are
C = 0.480(1) cm?® K/mol and 0, = +64.5(3) K for x. and
C = 0.443(3) cm® K/mol and ng = 4+59.509) K for xu»,
which are also listed in Table III and compared with literature
data [35,36]. A Co atom in the Co™! state with 3d® electronic
configuration is expected to have spin S = 1. For spins with
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FIG. 5. (Color online) Zero-field-cooled inverse magnetic sus-
ceptibility x~! of a CaCo,gsAs, single crystal as a function of
temperature 7 in the temperature range 1.8-300 K measured in a
magnetic field H = 3.0 T applied (a) in the ab plane (x.»,H L c)
and (b) along the c axis (x.,H || ¢). The solid straight red lines are the
respective fits of x ~!(T') data to the Curie-Weiss (CW) law in Eq. (1)
in the 7 range 150 K < T < 300 K. The dashed straight red lines are
the extrapolations of the respective CW fits to lower temperatures.

TABLE III. AFM ordering temperature 7y and the parameters
obtained from Curie-Weiss fits of the magnetic susceptibility of
CaCo,_,As; single crystals, including data from the literature. “PW”
means present work. f is defined as the ratio f =6,/Ty. The
relationship between the effective moment per per Co assuming
g =2 and the Curie constant C is .t = +/8C/(2 — x) for C and
Wetr €xpressed in the units given, where x = 0.14 for our crystals and
we set x = O for the literature values.

Field TN C 9'3 Meft Ref.
direction  (K) (UK (K) f (us/Co)

Hlc 53 0480(1) +6453) 122 141(1) PW

76 65 1.4 [35]

63 L15  [36]

Hlc 50 04433) +459.59) 119 1351) PW

76 98 1.0 [35]

70 91 0.9 [36]
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FIG. 6. (Color online) Isothermal magnetization M of a
CaCo; g6As, single crystal as a function of applied magnetic field
H measured at 1.8 K for H applied in the ab plane (M,,,H L ¢) and
along the ¢ axis (M., H || ¢).

gyromagnetic  factor g the Curie constant is
C =[0.5002 g>S(S + 1)/4] cm*K per mole of spins.
Thus for S = 1 and g = 2 one expects C = 1.86 cm® K/mol
for CaCoj gsAs,, which is about a factor of four larger
than the experimental values. For § = 1/2, one calculates
C = 0.70 cm® K/mol for CaCo; gsAs, with g = 2, which is
closer to the observed values but still about 50% larger. One
can obtain the observed C values if

S=1/2 and g~ 16. )

A low-spin S =1/2 state for Co can be obtained if the
formal oxidation state of the Co is Co™? with a 3d” electronic
configuration. However, the g value is more difficult to
explain in a local-moment picture. CaCo; ggAs; is not an ionic
insulator and we conclude below that the magnetism is more
likely itinerant rather than arising from local moments.

The isothermal M (H) behaviors of a CaCoj ggAs; crystal
at different temperatures between 1.8 and 300 K for H applied
along the ¢ axis (M., H || ¢) and in the ab plane (M,;,,H L c)
are shown in Figs. 6 and 7. At 1.8 K, the M,,(H) data in
Fig. 6 are almost proportional to H, whereas the M.(H)
isotherm exhibits a sharp jump due to a field-induced spin-flop
transition at Hpop = 3.5 T as determined from the field at
which d M .(H)/d H is maximum. No hysteresis is observed in
Fig. 6 between the M (H) isotherms at 1.8 K upon increasing
and decreasing H for either H || cor H L c.

The M at 1.8 K does not saturate up to 5.5 T for either
H || cor H L ¢ (Fig. 6). As T is increased, M versus H for
H 1 c shows negative curvature at 60 and 50 K but is nearly
proportional for 7' < 25 K and T > 100 K as shown in Fig. 7.
On the other hand the M (H) isotherms measured at different
T for H || c exhibit clear spin-flop transitions for T < 40 K,
where Hpp increases with decreasing 7.

M (H) data for the same crystal measured at higher fields
up to 14 T are shown in Fig. 8. It is seen from this figure that
the saturation moments and the critical fields separating the
canted AFM from the paramagnetic (PM) phases are somewhat
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FIG. 7. (Color online) Isothermal magnetization M of a
CaCo, g6As, single crystal as a function of applied magnetic field
H measured at the indicated temperatures for H applied (a) in the ab
plane (M,;,,H L ¢) and (b) along the ¢ axis (M., H | ¢).

different for H L ¢ and H || c. In particular, for H L ¢ the
saturation moment M2 = 0.53 pp/f.u., whereas for H | c,
one obtains M, = 0.58 ug/f.u. These values correspond to
a saturation (ordered) moment g = 0.27 and 0.29ug/Co,
respectively. Furthermore, the critical field for the transition
between the PM and AFM states is found to be H. = 11.2 T
from the M(H) data in Fig. 8(a) at 2 K and Hcpiop =89 T
from the M(H) data in Fig. 8(b) at 5 K, where the critical
fields are labeled according to whether the applied field is
perpendicular or parallel to the easy c axis, respectively.

The saturation moments are much smaller than the value
Usat = gSup/Co = 0.8 ug/Co expected from the parameters
g =1.6and S = 1/2in Eq. (2) for a Co atom as derived above
from the values of the Curie constants. This inconsistency
suggests that an itinerant model for the antiferromagnetism is
more appropriate for CaCo; g¢As; than a local-moment model.

The H-T phase diagram determined from the H depen-
dence of Ty from x(7) measurements in different H and
M (H) measurements at different 7' is shown in Fig. 9. For
H 1 c, the only phase boundary that occurs separates the
(field-canted) AFM phase from the PM phase at the critical
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FIG. 8. (Color online) High-field isothermal magnetization M of
a CaCo, geAs; single crystal as a function of applied magnetic field
H at the indicated temperatures for H applied (a) in the ab plane
(M,,H L c) and (b) along the ¢ axis (M., H || ¢).
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FIG. 9. (Color online) H-T phase diagram for CaCo; gAs, ob-
tained from magnetic susceptibility x(7") and isothermal magneti-
zation M(H) data for H applied (a) in the ab plane (H L ¢) and
(b) along the ¢ axis (H || ¢). The curves are guides to the eye.
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field H. . For H | c, there are two phase transition curves,
one at Hpop(T') that separates the AFM and spin-flop phases,
and the other at the critical field H. pop(T') that separates the
spin-flop and PM phases.

The two phase diagrams in Fig. 9 for the two field directions
are consistent with the A-type AFM structure in Fig. 1. The
fact that x. in Fig. 3(b) drops by 92% of its value between
Tx and 1.8 K indicates that the AFM structure is collinear,
where the easy axis (the ordered moment axis) is along c.
This is consistent with the observation of a spin-flop transition
when H is oriented along c. Then considering that the Weiss
temperature 6, in Table I1I is strongly positive indicates that the
AFM in CaCo,As; is of A-type (Fig. 2) as inferred in Refs. [35]
and [36] and confirmed in Ref. [37]. A-type AFM has also been
found in isostructural CaCo,P, (Ty = 113 K) from neutron
diffraction measurements [23] with an ordered moment of
0.32(2) ug/Co that is similar to our value in CaCoj ggAs;.
However, the neutron diffraction measurements also revealed
that the ordered Co moments in CaCo,P, are oriented in the
ab plane [23] instead of along the ¢ axis as in CaCoj ggAs;.

A. Data analysis using itinerant electron theory

The bare Pauli spin susceptibility of degenerate conduction
carriers is given by x® = (g?/4)uiD(Eg), where D(EF)
is the bare band structure density of states for both spin
directions. In convenient units, one obtains

3 2
bare | €M g _s states
— | = =(3.233x107°)D(E . 3

X |:m01:| 4( x D F)[er.u. ©)
Using g = 2 and the values of D(EF) for the PM and A-type
AFM states obtained for CaCo; ggAs, in Egs. (48) from our
electronic structure calculations below, one obtains

CIIl3

X% =2.36x107*—— (PM state), (4a)
mol

cm?

%% =0.95x107*— (A-type AFM). (4b)
mol

A comparison of the PM x®*¢ value with the experimental
x values in Figs. 3 and 5 shows that the observed x (T =
300 K) is about 8.6 times larger than the PM value and
x(T = Tn = 52 K) is about 120 times larger than the PM
value. Furthermore, in the A-type AFM state, the powder
average of the single crystal data in Fig. 3(b) at 1.8 K is xaye ~
0.019 cm? /mol, which is about 200 times larger than the
AFM x " value in Eq. (4b). These comparisons consistently
indicate that within an itinerant magnetism picture, x is
strongly exchange enhanced in CaCoj ggAs;.

The exchange-enhanced Stoner susceptibility of an itinerant
electron system is given by [43]

bare

X

T 1= IN(Ep) )

X
where x" is the bare magnetic spin susceptibility in the
absence of Stoner enhancement, / is the on-site Hund coupling
energy in eV and N'(EF) is the density of states at the Fermi
energy per magnetic atom for one spin direction in states/eV.
Thus in terms of the density of states D(Ef) per formula unit
for both spin directions that is relevant to the heat capacity
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measurements below, one has N'(Ef) ~ D(Eg)/4, where the
~ sign is there because there are 1.86 Co atoms per formula
unit of CaCojgsAs, instead of 2. Taking D(Eg) = 7.29
states/(eV f.u.) for both spin directions in the PM state gives
N (Eg) ~ 1.8 states/Co for one spin direction. Then using
I ~ 1.0 eV for Co from Ref. [44] gives IN'(Er) ~ 1.8, which
according to Eq. (5) is more than sufficient to drive the system
into a FM state.

In order to further compare the exchange enhancements of
the measured x for different metals, it is useful to define the
factor F = IN(Eg), so Eq. (5) can be written as

bare

X

(6)

Therefore we obtain

(N

Taking x®*® to be the calculated bare Pauli susceptibility in the
PM state in Eq. (4a), substituting this value and the measured
value x.(T = Ty) = 3.09 x 1072 cm?/mol from Fig. 3(b) into
Eq. (7) gives F = 0.99, which is larger than the values F' =
0.83 for elemental Pd and F = 0.89 for YFe,Zny [45]. Using
Eq. (7), itis not possible to obtain a value F' > 1 since the spin
susceptibilities ¥ and x are both positive.

Thus in an itinerant electron description a large Stoner
enhancement of y is found in CaCo; ggAs,, which is sufficient
to lead to itinerant electron ferromagnetism, consistent with the
positive Weiss temperature in the Curie-Weiss law (Table III).
CaCo gsAs, does order ferromagnetically within the ab-plane
Co layers. The reason that CaCojgsAs, does not order
ferromagnetically overall is evidently due to a weak AFM
coupling between the ferromagnetically aligned Co layers,
leading to the A-type AFM structure in Fig. 1.

B. Data analysis using molecular field theory
1. Introduction

In this section, we use molecular field theory (MFT)
for the Heisenberg model with uniaxial anisotropy along
the easy z axis and a magnetic field H applied in the 4z
direction [46]. All spins are assumed to be identical and
crystallographically equivalent. The average internal energy
E; of an ordered (including magnetic field-induced) magnetic
moment [i; interacting with its neighbors ji; and with the
applied and anisotropy fields, which are both aligned along
the z(c) axis, is

i = /J,, : Z J; /M j
where the factor of 1/2 in the first term reflects that the
exchange energy is equally shared by /i; and its neighbors fi ;
and J;; is the exchange interaction between thermal-average
spins S; and S;, where ji = —gugS. Our formulation of
MFT does not use the concept of magnetic sublattices and
is hence equally applicable to both collinear and planar
noncollinear AFM structures in the magnetically ordered state.
The inclusions of anisotropy and finite field in the MFT are
extensions of our published susceptibility calculations [46] for

P - :u'iz(H + HAiz)a (8)
28 I
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zero anisotropy and zero (i.e., infinitesimal) applied field. Our
MFT is expressed in terms of physically measurable quantities
instead of in terms of the exchange interactions. The anisotropy
field is oriented along the easy (z) axis with z component

o
Hpiz; = Hagcost, fi= s Msa = gSup, (92)
Mesat
3HAI
_ , 9b
A= g (9b)

where Hap > 0 is the amplitude of the anisotropy field,
Hy) > 0 is a subsidiary anisotropy field, 6; is the angle
between ji; and the +z axis, u is the magnitude of the ordered
(and/or field-induced) moment at a given H and 7 and ftgy
is the saturation moment at 7 = 0. For H = 0, in the AFM
phase, we write

A(H =0,T) = fio(T) (AFM phase). (10)

From the definition, Hy,, is oriented in the direction of the
projection of [i; onto the z axis and hence is generally different
for different spins. Since the anisotropy field acts in the same
direction and therefore increases the effective exchange field
that tends to align each ordered moment in the AFM structure at
H =0, it is expected and found to increase the AFM ordering
temperature at H = 0, as discussed below for the collinear
case.

For H = Hp; =0, for collinear or planar noncollinear
AFMs one has [46]

S(S+1) Z
TN = —T ' JijCOS¢ji, (1121)
S(S+1)
6, = ST 2,» T, (11b)
0 i Jij
f==L= 2l (11c)

TN - Zj J,‘j COS¢J‘[ ’

where ¢; is the angle between i ; and fi; in the AFM-ordered
state with H = 0. We henceforth reserve the symbols Ty, 6,
and f with the above definitions for this case of H = Hp; = 0,
which therefore do not depend on either the applied or
anisotropy field. When Ha; > 0, we append “A” to these
symbols, yielding Tna, 6pa and fa, respectively, which are
then the observed values in this case. Thus we define
Opa T
I Tna' & Tna

We also define the dimensionless reduced anisotropy fields
hao and ks and temperature Tx; as

H 3ih H,
hao = SUBIIA0 SN Al’ hay = SHB Al’ (12a)
kg Tn TS +1 kg Ty
H T,
T = BERAL g = AL (12b)
kg T~

where Ty is defined by the exchange constants and AFM
structure in Eq. (11a). Then one finds

Tna
— — 1 = hyy,
T Al

N
Ina — Opa = Tn — 6,

Tna = In(1+ hay) = TN+ Tags

Opa = Op + T, (12¢)
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where 6, is defined in terms of the exchange interactions in
Eq. (11b). Thus ha; has the appealing physical interpretation
that it is equal to the relative enhancement of the AFM ordering
temperature in H = 0 due to the uniaxial anisotropy. From
Egs. (11c¢) and (12c) one sees that fa, f and ha; are not
independent variables. In particular, one has

S+ ha
=1
1+ hay

The magnetization per unit volume of CaCo; gcAs; crystals

even at saturation is sufficiently small that there is no need to
correct the data for demagnetization effects.

s = a—hat(1 — fa). (13)

2. Magnetic susceptibilities

The magnetic susceptibilities per spin parallel () and
perpendicular (x,) to the easy axis of a collinear AFM in
the presence of the anisotropy field for temperatures at and
above the observed Néel temperature Ty are [46]

1 Cq
T = ——, T = , 14
x1(T) T — 6 X1 (Tna) Ton — O (14a)
Cq Cy
T)= = , 14b
x1(T) T—6, T+Tu—0bn (14b)
C C
X (Tna) = —— : (14c)

Tna — 0,  Tna+ Tar — 6Opa

where we have used Eqs. (12c¢) and the Curie constant per spin
C) is given by

_ 8255+ Dug
3kg '

Thus in the presence of the uniaxial anisotropy x(T) > x.(T)
forall T > Tna,asexpected, where Ty is the amount by which
the Weiss temperature in the Curie-Weiss law for parallel fields
is changed towards positive values due to the presence of the
anisotropy field. On the other hand, when H is perpendicular
to the easy axis, the Weiss temperature 6, in Eq. (14b) is the
same as if the anisotropy field were not present.
For T < Tna, one obtains

Ci (15)

1— fa }

T)=|———7+ ~A), 16a
x1(T) [TZ(IA) _—y X1 (Tna) (16a)
x1(T) = x1(Ina), (16b)

where
(S + Dia , dBs(y)
TA(ta) = =———, Bi(y) = ,
AN E 3B YT Ty
3floa _ HoA
= figa =2 160
YoA S+ Din oA . (16¢)
Msat = &SUB, fLoa = Bs(yoa).

The subscript “A” in the above quantities again refers to their
values in the presence of the uniaxial anisotropy. Note that
the g factor does not appear explicitly in Egs. (16a) and
(16b). Equations (16) are identical in form to those given for
Ha; = 0 in Ref. [46] with appropriate symbol replacements
f — fa,etc. One has 1 < 75 < 00, T(tA — 0) — 0o and
Ti(ta — 1) =1, so Eq. (16a) gives x;(ta — 0) =0 and
X (ta — 1) = x;(Ixa) as expected. From the possible range
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of 73 and the fact that (T < Tna) must be finite and positive
for an antiferromagnet, Eq. (16a) gives the limits of fa as

—o00 < fa<l1. 17

However, our experimental values of fa for CaCo; ggAs; in
Table III are greater than unity, in conflict with Eq. (17). This
disagreement suggests that spin fluctuations and correlations
not accounted for by MFT significantly suppress Tna from its
MFT value, or that an itinerant antiferromagnet picture is more
appropriate to CaCo; ggAs; than the local moment picture we
are considering in this section.

The solid curves in Fig. 10 are the MFT predictions by
Eq. (16a) for x;(T) for a collinear A-type antiferromagnet with
S =1and fo = 0.4,0.5 and 0.6. The curves are insensitive to
the spin for % <S5 K %, so we took S = 1 as a representative
spin value in the plots. The endpoint (T = Tna) of the fit is
fixed by the experimental data and that at 7' = 0 is fixed by
the assumption of a collinear AFM. Although the fit is rather
insensitive to the assumed value of S, only values of fa in
the range 0.4 < fa < 0.6 give reasonable agreement with the
data. The value

fa=05 (18)

implies that in the absence of spin fluctuations and correla-
tions not accounted for by MFT, one would have obtained
Tna = 129 K using 9]§'A = 64.5 K from Table III.

3. Anisotropy field from critical field measurements

A straightforward and accurate method of obtaining inde-
pendent estimates of f and hp; is to model using MFT the
observed critical fields if such data are available. A critical
field is defined here as the field at which the induced moment
in the direction of the applied field becomes equal to the

004 ———T———— 77— 7T

T(K)

FIG. 10. (Color online) Zero-field-cooled (ZFC) and field-
cooled (FC) magnetic susceptibility x of a CaCo, gsAs, single crystal
as a function of temperature 7" in the temperature range 4-100 K
measured in a magnetic field H = 0.01 T applied along the ¢ axis
(xc,H || ¢). The databelow 4 K are excluded because they are affected
by the superconductivity of adventitious Sn impurities on the surface
of the crystal from the Sn flux used during crystal growth. The solid
curves are the molecular-field theoretical predictions for S = 1 and
0.4 < fa <0.6.
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magnitude of the ordered moment at the same temperature.
MFT predicts that in the spin-flop phase, i.e., for parallel fields
above the spin-flop field but below the spin-flop critical field,
the ordered moment is independent of field and the average
induced z component of the magnetic moment is proportional
to field according to

MFlop = XFlopH (HFlop < H< HCF]Op)v (19)

where xpiop is the magnetic susceptibility per spin which is
independent of field in the spin-flop phase, and is understood
to refer to the case where the applied field is parallel to the easy
axis, which is the ¢ axis for CaCoj ggAs;. Similarly, when the
field is applied perpendicular to the easy axis, the magnitude
of the ordered moment is constant and the induced average
perpendicular moment per spin p, is again proportional to
H from H =0 up to the perpendicular critical field H.,,
according to

wi=x1H, (O<H<KH,). (20)

The two susceptibilities are respectively given by

Ci
XFlop = —————, (21a)
Flor = (1 — S —hay)
C
XL = 1 (21b)

Tn(l — f +har)

Thus due to the anisotropy favoring parallel spin alignment,
the parallel susceptibility in the spin-flop phase is larger than
the perpendicular susceptibility, in agreement with the data in
Fig. 8.

According to the above discussion, the respective critical
field is defined as the field at which the induced moment equals
the magnitude of the respective ordered moment at the given
temperature, given by

MFlop

HcFlop = ) (22&)
XFlop
H., =X (22b)
XL
In dimensionless reduced variables, one has
g,uBHcFlop 3(1 - f - hAl)/lFlop
h = = , (23
cFlop kBTN S+1 ( a)
H, 3(1 — ha)f
he, = gusHel _ I-f+ Al),U«Flop’ (23b)
kg Tn S+1

The reduced ordered moment in the spin-flop phase i is
not the same at a given temperature as the reduced ordered
moment iy in the AFM phase, except at T = 0 at which
friop = flo = 1. Solving Eqs. (23) at T =0 for f and ha;
gives

S+1
f=1-= T(hu + hcFiop)s (24a)

S+1

hAl = T(th_ - th]op)- (24b)

From Fig. 8, the experimental critical field values for T —
0 are approximately

Hepop =8.9T, Hy =112T (T —0). (25

PHYSICAL REVIEW B 89, 214409 (2014)

The saturation moment in Fig. 8 is about %/,LB/CO =
gSup/Co. Therefore if we assume S = 1/2, one obtains

g=1/2, (26)

which is very different from the value of g ~ 1.6 obtained
in Eq. (2) from the Curie-Weiss fits to the anisotropic x at
high T and represents a serious inconsistency in the use of the
local-moment model to fit the magnetic data for CaCoj ggAs;.
However, continuing onward, using Ty = 52 K the reduced
experimental critical fields are

hepop = 0.054,  hey = 0.071. 27)

Inserting these values into Eqs. (24) gives

f=0.969, ha; =0.0043. (28)

The value of f indicates a nearly FM system, qualitatively
consistent with the FM intralayer alignment of the Co spins in
the A-type AFM structure. However, then Eq. (13) predicts

fa = 0.969, (29)

instead of the value of 0.5 in Eq. (18). This is another of the
inconsistencies that arise when using a local moment picture
to model the magnetic properties of CaCoj ggAs;.

4. Anisotropy field from spin-flop field measurement

For any collinear AFM containing identical crystallographi-
cally equivalent spins, the spin-flop field Hpy,, can be written in
terms of the anisotropy field amplitude Hyo and the magnitude
of the zero-field exchange field Hexcho seen by each spin as [46]

Hriop = [(1 = f)Hexeno Hao — Hzo]'"”. (30)

In standard treatments, f is missing from this expression
because the standard expression only applies to a bipartite
AFM with only nearest-neighbor interactions that are the same.
In this case Eq. (11c) yields f = —1. Substituting f = —1
into Eq. (30) gives the standard result, except that the standard
result has an incorrect plus sign instead of the minus sign
before the last term in the square root in Eq. (30). This
error arose because the standard treatment incorrectly assumes
that xgiop = x1. Thus Eq. (30) generalizes the standard result
for an ideal bipartite AFM to real compounds which usually
have f # —1. Writing the fields in dimensionless form as in
Eq. (12a), Eq. (30) becomes

hriop = [(1 = Phexenohao — h3]"” 31)

From Egs. (8) and (11a), Hexcno for an antiferromagnet
in H =0 can be written in standard and reduced forms,
respectively, as

T
Hexcho = C_NMO, (32a)
1
h — gMBHexchO — 3/10 (32b)
exch0 = kB TN S+ 17

where (g is the magnitude of the ordered moment at a given
Tin H =0, fig = 4o/ Usat, and the single-spin Curie constant
C) is given in Eq. (15). Thus, at T = 0 at which iy = 1, one
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has simply
h (T =0)=
exch0 S 1 .

From Eq. (12a), the reduced anisotropy fields h159 and ha; are
related at 7 = 0 by

(33a)

3hai

. 33b
S+1 (33b)

hao(T = 0) =
Using Eqgs. (33), Eq. (31) becomes

h ——i%ﬂ—fw -1 (T=0). (39
FlOp - S+1 Al Al == .

Using the observed value Hpop (T = 0) = 3.5 T from Fig. 7(b),
Tn = 52K and g = 1/2 from Eq. (26) gives the dimensionless
experimental spin-flop field as Apop(T = 0) = 0.022. Then
using f = 0.969 from Eq. (28), Eq. (34) gives the reduced
anisotropy field 25, (T = 0) as

ha (T = 0) = 0.0046. (35)

This value is nearly the same as the value 0.0043 in Eq. (28)
derived from the critical fields.

5. Exchange interactions

For an A-type AFM structure with four FM (negative)
nearest-neighbor interactions J; between moments in the ab-
plane and two AFM (positive) nearest-neighbor interactions
J. between a moment in one layer and the transition metal
moments in the two adjacent layers of the ThCr,Si,-type
structure in Fig. 1, Egs. (11) yield

25(S +1
=204 Do, g, (362)
3kp
2J1 + J.
=-_—  ° 36b
=5 (36b)

Since J; < 0 and J, > 0, one finds that f < 1. Solving for
Ji and J, yields

i 3T+ f)

ks 8SS+ 1) -
Jo— oyt
c — 11+f

Substituting the above experimental values Ty =52 K,
S =1/2and f = 0.969 into Egs. (37) yields

Ji Je

—=-52K, —=17K. 38

. ks (38)
Thus within the local-moment picture the exchange interac-
tions are very anisotropic, with the in-plane FM interactions
being about 30 times stronger than the interplane AFM inter-
actions. This anisotropy would be expected to be prominent in
the spin-wave dispersion relations at low 7.

V. HEAT CAPACITY

The Cp(T) of a CaCogsAs, crystal is shown in Fig. 11.
The heat capacity is found to attain a value C, ~ 119 J/mol K
at room temperature which is close to the expected classical
Dulong-Petit value Cy = 3nR = 14.58R = 121.2J/mol K at

PHYSICAL REVIEW B 89, 214409 (2014)

140 [(rTTTrTrrrrryTT e T T T T T T T T T
120 _ CaCo1_86As2
r o Data ]
— 100 :— CV Debye + Y —:
X : ]
© 80 ]
g o @ ]
2 60F .
O C ]
40 n o Data | 7]
: — Fit ]
20¢ 99520 40 60 80 1001
C T (K% ]
0 P PO T T T N T TN T T [N T YO YT N ST S T S N T T
0 50 100 150 200 250 300
T (K)
80 LERELL L L B e
| CaCo, As, e
o 97 3
[ 03T S ]
< Hilc o
© b 4
g s ® ]
3
o L ]
20 B
L DDDD _
0 -..m-r:ﬂ:‘:?:c:cp‘.j N I R SR
0 20 40 60 80 100
T (K)
45 K AL AL L L L L L L

C_(J/mol K)

FIG. 11. (Color online) (a) Heat capacity C, of a CaCo;gsAs;
single crystal as a function of temperature 7 measured in zero
magnetic field. The arrow marks T = Ty, at which no obvious
anomaly is seen in C,. The solid curve is a fit by the sum of the
contributions from the Debye lattice heat capacity Cypepye(T) and
electronic heat capacity y T according to Eq. (46). Inset: Cp,/ T versus
T2 below 10 K. The solid line represents the fit by Eq. (39). (b) Cp(T)
of CaCoj ggAs, for 1.8 K< T < 100 Kmeasuredin H = 0and 3.0 T
(H || ¢). (c) Expanded plot of the data between 40 and 60 K, showing
a possible small change in slope at about 50 K as indicated by the
linear fit from 52 to 60 K (red solid line) and its extrapolation to lower
T (red dashed line).
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constant volume, where n = 4.86 is the number of atoms per
f.u. and R is the molar gas constant [47,48].

The low-T Cp(T) data were analyzed using the conven-
tional fit

G@ _ y +BT? (39)

in the temperature range 1.8 K < T < 10 K, shown by straight
red line in the inset of Fig. 11(a). The parameters obtained are

m)]
mol K4

The Sommerfeld coefficient y is larger than those of
the AFM-ordered 122-type iron-arsenide parent compounds
(Ca,Sr,Ba)Fe;As;, which range from 5.1 to 8.2 mJ/mol K2
(Refs. [49-51]) and indicates a large density of states at the
Fermi energy D(EFr).

In general, one can write

Y = Yo(1 + Aete)(1 + Aclph), 41

where )y is the bare band structure Sommerfeld coefficient,
the factor (1 + Xej.e1) accounts for a possible many-body renor-
malization of the band structure (narrowing of the conduction
bands) arising from an electron-electron interaction A thatis
not included in the band structure calculations, 1 + A¢jpp is the
electron-phonon enhancement factor and A¢j.pp is the electron-
phonon coupling constant. Assuming that Aej.ef = Aeiph = 0,
an upper limit of D(EF) is obtained from y using the relation
[47] v = (n2k§/3)D(EF), which gives

mJ
y =27(1) I B = 1.00(8) 40)

mol K2’

states
eVf.u.

The density of states calculated from the Sommerfeld co-
efficient of the low-T7 heat capacity in Eq. (42) is significantly
larger than the bare band structure density of states value is
D(Er) = 2.95 states/eV f.u. for both spin directions calculated
for the observed A-type AFM structure in Eq. (48b) below;
the ratio between these two values is 3.86. Then the product
of the many-body band renormalization and electron-phonon
enhancement factors in Eq. (41) gives

D(Er) = 11.4(5)

(both spin directions).  (42)

(1 + Age)(1 + )\el—ph) = 3.86. (43)

If one assumes Aee; = 0, one would obtain an unrealistically
large electron-phonon coupling constant Aepp, = 2.86. On the
other hand, if one assumes Aciel = Aclph, Eq. (43) yields
Ael-el = Aelph = 0.97 with a more realistic value of A¢jpn. The
value of X¢¢ suggests a factor of two renormalization of the
band structure (narrowing of the bands near the Fermi energy)
due to many-body electron-electron interactions.

The Debye temperature is estimated from the value of g in
Eq. (40) using the relation [47]

o — (12mnR\ 4
D — Sﬁ ’
which gives
®p = 212(1) K, (45)

where n = 4.86 is again the number of atoms per formula unit.
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The lattice heat capacity contribution to C,(T') over the full
T range of the measurements was analyzed using

Co(T) = yT + nCypebye(T), (46)

where Cy pevye(T') is the Debye lattice heat capacity at constant
volume per mole of atoms due to acoustic phonons given by
(48]

T \3 [O0/T  y4px
C T)=9R| — ——dx. 47
VDebye( ) <®D> /0 (ex _ 1)2 X ( )

In order to fit the Cp(T') data using the least squares method,
the Debye lattice heat capacity integral was replaced by an
analytic Padé approximant function that greatly simplifies the
fit [52]. While fitting the data we fixed y to the value y =
27 mJ/mol K? determined above in Eq. (40), and thus the
Cp(T) data were fitted using only the one adjustable parameter
®p. The Cp(T) data were fitted by Eq. (46) as shown by
the solid red curve in Fig. 11(a), yielding ®p = 357(4) K.
This value of ®p is much larger than the value of 212 K
obtained above in Eq. (45) from a fit to the low-T Cy(T)
data. For a three-dimensional antiferromagnet, the spin-wave
contribution to the heat capacity has a 7> dependence as does
the lattice. Therefore although a heat capacity anomaly is not
obvious at Ty, it seems likely that the 8 value in Eq. (40)
determined from the low-T heat capacity contains a significant
contribution from spin waves, hence yielding a 8 value that is
too large and a resultant ®p value from Eq. (44) that is too
small.

We carried out Cp(T') measurementsin H = 3T (H || ¢) as
shown in Fig. 11(b) where the data are compared with the data
in H = 0 from Fig. 11(a). One sees that there is no significant
influence of the 3 T magnetic field on the data.

An expanded plot of the C,(T') data between 40 and 60 K
in Fig. 11(a) is shown in Fig. 11(c). A small change in slope
may occur near 50 K, i.e., near Ty = 52 K, as suggested by
the red solid and dashed lines in the figure. The weakness of
the anomaly in C,(T) near Ty suggests that strong dynamic
spin correlations may occur above Ty, which would decrease
the entropy associated with long-range ordering and hence the
size of the heat capacity anomaly at Ty [53,54].

VI. ELECTRICAL RESISTIVITY

The in-plane electrical resistivity p of a CaCo,As; single
crystal as a function of 7 measured in zero magnetic field
is shown in Fig. 12. The p(T') data exhibit metallic behavior
with a residual resistivity pp &~ 108 uQcmat7 =4 Kand a
residual resistivity ratio RRR = p(300 K)/p(4 K) & 2.2. The
data do not show any clear feature that might be associated
with AFM ordering at Ty. The derivative dp(T)/dT is plotted
versus T in the inset of Fig. 12(a), which also shows no clear
feature at Ty.

The p(T) data exhibit a T? temperature dependence in the
temperature range 10 K < 7 < 23 K as illustrated in the plot
of p versus T2 in Fig. 12(b). A fit of the p(T') data by p(T) =
oy + AT? in this T range gives py = 107.1(1) u2cm and
A =2.18(3) x 1072 uQ cm/K?. The error bars do not take
into account the systematic error of order 10% arising from
errors in the geometric factor. The fit is shown in Fig. 12(b).
However, since the 72 dependence does not extend to T — 0,
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FIG. 12. (Color online) (a) In-plane electrical resistivity p of a
CaCo, g¢As, single crystal as a function of temperature 7" measured
in zero magnetic field. The arrow marks 7 = Ty = 52 K. Inset:
Temperature derivative dp/dT as a function of T. (b) p vs T2
The straight red line is a fit by p = p) + AT? over the temperature
interval 10 K < T < 23 K. The dashed lines are extrapolations of
the fit.

it may simply be a crossover within the overall temperature
dependence of p and hence not physically significant.

VII. ARPES

Figures 13(al)-13(a3) show high-resolution ARPES in-
tensity maps (Fermi surfaces of the CaCo; gsAs, sample),
measured with 21.2 eV photon energy and at =20, 100,
and 250 K sample temperatures, respectively. Each map is
obtained by integrating the photoemission intensity over an
energy window of 10 meV centered at Er and plotted as a
function of in-plane wave vector components (k. and k). The
Fermi surface map in Fig. 13(al) is shown in high-symmetry
directions [1,1,0], [0,1,0], and [1,1,0], which indicates that
there is no photoelectron intensity at the center of the Brillouin
zone (I" point). However, a huge intensity pocket is observed
at the corner of the Brillouin zone (X point). One can examine
the character of the Fermi surface pockets by tracing the
dispersions of the associated bands along high-symmetry lines.
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FIG. 13. (Color online) (al)-(a3) Fermi surface maps of
CaCo, s6As, measured with a He I photon source (hv = 21.2 eV)
at 20, 100, and 250 K sample temperatures, respectively. The band
dispersion data along the [1,1,0] direction around k, =k, = 0 and
the corresponding energy distribution curves are shown in (b1)—(b3)
and (c1)—(c3), respectively.

We have plotted the band dispersion near Ef along the [1,1,0]
direction across the center of the Brillouin zone (BZ) and the
corresponding energy distribution curves (EDCs), shown in
Figs. 13(b1) and 13(c1), respectively. Figure 13(b1), measured
at 20 K, clearly suggests the presence of an electronlike band
dispersion at the I point, which does not cross Eg, and the
pocket at the X point is also electron-like but does cross Er and
forms two Fermi surfaces. We calculated the Fermi momenta
for the outer and inner electron pockets at the X point, which

are found to be about +0.7 and +0.3 A_l, respectively. The
bottom of the inner electron pocket at the X point is estimated
to be at an energy of ~—0.1 eV. The Fermi velocity of the
band shown in Fig. 13(bl) is estimated as 3.00(4) eV A.
These results are consistent with previous ARPES studies of
the similar compound BaCo,As; [55,56].

Recently, we observed significant changes in the band
structure of the BaFe,As, family with sample temperature
using ARPES [57,58]. Also relevant here is the AFM tran-
sition in CaCo; ggAs, at about 52 K observed in our x(7')
measurements. Therefore, to see whether the band structure
changes across this transition, we have performed additional
T-dependent ARPES measurements. Figures 13(a2) and
13(a3) show the FS topology, measured at 100 and 250 K,
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respectively. The corresponding band dispersions and EDCs
are shown in Figs. 13(b2) and 13(b3) and 13(c2) and 13(c3),
respectively. These measurements indicate that there is no
significant difference in the FS topology measured below
[Fig. 13(al)] and above [Figs. 13(a2) and 13(a3)] the transition
temperature of 52 K. However, if we look at the band dispersion
plots [Figs. 13(b2) and 13(b3)], it seems that the bands are
moving slightly downwards with increasing temperature.

VIII. ELECTRONIC STRUCTURE CALCULATIONS

To calculate the nonmagnetic (paramagnetic, PM), ferro-
magnetic (FM), and the various AFM ground states and total
energies of a composition close to the experimental compo-
sition CaCoj gsAs;, we used a 2x2x?2 supercell containing
sixteen formula units (f.u.) with two vacancies on the Co sites
to obtain the composition CagCo;s5As;s (CaCoy ggAsy), which
is close to the experimental composition.

The PM electronic density of states (DOS) as a function
of energy E relative to Ep calculated for CaCojggAsy
using FPLAPW is shown in Fig. 14, together with the atom-
decomposed curves for Ca, Co, and As. A sharp peak is
observed in the total DOS at Er mostly due to the contribution
from the Co 3d bands. The atom-decomposed contributions to
the DOS at E are given in the first four rows of Table IV with
a total DOS of 7.29 states/(eV f.u.) for both spin directions.
The partial DOSs do not add up to the total DOS because
of the interstitial DOS which is also accounted for in the
calculation of the total DOS. Thus the total DOS is higher than
the sum of the atom-decomposed partial contributions. As seen
in Table IV, corresponding calculations for the stochiomentric
composition CaCo,As, give similar results.

To explore the theoretical ground states of CaCo,As,, we
calculated the total energies of the PM, FM and the A-type,
G-type, and C-type AFM states [see Ref. [9] and Fig. 1(a)
in Ref. [59] for the definitions of the AFM structure types]

E 14 1 1 1 1 1
a 1 —tot
T CaCo, ,As, ca F
% T Co
o 101 As [
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>
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FIG. 14. (Color online) The density of states (DOS) for

CagCojsAsys (CaCoy g75As;) as a function of energy E relative to
the Fermi energy Er = 0 calculated using FPLAPW (black curve).
The atom-decomposed DOS of the Ca, Co, and As atoms are also
shown.
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TABLE IV. Results of electronic structure calculations for the
paramagnetic (PM) state of CaCo;ggAs,, which is close to the
measured composition CaCo; gsAs,, and for the idealized compo-
sition CaCo,As,. The density of states at Er, D(EF), is in units of
states/(eV f.u.) for both spin directions. Both the total and atom-
decomposed D(EF) values are shown where the values correspond
to one Ca atom, two Co atoms and two As atoms. Calculations
of D(Eg) and total energy E, of the PM and A-type, G-type,
and C-type antiferromagnetic (AFM) states relative to that of the
ferromagnetic (FM) state from spin-polarized calculations are also
listed.

CaCOngASQ CaC02A52

D(EF) (total, PM) 7.29 8.50
D(EF) (Ca, PM) 0.15 0.16
D(EF) (Co, PM) 5.57 6.73
D(EF) (As, PM) 0.47 0.49
D(EF) (total, A-type AFM) 2.95 2.71
D(EF) (Ca, A-type AFM) 0.12 0.11
D(EF) (Co, A-type AFM) 1.76 1.63
D(EF) (As, A-type AFM) 0.28 0.26
D(EF) (total, FM) 3.22 2.73
D(EF) (Ca, FM) 0.12 0.12
D(EF) (Co, FM) 1.95 1.64
D(EF) (As, FM) 0.31 0.25
E. (PM) (meV/f.u.) 42.5 62.9

E\y (C-type AFM) (meV/f.u.) 63.2

E (G-type AFM) (meV/f.u.) 62.4

E\y (A-type AFM) (meV/f.u.) 2.64 3.2

E (FM) (meV/f.u.) = =0

with 264 k points in the irreducible Brillouin zone. The total
energies relative to the FM state for the A-type, G-type, and
C-type AFM and PM states are listed in Table IV. These
calculations show that the FM and A-type AFM states are the
most stable with very similar total energies, which suggests the
possibility of magnetic instability between these two states. On
the basis of these results, we calculated the total energies of
only the PM and A-type AFM states relative to the FM state
for CaCoj; ggAs, and the results are also listed in Table IV.
The values of the total energies for CaCo; ggAs, are similar
to the corresponding ones for CaCo,As; and again indicate
a close competition between the FM and A-type AFM states
for the ground state. A similar competition between itinerant
FM and A-type AFM spin density wave states occurs in the
parent compounds of the FeAs-based high-T; superconductors
[9,60,61].

A system that has a large DOS at Er is often unstable and
shows a tendency for a transition that splits the peak near
Ep, resulting in a decrease of the DOS at Eg. Spin-polarized
calculations of the DOS versus energy of the PM, FM and
A-type AFM states were carried out for both CaCo,As;
and CaCoj ggAs;. Figure 15 shows that both of these types
of magnetic ordering indeed split the peak at Eg of the
PM state and stabilize the system for each composition.
For the A-type AFM ordering observed in CaCoj ggAs,, the
calculated total bare DOS at Eg for CaCo ggAs, decreases
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FIG. 15. (Color online) Total density of states (DOS) for
CaCo,As; and CaCo; ggAs, as a function of energy E relative to the
Fermi energy Er = 0. The calculations for each composition are for
nonmagnetic, FM and A-type AFM states as indicated. Positive DOS
values are spin up and negative ones are spin down. The nonmagnetic
state shows a peak at Er and this peak is split by both types of
magnetic ordering for each composition.

from
tat
D(Er) = 7.29 2 (PM state) (482)
eVfu.
for both spin directions in the PM state to
tat
D(Ep) = 2.95 o (A-type ARM)  (48b)
eVf.u.

for both spin directions in the A-type AFM state, which is
only 40% of the value calculated for the PM state. The orbital
decompositions of D(EF) for the A-type AFM densities of
states for CaCo,As, and CaCo, ggAs, are listed in Table IV.
Here again, the total DOS for each composition is larger than
the sum of the orbital-decomposed DOSs due to the interstitial
DOS.
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IX. SUMMARY

Structural studies on crushed CaCo, ggAs; crystals demon-
strated that the compound is in the collapsed-tetragonal phase
of the body-centered tetragonal ThCr,Si,-type structure. Our
refinement revealed a concentration of 6.0(5)% vacancies
on the Co sites, consistent with the value of 7(1)% in
Ref. [37]. The physical properties of CaCo; gsAs, crystals
were investigated by magnetic susceptibility, magnetization,
specific heat, electrical resistivity and ARPES measurements
and by electronic structure calculations. The p(T"), Cp(T'), and
ARPES data and the band calculations indicate metallic be-
havior. A large Sommerfield coefficient y = 27(1) mJ/mol K?
and hence a large density of states at the Fermi energy is
inferred from the C,(T) data at low temperatures that is
enhanced compared with the bare value predicted from the
electronic structure calculations from the Co 3d bands. Within
an itinerant electron picture, a large Stoner enhancement of
the susceptibility by a factor of nine to two hundred is found,
depending on the temperature.

A collinear A-type AFM ground state is inferred from the
x(T) and M(H) data with Ty = 52 K and with the easy axis
being the ¢ axis, in agreement with the magnetic structure
found from magnetic neutron diffraction measurements [37]
of CaCo; g¢As; and inferred from previous M(H,T) studies
[35,36] of CaCo,_,As;. A uniaxial anisotropy with an easy
axis along the c axis is deduced from the ordered-state x(7")
data, and M(H) data exhibit a spin-flop transition (Hgiep =
3.5 T) for H || c. A spin-polarized total energy calculation
showed that the ferromagnetic and A-type antiferromagnetic
structures are in competition, where the experiments show
that the latter wins out. However, one must keep in mind
that the A-type AFM structure consists of ferromagnetically
aligned layers of spins that are antiferromagnetically aligned
between layers, and that the Curie-Weiss susceptibility at high
T indicates that the dominant interactions are ferromagnetic.

An analysis of the M (H,T) data in terms of a local moment
model for the Co spins using molecular field theory did not
yield self-consistent results, indicating that CaCoj geAs; is
instead an itinerant electron antiferromagnet. This assignment
is consistent with the low ordered moment of ~0.3up /Co and
the large exchange enhancement of the susceptibility. No clear
features are observed near Ty in our p(T') and Cp(T) data.
The lack of an anomaly in C,(T') at Ty suggests that strong
short-range AFM order may occur above Ty, thus removing
most of the magnetic entropy on cooling to 7 = Ty and hence
result in a small effect of long-range AFM ordering on the heat
capacity at Ty.
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