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The compound EuCo,_,As, with the tetragonal ThCr,Si, structure is known to contain Eu*? jons with spin
S = % that order below a temperature Ty & 47 K into an antiferromagnetic (AFM) proper helical structure with
the ordered moments aligned in the tetragonal ab plane, perpendicular to the helix axis along the ¢ axis, with no
contribution from the Co atoms. Here we carry out a detailed investigation of the properties of single crystals. We
consistently find about 5% vacancies on the Co site from energy-dispersive x-ray analysis and x-ray diffraction
refinements. Enhanced ordered and effective moments of the Eu spins are found in most of our crystals. Electronic
structure calculations indicate that the enhanced moments arise from polarization of the d bands, as occurs in
ferromagnetic Gd metal. Electrical resistivity measurements indicate metallic behavior. The low-field in-plane
magnetic susceptibilities x,,(7 < Ty) for several crystals are reported that are fitted well by unified molecular
field theory (MFT), and the Eu—Eu exchange interactions J;; are extracted from the fits. High-field magnetization
M data for magnetic fields H || ab reveal what appears to be a first-order spin-flop transition followed at higher
field by a second-order metamagnetic transition of unknown origin, and then by another second-order transition to
the paramagnetic (PM) state. For H || ¢, the magnetization shows only a second-order transition from the canted
AFM to the PM state, as expected. The critical fields for the AFM to PM transition are in approximate agreement
with the predictions of MFT. Heat capacity C, measurements in zero and high H are reported. Phase diagrams
for H || ¢ and H || ab versus T are constructed from the high-field M(H,T) and C,(H,T) measurements. The
magnetic part Ciag (T, H = 0) of C,(T,H = 0) is extracted and is fitted rather well below Ty by MFT, although
dynamic short-range AFM order is apparent in Cp,,(T) up to about 70 K, where the molar entropy attains its

high-7 limit of R In 8.

DOI: 10.1103/PhysRevB.97.144403

I. INTRODUCTION

Many studies of iron-based layered pnictides and chalco-
genides have appeared due to their unique lattice, electronic,
magnetic, and superconducting properties [ 1-9]. An important
family of these materials consists of doped and undoped com-
pounds AFe;As; (A = Ca, Sr, Ba, Eu) with the body-centered
tetragonal ThCr,Si, structure with space group I4/mmm
(122-type compounds). Searches for novel physical properties
in various 122-type compounds with other transition metals
replacing Fe have been carried out, such as for Mn [10-19]
and Cr [20-27].

Here we are concerned with ACo,As, and ACo,P> com-
pounds (Col22 systems) with the ThCr,Si, structure that
have also attracted much interest due to their rich magnetic
behaviors, where the electronic states of the CoAs and CoP
layers are sensitive to the crystal structure. By forming As—As
and P-P bonds along the ¢ axis, their crystal structures can
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collapse along this axis, resulting in the so-called collapsed-
tetragonal (cT) structure which is to be distinguished from the
uncollapsed-tetragonal (ucT) structure. In contrast to the Fe 122
compounds that exhibit a magnetic to nonmagnetic transition
under pressure coincident with a ucT to cT transition, the
Co-based compounds behave in the opposite manner, with
the ambient-pressure ucT compounds being paramagnetic and
the ¢cT compounds exhibiting magnetic ordering [28]. For ex-
ample, CaCo,.,As, has a cT structure at ambient pressure and
manifests itinerant A-type antiferromagnetic (AFM) ordering
with the ordered moments aligned along the ¢ axis [29,30],
whereas the 122-type SrCo,As; and BaCo,As, compounds
have ucT structures with no long-range magnetic ordering
[31,32]. Inelastic neutron scattering and NMR studies on
SrCo,As, have revealed strong stripe-type AFM correlations
at high energies whereas NMR measurements reveal strong
FM correlations at low energies [33,34]. On the other hand,
the system SrCo,(Ge;_,P,), develops weak itinerant ferro-
magnetism during the course of the dimer breaking, and a
quantum critical point (QCP) is observed at the onset of the
FM phase, although both SrCo,P, (ucT) and SrCo,Ge, (cT)
are paramagnetic (PM) [35]. From first-principles calculations,
it was shown that the degree of As—As covalent bonding in
CaFe;As; and the magnitude of the spin on the Fe atoms are
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inversely related [36,37]. Similarly, the magnetic properties
of the cobalt pnictides were correlated with changes in the
formal Co charge as determined by the estimated degree of
P-P covalent bonding along the ¢ axis [38].

EuCo,P; is an interesting ucT compound in the Col22
family. It shows AFM ordering of the Eu** spins S = 7 below
Tn = 66 K [39]. Neutron-diffraction studies demonstrated that
the AFM structure is a planar helix with the Eu ordered
moments aligned in the ab plane of the tetragonal structure,
and with the helix axis being the ¢ axis [40]. This compound
shows a pressure-induced first-order ucT to cT transition at
~3 GPa [41] associated with the valence change of Eu from
Eu”* to nonmagnetic Eu** together with the emergence of
itinerant 3d magnetism in the Co sublattice, which orders
AFM at TI\?O = 260 K [42]. We showed that EuCo,P; is a
textbook example of a noncollinear helical antiferromagnet for
which the thermodynamic properties in the antiferromagnetic
state are well described by our unified molecular field theory
(MFT) [43].

EuCo;As; also has the ucT 122-type structure and hence is
isostructural and isoelectronic to EuCo, P, [44,45]. It exhibits
AFM ordering of the Eu*? spins-1 at Ty = 47 K [46,47].
Neutron-diffraction measurements showed that the AFM struc-
ture is the same coplanar helical structure as in EuCo,P,,
with no participation by Co moments [44]. Here the reported
helix propagation vector is k = (0,0,0.79)(27 /c) [44], very
similar to that of EuCo, P, whichisk = (0,0,0.85)(27/c) [40].
The c/a ratios of EuCo,P; (3.01) and EuCo,As; (2.93) are
also similar and both indicate a ucT structure. High-pressure
measurements on EuCo,As, showed a continuous tetragonal

to collapsed tetragonal crossover at a pressure p &~ 5 GPa [48]
and a change in the associated valence state of Eu, achieving
the average oxidation state of Eut>* at 12.6 GPa. As a
result, ferromagnetic (FM) ordering arises from both Eu and
Co moments with a Curie temperature 7c = 125 K, which is
confirmed by x-ray magnetic circular dichroism measurements
and electronic structure calculations.

One reason for carrying out the present detailed study of
EuCo,_,As; is that the reported effective magnetic moment in
the paramagnetic (PM) state perr &~ 8.22 up/Euis significantly
larger than the value of wey = 7.94 up expected for Eu?t
[45] (see also Table I below). Normally, the effective and
ordered moments of Eu*? and Gd** are rather robust due
to the spin-only electronic configurations of these S =%
ions (orbital angular momentum L = 0). The questions we
wanted to address were how repeatable the large p.g is
in different samples, how it comes about, and to see if it
correlates with other properties of the material. In addition,
we wanted to test our unified molecular field theory to fit the
magnetic and thermal properties below 7y for another helical
AFM to complement our earlier studies of EuCo,P, [43].
We grew single crystals of EuCo,_,As, with two different
fluxes and report their properties. We find that there is a
rather large range of p.sr values as well as of low-temperature
ordered (saturation) moments g, Of the Eu spins in different
crystals. As in CaCos.,As; [29,30], we also find a significant
(~5%) vacancy concentration on the Co sites in most of our
EuCo,_,As; crystals.

The experimental details are given in Sec. II. In Sec. III the
crystal structure and composition analyses are presented for

TABLE I. The compositions of our six EuCo,_,As, single crystals, together with the error bars on the Co concentrations obtained from
the combined EDX and XRD data, in comparison with previous studies on this compound. Also listed are crystallographic data for the single
crystals at room temperature, including the fractional c-axis position zas of the As site, the tetragonal lattice parameters a and ¢, the unit-cell
volume Vg containing two formula units of EuCo,_,As,, and the c/a ratio. The AFM ordering temperature Ty is also shown. The listed
values of the effective moment p.¢ obtained from the Curie constant in the Curie-Weiss law are averages of the c-axis and ab-plane values (see
Table III below). Most values are larger than the value obtained for § = % and g = 2, which is p.i = 7.94 ug/Eu. The present work is denoted
by PW. Data from the literature are also shown.

Sample, eff

Composition Zas a(A) ¢ A) Vear (A7) c/a Tn (K) (us/Eu) Ref.
#1 EuCoy o001y Asy" 0.3601(4) 3.922(9) 11.370(3) 174.9(8) 2.899(7) 45.1(8) 8.47 PW
#2 BuCo, 9902 A8, 03611(5) 3.910(5) 11.306(9) 172.8(6) 2.891(6) 44.9(5) 8.62 PW
#3 BuCoy g0p) A 0.3603(6) 3.926(7) 11.137(18) 171.6(8) 2.836(9) 40.8(7) 8.54 PW
#4 EuCojsopAs:t  0.3607(1) 3.9478(7) 11.232(2) 175.05(7)  2.845(1) 40.6(7) 8.51 PW
#5 BuComnAsy!  0.3623(2) 3.9505(2) 11.2257(7) 175.192)  2.8416(2)  403(5) 8.61 PW
#6 BuCo; 042 Asy" 0.3683(3) 3.9323(4) 11.402(1) 17632(3)  2.8996(5)  45.8(3) PW
EuCo,As, 3.964(2) 11.111(6) 174.6(2) 2.803(3) [45]
EuCo,As,® 3.934(1) 11.511(6) 178.12) 2.926(2) 472) 7.4(1) [46]
EuCo,As,¢ 036 3.9671(1) 11.0632(5) 174.11(1)  2.7887(2) [48]
EuCo,As,' 036109(5)  3.929(1) 11.512(4) 177.7(1) 2.930(2) 47 8.00¢ [44]
EuCo,As,¢ 38.5 8.27 [47]

2Grown in Sn flux.

®Grown in Sn flux with H,-treated Co powder.
“Grown in CoAs flux with H,-treated Co powder.
dGrown in CoAs flux.

¢Polycrystalline sample.

fGrown in Bi flux.

£Obtained by us by fitting the published yx (7") data.
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six crystals for which the physical properties are later studied
in detail. Our magnetic susceptibility x versus temperature T
data and magnetization versus field M(H) isotherms for the
crystals are presented in Sec. [V, where we find enhancements
in both e and jug, compared to expectation for Eut? spins
with § = % and spectroscopic splitting factor g = 2. We also
obtain an estimate of the amount of anisotropy in the system
and fit the in-plane yx,,(7") at temperatures 7 less than the AFM
ordering temperature 7y by MFT.

Our zero-field and high-field heat capacity C,(H,T) mea-
surements are presented in Sec. V, where the magnetic
contribution Cpae(7T,H = 0) is extracted and found to agree
rather well with the prediction of MFT for S =7 at T <
Tn. However, dynamic short-range AFM ordering is found
from Ty =~ 42 K up to about 70 K, which is not accounted
for by MFT. The molar magnetic entropy Smae is found to
agree with expectation for Eu spins § = % athigh T 2> 70 K,
RIn(2S + 1), where R is the molar gas constant. From the
high-field Cp(H,T) we extract Tx(H) for H || ¢ and obtain a
good fit by MFT. Using the high-field data from the M(H)
and Cp(T) measurements, the phase diagrams in the H || ¢
and H || ab versus T planes are constructed for two different
crystals in Sec. V1. Electrical resistivity data for currents in the
ab plane are presented in Sec. VII together with an analysis of
these data in terms of the generic electron-electron scattering
model at low T and the Bloch-Griineisen, parallel-resistor, and
s-d scattering models at higher T'.

Our total-energy and electronic structure calculations are
presented in Sec. VIII. We find that the Eu spins ferromag-
netically polarize the spins of the electrons deriving from
the Co 3d t,, states near the Fermi level by an amount
consistent with the observed enhancement of the Eu moments.
The calculations also indicate that the Co atoms make no
contribution to the helical AFM structure, again consistent with
experiment. In Sec. IX we extract the Heisenberg exchange
interactions J;; from the previously presented MFT fit to the
Xap(T < Tn) data. A summary of our results is given in Sec. X.

II. EXPERIMENTAL DETAILS

Single crystals of EuCo,As, were grown in Sn flux and
CoAs flux. The purity and sources of the elements used were
Eu (Ames Lab), and Co (99.998%), As (99.999 99%), and Sn
(99.9999%) from Alfa Aesar. For some crystal growths, the
Co powder was additionally heated under a flow of H, gas
under a pressure of 12 bar at a temperature of 324 °C for 12 h
to remove possible surface oxidation. At this H, pressure and
temperature, negligible H is absorbed by the Co [49]. Single
crystals were grown in both Sn flux and CoAs flux using both
H;-treated and as-received Co powder.

For Sn-flux growth, the starting materials were mixed in
the molar ratio Eu:Co:As:Sn = 1.05:2:2:15. Excess Eu was
required in order to obtain crystals without impurity phases
occluded on or embedded within the crystals. The mixture was
placed in an alumina crucible and then sealed in a silica tube
under high-purity argon gas. After prereacting the elements at
600 °C for 6 h, the mixtures were placed in a box furnace and
heated to 1050 °C at a rate of 50 °C/h, held there for 20 h, and
then cooled to 600 °C at a rate of 4 °C/h. At this temperature,
the molten Sn flux was decanted using a centrifuge. Shiny

platelike crystals of area 4-80 mm? by 0.4 mm thick were
obtained.

For CoAs-flux growth, a mixture of Eu metal and prereacted
CoAs powder taken in the molar ratio Eu:CoAs = 1:4 was
placed in an alumina crucible and then sealed in a quartz tube
under high-purity argon gas. The tube assembly was placed in
a box furnace and heated to 1300 °C at a rate of 50 °C/h, held
there for 15 h, and then cooled to 1180 °C at a rate of 6 °C/h.
At this temperature, the excess CoAs flux was decanted using
a centrifuge. For this crystal-growth method shiny platelike
crystals of size 4-40 mm? by 0.3—-0.4 mm thick were obtained.

The phase purity and chemical composition of the
EuCo,As; crystals were checked using an energy-dispersive
x-ray (EDX) semiquantitative chemical analysis attachment
to a JEOL scanning electron microscope (SEM). SEM scans
were taken on cleaved surfaces of the crystals which verified
the single-phase nature of the crystals. The compositions of
each side of a platelike crystal were measured at six or seven
positions on each face, and the results were averaged. The EDX
composition analysis revealed the presence of vacancies on the
Co site and an absence of Sn incorporated into the bulk of the
crystals. The EDX data also showed no evidence for oxygen
in any of the crystals. We selected six crystals having different
Co-site occupancies for further investigations.

Single-crystal x-ray diffraction (XRD) measurements were
performed at room temperature on a Bruker D8 Venture
diffractometer operating at 50 kV and 1 mA equipped with a
Photon 100 CMOS detector, a flat graphite monochromator and
a Mo Ka IuS microfocus source (A = 0.71073 A). The raw
frame data were collected using the Bruker APEX3 program
[50], while the frames were integrated with the Bruker SAINT
software package [51] using a narrow-frame algorithm for
integration of the data and were corrected for absorption effects
using the multiscan method (SADABS) [52]. The occupan-
cies of the Co atomic sites were refined assuming random
occupancy of the Co sites and assuming complete occupancy
of the Fu and As sites. The atomic thermal factors were
refined anisotropically. Initial models of the crystal structures
were first obtained with the program SHELXT-2014 [53] and
refined using the program SHELXL-2014 [54] within the APEX3
software package.

Magnetization data were obtained using a Quantum Design,
Inc., magnetic properties measurement system (MPMS) and
a vibrating sample magnetometer in a Quantum Design, Inc.,
physical properties measurement system (PPMS) for high-field
measurements up to 14 T, where 1 T = 10* Oe. The PPMS
was used for C,(T') and p(T') measurements. The Cp(T') was
measured by the relaxation method and the p(7T") using the
standard four-probe ac technique.

III. CRYSTAL STRUCTURES AND COMPOSITIONS

The chemical compositions and crystallographic data are
presented in Table I for six crystals of EuCo,_,As, grown
under different conditions with different Co vacancy concen-
trations as determined above, which are labeled #1 to #6,
respectively. The chemical compositions obtained from the
EDX and single-crystal XRD analyses for these six crystals
of EuCo,As; are also listed in Table I in comparison with the
previous studies on this compound [44—46,48]. The physical
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FIG. 1. Zero-field-cooled (ZFC) magnetic susceptibility x =
M/H of Sn-flux-grown crystals (a) #1 EuCoj g1)As, and (b) #2
EuCoj 992)As; as a function of temperature 7 measured in magnetic
fields H = 0.1 T applied in the ab plane (x,5) and along the ¢ axis
(xc)- Insets: the respective derivative d(x,»T)/dT versus T.

property measurements reported in this paper were carried out
on these six crystals.

IV. MAGNETIC SUSCEPTIBILITY AND HIGH-FIELD
MAGNETIZATION

A. Magnetic susceptibility

Figures 1 and 2 display the zero-field-cooled (ZFC) mag-
netic susceptibility x = M/H of Sn-flux-grown crystals and
CoAs-flux-grown crystals, respectively, as a function of 7" with
H = 0.1 T applied along the ¢ axis (x., H || ¢) and in the ab
plane (x.», H || ab). The Ty of a collinear AFM is given by
the temperature of the maximum slope of x T versus T for the
easy axis direction [55]; here, the corresponding field direction
is within the easy ab plane of the helical magnetic structure.
The inset of each figure shows d(x,,T)/dT versus T in the
T range 2 to 100 K, with the peak temperature being Ty. The
T obtained in this way for each crystal is shown in the insets
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FIG. 2. Zero-field-cooled (ZFC) magnetic susceptibility x =
M /H of CoAs-flux-grown crystals (a) #3 EuCoj; g4 As; and (b) #4
EuCoj go2)As, versus temperature 7 measured in a magnetic field
H = 0.1 T applied in the ab plane (x,») and along the ¢ axis (x.).
Insets: the derivative d(x,,T)/dT versus T.

of Figs. 1 and 2 as well as in Table I and in Table III below.
From Table I one sees that the Ty values correlate with the
crystallographic c/a ratio and with the flux used to grow the
crystals, but not with the Co-site occupancy. The Ty values
from previous reports on EuCo,_, As; are also listed in Table I
[44,46,47].

For all four crystals, from the main panels in Figs. 1 and 2
one sees that y,, > x. in the paramagnetic regime (T > Tx),
indicating the presence of a magnetic anisotropy favoring the
ab plane. This is consistent with the data for T <« Tx which
indicates that the crystallographic ab plane is an AFM easy
plane. For T < Ty, one sees that y. is nearly independent of
T, consistent with the molecular-field theory prediction for a
field perpendicular to the ordering axis or plane of a Heisenberg
AFM [56,57]. Magnetocrystalline anisotropy determines the
ordering axis or plane such as for a Heisenberg AFM with
dipolar [58], uniaxial single-ion DSZ2 [59], and classical field
[60] anisotropies. The observation that ,, for T — Oisalarge
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FIG. 3. (a) Inverse susceptibility x ~! versus temperature T of Sn-
flux-grown crystals (a) #1 EuCo go(1)As, and (b) #2 EuCoy g9(2)As; for
H = 0.1 T applied in the ab plane (H || ab, X,;},l) and along the ¢ axis
(H || ¢, x71). The solid curves are fits by the modified Curie-Weiss
law (1a) with parameters given in Table III.

fraction of x.(T — 0) indicates that EuCo,_,As, is either a
collinear AFM with multiple domains in the ab plane or a
coplanar noncollinear ab-plane AFM structure. The previous
neutron-diffraction study on EuCo,As; indeed showed an
incommensurate AFM helical structure in which Eu spins are
aligned ferromagnetically within the ab plane, where the helix
axis is the ¢ axis with an AFM propagation vector of k =
(0,0,0.79)r /c where c is the tetragonal c-axis lattice parameter
[44]. An incommensurate helical spin structure with almost
the same propagation vector was found in the isostructural
compound EuCo, P, [40,43].

The inverse susceptibility x ~!(7) measured in H = 0.1 T
applied along the ¢ axis (x,!) and in the ab plane ( Xa_bl) for
Sn-flux- and CoAs-flux-grown crystals are shown in Figs. 3
and 4, respectively. As one can see from the figures, the x ~!(T")
plots are slightly curved. One can fit this curvature by including

30—
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~ 20F .
B H=0.1T
° 151 .
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FIG. 4. (a) Inverse susceptibility x ! of CoAs-flux-grown crys-
tals (a) EuCo 9y4)As, and (b) EuCoj g2 As; as a function of tempera-
ture T for H = 0.1 T applied along the c axis (H || ¢) and along the ab
plane (H || ab). The solid curves are fits by the modified Curie-Weiss
law (1a) with parameters given in Table III.

a T-independent term yq in addition to the Curie-Weiss law,
giving a so-called modified Curie-Weiss law

Xa = Xo + (¢ =ab, o), (la)

a
T — Ope

where o is an isotropic temperature-independent term given
by

Xo = Xdia + Xpara — Xcore + XLandau + XPauli7 (lb)

which is comprised of the diamagnetic (negative) atomic
core (x°°®) and conduction-electron orbital Landau (y“"dav)
contributions and the paramagnetic (positive) contribution
from the Pauli spin susceptibility (x"*") of the conduction
electrons and/or holes. The Curie constant per mole of spins is
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TABLEII. Parameters obtained by fitting the x (7') data in Figs. 1
and 2 for our crystals by Eq. (1a) assuming xo = 0. Shown for each
crystal are the Curie constant C, Weiss temperature 6, and effective
moment [ obtained from C using Eq. (1d). For reference, for a spin
S = % with g = 2, Eqgs. (1a) and (le) yield C = 7.878 cm?® K/mol Eu
and pegr = 7.937 ug/Eu.

Field Mett
Crystal direction  C(“K)  gK)  (up/Eu)
#1 EuCojoqnAs,®  Hllab — 8477(5) 244(1) 8233
Hllc  85434) 216609 8265
#2EuCoignAs,®  Hllab  9.0202) 21.81(4) 8493
Hlc  89485) 21.7009) 8459
#3EuCojpwAsy®  H|ab  92512) 23.61(4)  8.601
Hlc 1001(1) 1262) 8947
#4 EuCoiopAs,!  Hllab  8753(3) 26.05(7)  8.366
Hlc 87842 2315 838l
#5EuCoioxnAsy!  Hllab 8685  289(1) 833
Hlec  897(1) 272(1) 847

2Grown in Sn flux.

5Grown in Sn flux with H,-treated Co powder.
¢Grown in CoAs flux with H,-treated Co powder.
4Grown in CoAs flux.

given by [61]

C, = NagaS(S+ Duh _ Naawits
3kp 3kg

where Nj is Avogadro’s number and p.s is the effective
moment of a spin in units of Bohr magnetons. From Eq. (1c)
one obtains

3kgC
Naug

Mett = gv/S(S + 1) = (1d)

Inserting the Gaussian cgs values of the fundamental constants
into Eq. (1d) gives

Lett ~ V/1.99684C ~ /3 C. (le)

As abaseline, we fitted the x,(7") data by Eq. (1a) from 100
to 300 K with xo = O for each of five of our crystals for each
of the two field directions, and the fitted C,, and 6,, values
are shown in Table II together with peg calculated from C
using Eq. (1e). One sees that the values of pef are 4% to 7%
larger than the value for § = % with g = 2 given in the table
caption, not including the data for outlier crystal #3. These
differences are outside the experimental error of ~1%. Our
enhanced values of u.g are in qualitative agreement with the
previous value in Table I reported in Ref. [47]. The positive
values of 6, indicate a net FM exchange interaction between
the Eu™? spins-2.

The value of 6, obtained from a fit of experimental y(T")
data in the paramagnetic regime at T > Ty by Eq. (la) can
be affected by crystal-shape (demagnetization) effects if x,
is large such as for compounds containing high concentra-
tions of large-spin species such as Eu*? with spin § = % in
EuCo,_,As;. From the treatment in Ref. [58], for o = 0 these

affect the Weiss temperature according to

47TCaNda

T (2a)

Qp(x = 9p(x0 -
where 6y, is the fitted value as above, Cy, is the Curie constant
per mole of magnetic atoms, O, is the Weiss temperature that
would have been obtained in the absence of demagnetization
effects, Ny, is the magnetometric demagnetization factor in
SI units (0 < Ny, < 1) of a crystal with the applied field in
the « direction, and Vy; is the volume per mole of magnetic
atoms in the crystal. For spins-% with g = 2 one has isotropic
C, = 7.88 cm® K/mol and using the crystal data in Table I
one obtains Vi &~ 53 cm?/mol for EuCo;,_,As;. Then, for
EuCo,_,As;, Eq. (2a) gives

Bpe = Opao — (1.9 K)Nay. (2b)

Since 0 < Nyo < 1, afitted positive value of 6, in Table II
can thus be decreased by up to 1.9 K due to demagnetization
effects, which is a maximum of ~10% of the 6, values.

The data for C, pisr, and 6, for crystal #3 in Table II are
outliers. We infer that these erroneous values arise from the
contribution of a small amount of a ferromagnetic impurity
to the magnetization. In particular, including a x¢ in the fits
below yields a positive value that includes the FM impurity
contribution and leads to C, pefr, and 6, values in better
alignment with those for the other four crystals. From the value
of xo obtained for crystal #3 below we estimate the contribution
of the FM impurity to the magnetization of the crystal in the
measuring field of 0.1 T to be ~5 x 10™* ug/f.u.

Next, we included xo in the fits and the three fitting
parameters are listed in Table IIT along with the previous reports
for this compound. Most of the y( values are strongly negative.
The fits are shown as the solid curves in Figs. 3 and 4.

Now we obtain an estimate of x, expected for EuCo,As;.
EuCo,As; is not an ionic compound, so we do not use the
ionic values [62] for the x °°™ contributions. Instead, we use the
atomic core contributions tabulated in Table 2.1 of Ref. [63],
which are given per mole of atoms as

Xcore(Eu) =70 x% 10_5 Cm3/1’1’101, (3a)
x<¢(Co) = —3.1 x 1073 cm3/m01, (3b)
Xcore(As) =33 % 1()_5 cm3/mol, (3C)

yielding the core susceptibility per mole of EuCo,As; as
X (EuCo,Asy) = —1.98 x 107* cm? /mol. (3d)

Assuming the g factor of the conduction carriers is g = 2,
the Pauli spin susceptibility of the conduction carriers in cgs
units is given by

3
Xl’au“[ﬂ} = (3.233 x IO‘S)D(EF)|: states } ()
mol eVf.u.
where f.u. means the formula unit of EuCo,_,As, and the
density of states at the Fermi energy D(EF) is for both spin
directions, i.e., taking into account the Zeeman degeneracy
of the conduction carriers. Taking D(Eg) =~ 7 states/eV f.u.
obtained from the C,(T) measurements in Table V below, one
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TABLEIIIL. Parameters obtained from modified Curie-Weiss fits of the magnetic susceptibility data between 100 and 300 K for EuCo,_, As,,
where Ty is the Néel temperature, x, is the 7-independent contribution to the susceptibility, C,, is the molar Curie constant for fields in the
a = ab, c direction, pg, is the effective moment, 6, is the Weiss temperature, 6, ... is the spherical average of 6., po(EF) is the density
of states at the Fermi energy per atom for one spin direction, and J;, is the exchange interaction between a local f-electron atom and the s
conduction electrons. For reference, the effective moment for Eut? with g=2and § = % iS et = g4/ S(S + Dup = 7.94 ug. The quantity
[y is defined as f; = 6,4/ Tn. PW means present work and N/A means not applicable.

Field Xo C, Meffe Opave Po(Ep)Jyy

Compound Ref. axisa  Ty(K)  (ICeml)  (ark) (uB/Eu) B, (K) (K) (K) £

#1 BuCo o)A, PW  Hab  45108) —14(2) 8.98(1) 8.476(4)  19.76(9)  19.07 0.067 0.430
Hc —1.2(1) 8.970(5)  8.471(2)  17.70(5) 0.0668

#2EuCoiepAs,” PW  Hab  449(5)  —054(1)  9214(3) 8585(1)  20.10(3) 1933 0.081 0.441
Hc —~1.2(3) 9.38(1) 8.662(4)  17.8(1) 0.09

#3BuCo  oysAs," PW  Hab  40.8(7) 0.07(3)  9.23(1) 8.593(5)  23.8(1) 22.99 0.08 0.563
Hc 2.75(2)  9.005(6)  8.488(3)  21.38(6) 0.07

#4BuCojoonAs,Y  PW  Hab  40.6(7) —087(1)  9.062(5) 8514(2) 23.33(4) 22.54 0.072 0.555
Hc —0.68(1)  9.028(5)  8.498(2)  20.97(5) 0.07

#5EuCopnAs,Y  PW  Hab  403(5) —1336)  9.15(2) 8.556(9)  24.9(2) 24.23 0.077 0.601
Hc —1.45(3)  9.48(1) 8.708(4)  22.9(1) 0.097

EuCo,As,* [47] H|ab 385 2.12 8.45 8.22 28.7 272 0.035 0.706
Hc —-1.52 8.68 8.33 25.7 0.049

EuCo,As,*" [44]  H| ab 47 7.65(1) 7.82(1) 20.5(1) 20.65 0.081 0.44
Hc 8.39(1) 8.19(1) 20.8(3) 0.0025

EuCo,As,¢ [46] N/A 47(2) 7.4(1) 18(4) 18 0.38

2Grown in Sn flux.

®Grown in Sn flux with H,-treated Co powder.
°Grown in CoAs flux with H,-treated Co powder.
4Grown in CoAs flux.

¢Grown in Bi flux.

"The data were sent to us by the authors and we fitted them by y = C/(T — 6) from 100 to 300 K.

£Polycrystalline sample.

obtains

3
Pl a9 35 1074 L (5)

Then taking into account the Landau diamagnetism of the
conduction carriers assuming a free-carrier gas gives the 7'-
independent contribution to x according to Eq. (1b) as

3

Xo = Xcore + zXPauli ~ —4.7 x 10—5 ﬂ (6)
3 mol

This value is much smaller in magnitude than the x, values

listed for crystals #1, #2, #4, and #5 in Table III, suggesting

that these large negative values may instead be reflections

of T-dependent Curie constants and Weiss temperatures, a

possibility examined next.

In order to investigate the possible T dependencies of C,
and 6, , we again set xo = 0. We obtained a spline fit to (T
from 70 to 300 K, and from that we obtained the temperature
derivative x/, (7). Then one has the two simultaneous equations

Cqy
Xo(T) = T_—gpa’ (7a)
'y — . Ca
XAT) = ~ s (7b)

from which C, and 6,, were solved for at each T. The
results are shown in Fig. 5 for Sn-flux-grown crystals #1
EuCoj g0(1)As, and #2 EuCojg94)As; and for CoAs-flux-

grown crystal #4 EuCoj 992)As>. One sees smooth variations
in C and 6, versus T for each crystal, where C increases and
0y decreases monotonically with decreasing T for each of the
three crystals. This behavior of C might be expected if the Eu
spins polarize the conduction electrons since the polarization
might be expected to increase with decreasing 7.

The possibility of conduction-electron polarization due to
hybridization with the Eu 4 f states can occur. As a result, the
observed effective moment for an s-state Eu spin-% is given by
[64]

2
o = Meff[l + gPO(EF)Jsf:|~ (8)

Here we take g = 2, po(EF) is the density of states per atom
at the Fermi level for one spin direction, and Jyr is the
effective conduction electron-4 f exchange interaction due to
either direct exchange (positive) or sf mixing (negative). The
values of po(Ep)Jss estimated from the effective moments
of EuCo,_yAs, compounds and Eq. (8) are given in the
next-to-last column of Table III. The positive sign of the
quantity suggests that the sf interaction mechanism in these
compounds could be due to direct exchange. These interactions
are expected to be affected by the change in lattice parameters
a and c, and the overall unit-cell volume V. Therefore, the
excess Eu moment is related to the contribution of the non-4 f
electrons, which here is mainly from Co d electrons (see
below). This gives rise to dressing of a bare rare-earth spin with
a conduction electron spin cloud which for EuCo,_,As, would
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FIG. 5. Temperature 7 dependence of the Curie constant C,

and Weiss temperature 6,, of Sn-flux-grown crystals (a) #1
EUCOLQO(])ASZ, (b) #2 EllCO]lgg(z)ASz, and (C) #4 EU.COLQ()(Z)AS2,
derived from Eqgs. (7).

add a portion of conduction-electron spin magnetization to the
free Eu*? moment. These effects are related to the indirect
RKKY (Ruderman-Kittel-Kasuya-Yosida) exchange interac-
tion [65-67] and this indirect Eu-Eu interaction may affect
the Eu'*? g factor. Electron-spin resonance measurements may

0‘4|||||||||||||||||||
(a) #2 EuCo gg5)As, ]
:::::.'::::::::::-.‘::::::~ Sn ﬂux
Spaa,
Ll
5
£
g
£
=
T (K)
L L
(b) #2 EuCol.gg(z)As2
0.3 — - Sn flux ]
g 02F —O0IT -
o — 1T
E L — o1
= 3T Hilc
0.1r- 5T .
0'0 PR T AN S SR N NN SR SO SO AN TR TR TR A S S
0 20 40 60 80 100
T (K)

FIG. 6. Zero-field-cooled (ZFC) magnetic susceptibility x =
M/H of Sn-flux-grown crystal #2 EuCoj 992)As, as a function of
temperature 7' for various magnetic fields H applied (a) in the ab
plane (x.», H || ab) and (b) along the ¢ axis (x., H | ¢).

thus be useful to confirm or refute the hypothesis that the Eu™?
Curie constant changes with temperature as suggested in Fig. 5.

B. High-field magnetization

The T- and H-dependent magnetic susceptibility x(T,H)
was measured for one of the two crystals from each of the
Sn-flux and CoAs-flux crystal growths. Figures 6 and 7 show
x(T) of Sn-flux-grown crystal #2 EuCoj g9(2)As, and CoAs-
flux-grown crystal #3 EuCoj 924)As,, respectively, for various
values of H applied in the ab plane (x5, H || ab) and along the
caxis (., H || ¢)for2 K < T < 100K. AsshowninFigs. 6(a)
and 7(a), the lowest-T data reveal a metamagnetic (MM)
transition for H || ab between H = 3 and 5 T. In addition,
breaks in slope of x (T') at each field are observed, signifying
the H-dependent Ty which decreases with increasing H as
expected for an AFM. Figures 6(b) and 7(b) show that Ty is
much less sensitive to H || ¢ than to H || ab seen in Figs. 6(a)
and 7(a).
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FIG. 7. Same as Fig. 6 except that the crystal measured is CoAs-
flux-grown crystal #3 EuCoj gy4)As;.

Figures 8 and 9 show M(H) isotherms at T =2 K
with H applied in the ab plane (M,;,H | ab) and along
the ¢ axis (M.,H || ¢) obtained for the Sn-flux-grown crys-
tals #1 EUC01,90(1)A82 and #2 EUC01_99(2)A82 (Flg 8), and
for the CoAs-flux-grown crystals #3 EuCoj g24)As, and #4
EuCoj 902)Asy (Fig. 9). The M (H) data are nearly linear in
field as predicted at T < Ty by MFT for a helix with the
applied field along the helix axis, reaching saturation at the
perpendicular critical field H.; ~ 10—15 T, depending on
the sample.

The M,;,(H) isotherms at T = 2 K in Figs. 8 and 9 show
what appears to be a field-induced spin-flop (SF) transition at
afield Hsr, with a small hysteresis [see inset of Fig. 8(a)]. The
magnetic moment attains its saturation moment jig, at the crit-
ical field H. which separates the AFM from the paramagnetic
(PM) phases. An additional transition of unknown origin at a
field Hypy is also seen, with Hgg < Hym < He.

The detailed M (H) isotherms at many temperatures from
2 to 300 K of Sn-flux-grown crystals #1 EuCoj g¢(1)As, and
#2 EuCoj 99(2)As, are shown in Figs. 10 and 11, respectively,
and those of CoAs-flux-grown crystals #3 EuCoj gp4)As, and

0 2 4 6

8

10

12

14

H(T)

FIG. 8. Isothermal magnetization M of Sn-flux-grown crystals (a)
#1 EuCoj 991yAs, and (b) #2 EuCoj g92)As; as a function of applied
magnetic field H measured at 2 K for H applied in the ab plane
(M,p,H || ab) and along the ¢ axis (M., H || c).

#4 EuCoj 9(2)As; are shown in Figs. 12 and 13, respectively,
where parts (a) and (b) of each of the four figures are for
H || ab(M,p) and H || ¢ (M,), respectively. For the Sn-grown
crystals, M.(H) data in Figs. 10(b) and 11(b) show a negative
curvature between 40 and 60 K, but a proportional behavior
of M.(H) is eventually observed at higher temperature
(T > 80 K). On the other hand, M,,(H) in Figs. 10(a) and
11(a) show clear spin-flop and metamagnetic transitions at
Hsp and Hypy, respectively, for T <« 40 K. These SF and MM
transitions shift to lower field with increasing temperature.
As shown in Figs. 12 and 13, the CoAs-flux-grown crystals
exhibit similar behaviors.

The transition fields Hsg, Humm, and H, versus temperature
are taken to be the fields at which d M/d H versus H exhibits
a peak or a discontinuity (shown in Fig. 14 for Sn-flux-grown
crystals and Fig. 15 for CoAs-flux-grown crystals). The results
are listed in Table IV. One sees that H is different from H. |
and the saturation moments of these crystals are larger than
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FIG. 9. Isothermal magnetization M of CoAs-flux-grown crystals
(a) #3 EuCoy 9p4)As; and (b) #4 EuCo; 902 As, as afunction of applied
magnetic field H at 2 K for H applied in the ab plane (M,;,,H | ab)
and along the ¢ axis (M., H || ¢).

the theoretical Eut? value Usat = &S up/Eu =7 ug/Eu, where
g=2and S = % As seen later in Sec. VIII, this enhancement
is due to d-electron spin polarization by the ordered Eu spins.

C. Influence of anisotropy on the magnetic properties

From the above magnetic susceptibility and magnetization
data, it is clear that magnetic anisotropy has an important
influence on the results. For example, without anisotropy the
spin-flop phase for fields in the ab plane would be the stable
phase for all fields less than H,.. Here the anisotropy must give
rise to an easy ab plane (XY anisotropy) because the helix axis
is the ¢ axis and the moments are ferromagnetically aligned
within a given ab plane.

Here we estimate the strength of the anisotropy in terms
of a generic classical anisotropy field. The formulas used here
are derived in Ref. [60]. From the value of the anisotropy field
parameter i) to be defined below, we estimate the influence

M (ug/fu)

M (uy/fu.)

FIG. 10. Isothermal magnetization M of Sn-flux-grown crystal
#1 EuCoj 99(1)As; as a function of magnetic field H at the indicated
temperatures for H applied (a) in the ab plane (M,;,, H || ab) and (b)
along the ¢ axis (M., H || ¢).

of the anisotropy on the Néel temperature that would occur in
the absence of anisotropy.

The definitions and predictions for this type of anisotropy
in the presence of Heisenberg exchange interactions are
given in Ref. [60] for systems comprised of identical
crystallographically-equivalent spins as applies to the Eu sub-
lattice in EuCo,_,As,. The XY anisotropy field Hy; seen by
given moment (i; making an angle ¢; with the positive x axis (a
axis here, where the z axis is the ¢ axis) is given by an amplitude
H; times the projection of the moment onto the xy plane, i.e.,

Ha; = Hao: sin6;(cos ¢; 1 — sin ¢; j). ©)

The amplitude is expressed in terms of a more fundamental
anisotropy field Ha; as

3Hpy _
Hpoi(T) = S_—I-l'ui(T)’ (10)
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FIG. 11. Isothermal magnetization M of Sn-flux-grown crystal
#2 EuCo) 99)As; as a function of magnetic field A at the indicated
temperatures for H applied (a) in the ab plane (M, H || ab) and (b)
along the ¢ axis (M., H | ¢).

where the reduced ordered and/or field-induced moment fi; is

wi(T) _ wi(T)

i(T) = ,
Mesat g/'LBS

1)

where w;(T) is the T-dependent magnitude of i;. Finally,
Hy, is expressed in reduced form %4 as

g Hai
hay = =———. 12)
kgTny
where Ty is the value that the Néel temperature would have
been due to Heisenberg exchange interactions alone (in the
absence of anisotropy). Another parameter of the theory is

Ops

fr==2= (13)
Tny

where 6,; is the Weiss temperature in the Curie-Weiss law
due to exchange interactions alone.

T
@ EuCo, g)4AS,
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10K CoAs flux

8

7

6 20k
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S 40K

4

3

2

50K
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8 I I I I I I
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— 2K
6l— 10K CoAs flux —
— 20K
E 5 Hife g
\Cﬂ 4 /_
S
s 3 —
2 / |
1 —_
——  —
0 | |

H (T)

FIG. 12. (a) Isothermal magnetization M of CoAs-flux-grown
crystal #3 EuCo; 9o4)As; as a function of magnetic field H applied
(a) in the ab plane (H || ab) and (b) along the ¢ axis (H || ¢) at the
indicated temperatures.

The Néel temperature 7Ty in H = 0 in the presence of both
exchange and anisotropy fields is increased in the presence of
the XY anisotropy field, as expected, according to the linear
relation

In = Tny (1 + hay). (14)

The anisotropic Weiss temperatures in the Curie-Weiss law for
the paramagnetic susceptibility with XY anisotropy are

Opz = Ops, (152)
Opxy = Ops + Inyhar, (15b)
Inha
Opxy — Op; = Tnyh , 15
pxy — Upz NJ AL N (15¢)
Opry =6z ha (15d)

Tn 14 ha
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FIG. 13. (a) Isothermal magnetization M of CoAs-flux-grown
crystal #4 EuCoj go2)As; as a function of magnetic field H applied
(a) in the ab plane (H || ab) and (b) along the ¢ axis (H || ¢) at the
indicated temperatures.

where we used Eq. (14) to obtain the third equality. This allows
one to easily determine the parameter /4. Usually the ratio
on the left side of Eq. (15d) is small, so one can instead use
Opxy — 0
P xha (ha K 1), (16)
n

which is equivalent to the approximation 7y ~ Ty, . Using the
Ty and 645 — Gy values in Table III, one obtains

ha1 ~ 0.05 for EuCo,_,As;. (17)

Thus, the XY anisotropy increases the Néel temperature and
also 6,45, by about 5%, or about 2 K for EuCo,_,As;.

D. Fit of x,,(T < Tx) by molecular field theory

In order to fit the low-field ab-plane susceptibility x,,(T <
Tn) by the unified MFT for Heisenberg AFMs in Refs. [56,57],
we assume that the Curie constant C, and Weiss temperature
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FIG. 14. Derivative d M /d H versus H for Sn-flux-grown crystals
#1 EllCO]AgO(l)ASz [(a) H || db, (b) H || C] and #2 EUC01A99(2)ASZ [(C)
H || ab, (d) H || c] for several temperatures T as indicated.

Ope (@ = ab or c) in the PM state at T > Ty are independent
of T with the values given in Table III. We first remove the
contributions of the T-independent susceptibility xo and of
anisotropy in the PM state to obtain the y;,(7 > Ty) that
would have arisen from exchange interactions alone.

The T-independent susceptibility x, is taken into account
at all temperatures according to

Xa(T) = xa(T) = X0a» (18)

where x,(T) is the measured susceptibility and the yo, values
are given in Table III. We assume that the anisotropy in the PM
state arises from sources such as magnetic dipole interactions
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FIG. 15. Derivative dM /d H versus H of CoAs-flux-grown crys-
tals #3 EUCOL92(4)ASZ [(a) H ” ab, (b) H || C] and #4 EUCOLQOQ)ASZ
[(c) H || ab, (d) H || c] for several temperatures as indicated.
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TABLE IV. Spin-flop transition field Hsg, metamagnetic tran-
sition field Hypy, critical field H., and saturation moment jg, at
T =2 K of EuCo,_,As, single crystals determined from isothermal
M (H) data for fields H || ab and H | c.

Crystal Field HSF HMM Hc Mg
designation direction (T) (T) (T) (up/Eu)
#1 EUCOI'QO(UASQQ H || ab 4.75 8.46 13.04 7.15
Hlc 13.32 7.05
#2EuCojooAs,® H|ab 48 82 128 7.03
Hlc 13.7 7.05
#3 EuC01,92(4)A52° H || ab 3.9 4.5 8.78 7.59
Hlc 9.9 7.57
#4 Eucol,go(z)ASQd H || ab 3.8 4.6 9.5 7.34
Hlc 1086 7.19
#5EuCoioxyAs,)  H |ab 386 447 875 1750
Hlc 9.96 7.58

2Grown in Sn flux.

®Grown in Sn flux with H,-treated Co powder.
“Grown in CoAs flux with H,-treated Co powder.
4Grown in CoAs flux.

and/or single-ion quantum uniaxial DSZ2 anistropy, for which
the magnetic susceptibility tensor is traceless in the PM state
[58,59]. Then one obtains the Heisenberg susceptibility x, in
the PM state given by

x)(T = Tn) = $[2x5,(T) + xX(T)], (19

as shown in Fig. 16 for one each of the Sn-flux-grown and
CoAs-flux grown crystals. As found above in Sec. IVC, the
anisotropy increases Ty by about 5% and this small change
will henceforth be ignored.

Within MFT, for T < Ty the perpendicular susceptibility
XJc 1s predicted to be independent of 7', in good agreement
with the datain Fig. 16. The normalized x,,(T < Tn)/xs(IN)
for a helical Heisenberg AFM is given by [56,57]

Xoap(T < Tn) (A +1*+2f;, +4B)(1 — f;)/2

x(Tn) (T + B+ BY) — (f; + B*)?’
(20a)
where
B* =2(1 — fr)cos(kd) [1 + cos(kd)] — f, (20b)
T S+ 3
e O 3Gy T s B

kd is the turn angle between the magnetic moments in adjacent
FM-aligned moment layers along the helix (c) axis, the ordered
moment versus 7 in H = 0 is denoted by g, the reduced
ordered moment fiy = [Lo/ /sy 1S determined by numerically
solving the self-consistency equation

o = Bs(yo), 2y

B(y0) = [dBs(y)/dy]lly=y,, and our definition of the Brillouin
function Bg(y) is given in Refs. [56,57].

We fitted the in-plane x,,,(7T") data in Fig. 16 by Egs. (20)
using S = % and the indicated f; values. For kd(T) we used
the neutron-diffraction value kd(T = 47 K) = 0.797 [44]. In
order to fit the lowest-T data, we used kd(T = 0) = 0.827x for

04 Y { ' [ T T T T T
(@) #2 EuCoy 99(2,AS,
XJC Sn flux .
03
e}
S 0.2 =
("'}E .
L
X kd(T=0)=0.82
0.1 J
- fJ] =043
k — [p=025 A
00 1 l : | . | . | .
| SR ORR
T (K)
05 | ‘ ' T T T T T T
L (b) #3 EuC01,92(4)A52 ]
CoAs ﬂuX
04 - %
% 0.3
g e
g
S 02
x
L kd(T=0)=0.80 7
>
0.1F o |
k — /=005 A
0‘0 1 l ! | L | L | L
0 20 40 60 . 1)

T (K)

FIG. 16. x,(T) versus T for H || aband H || cin H = 0.1 T for
(a) Sn-flux-grown crystal #2 EuCoj g92)As; and (b) CoAs-flux-grown
crystal #3 EuCoj 934 As,. The fits of x;,,(T) for T < Ty by the MFT
prediction for a helix in Egs. (20) are shown as the solid curves.

the Sn-flux-grown crystal and 0.798x for the CoAs-flux-grown
crystal, calculated from Eqs. (20), which are comparable to
the experimentally observed value from neutron-diffraction
studies [44]. A rough estimated value of f; is f; ~ (20 K)/(42
K) ~ 0.5. We treated f; as an adjustable parameter. The
Xsap(T < Tyn) fits thus obtained are plotted as the solid blue
curves in Figs. 16(a) and 16(b) (fits 2). Also shown are the
XJab(T < Tn) curves using the approximate measured values
of f;in TableIII (fits 1). The discrepancy between the two fitted
curves in each figure is a measure of the deficiency of MFT in
predicting x;.»(T), as previously pointed out in Ref. [57].

V. HEAT CAPACITY
A. Zero-field heat capacity

The heat capacities Cp(T') for Sn-flux-grown crystal #2
EuCoj g9(2)Asy, CoAs-flux-grown crystal #3 EuCoj.g9x4)As,,
and the nonmagnetic reference compound BaCo,As, [43]
measured in the temperature range from 1.8 to 300 K are shown
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TABLE V. Parameters y and g obtained for pnictide compounds
isostructural to EuCo,_,As,. Also listed are the Debye temperatures
®p obtained from B according to Eq. (25) and the density of states
at the Fermi energy D, (Er) obtained from y via Eq. (24b). Values of
y and Op for both EuCo g9(2)As, and EuCoj 9x4)As; are obtained by
fitting the C,(T') data between 100 and 280 K in Fig. 17 by the Debye
model plus a y T term according to Eq. (23).

Y :3 ®D DV(EF)
Crystal ( — ;(2 ) ( m:,TJKzt ) (K) (&)
#2 BuCoy g Asy™¢  15(2) 308(3) 6.3(8)
#3 EHC01'92(4)ASQb’C 18(3) 314(4) 7(])
EuCo,P, [43] 237(5)  2.8(1) 1512)  10.02)

480(6)°

BaCo,P, [43] 37.33)  0.21(1) 359(6) 15.8(2)
SrCo,P; [31] 37.8(1)  0.611(7)  251(1)  16.0(3)
BaCo,As,! [32] 39.8(1)  0.386(4)  293(2) 16.9(1)
CaCo, geAs," [29] 27(1)  1.00(8) 212(1)  11.4(5)

2Grown in Sn flux with H,-treated Co powder.
®Grown in CoAs flux with H,-treated Co powder.
“From a 100-280 K fit of C,,(T') by Eq. (23).
4Grown in Sn flux.

°From a 200-280 K fit of C,(T') by Eq. (23).

in Fig. 17. The data exhibit a prominent peak at Ty = 45.1(2) K
and Ty = 40.02(4) K for crystals #2 and #3, respectively.
Low-temperature C,/T vs T? plots in the range 1.8 to 5 K
for the above two crystals and for Sn-flux-grown crystal #6
EuCoj 94(2)As; are shown in the insets of Fig. 17. The data for
all three crystals exhibit negative curvature below ~3 K and
hence cannot be fitted by the conventional expression [61]

G _
T 14

where y is the Sommerfeld coefficient associated with the
conduction electrons and 8 is the coefficient of the 73 lattice
and three-dimensional AFM spin-wave contributions. Below,
we attempt to find y by fitting the high-T data. In Table V are
shown data obtained for similar isostructural compounds.

Shown in Fig. 17(c) are plots of Cp(T)/T versus T for
the three crystals #2, #3, and #6. One sees that each crystal
shows approximately linear behavior over the 7 range from 2
to 6 K, i.e., that C, has an approximately 72 contribution over
this 7 range. From preliminary linear spin-wave calculations,
this behavior may arise from the temperature-dependent heat
capacity of AFM spin waves.

The Cp(T) data for our crystals in the temperature range
120 K < T < 280K are analyzed using an electronic y T term
plus the Debye model for the lattice heat capacity [61]

Co(T) = ¥ T + nCypebye(T/Op),

+ BT, (22)

3 00p/T 4
C T/Op) =9R| — —dx. (23

VDebye(T/ Op) <®D> /0 e (23)
The representation of the Debye function Cy pebye(T/ ©p) used
here is an accurate analytic Padé approximant function of
T/Op [68]. The fits to the Cp(T') data over the temperature
range 100 to 280 K by Eq. (23) are shown as the black solid
curves in Figs. 17(a) and 17(b) and the fitted values of y and
®p are listed in Table V.

40—
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FIG. 17. Temperature dependence of the heat capacity Cp(T) in
H = 0 for (a) Sn-flux-grown #2 EuCo, 992)As, and (b) CoAs-flux-
grown #3 EuCoj 954)As; crystals. Both panels also show C,(T') of the
nonmagnetic reference compound BaCo,As, [43]. The black curves
are Debye lattice heat capacity model fits to the data between 100 and
280-300 K by Eq. (23). Insets: C,,/ T versus T2 for the three crystals
#2, #3, and Sn-flux-grown #6 EuCo; 942)As,. The data do not follow
the behavior expected from Eq. (22). (c) Plots of C,(T')/ T versus T .
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The density of conduction carrier states at the Fermi energy
Eg, D, (EF), is obtained from y according to [61]

3y
D, (Ef) = m, (24a)
which gives
states 1 mlJ
D, (E = . 24b
y( F)[er.u.] 2.359y|:m01K2:| (24b)

The D, (Eg) values calculated for EuCo,_,As, crystals #2
and #3 from their y values using Eq. (24b) are listed in Ta-
ble V, where values from the literature for similar compounds
[29,31,32,43] are also given.

The Debye temperature is estimated from the value of 8 in
Eq. (22) from the expression [61]

( 1274nR ) 13
Op=|—7— )
5p
where n is the number of atoms per formula unit (n =5 —y
for EuCo,_,As,) and R is the molar gas constant. The values
of ®p obtained from the B values for other compounds
[29,31,32,43] are listed for comparison with those for our
crystals in Table V.
The magnetic contribution Cpag(T) to Co(T) for the
EuCo,_,As; crystals is obtained by subtracting C,(T') of the
nonmagnetic reference compound BaCo,As, from those of

(25)

the EuCo,_,As, crystals, as shown in Figs. 18(a) and 18(b),
respectively. Within the Weiss MFT the discontinuity in the
magnetic heat capacity at Ty for a spin § = % system is given
by

SRS(S+1)
14+2S+282

The jump in the heat capacity at Ty is &~ 23.2 J/mol K and
21.74 J/mol K in the Sn-flux-grown crystal #2 EuCo g92)As2
and the CoAs-flux-grown crystal #3 EuCoj.924)As,, respec-
tively, which are somewhat larger than the prediction (26) of
MFT. The discrepancy arises from the difference between the
observed A shape and the predicted step shape of Cpag(T) at
In. The nonzero contribution to Cma(T) for Ty < 7' < 100K
reflects the presence of dynamic short-range AFM ordering of
the Eu spins above Ty. The hump in Cy,(T) below Ty at
T ~ 15 K arises naturally within MFT for large S [56]. The
solid blue curves in Figs. 18(a) and 18(b) represent the MFT
predication for Cpage(T') calculated for each respective Ty and
for § = % which are in reasonable agreement with the data for
each crystal below the respective Ty.

The magnetic entropy Syae(7) in H = 0 is calculated from
the C,e(T) data for each crystal according t0 Spyae(T) =

fOT[Cmag(T)/T]dT and the results are shown in Fig. 18(c)
for Sn-flux-grown crystal #2 EuCoj 99(2)As, and in Fig. 18(d)
for CoAs-flux-grown crystal #3 EuCoj 924)As;. The horizontal

AC g = =20.14J/molK.  (26)
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FIG. 18. Magnetic contributions Cp,e(T) and Sp,.(T') to the heat capacity and entropy, respectively, of (a), (c) Sn-flux-grown crystal #2
EuCo) g92)As; and (b), (d) CoAs-flux-grown crystal #3 EuCo, 954 As,. In (c), (d), the horizontal dashed line is the theoretical high-7" limit

Smag = R In(28 + 1) = 17.29 J/mol K for Eu** with § = 1.
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FIG. 19. (a) Heat capacity C, versus temperature 7' of Sn-flux-
grown crystal #2 EuCoj g9)As, in various fields H, = H | ¢ as
listed. (b) Magnetic H, —T phase diagram constructed from the
Cy(H,T) data in (a). The solid blue curve is a fit of the data points by
Eq. (27a).

dashed line in each figure is the theoretical high-7 limit
Smag = RIn(2S + 1) = 17.29 J/mol K for § = 1. For each
crystal, the entropy reaches ~90% of R In(8) at Ty and recovers
the full value by ~70 K.

B. High-field heat capacity

Figures 19(a) and 20(a) show C,(H,T) for Sn-flux-grown
crystal #2 EuCojg92)As, and CoAs-flux-grown crystal #3
EuCoj gx4)As,, respectively, measured in various applied mag-
netic fields up to 9 T with H || c. Thus the field direction
is perpendicular to the ab plane of the ordered moments in
H = 0 which we therefore denote as H, = H || ¢ [56]. It is
evident that the AFM transition temperature Tn(H ) shifts to
lower temperature and that the heat capacity jump at Tn(H )
decreases with increasing field, both as predicted from MFT
in Ref. [56] for a field parallel to the helix axis. The data in
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M
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FIG. 20. Same as Fig. 19 except for CoAs-flux-grown crystal #3
EuCoj g92)As, instead.

the H — T phase diagrams with H || ¢ in Figs. 19(b) and 20(b)
were constructed from the H; dependence of Ty obtained from
the respective Figs. 19(a) and 20(a).

The MFT prediction for the critical field H., (T) at which
the AFM state undergoes a second-order transition to the PM
state with increasing field at fixed T is given by [56]

He (T) = Hey (0)ao(T),

where the reduced T-dependent ordered moment fio(T) is
obtained by solving Eq. (21) and the zero-temperature critical
field is given by

(27a)

3kgTn(1 — f1)
gue(S+1)

In convenient units where H. (0) is expressed in Teslas
(1 T =10* Oe) and taking g =2 and § = % for Eu*?, one
has

H..1(0) = (27b)

H., (0) [T] = 0.4962(1 — f;)In [K]. (27c¢)
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The values of Ty and f; for the four crystals studied in
this paper are given in Table III. For Sn-flux-grown crystal #2
EuCoj 99(2)Ass, Eq. (27c¢) gives

H. (0)=12.1T, (28a)

and for CoAs-flux-grown crystal #3 EuCoj 924)As2, one ob-
tains

H. (0)=89T. (28b)

These values have the same relationship to each other as do
the critical fields H. obtained from M(H,T = 2 K) data that
are listed in Table IV for H || c.

Using H., (0) as a fitting parameter, we fitted the H,, (T')
data in Figs. 19(b) and 20(b) by Eq. (27a) and obtained
H. 1 (0) = 14.8(4) T for crystal #2 and H.,(0) = 12.13) T
for crystal #3. The fits are shown by the solid blue curves in
Figs. 19(b) and 20(b), respectively.

V1. PHASE DIAGRAMS IN THE
FIELD-TEMPERATURE PLANE

From the transitions observed in Figs. 615, 19, and 20,
the phase diagrams in the H—T plane were constructed and
are shown for Sn-flux-grown crystal #2 and CoAs-flux-grown
crystal #3 in Figs. 21(a)-21(d), each for both H | ¢ and
H || ab. For H | c, the observed phases are the AFM and
PM phases, whereas for H || ab, there are AFM, MM,
and PM phases. For H || ¢ in Figs. 21(b) and 21(d), the only
phase transition line is a second-order transition at the critical
field H, that separates the canted AFM phase from the PM
phase. For H | ab in Figs. 21(a) and 21(c), there are three
phase transition curves: (1) the first-order spin-flop transition
at Hsp that separates the canted AFM and SF states; (2) a
second-order intermediate metamagnetic transition at Hypy of
unknown origin that separates SF and MM phases; and (3) the
second-order critical field transition curve H, that separates
the MM and PM states.

VII. ELECTRICAL RESISTIVITY
A. Zero-field resistivity

The ab-plane electrical resistivity p as a function of tem-
perature 7' from 1.8 to 320 K measured in H = 0 for Sn-flux-
grown crystal #2 and CoAs-flux-grown crystal #3 are shown in
Figs. 22(a) and 22(b), respectively. The p(T') data for both crys-
tals exhibit metallic behavior. For the Sn-flux-grown crystal #2,
the residual resistivity is pp = 12.0 uQcm at 7 = 1.8 K and
the residual resistivity ratio is RRR = p(320 K)/p(1.8 K) =
3.85. As shown in the inset of Fig. 22(a), a slope change in
p(T) occurs at Ty = 45.0(4) K, a value consistent with the Ty
found from the above Cp(T') and x(7') measurements on this
crystal.

The p(T) for the CoAs-flux-grown crystal #3 is shown
in Fig. 22(b), where pyp = 16.0 uQcm at T = 1.8 K and
RRR =2.16. The AFM transition is observed at Ty =
40.009) K, as clearly shown in the plot of dp(T)/dT in
Fig. 22(b) inset (1), again in agreement with Ty found from
our x(T') and C,(T') data for this crystal.
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FIG. 21. The magnetic phase diagrams of (a), (b) Sn-flux-grown
crystal #2 EuCoj g92)As; and (c), (d) CoAs-flux-grown crystal #3
EuCoj gp4)As; for (a), (¢c) H || ab and (b), (d) H || c.

The low-T data below Ty were fitted well by the quadratic
expression p(T) = po + AT? corresponding to electron-
electron scattering, as shown by the solid curve in Fig. 22(a)
inset (2) for the Sn-flux-grown crystal and in Fig. 22(b) inset (2)
for the CoAs-flux-grown crystal, where the fitting parameters
are given in Table VI.

The p(T) above 50 K was fitted by the Bloch-Griineisen
(BG) model where the resistivity arises from electron-phonon
scattering, given by [68]

T \> [OR/T xdx
oBG(T) = po + F<®—R) /0 mv (29)

where F is a numerical constant that describes the T'-
independent interaction strength of the conduction electrons
with the thermally excited acoustic phonons and contains the
ionic mass, Fermi velocity, and other parameters, x = %,
and Og is the resistively determined Debye temperature [§8].
The representation for pgg(7") used here is an accurate analytic
Padé approximant function of 7'/ ®g [68]. The fits to the data
between 50 and 320 K by Eq. (29) are shown as the yellow
curves in the main panels of Figs. 22(a) and 22(b), and the
fitted parameters are listed in Table VI.

On close examination, the BG model does not provide an
optimum fit to the data in Fig. 22. A phenomenological model
that can describe the negative curvature in p(7') at high 7 is
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FIG. 22. In-plane electrical resistivity p versus temperature 7 of
(a) Sn-flux-grown crystal #2 EuCoj 99(2)As, and (b) CoAs-flux-grown
crystal #3 EuCo gp4)As, as a function of temperature 7 measured in
zero magnetic field. Insets (1): temperature derivatives dp/dT versus
T. Insets (2): expanded plots of p(T') at low temperatures. The red
lines in insets (2) are fits by p = py + AT? over the temperature
interval 2 K < T < 43 K. The fit parameters are listed in Table VI.
Three fits of the data in the main figures by Egs. (29-31) are almost
indistinguishable on the scale of the figures.

the so-called parallel-resistor model given by [69]
1 1 1
= +
o(T)y  pec(T)  Pmax

where pnax 1S the T-independent saturation resistivity which is
also called the Toffe-Regel limit [70], and ppg(T) is the Bloch-
Griineisen expression (29). We fitted the p(7') data above Ty
in the range 50 K < T < 320 K by Eq. (30) as shown by the
red curves in Figs. 22(a) and 22(b). One sees that the data for
both crystals are fitted well by the parallel-resistor model and
the values of the parameters obtained from the fits are listed in
Table VI. One sees from the table that the values of ®g for the
two crystals are closer to each other for the parallel-resistor
fits compared to the BG fits by themselves and also the fit
parameters have higher precision for the parallel-resistor fits.

, (30)

TABLE VI. The parameters obtained from a low-temperature
po + AT? fit (2 K—43 K), and from Bloch-Griineisen, parallel-resistor,
and sd-scattering fits obtained using Eqs. (29), (30), and (31),
respectively, to po(T) data for EuCo,_,As, single crystals in the
temperature range 50 K < 7' < 320 K.

Crystal: #2 El.l(:O]‘gg(z)ASZa #3 EuC01,92(4)A52b
Fit

Low-T T?

po (L2 cm) 12.0 16.0

A (u cm/K?) 0.0022(1) 0.0065(1)
Bloch-Griineisen

po (€2 cm) 16(1) 17.7(3)
F (uQ2cm) 21(5) 12(1)
Or (K) 257(6) 213(3)
Parallel-resistor

po (€2 cm) 16.87(4) 19.55(4)
Pmax (U2 cm) 168.9(9) 164(1)
F (u2cm) 32.9(2) 18.3(2)
Or (K) 260(2) 231(1)
sd-scattering

po (1LS2 cm) 14.7(1) 17.38(2)
F (uQ2cm) 20.4(6) 12.8(1)
Or (K) 213(6) 211(2)
a (1078 uQcem/K?) 10.8(1) 5.14(8)

2Grown in Sn flux with H,-treated Co powder.
"Grown in CoAs flux with H,-treated Co powder.

The negative curvature in the resistivity at the higher
temperatures that is not fitted by the BG model may be either
due to interband scattering or weak additional electron-electron
scattering originating from the thermal population of higher-
lying energy levels [71,72]. A model that can describe the
negative curvature p(7) above the ordering temperature is the
Bloch-Griineisen-Mott model, given by [73]

pem(T) = ppa(T) — aT?, @31

where ppg(T) is the Bloch-Griineisen expression as shown
by Eq. (29) and « is the s-d interband scattering coefficient
(Mott coefficient). The fits of the model to the experimental
data are shown by the solid green curves in Figs. 22(a)
and 22(b) and the fitted parameters are listed in Table VI. In this
model, when the mean-free path is shorter than on the order of
a few atomic spacings, the scattering cross section is no longer
linear in 7 because under the influence of the lattice vibrations
the s electrons may make transitions to the unoccupied or
partially-filled d states. As a result, the resistance decreases
with increasing temperature compared to the ppg(7") behavior
and shows negative curvature (dp/dT? < 0).

B. High-field magnetoresistivity

The p(T') data at selected magnetic fields applied along the
c axis for the EuCo,_, As; crystals grown from Sn flux (#2) and
CoAs flux (#3) are shown in Figs. 23(a) and 24(a), respectively.
For the Sn-flux-grown crystal, the dp(T)/dT datain Fig. 23(a)
show that the peak position at Ty shifts from 45.0(4) K at
H = 0t035.2(5) Kat H = 8 T and the transition broadens and
smears out progressively with increasing field up to 8 T. For
the CoAs-grown crystal, the shift of 7y with increasing field
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FIG. 23. (a) In-plane electrical resistivity p of Sn-flux-grown
crystal #2 EuCoj g92)As, as a function of temperature 7 measured
in the indicated magnetic fields H || c¢. For clarity, the data for
successive fields are offset from each other by 2 12 cm as indicated.
(b) Temperature derivative dp/dT versus T obtained from the data
in (a). (c) Magnetoresistance MR versus applied field at temperatures
ranging from 2 to 20 K for current density J || ab and magnetic fields
H | c.
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FIG. 24. Same as Fig. 23 but with CoAs-flux-grown single crystal
#3 EUC01'92(4)ASZ instead.

is not well defined from the p(7") data. The field-dependent
p(H,T) data for CoAs-flux-grown and Sn-flux-grown crystals
show different shapes below 7.
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The transverse magnetoresistance (MR), defined as
MR(H,T) = 100%[p(H,T) — p(0,T)]/p(0,T), calculated
from the p(H) data are shown in Figs. 23(c) and 24(c). At T =
2 K, the MR of the Sn-flux-grown crystal is negative and attains
a maximum negative value of —0.79% at 8 T whereas for the
CoAs-flux-grown crystal, the MR at 9 T is —6.6% at 2 K. The
negative curvature in MR versus H is enhanced as T increases,
leading to a MR of a —4.4% for the Sn-flux-grown crystal at
H =8Tand T =45K, and aMR of —7.6% for the CoAs-flux-
growncrystalat H =9 Tand T =25 K. Athigher temperatures
T > T, the MR shows positive curvature at low fields, and
becomes positive at 7 > 100 K. Extended discussions of MR
in nonmagnetic metals can be found in Ref. [74].

VIII. ELECTRONIC STRUCTURE CALCULATIONS

In order to gain further insight on the enhanced Eu moments,
we performed electronic structure calculations. Our goals were
(i) to check whether there is an enhanced polarization that could
justify the observed enhanced effective moment, (ii) if so, to
find where it resides, and (iii) how the density of states relates
to the measured specific heat.

We performed total energy and band structure calculations
employing the implementation of density functional theory in
the code Dmol® [75] within Materials Studio. This was done
for the stoichiometric 122 system. Since we have permanent
magnetic moments due to the 8S; /2 configuration of the Eu 4 f
electrons, we must do spin-polarized calculations; otherwise
DFT would wrongly splitthe 4 f electrons equally over spin-up
and spin-down states. We performed a calculation with all Eu
spins pointing in the same direction, and another with alternat-
ing orientation in consecutive ab planes (from here on referred
as configurations F and A, respectively). Although these are
only two amongst the infinitely many configurations visited
by the system in a paramagnetic state, such a comparison
can give us information on how the relative orientation of
the local spins can affect the polarization of the conduction
band. This is motivated by the fact that EuCo,_, As; is metallic
and it is very likely that exchange interactions between the
local moments and the conduction band play a role in the
magnetic properties. In addition, the antiferromagnetic ground
state should result in zero net polarization of the conduction
electrons, while this does not have to be the case for other
configurations.

Our calculations included all electrons (i.e., no pseudopo-
tential was used) in the scalar relativistic approximation. We
employed the Perdew-Burke-Ernzerhof exchange correlation
functional [76] in the generalized gradient approximation. The
Kohn-Sham quasiparticle states were sampled over a k-space
grid with 7 x 7 x 9 points and the k-space integration for
the total energy was done with the tetrahedron method [77].
Self-consistency tolerance was setto 2 x 10~ Rydberg for the
total energy per cell.

The band structures in both configurations are shown in
Fig. 25. Projected density of states on atomic orbital type for
configurations F and A are shown in Figs. 26 and 27, respec-
tively. One can notice in Fig. 26 that the polarization induced
by the local Eu moments resides in the d states, which are
mainly coming from cobalt atoms. Following the tetrahedral
coordination of Co by As, one can roughly divide the d orbitals

Energy (eV)

Energy (eV)

3

4

-5

6

FIG. 25. Electronic band structure from DFT calculations for
EuCo,As, with Eu moments in configuration F (top) and A (bottom).
Only states at energies above —6 eV (with respect to the Fermi energy
Er) are shown. These bands are mainly formed by As 4p, Co 3d, and
the localized Eu 4 f states which appear around —0.8 eV.

into two sets, the e, doublet and the f,, triplet. The former is
less affected by the As 4 p states and appears less hybridized
between —2.5 eV and —1 eV. The t,, states mix more strongly
with the As p states resulting in a bonding fraction between
—4 eV and —3 eV (with dominant contribution from As p
orbitals), and an antibonding component at and above the Fermi
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FIG. 26. Electronic density of states (DOS) from DFT calcula-
tions for EuCo,As, with the Eu moments in configuration F. The
projection of the s states is shown as the solid red curve, p as

the short-dotted blue curve, d as the dashed green curve, and f as
dotted-black curve.

energy Er (with dominant cobalt d contribution). While d
states with different spin orientations are shifted with respect
to each other at all energies in the F configuration, the e, states
have no net polarization as they appear fully occupied below
Eg. The net polarization originates from the #,, states around
Er. States with the same spin orientation as the Eu moments
are stabilized (shifted down in energy) and those with the
opposite orientation are shifted up (destabilized), resulting in
a net enhanced moment per Eu atom.

In configuration F, the projection of the electronic states
onto atomic centers gives % spin for europium ions and 0.26
for the states belonging to cobalt. In configuration A, the total

Energy (eV)
9
1

-8 -6 -4 -2 0 2 4 6 8
DOS (States/eV per f.u.)

FIG. 27. Electronic density of states (DOS) from DFT calcula-

tions for EuCo,As, with the Eu moments in configuration A. The

projection of the s states is shown as the solid red curve, p as

the short-dotted blue curve, d as the dashed green curve, and f as
dotted-black curve.
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FIG. 28. Generic helix AFM structure [57]. Each arrow represents
a layer of moments perpendicular to the z axis that are ferromagneti-
cally aligned within the xy plane and with interlayer separation d. The
wave vector K of the helix is directed along the z axis. The magnetic
moment turn angle between adjacent magnetic layers is kd. The
exchange interactions J;; and J,, within the Jy-J;1-J,, Heisenberg
MFT model are indicated.

projected moment on the Eu sites remains as % while the
cobalt states display a negligible polarization of +0.01. This
is in agreement with the conclusion from neutron-diffraction
experiments that Co makes no contribution to the moments
in the low-temperature ordered AFM phase. It is also consis-
tent with the observation that in the paramagnetic state, the
fluctuating moments have an enhanced value. As a very rough
estimate, we can consider that having two Co per Eu, which
are only polarized half of the time and fully correlated with the
orientation of the Eu spins, the effective moment in upg per Eu
turns out to be pegr ~ 24/(7/2 +0.26) x (7/2+ 026 + 1) =
8.5. This estimate is suggestively similar to the values in
Table III obtained from the susceptibility fits.

The total electronic density of states at the Fermi level is
predicted to have a very similar value of D(Eg) ~ 5 states/eV
per fu. for both F and A configurations. This value is
comparable to the value of ~ 6 states/eV f.u. obtained in
Table V from the high-temperature fit of Egs. (23) to Cp(T).
The experimentally derived value of D(EFf) is indeed ex-
pected to be larger than the band-structure value due to
enhancement of the experimental value by the electron-phonon
interaction.

IX. HEISENBERG EXCHANGE INTERACTIONS

We now estimate the intralayer and interlayer Heisenberg
exchange interactions within the minimal Jy-J;;-J,» MFT
model for a helix in Fig. 28 [78], where Jy is the sum of all
Heisenberg exchange interactions of a representative spin to
all other spins in the same spin layer perpendicular to the helix
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(c) axis, Jj is the sum of all interactions of the spin with spins
in an adjacent layer along the helix axis, and J,, is the sum of
all interactions of the spin with spins in a second-nearest layer.
Within this model kd, Ty and 6, are related to these exchange
interactions by [56,57]

J,
cos(kd) = —422, (322)
Tn = —%—;1)[]0 + 2J,1 cos(kd) + 2J; cos(2kd)],
(32b)
Op = —%—;1)(10 +2J;1 +2J), (32¢)

where a positive (negative) J corresponds to an AFM (FM)
interaction. The three exchange constants Jy, J;|, and J,, are
obtained by solving Eqgs. (32) using S = %, kd = 0.797, and
the Ty and 6, = 0.y values in Table III, and the results are
listed in Table VII.

The classical energy per spin in an ordered spin sys-
tem in H = 0 with no anisotropy and containing identical
crystallographically equivalent spins is

1
Ei=3 ; Ji;SR;) - S(R)), (33)

where the factor of % arises because the energy of an interacting

spin pair is equally shared between the two spins in the pair, the
sum is over the neighboring ordered spins S(R;) of the given
central spin S(R;), and the J;; are the Heisenberg exchange
interactions between each respective spin pair. Here, we only
consider Bravais spin lattices where the position of each spin
is a position of inversion symmetry of the spin lattice such as
the body-centered-tetragonal (bct) spin lattice in Fig. 29. We
further restrict our attention to coplanar AFMs in which the
ordered moments in the ordered AFM state are aligned in the
xy plane such as for the coplanar helix.

The expression for the classical ground-state energy per spin
obtained from Eq. (33) is

SZ
E; ZTZJ,,-cosqsﬁ, (34)
J

where cos ¢p;; = SR)) - S(Rj) and ¢j; is the azimuthal angle
within the xy plane between the ordered spins S(R ;) and S(R;).
Within the Jy-J;;-J;» model one obtains

S2
Ei=—
2
where we take the ground-state turn angle to be kd = 0.797 for
all EuCo,_,As; samples [44]. Using S = % and the values of
Jo, J;1, and J,, in Table VII, one obtains the classical ground-
state energies per spin E; listed in Table VII. The values are in
the range —46 to —52 K, with magnitudes that are similar to the
Néel temperatures themselves as might have been expected.
The bet Eu sublattice of EuCo,As; is shown in Fig. 29,
where the measured ratio ¢/a = 2.93 is to scale. Assuming
that the exchange interactions Ja, Jg, and Jc in the figure
are the only ones present, in terms of the interactions in the

[Jo 4+ 2J;1 cos(kd) + 2J 5 cos(2kd)], (35)

FIG. 29. Body-centered-tetragonal Eu sublattice, where c/a =
2.93. The Heisenberg exchange interactions J,, Jg, and Jc are defined
in the figure.

Jo-J;1-J;» model one has

Jo=4Js, Jy =4Js, Jp=Jc. 36)
Then, using the values of Jy, J;;, and J,, in Table VII one

obtains the Ja, Jg, and Jc values which are listed in Table VII.

X. SUMMARY

Investigations of the physical properties of EuCo,_,As,
crystals with the ThCr,Si, structure that were grown in Sn
and CoAs fluxes are reported. For most of our crystals, we
find ~5% vacancies on the Co sites, similar to the value of 7%
vacancies on the Co sites in CaCo;.,As; [29,30].

In-plane electrical resistivity p(7") measurements indicate
metallic behavior of the two crystals studied, with a kink in
p(T) at the respective Ty. High-field po(T) data with H || ¢
reveal negative magnetoresistance, reaching ~—5% at T =
2Kand H =9T.

EuCo,_,As; contains Eu™? jons with expected spin S = %
and g = 2, which exhibit AFM ordering at ~45 K for the
Sn-flux-grown crystals and ~41 K for the CoAs-flux-grown
crystals. We obtained good fits using molecular-field theory
(MFT) to the low-field ab-plane magnetic susceptibility of the
helical AFM structure below Ty with the Eu moments aligned
in the ab plane. Zero-field heat capacity C, measurements
were carried out and the magnetic contribution Cp,e(T) was
extracted. The Cag(T) data below Ty were fitted reasonably
well by MFT. The Cag(T) above Ty is nonzero, indicating
the presence of dynamic short-range AFM ordering above Ty.
Thus, the molar magnetic entropy Smag at Ty is only about 90%
of the completely disordered value R In 8, the remainder being
recovered by about 70 K.
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The high-field magnetization in the ab plane below Ty
exhibits a spin-flop-like transition followed by a second-order
metamagnetic transition to an unknown AFM structure and
then a second-order AFM to paramagnetic (PM) transition,
whereas high-field c-axis measurements reveal only the ex-
pected second-order canted-AFM to PM transition. High-field
Cp(T) measurements with H || ¢ also only reveal the AFM
to PM transition, where the Ty and the heat capacity jump at
Tx both decrease with increasing H. Phase diagrams in the
H || aband H | c versus T planes were constructed from the
high-field magnetization and heat capacity results.

A primary goal of this work was to investigate a possible
enhancement of the Eu magnetic moment for crystals of
EuCo,_,As; prepared under different conditions. Shown in
Table VIII is a summary of the effective moments jt.¢ obtained
from modified Curie-Weiss law fits in the paramagnetic state
at T > Ty for five of the crystals studied here and the cor-
responding saturation moments [is, obtained from high-field
M(H) isotherms at T = 2 K of EuCo,_,As, from Tables III
and IV, respectively. These two moments are given in general
for a spin with no contribution of orbital moments by

(37a)
(37b)

Mett = &/ S(S+ 1) us,
Msat = gS/LB

For spin-only Eu™2, one expects S = % and g ~ 2, yielding

(38a)
(38b)

Hetio = 7.94 g /EBu,
Msaro = 7.00 up/Eu.

Comparing these values with those in Table VIII shows
that both Sn-flux-grown and CoAs-flux-grown crystals show
significant enhancements of . and/or pg. Also shown
in the table are the relative enhancements of the observed
moments with respect to the expected moments as expressed by
A/ o = (Hobs — o)/ to. One sees that the effective moment
Wegr Values are all enhanced by 6.7% to 9.1% with respect to the
unenhanced value. The saturation moments pig,; also exhibit
enhancements, but the enhancement is more variable, from
0.4% to 8.4%.
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FIG. 30. (a) Néel temperature Ty versus crystallographic c/a
ratio for EuCo,_,As, crystals grown with Sn or Bi flux or with CoAs
self-flux. (b) Effective moment pi.¢ and saturation moment jtg,, Versus
c/a. Data from Refs. [44,46] are included. The lines in (a) and (b) are
guides to the eye.

TABLE VII. Exchange constants in the Jy-J;;-J,, model obtained from Eqgs. (32) and the corresponding classical ground-state energies per
spin E; calculated from Eq. (35). The exchange interactions between Eu spins J 4, Jp, and J¢ obtained using Eq. (36) are also listed. Negative

J values are FM and positive values are AFM.

Compound Jo/ ks (K) Jz1/ ks (K) Ja2/ ke (K) E;/ ks (K) Ja/ks (K) Jp/ks (K) Jc/ks
#1 EuCoj go(1)Asy* —6.85 1.222 0.387 —50.1 —-1.712 0.306 0.387
#3 EuCo 9y4)As,° —6.58 0.836 0.265 —45.9 —1.645 0.209 0.265
#4 EuCo) g0y As2* —6.54 0.853 0.270 —45.7 —1.635 0.213 0.270
EuCo,As," [47] —6.87 0.606 0.192 —46.1 —-1.718 0.151 0.192
EuCo,As,° [44] —6.77 1.533 0.485 -51.7 —1.693 0.383 0.485

2Grown in Sn flux.

®Grown in Sn flux with H,-treated Co powder.
“Grown in CoAs flux with H,-treated Co powder.
4Grown in CoAs flux.

¢Grown in Bi flux.
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TABLE VIII. Effective moment . and saturation moment fgy
atT = 2K of EuCo,_,As, obtained from Tables IIl and IV. The fourth
and sixth columns show the deviations of these quantities from the
theoretical values in Eqgs. (38). Literature data for other compounds
are also shown.

Crystal Field Meff % Hea %

designation direction (ug/Eu) (%) (u/Eu) (%)

#1 EuCo go1)As2* H|ab 848 6.8 7.15 2.1
H|c 8.47 6.7 17.05 0.7

#2 EUC01_99(2)A82b H || ab 8.59 8.2 7.03 0.4
H|c 8.66 9.1 7.05 0.7

#3 EuCo gp4)As,° H | ab 859 8.1 7.59 8.4
H|c 8.49 6.9 7.57 8.1

#4 EuCo g0 Asy* H | ab 851 72 734 49
H|c 8.50 7.1 7.19 2.7

#5 EUCOI_()()(Z)ASZd H || ab 8.56 7.8 7.50 7.1
H|c 8.71 9.7 7.58 8.3

EuCo,As, [44] 7.26(8)f 3.7

EuCo,P, [40,43] Hl|ab 7831) —-14 69(1)¢ -—-14
H|c 784(1) —-1.3

EuFe,As, [79] 6.8(3)¢ —-29

EuPd,Sb,° [80] 7.612) —42

EuCu,As, [81] H|ab 7.72(1) -28 6.66 —4.9
H|c 7.821) -15 6.77 -33

EuCu; sSb,¢ [81,82] H ||ab 7.70(1) —3.0 6.76" —34
H||c 7771) -2.1 695 —-0.7

4Grown in Sn flux.

®Grown in Sn flux with H,-treated Co powder.

¢Grown in CoAs flux with H,-treated Co powder.

dGrown in CoAs flux.

“Primitive-tetragonal CaBe,Ge, structure with space group

P4/nmm.

fCrystal grown in Bi flux; no Co vacancies detected; neutron-
diffraction measurement.

2From neutron-diffraction measurements [40].

"Neutron-diffraction measurements [82] give an ordered moment of
7.08(15) up/Eu.

Shown in Fig. 30(a) is a plot of Ty versus the tetragonal c/a
ratio obtained using the data in Tables I and VIII. One sees an
approximately linear positive correlation between Ty and c/a.
On the other hand, the plots of pes and gy versus c¢/a show
no clear relationships.

If one does not include a T-independent term x, when
fitting the paramagnetic-state data by the Curie-Weiss law,
negative curvature is usually observed in the x ~'(T') plots
which according to Fig. 5 would then be attributed to an
effective moment that increases with decreasing temperature.
We calculated an approximate value of xo which is negative but
with a magnitude far smaller than the diamagnetic fitted values
for our crystals. This suggests that indeed the Curie constant
and hence effective moment may be temperature dependent,
increasing with decreasing temperature.

Table VIII also contains literature data for peg and fig
for several other 122-type compounds containing Eu™? spins.
One sees that the respective values for all these compounds
are less than the expected value. This divergence between the
values of the Eu moments in EuCo,_, As, and those of the other
compounds starkly illustrates the anomalous enhancement of
the Eu moments in EuCo,_,As,.

From Egs. (37), enhancement of the Eu moment could arise
from enhancement of g, of S, or both. Such an enhancement
occurs in ferromagnetic Gd metal containing Gd*? ions with
S = %, where the saturation moment at 4.2 K is 7.55(2) ug/Gd
[83]. This enhancement above the expected value 7 up/Gd
was found from electronic structure calculations to arise from
polarization of the conduction d-band electrons by the Gd
spins [84]. The enhancement is similar to the maximum
enhancements of the moment of isoelectronic Eu*? with § = %
in Table VIII. It has been inferred from neutron-diffraction
studies [46] that the Co atoms do not contribute to the ordered
moment of EuCo,_,As, below Ty. It therefore seems likely
that the effective spin value is increased by polarization of
the conduction carrier spins by the ordered Eu spins. This
expectation is indeed confirmed by our electronic structure
calculations.
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