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The compound EuCoz—_,As> with the tetragonal ThCrzSiz structure is known to contain Eu™?
ions with spin S = 7/2 that order below a temperature T ~ 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 xq1(7" < Tn) 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 Cp, 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
Cp(H,T) measurements. The magnetic part Cmag(T, H = 0) of Cp(T,H = 0) is extracted and
is fitted rather well below Tnx by MFT, although dynamic short-range AFM order is apparent in

Cmag(T) up to about 70 K, where the molar entropy attains its high-7" limit of RIn8.

I. INTRODUCTION

Many studies of iron-based layered pnictides and
chalcogenides 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 compounds AFesAsy (A = Ca, Sr,
Ba, Eu) with the body-centered tetragonal ThCraSis
structure with space group I4/mmm (122-type com-
pounds). Searches for novel physical properties in various
122-type compounds with other transition metals replac-
ing Fe have been carried out, such as for Mn [10-19] and
Cr [20-27].

Here we are concerned with ACosAsy and ACosPs
compounds (Co122 systems) with the ThCrySis 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 struc-
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ture. By forming As—As and P-P bonds along the ¢ axis,
their crystal structures can collapse along this axis, re-
sulting in the so-called collapsed-tetragonal (¢T) struc-
ture which is to be distinguished from the uncollapsed-
tetragonal (ucT) structure. In contrast to the Fel22 com-
pounds that exhibit a magnetic to nonmagnetic transi-
tion under pressure coincident with a ucT to cT tran-
sition, the Co-based compounds behave in the opposite
manner, with the ambient-pressure ucT compounds be-
ing paramagnetic and the ¢T compounds exhibiting mag-
netic ordering [28]. For example, CaCoy_,Ass has a
cT structure at ambient pressure and manifests itinerant
A-type antiferromagnetic (AFM) ordering with the or-
dered moments aligned along the ¢ axis [29, 30], whereas
the 122-type SrCosAss and BaCosAsy; compounds have
ucT structures with no long-range magnetic ordering
[31, 32]. Inelastic neutron scattering and NMR studies on
SrCosAss have revealed strong stripe-type AFM correla-
tions at high energies whereas NMR, measurements reveal
strong FM correlations at low energies [33, 34]. On the
other hand, the system SrCos(Ge;_, P, )2 develops weak
itinerant ferromagnetism during the course of the dimer
breaking, and a quantum critical point (QCP) is observed
at the onset of the FM phase, although both SrCosP2
(ucT) and SrCoyGes (cT) are paramagnetic (PM) [35].
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From first-principles calculations, it was shown that the
degree of As-As covalent bonding in CaFesAsy and the
magnitude of the spin on the Fe atoms are inversely re-
lated [36, 37]. Similarly, the magnetic properties of the
cobalt pnictides were correlated with changes in the for-
mal Co charge as determined by the estimated degree of
P-P covalent bonding along the ¢ axis [38].

EuCosP5 is an interesting ucT compound in the Col122
family. It shows AFM ordering of the Eu?* spins § = 7/2
below Ty = 66 K [39]. Neutron diffraction studies
demonstrated that the AFM structure is a planar he-
lix with the Eu ordered moments aligned in the ab plane
of the tetragonal structure, and with the helix axis be-
ing the ¢ axis [40]. This compound shows a pressure-
induced first-order ucT to ¢T transition at ~ 3 GPa [41]
associated with the valence change of Eu from Eu?t to
nonmagnetic Eu?t together with the emergence of itin-
erant 3d magnetism in the Co sublattice, which orders
AFM at T{° = 260 K [42]. We showed that EuCoqPy
is a textbook example of a noncollinear helical antiferro-
magnet for which the thermodynamic properties in the
antiferromagnetic state are well described by our unified
molecular field theory (MFT) [43].

EuCosAsy also has the ucT 122-type structure and
hence is isostructural and isoelectronic to EuCosPs
[44, 45]. Tt exhibits AFM ordering of the Eu*? spins-
7/2 at Ty = 47 K [46, 47]. Neutron diffraction mea-
surements showed that the AFM structure is the same
coplanar helical structure as in EuCosP9, with no par-
ticipation by Co moments [44]. Here the reported he-
lix propagation vector is k = (0,0,0.79)(27/c) [44], very
similar to that of EuCosPy which isk = (0,0,0.85)(27/c)
[40]. The c/a ratios of EuCo2Ps (3.01) and EuCogAss
(2.93) are also similar and both indicate a ucT struc-
ture. High-pressure measurements on EuCosAss showed
a continuous tetragonal to collapsed tetragonal crossover
at a pressure p ~ 5 GPa [48] and a change in the associ-
ated valence state of Eu, achieving the average oxidation
state of Eut22° at 12.6 GPa. As a result, ferromagnetic
(FM) ordering arises from both Eu and Co moments with
a Curie temperature Tc = 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 EuCos_,Ass is that the reported effective mag-
netic moment in the paramagnetic (PM) state pog =
8.22 pp/Eu is significantly larger than the value of pg
= 7.94 up expected for Eu?* [45] (see also Table I be-
low). Normally, the effective and ordered moments of
Eut? and Gd*? are rather robust due to the spin-only
electronic configurations of these S = 7/2 ions (orbital
angular momentum L = 0). The questions we wanted to
address were how repeatable the large pog 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 Tx for an-
other helical AFM to complement our earlier studies of

EuCosP; [43]. We grew single crystals of EuCoa_,Asy
with two different fluxes and report their properties. We
find that there is a rather large range of g values as well
as of low-temperature ordered (saturation) moments fig,t
of the Eu spins in different crystals. As in CaCos_,Ass
[29, 30], we also find a significant (~ 5%) vacancy con-
centration on the Co sites in most of our EuCos_,Asy
crystals.

The experimental details are given in Sec. II. In Sec. ITI
the crystal structure and composition analyses are pre-
sented for six crystals for which the physical properties
are later studied in detail. Our magnetic susceptibility x
versus temperature 7' data and magnetization versus field
M (H) isotherms for the crystals are presented in Sec. IV,
where we find enhancements in both peg and pg,y com-
pared to expectation for Eut? spins with S = 7/2 and
spectroscopic splitting factor ¢ = 2. We also obtain an
estimate of the amount of anisotropy in the system and
fit the in-plane xq(7T") at temperatures T less than the
AFM ordering temperature T by MFT.

Our zero-field and high-field heat capacity C,(H,T)
measurements are presented in Sec. V, where the mag-
netic contribution Crag (T, H = 0) is extracted and found
to agree rather well with the prediction of MFT for
S =17/2 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 Smag is found to agree with expection
for Eu spins S = 7/2 at high T > 70 K, RIn(2S + 1),
where R is the molar gas constant. From the high-field
C,(H,T) we extract Tn(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. VI. 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
ferromagnetically polarize the spins of the electrons de-
riving from the Co 3d ty, 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 struc-
ture, again consistent with experiment. In Sec. IX we ex-
tract the Heisenberg exchange interactions .J;; from the
prevously-presented MFT fit to the yq(T < Tx) data.
A summary of our results is given in Sec. X.

II. EXPERIMENTAL DETAILS

Single crystals of EuCozAss 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 Hy gas under a pressure of 12 bar at a tempera-
ture of 324 °C for 12 h to remove possible surface oxida-
tion. At this Hs pressure and temperature, negligible H
is absorbed by the Co [49]. Single crystals were grown in
both Sn flux and CoAs flux using both Hs-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 impu-
rity 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 pre-
reacted CoAs powder taken in the molar ratio Eu:CoAs
= 1:4 which 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 plate-
like crystals of size 4-40 mm? by 0.3-0.4 mm thick were
obtained.

The phase purity and chemical composition of the
EuCosAs, crystals were checked using energy dispersive
x-ray (EDX) semiquantitative chemical analysis attach-
ment to a JEOL scanning electron microscope (SEM).
SEM scans were taken on cleaved surfaces of the crys-
tals which verified the single-phase nature of the crystals.
The compositions of each side of a platelike crystal was
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
absense 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 IS microfocus
source (A = 0.71073 A). The raw frame data were col-
lected using the Bruker APEX3 program [50], while the
frames were integrated with the Bruker SAINT software
package [51] using a narrow-frame algorithm for integra-
tion of the data and were corrected for absorption effects
using the multiscan method (SADABS) [52]. The occu-
pancies of the Co atomic sites were refined assuming ran-

dom occupancy of the Co sites and assuming complete
occupancy of the Eu and As sites. The atomic ther-
mal factors were refined anisotropically. Initial models of
the crystal structures were first obtained with the pro-
gram 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 C,(T") was measured by
the relaxation method and the p(T') using the standard
four-probe ac technique.

IIT. CRYSTAL STRUCTURES AND
COMPOSITIONS

The chemical compositions and crystallographic data
are presented in Table I for six crystals of EuCos_,Ass
grown under different conditions with different Co va-
cancy concentrations as determined above, which are la-
beled #1 to #6, respectively. The chemical compositions
obtained from the EDX and single crystal XRD analy-
ses for these six crystals of EuCosAsy are also listed in
Table I in comparison with the previous studies on this
compound [44-46, 48]. The physical property measure-
ments 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)
magnetic susceptibility x = M/H of Sn-flux-grown crys-
tals and CoAs-flux-grown crystals, respectively, as a func-
tion of T' with H = 0.1 T applied along the ¢ axis (xc,
H || ¢) and in the ab plane (xap, H || ab). The Ty of a
collinear AFM is given by the temperature of the max-
imum slope of x7T" 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 in-
set of each figure shows d(xaT)/dT versus T in the T
range 2 to 100 K, with the peak temperature being Tx.
The Ty obtained in this way for each crystal is shown
in the insets 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 ¢/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 EuCos_,Asy 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 x. > X in the paramagnetic



TABLE I: The compositions of our six EuCoz_,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 Ve containing two formula units of EuCos—yAs2, and the ¢/a
ratio. The AFM ordering temperature Tx are also shown. The listed values of the effective moment pes 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 S = 7/2 and g = 2, which is peg = 7.94 up/Eu. The present work is denoted by PW. Data

from the literature are also shown.

Sample, ZAs a c Veell c/a TN et Ref.
Composition (A) (A) (A®) (K) (pB/Eu)

#1 EuCo; ooy A2 0.3601(4)  3.922(9) 11.370(3 174.9(8) 2.899(7) 45.1(8) 8.47 PW
#2 BuCoy goyAsa’  0.3611(5)  3.910(5) 11.306(9 172.8(6) 2.891(6) 44.9(5) 8.62 PW
#3 EuCoy oaAs2®  0.3603(6)  3.926(7) 11.137(18)  171.6(8) 2.836(9) 40.8(7) 8.54 PW
#4 EuCoy oo2)As2®  0.3607(1)  3.9478(7)  11.232(2 175.05(7)  2.845(1) 40.6(7) 8.51 PW
#5 BuCoy gy As2®  0.3623(2)  3.9505(2)  11.2257( 175.19(2)  2.8416(2)  40.3(5) 8.61 PW
#6 EuCo; oy2)As2®  0.3683(3)  3.9323(4)  11.402(1 176.32(3)  2.8996(5)  45.8(3) PW
EuCozAs; 3.964(2) 11.111(6 174.6(2) 2.803(3) [45]
EuCosAs,* 3.934(1) 11.511(6 178.1(2) 2.926(2) 47(2) 7.4(1) [46]
EuCoAsy? 0.36 3.9671(1)  11.0632(5)  174.11(1)  2.7887(2) (48]
EuCozAsy/ 0.36109(5)  3.929(1) 11.512(4 177.7(1) 2.930(2) 47 8.00° [44]
EuCosAsy? 38.5 8.27 [47]

¢Grown in Sn flux

bGrown in Sn flux with Ho-treated Co powder
¢Grown in CoAs flux with Ha-treated Co powder
dGrown in CoAs flux

¢Polycrystalline sample

fGrown in Bi flux
90bained by us by fitting the published x(7') data

regime (T > Tv), indicating the presense of a magnetic
anisotropy favoring the ab plane. This is consistent with
the data for T" < Tx which indicates that the crystal-
lographic ab-plane is an AFM easy plane. For T' < Ty,
one sees that x. is nearly independent of T'; consistent
with the molecular-field theory prediction for a field per-
pendicular 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 DS? [59], and clas-
sical field [60] anisotropies. The observation that xap
for T — 0 is a large fraction of x.(T' — 0) indicates
that EuCos_yAss is either a collinear AFM with multi-
ple domains in the ab plane or a coplanar noncollinear
ab plane AFM structure. The previous neutron diffrac-
tion study on EuCosAs, indeed showed an incommensu-
rate AFM helical structure in which Eu spins are aligned
ferromagnetically within the ab plane, where the helix
axis is the c-axis with an AFM propagation vector of
k = (0,0,0.79)7/c where c is the tetragonal c-axis lattice
parameter [44]. An incommensurate helical spin struc-
ture with almost the same propagation vector was found
in the isostructural compound EuCosP5 [40, 43].

The inverse susceptibility x~*(7) measured in H =
0.1 T applied along the ¢ axis (x!) and in the ab plane
(x,;) 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~!(7T") plots are slightly curved. One
can fit this curvature by including a T-independent term
Xo in addition to the Curie-Weiss law, giving a so-called
modified Curie-Weiss law

(1a)

Xa = X0 + (o = ab, c¢),

>
T — Opa
where Yo is an isotropic temperature-independent term
given by

dia para

X0 =YX + X core + XLandau + XPauli,

=X (1b)
which is comprised of the diamagnetic (negative) atomic
core (x°®) and conduction-electron orbital Landau
(xF#ndau) contributions and the paramagnetic (positive)
contribution from the Pauli spin susceptibility (x"*!) of
the conduction electrons and/or holes. The Curie con-

stant per mole of spins is given by [61]

NAuiﬁu%
3kg

_ NagaS(S+ g,

Ca
3kp

(1c)

where N4 is Avogadro’s number and peg is the “effective
moment” of a spin in units of Bohr magnetons. From
Eq. (1c) one obtains

3ksC
Napg'

frefr = g/ S(S +1) = (1d)
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FIG. 1: Zero-field-cooled (ZFC) magnetic susceptibility x =
M/H of Sn-flux-grown crystals (a) #1 EuCoy.go(1)As2 and
(b) #2 EuCos.99(2)As2 as a function of temperature 7" mea-
sured in magnetic fields H = 0.1 T applied in the ab plane
(xab) and along the ¢ axis (x.). Insets: The respective deriva-
tive d(xasT")/dT versus T.

Inserting the Gaussian cgs values of the fundamental con-
stants into Eq. (1d) gives

feff = VT7.99684C ~ V8C. (le)

As a baseline, we fitted the y,(7T") data by Eq. (1a)
from 100 to 300 K with yo = 0 for each of five of our crys-
tals for each of the two field directions, and the fitted C,,
and 0, values are shown in Table II together with fies
calculated from C using Eq. (1e). One sees that the val-
ues of ueq are 4% to 7% larger than the value for S = 7/2
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
lef are in qualitative agreement with the previous value
in Table I reported in Ref. [47]. The positive values of
0y indicate a net FM exchange interaction between the
Eut? spins-7/2.

The value of 6, obtained from a fit of experimental
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FIG. 2: Zero-field-cooled (ZFC) magnetic susceptibility x =
M/H of CoAs-flux-grown crystals (a) #3 EuCoj g4y As2 and
(b) #4 EuCoy gg(z)Asz versus temperature 7" measured in a
magnetic field H = 0.1 T applied in the ab plane (xq) and
along the c¢ axis (xc). Insets: The derivative d(xqT")/dT
versus 1.

Xo(T) data in the paramagnetic regime at 7' > Ty by
Eq. (1a) can be affected by crystal-shape (demagnetiza-
tion) effects if y, is large such as for compounds contain-
ing high concentrations of large-spin species such as Eu*?
with spin S = 7/2 in EuCos_,As,. From the treatment
in Ref. [58], for x¢ = 0 these affect the Weiss temperature
according to

47C oy Nya

= (22)

epa = 9pa0 -
where 0, is the fitted value as above, C, is the Curie
constant per mole of magnetic atoms, 6,40 is the Weiss
temperature that would have been obtained in the ab-
sence of demagnetization effects, Nq, is the magneto-
metric demagnetization factor in SI units (0 < Ng, < 1)
of a crystal with the applied field in the « direction,
and Vjy is the volume per mole of magnetic atoms in

the crystal. For spins-7/2 with g = 2 one has isotropic
C, = 7.88 cm?® K/mol and using the crystal data in Ta-
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FIG. 3: (a) Inverse susceptibility X! versus tempera-

ture T' of Sn-flux-grown crystals (a) #1 EuCoy go(1)As2 and
(b) #2 EuCoy gg(2)Asz for H = 0.1 T applied in the ab plane
(H || ab, x,) and along the c axis (H || ¢, xz"'). The solid
curves are fits by the modified Curie-Weiss law (1a) with pa-
rameters given in Table III.

ble I one obtains Vi &~ 53 cm?®/mol for EuCos_,Ass.
Then for EuCos_,Asg, Eq. (2a) gives

Boe = Opao — (1.9 K)Niq. (2b)

Since 0 < Ngo < 1, a fitted positive value of 0, 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 0p, values.

The data for C, peg, and 6, for crystal #3 in Ta-
ble II are outliers. We infer that these erroneous values
arise from the contribution of a small amount of a ferro-
magnetic impurity to the magnetization. In particular,
including a yo in the fits below yields a positive value
that includes the FM impurity contribution and leads to
C, pesr, and 0, values in better alignment with those for
the other four crystals. From the value of o obtained
for crystal #3 below we estimate the contribution of the
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FIG. 4: (a) Inverse susceptibility x ' of CoAs-flux-grown

crystals (a) EuCoy g4y As2 and (b) EuCoy gg(2)As2 as a func-
tion of temperature 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.

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 x¢ in the fits and the three fitting
parameters are listed in Table I1I along with the previous
reports for this compound. Most of the xo values are

strongly negative. The fits are shown as the solid curves
in Figs. 3 and 4.

Now we obtain an estimate of yo expected for
EuCosAs;. EuCosAss 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

Xcorc(Eu) = —70x107° cm?’/mol,
X°"(Co) = —3.1 x 107° cm®/mol, (
X°"(As) = —3.3x 107 cm®/mol,

— —
w W o w
SRR



TABLE II: Parameters obtained by fitting the x(7") data in
Figs. 1 and 2 for our crystals by Eq. (la) assuming yo =
0. Shown for each crystal are the Curie constant C, Weiss
temperature 60, and effective moment p.g obtained from C
using Eq. (1d). For reference, for a spin S = 7/2 with g = 2,
Egs. (1a) and (le) yield C' = 7.878 cm® K/mol Eu and jiesr =
7.937 ps/Eu.

Crystal Field C 0y Leff
Direction (%) (K)  (uB/Eu)

#1 EuCoy go(1)As2” H || ab 8.477(5) 24.4(1) 8.233
H|c 8543(4) 21.66(9) 8.265

#2 EuCoy g90yAs2”  H || ab  9.020(2) 21.81(4) 8.493
H|c 8948(5) 21.70(9) 8.459

#3 EuCoy gosyAs2®  H ||ab  9.251(2) 23.61(4) 8.601
Hc 1001(1) 12.6(2) 8.947

#4 EuCoy go2)As2”  H || ab  8.753(3) 26.05(7) 8.366
H|c 8784(2) 23.1(5) 8.381

#5 BuCo; go1)As2?  H ||ab  8.68(5) 28.9(1)  8.33
Hlec 897(1) 27.2(1) 847

¢Grown in Sn flux

bGrown in Sn flux with Ha-treated Co powder
¢Grown in CoAs flux with Ha-treated Co powder

dGrown in CoAs flux
yielding the core susceptility per mole of EuCogsAsy as
X (EuCogAsy) = —1.98 x 107 em®/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
Pauli | €I | _5 states
X [—mol} = (3.233 x 107°)D(EF) [eV f.u.]’ (4)

where fu. means the formula unit of EuCos—,Asy and
the density of states at the Fermi energy D(Ep) is for
both spin directions, i.e., taking into account the Zeeman
degeneracy of the conduction carriers. Taking D(Fr) =~
7 states/eV f.u. obtained from the C,(T') measurements
in Table V below, one obtains

3
xPouli 2.3 5 1074 L (5)
mol
Then taking into account the Landau diamagnetism
of the conduction carriers assuming a free-carrier gas
gives the T-independent contribution to x according to
Eq. (1b) as

2 ; 3
core _XPauh ~—4.7 X 10—5 cm (6)

Xo=X 3 mol’

This value is much smaller in magnitude than the xo
values listed for crystals #1, #2, #4, and #5 in Table III,
suggesting that these large negative values may instead
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FIG. 5: Temperature T dependence of the Curie con-
stant C, and Weiss temperature 05, of Sn-flux-grown crys-
tals (a) #1 EuCoygp(1)As2, (b) #2 EuCoq gg(2)As2, and
(c) #4 EuCoy go(2) Asz2, derived from Egs. (7).

be reflections of T-dependent Curie constants and Weiss
temperatures, a possibility examined next.

In order to investigate the possible T dependences of
Cy and 0., we again set xo = 0. We obtained a spline
fit to xo(T') from 70 to 300 K, and from that we obtained
the temperature derivative x.,(T"). Then one has the two



simultaneous equations

ll) = = (7a)
WT) = i (7h)

from which C,, and 0,, were solved for at each 7. The
results are shown in Fig. 5 for Sn-flux-grown crystals
#1 EuCoy go(1)Asz and #2 EuCoy g9(4)Asz and for CoAs-
flux-grown crystal #4 EuCo, gg(2)As2. One sees smooth
variations in C' and 6, versus 7' for each crystal, where C
increases and 6, decreases monotonically with decreas-
ing T for each of the three crystals. This behavior of C'
might be expected if the Eu spins polarize the conduc-
tion electrons, since the polarization might be expected
to increase with decreasing 7T'.

The possibility of conduction-electron polarization due
to progressive filling of the d band of the transition metal
can lead to a variation of the asphericity of the valence
shells of the Eu atoms through a weaker hybridization
between the Eu valence states and Co d states. As a re-
sult, the itinerant electrons are strongly coupled to the
localized moment, leading to an observed effective mo-
ment for an s-state Eu spin-7/2 given by [64]

. 2
JO = o [1 . 5p0<EF>Jsf} | ®)

Here we take g = 2, po(Er) is the density of states per
atom at the Fermi surface for one spin direction, and J,¢
is the effective sf exchange interaction due to either di-
rect exchange (positive) or sf mixing (negative). The
values of po(Er)Js s esimated from the effective moments
of EuCosy_,Asy compounds are given in the 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 parame-
ters a and ¢, and the overall unit-cell volume V.c;. An-
other possible reason for the excess Eu moment is re-
lated to the contribution of the non-4f electrons of Eu,
which is mainly from on-site 5d electrons. This gives
rise to dressing of a bare rare-earth spin with a conduc-
tion electron spin cloud which for EuCos_,Ass would
add a portion of conduction-electron spin magnetization
to the free electron moment. These effects are associ-
ated with the indirect RKKY (Ruderman-Kittel-Kasuya-
Yosida) exchange interaction [65-67] and this may affect
the g factor. Electron-spin resonance measurements may
be useful to confirm or refute the hypothesis that the
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
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FIG. 6: Zero-field-cooled (ZFC) magnetic susceptibility x =
M/H of Sn-flux-grown crystal #2 EuCo; gg(2)As2 as a func-
tion of temperature T' for various magnetic fields H applied
(a) in the ab plane (xa», H || ab) and (b) along the ¢ axis
(xe H | ©).

each of the Sn-flux and CoAs-flux crystal growths.
Figures 6 and 7 show x(T') of Sn-flux-grown crys-
tal #2 EuCojgg2)Asz and CoAs-flux-grown crystal
#3 EuCoy gg(4)Asz, respectively, for various values of H
applied in the ab plane (xqp, H || ab) and along the ¢ axis
(Xes H || ¢) for 2K < T <100 K. As shown in Figs. 6(a)
and 7(a), the lowest-T" data reveal a metamagnetic (MM)
transition for H || ab between H = 3 T and 5 T. In
addition, breaks in slope of x(T) at each field are ob-
served, signifying the H-dependent Tx which decreases
with increasing H as expected for an AFM. Figures 6(b)
and 7(b) show that Tx is much less sensitive to H || ¢
than to H || ab as seen in Figs. 6(a) and 7(a).

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
c axis (M., H || ¢) obtained for the Sn-flux-grown crystals
#1 EuCoy go(1)As2 and #2 EuCoy gg(2)Ase (Fig. 8), and
for the CoAs-flux-grown crystals #3 EuCoy gp(4)Asz and
#4 EuCoy go(2)Asz (Fig. 9). The M.(H) data are nearly
linear in field as predicted at T" < Tn by MFT for a



TABLE III: Parameters obtained from Modified Curie-Weiss fits of the magnetic susceptibility data between 100 and 300 K
for EuCoz—,Asg, where Ty is the Néel temperature, xo is the T-independent contribution to the susceptibility, C is the molar
Curie constant for fields in the o = ab, ¢ direction, pesq is the effective moment, 0, is the Weiss temperature, 0 ave is the
spherical average of 0y, po(Er) is the density of states at the Fermi energy per atom for one spin direction, and Jgs is the
exchange interaction between a local f-electron atom and the s conduction electrons. For reference, the effective moment for
Eu™ with g = 2 and S = 7/2 is pest = g+/S(S+ 1)us = 7.94 ps. The quantity f is defined as f; = Opave/In. PW means

present work and N/A means not applicable.

Compound Ref. Field AN X0 Ca Heffa Opa Opave  po(Ew)Jss fr
Axisa  (K)  (Zend) (@K (uy/Bu) 0 (K)  (K)  (K)

#1 EuCoj.g91)As2® PW  H|ab 45.1(8)  —1.4(2) 8.98(1)  8.476(4) 19.76(9) 19.07  0.067 0.430
H| ¢ —1.2(1)  8970(5) 8471(2) 17.70(5) 0.0668

#2 EuCoy g92)As2”  PW  H[ab  44.9(5) —0.54(1)  9.214(3) 8.585(1) 20.10(3) 19.33  0.081 0.441
H| ¢ —1.2(3) 9.38(1)  8.662(4)  17.8(1) 0.09

#3 EuCoy go4)As2® PW  H|ab  40.8(7)  0.07(3) 9.23(1)  8.593(5)  23.8(1) 22.99 0.08 0.563
H| ¢ 2.75(2)  9.005(6) 8.488(3)  21.38(6) 0.07

#4 EuCoy go2)As2” PW  H|ab  40.6(7) —0.87(1) 9.062(5) 8.514(2) 23.33(4) 22.54 0.072 0.555
H| ¢ —0.68(1)  9.028(5)  8.498(2)  20.97(5) 0.07

#5 EuCoy go1)As2?  PW  H|ab  40.3(5) —1.33(6)  9.15(2)  8.556(9) 24.9(2) 2423 0.077 0.601
H| ¢ —1.45(3)  9.48(1)  8.708(4)  22.9(1) 0.097

EuCozAsy? [47]  H| ab 38.5 2.12 8.45 8.22 28.7 27.2  0.035 0.706
H| ¢ —1.52 8.68 8.33 25.7 0.049

EuCosAsy 7 [44] H| ab 47 7.65(1)  7.82(1)  20.5(1)  20.65 0.081 0.44
H| ¢ 8.39(1)  8.19(1)  20.8(3) 0.0025

EuCozAsy? [46] N/A 47(2) 7.4(1) 18(4) 18 0.38

¢Grown in Sn flux

bGrown in Sn flux with Ho-treated Co powder
¢Grown in CoAs flux with Ha-treated Co powder

4Grown in CoAs flux
¢Grown in Bi flux
fThe data were sent to us by the authors and we fitted them by

x = C/(T — ) from 100 to 300 K
9Poycrystalline sample

helix with the applied field along the helix axis, reaching
saturation at the perpendicular critical field H.; ~ 10—
15 T, depending on the sample and field direction.

The My, (H) isotherms at T = 2 K in Figs. 8 and 9
show what appears to be a field-induced spin-flop (SF)
transition at a field Hgp, with a small hysteresis [see inset
of Fig. 8(a)]. The magnetic moment attains its saturation
moment gt at the critical 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 Hsp < Hyiv < He.

The detailed M(H) isotherms at many tempera-
tures from 2 K to 300 K of Sn-flux-grown crys-
tals #1 EuCoygg1)As2 and #2 EuCoj gg2)Asz are
shown in Figs. 10 and 11, respectively, and those
of CoAs-flux-grown crystals #3 EuCoj gp4)Asz and
#4 EuCoy go(2)Ase are shown in Figs. 12 and 13, respec-
tively, where parts (a) and (b) of each of the four figures
are for H || ab (My) 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 behaviour of M.(H) is eventually ob-

served at higher temperature (7' > 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 Hyny, re-
spectively, for T <« 40 K. These SF and MM transi-
tions 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 Hsp, Hyv and He versus temper-
ature are taken to be the fields at which dM /dH 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 mo-
ments of these crystals are larger than the theoretical
Eu™? value pigat = gSus/Eu = 7 up/Eu, where g = 2
and S = 7/2. As seen later in Sec. VIII, this enhance-
ment is due to d-electron spin polarization by the ordered
Eu spins.
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TABLE IV: Spin-flop transition field Hsr, metamagnetic transition field Hwnu, critical field Hc, and saturation moment pisat

at T'= 2 K of EuCozAs; single crystals determined from isothermal M (H) data for fields H || ab and H || c.

Crystal Field Hgsp Hum H. Hsat
Designation Direction (T) (T) (T) (uB/Eu)

#1 EuCoy go(1)As2” H | ab 4.75 8.46 13.04 7.15
Hl e 13.32 7.05

#2 EuCoy g9(2) As2” H | ab 4.8 8.2 12.8 7.03
H|c 13.7 7.05

#3 EuCoy g5(4) Aso” H | ab 3.9 45 8.78 7.59
Hlc 9.9 7.57

#4 EuCoy go(2) As2? H | ab 3.8 4.6 9.5 7.34
H|c 10.86 7.19

#5 EuCoy g(1)Asz H | ab 3.86 4.47 8.75 7.50
H|c 9.96 7.58

¢Grown in Sn flux

bGrown in Sn flux with Ha-treated Co powder
¢Grown in CoAs flux with Ha-treated Co powder

dGrown in CoAs flux
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FIG. 7: Same as Fig. 6 except that the crystal measured is
CoAs-flux-grown crystal #3 EuCoq.go(4) Asa.

C. Influence of Anisotropy on the Magnetic
Properties

From the above magnetic susceptibility and magneti-
zation 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 ¢ 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 ha; to be defined below, we
estimate the influence of the anisotropy on the Néel tem-
perature that would occur in the absence of anisotropy.

The definitions and predictions for this type of
anisotropy in the presence of Heisenberg exchange in-
teractions are given in Ref. [60] for systems comprised of
identical crystallographically-equivalent spins as applies
to the Eu sublattice in EuCos_,Asy. The XY anisotropy
field Ha; seen by given moment ji; making an angle ¢;
with the positive = axis (a axis here, where the z axis
is the ¢ axis) is given by an amplitude Hap; times the
projection of the moment onto the zy plane, i.e.,

Ha; = Haoisinb;(cos ¢; i—sin (blj) 9)
The amplitude is expressed in terms of a more funda-
mental anisotropy field Ha; as

3Ha1 _

Hpoi(T) = S—_Hui( ),

(10)

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

pi(T)  mwa(T)
Psat GBS’

wi(T) = (11)
where p;(T) is the T-dependent magnitude of /i;. Finally,
Haq is expressed in reduced form haq as
gusHar
har = =———, 12

kTN (12)
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

Opa
fr=7=, (13)
TNy
where 0,5 is the Weiss temperature in the Curie-Weiss
law due to exchange interactions alone.
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The Néel temperature Tx in H = 0 in the presence of
both exchange and anisotropy fields is increased in the
presence of the XY anisotropy field, as expected, accord-
ing to the linear relation

Tn =Tns(1+ har). (14)

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

sz = HPJ, (153)
epzy - opJ + TNJhAlv (15b)
Opzy — bpz = Tnshar = Thas (15¢)
pry 1% 1 + h/Al’
epmy - epz hAl
‘ - , 15d
T~ 1+ hat (15d)

where we used Eq. (14) to obtain the third equality. This
allows one to easily determine the parameter ha;. Usu-
ally the ratio on the left side of Eq. (15d) is small, so one
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can instead use

szy opz
—Z "~}
TN Al

(ha1 < 1), (16)
which is equivalent to the approximation Ty ~ Tn. Us-
ing the T and 0pqp — Opc values in Table III, one obtains

ha1 = 0.05 for EuCog_,Ass. (17)

Thus the XY anisotropy increases the Néel temperature,
also 0,4 by about 5%, or about 2 K for EuCos_,Ass.

D. Fit of x.(T < Tx) by Molecular Field Theory

In order to fit the low-field ab-plane susceptibility
Xab(T < Tx) by the unified MFT for Heisenberg AFMs in
Refs. [56] and [57], we assume that the Curie constant C,,
and Weiss temperature 0, (o = ab or ¢) in the PM state
at T > Tx are independent of T" with the values given
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FIG. 11: Isothermal magnetization M of Sn-flux-grown crys-
tal #2 EuCoq gg(2)As2 as a function of magnetic field H at
the indicated temperatures for H applied (a) in the ab plane
(Mg, H || ab) and (b) along the ¢ axis (M., H || c).

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 (T > Tx) that would have
arisen from exchange interactions alone.

The T-independent susceptibility xoq is taken into ac-
count at all temperatures according to

Xe(T) = Xa(T) = Xoa: (18)

where xo(T) is the measured susceptibility and the xgq
values are given in Table III. We assume that the
anisotropy in the PM state arises from sources such as
magnetic dipole interactions and/or single-ion quantum
uniaxial DS? anistropy, for which the magnetic suscep-
tibility tensor is traceless in the PM state [58, 59]. Then
one obtains the Heisenberg susceptibility x; in the PM
state given by

T 2T = 5 [26(M + @), 19)

as shown in Fig. 16 for one each of the Sn-flux-grown and
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(H || ¢) at the indicated temperatures.

CoAs-flux grown crystals. As found above in Sec. IV C,
the anisotropy increases Tx by about 5% and this small
change will henceforth be ignored.

Within MFT, for T' < Ty the perpendicular suscepti-
bility xj. is predicted to be independent of 7', in good
agreement with the data in Fig. 16. The normalized
XJab(T < Tx)/xs(Tn) for a helical Heisenberg AFM is
given by [56, 57]

XJab(TSTN) (1+T*+2f(]+4B*)(1—f‘])/2

xs(In) (" +B*)(1+ B*) — (fs + B*)*’
(20a)
where
B* =2(1 — fj)cos(kd) [1 + cos(kd)] — f, (20b)
B C ity L. I .
A CER T
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FIG. 13: (a) Isothermal magnetization M of CoAs-flux-grown
crystal #4 EuCoq.g(2)As2 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 ordered moment versus T in H = 0 is denoted by o,
the reduced ordered moment fig = puo/ pisat is determined
by numerically solving the self-consistency equation

/_LO = BS(yO)v (21)

B (o) = [dBs(y)/dy]|y=y, and our definition of the Bril-
louin function Bg(y) is given in Refs. [56] and [57].

We fitted the in-plane x . (7) data in Fig. 16 by
Egs. (20) using S =7/2 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) = 0.827 for the Sn-flux-grown crystal and
0.7987 for the CoAs-flux-grown crystal, calculated from
Eqgs. (20), which are comparable to the experimentally
observed value with respect to 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
XJab(T < Tn) fits thus obtained are plotted as the solid
blue curves in Figs. 16(a) and 16(b). Also shown are the
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XJap(T < Tx) curves using the approximate measured
values of f;. The discrepancy between the two fitted
curves in each figure is a measure of the deficiency of
MFT in predicting x.jq,(T), as previously pointed out in
Ref. [57].
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FIG. 16: x;(T) versus T for H || ab and H || ¢ in H =
0.1 T for (a) Sn-flux-grown crystal #2 EuCo gg(2)Asz and
(b) CoAs-flux-grown crystal #3 EuCoy go(4)Asz. The fits of
XJap(T) for T < Tn by the MFT prediction for a helix in
Egs. (20) are shown as the solid curves.

V. HEAT CAPACITY
A. Zero-Field Heat Capacity

The heat capacities C,(T") for Sn-flux-grown crys-
tal  #2 EuCoj gg2)As2, CoAs-flux-grown crystal
#3 EuCoj gp(4)As2, and the nonmagnetic reference
compound BaCozAsy [43] measured in the temperature
range from 1.8 to 300 K are shown in Fig. 17. The
data exhibit a prominent peak at T = 45.1(2) K and
Tn = 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 gy2)Ase 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]

Cp(T)

7 =7+ BT (22)
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FIG. 17: Temperature dependence of the heat capacity C,(T")
in H = 0 for (a) Sn-flux-grown #2 EuCoj gg(2)As2 and
(b) CoAs-flux-grown #3 EuCoy go(4)Asa crystals. Both pan-
els also show C(T') of the nonmagnetic reference compound
BaCosAsz [43]. The black curves are Debye lattice heat ca-
pacity model fits to the data between 100 and 280-300 K
by Eq. (23). Insets: Cp/T versus T? for the three crystals
#2, #3, and Sn-flux-grown #6 EuCoy g4(2)As2. The data do
not follow the behavior expected from Eq. (22). (c) Plots of
Cp(T)/T versus T
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TABLE V: Parameters v and [ obtained for pnictide com-
pounds isostructural to EuCoz_,Ass. Also listed are the De-
bye temperatures Op obtained from (3 according to Eq (25)
and the density of states at the Fermi energy D.(Er) ob-
tained from ~ via Eq. (24b). Values of v and ©p for both
EuCoy.gg(2)As2 and EuCoj go(4) Asz are obtained by fitting the
Cp(T) data between 100 and 280 K in Fig. 17 by the Debye
model plus a v7" term according to Eq. (23).

Crystal vy B ©p D4(EF)
(k) (i) ) G
#2 EuCoy g2 As2™®  15(2)  0.33(1) 308(3) 6.3(8)
#3 EuCoy gpnAs2” ¢ 18(3)  0.31(1) 314(4)  7(1)
EuCos Py [43] 23.7(5)  2.8(1) 151(2) 10.0(2)
480(6)°
BaCo, P [43] 37.3(3)  0.21(1) 359(6) 15.8(2)
SrCo, P [31] 37.8(1) 0.611(7) 251(1) 16.0(3)
BaCozAsy* [32] 30.8(1) 0.386(4) 293(2) 16.9(1)
CaCoy s Asz? [29] 27(1)  1.00(8) 212(1) 11.4(5)

¢Grown in Sn flux with Ha-treated Co powder
bGrown in CoAs flux with Ha-treated Co powder
“From a 100-280 K fit of Cp(T) by Eq. (23)
dGrown in Sn flux

“From a 200-280 K fit of Cp(T') by Eq. (23)

where 7 is the Sommerfeld coefficient associated with the
conduction electrons and 3 is the coefficent of the T3 lat-
tice and three-dimensional AFM spin-wave contributions.
Below we attempt to find v 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
T range from 3 to 6 K, i.e., that C; has an approximately
T? contribution over this 7 range. From preliminary lin-
ear 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 < 280 K are analysed using an elec-
tronic v7" term plus the Debye model for the lattice heat
capacity [61]

Cp (T) = ’YT + nCV Debye(T/GD), (23)

3 Op/T 4 x
on (L / T
v/ Jo (er —1)2

The  representation of the  Debye  function
CVDebye(T/Op) 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 v and ©p
are listed in Table V.

The density of conduction carrier states at the Fermi

C'V Debye (T/GD)



energy Er, D, (Er), is obtained from 7 according to [61]

3y
D’y(EF) = m, (24&)
which gives
states 1 mJ
D, (Er) [eV f.u.] ~ 2350 ) Lnol K?] - (24b)

The D, (Er) values calculated for EuCos_,Asy crys-
tals #2 and #3 from their v values using Eq. (24b) are
listed in Table 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
£ in Eq. (22) from the expression [61]

1274nR\ /?
op — ( s nR) 7 (25)

50
where n is the number of atoms per formula unit
(n =5 —y for EuCos_,Ass) and R is the molar gas con-
stant. The values of ©p obtained from the S vaues for
other compounds [29, 31, 32, 43] are listed for comparison
with those for our crystals in Table V.

The magnetic contribution Chag(T") to Cp(T) for the
EuCoy_,Asy crystals is obtained by subtracting C,(7')
of the nonmagnetic reference compound BaCogoAsy from
those of the EuCos_,Ass crystals, as shown in Figs. 18(a)
and 18(b), respectively. Within the Weiss MFT the dis-
continuity in the magnetic heat capacity at T for a spin
S = 7/2 system is given by

5RS(S +1)
1+ 25 + 252

The jump in the heat capacity at T is &~ 23.2 J/mol K
and 21.74 J/mol K in the Sn-flux-grown crystal
#2 EuCoj gg(2)Asz and the CoAs-flux-grown crystal
#3 EuCoy go(4)Asz, respectively, 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 Cnag(T) at Tn. The
nonzero contribution to Cmag(T') for Iy < TS 100 K re-
flects the presence of dynamic short-range AFM ordering
of the Eu spins above Tx. The hump in Chag(T) below
Tx at T ~ 15 K arises naturally within MFT for large
S [56]. The solid blue curves in Figs. 18(a) and 18(Db)
represent the MFT predication for Cpag(T') calculated
for each respective Ty and for S = 7/2 which are in rea-
sonable agreement with the data for each crystal below
the respective Tx.

The magnetic entropy Smag(7) in H = 0 is cal-
culated from the Ciae(T") data for each crystal ac-
cording to Spmag(T) = fOT[Cmag(T)/T]dT and the re-
sults are shown in Fig. 18(b) for Sn-flux-grown crystal
#2 EuCoy g9(2)Asz and in Fig. 18(d) for CoAs-flux-grown
crystal #3 EuCoj gp(4)Ase. The horizontal dashed line
in each figure is the theoretical high-T' limit Sya.e =
RIn(2S + 1) = 17.29 J/mol K for S = 7/2. For each
crystal, the entropy reaches ~ 90% of RIn(8) at Tn and
recovers the full value by ~ 70 K.

ACpag = =20.14 J/mol K. (26)
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B. High-Field Heat Capacity

Figures 19(a) and 20(a) show C,(H,T) for Sn-flux-
grown crystal #2 EuCo gg(2)As2 and CoAs-flux-grown
crystal #3 EuCoy gp(4)Asz, respectively, measured in var-
ious applied magnetic 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]. Tt is evident that the AFM tran-
sition 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 the H — T phase diagrams with H || ¢ in Figs. 19(b)
and 20(b) were constructed from the H,; dependence of
Tn 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 o (T) = Her (0)io(T),

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

3kpIn(1 —
Heoo(0) = 3 N(L—f)
gps(S+1)
In convenient units where H. (0) is expressed in Teslas

(1T = 10* Oe) and taking g = 2 and S = 7/2 for Eut?2,
one has

(27a)

(27b)

H., (0)[T] = 0.4962(1 — f;)Tx[K]. (27¢)

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 EuCoy gg(2)Asz, Eq. (27c) gives

He, (0)=121T, (28a)

and for CoAs-flux-grown crystal #3 EuCoy g3(4)Asz, one
obtains

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.; (0) = 14.8(4) T for crystal #2 and
H:, (0) = 12.1(3) T for crystal #3. The fits are shown
by the solid blue curves in Figs. 19(b) and 20(b), respec-
tively.

VI. PHASE DIAGRAMS IN THE
FIELD-TEMPERATURE PLANE

From the transitions observed in Figs. 6-15, 19, and 20,
the phase diagrams in the H-T plane were constructed
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heat capacity and entropy, respectively, of (a,c) Sn-flux-grown
#3 EuCoj.g2(4)Asz. In (c,d), the horizontal dashed line is the

theoretical high-T limit Spag = RIn(2S + 1) = 17.29 J/mol K for Eu™? with S = 7/2.

and are shown for Sn-flux-grown crystal #2 and CoAs-
flux-grown crystal #3 in Figs. 21(a,b) and 21(c,d), each
for both H || ¢ and H || ab. For H || ¢, 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,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,c), there are three phase transition curves:
(1) the first-order spin-flop transition at Hgp that sep-
arates the canted AFM and SF states; (2) a second-
order intermediate metamagnetic transition at Hypg 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
temperature T from 1.8 to 320 K measured in H = 0
for Sn-flux-grown crystal #2 and CoAs-flux-grown crys-
tal #3 are shown in Figs. 22(a) and 22(b), respectively.
The p(T') data for both crystals exhibit metallic behavior.
For the Sn-flux-grown crystal #2, the residual resistivity
is po = 12.0 uQ2 cm at T' = 1.8 K and the residual re-
sistivity 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 C,,(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 pg = 16.0 uQ cm at T = 1.8 K
and RRR = 2.16. The AFM transition is observed at
Tn = 40.0(9) K, as clearly shown in the plot of dp(T)/dT
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FIG. 19: (a) Heat capacity C} versus temperature 1" of Sn-
flux-grown crystal #2 EuCoy gg(2)As2 in various fields H, =
H||c as listed. (b) Magnetic H-T phase diagram constructed
from the C,(H,T) data in (a). The solid blue curve is a fit of
the data points by Eq. (27a).

in Fig. 22(b) inset (1), again in agreement with Ty found
from our x(7") and C,(T) data for this crystal.

The low-T data below TN was fitted well by the
quadratic expression p(7T) po + AT? correspond-
ing 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 A =
0.0022(1) pQ cm/K? for the Sn-flux-grown crystal, and
A =0.0065(1) uf2 em/K? for the CoAs-flux-grown crys-
tal.

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\® [on/T 2odx
pec(T) P0+F<®R> /O A (e —1)
(29)
where F' is a numerical constant that describes the T-
independent interaction strength of the conduction elec-
trons with the thermally excited acoustic phonons and
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FIG. 20: Same as Fig. 19 except for CoAs-flux-grown crystal
#3 EuCoy gg(2)Asz instead.

contains the ionic mass, Fermi velocity, and other param-
eters, x = %, and OpR is the resistively-determined
Debye temperature [68]. The representation for ppg(T)
used here is an accurate analytic Padé approximant func-
tion of T'/©x [68]. The fits to the data between 70 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 pa-
rameters are listed in Table VI.

On close examination, the BG model does not provide
an optimum fit to the data in Fig. 22. A phenomeno-
logical model that can describe the negative curvature
in p(T) at high T is the so-called parallel-resistor model
given by [69]

L1
p(T) PBG (T) Pmax ’

where ppax is the T-independent saturation resistivity
which is also called the Toffe-Regel limit [70], and ppa(T)
is the Bloch-Griineisen expression (29). We fitted the
p(T) data above Ty in the range 50 K < 7' < 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

(30)
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of the parameters obtained from the fits are listed in
Table VI. One sees from the table that the values of
fr for the two crystals are closer to each other for the
parallel-resistor fits compared to the BG fits by them-
selves and also the fit parameters have higher precision
for the parallel-resistor fits.

The negative curvature in the resistivity at the higher
temperature 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-Griineisan-Mott

model, given by [73]
peem(T) = pea(T) — oT?,

where ppg(T) is the Bloch-Griineisan 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). 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 T 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 de-
creases with increasing temperature and shows negative
curvature (d%p/dT? < 0).

(31)
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FIG. 22: In-plane electrical resistivity p versus temperature T’
of (a) Sn-flux-grown crystal #2 EuCo; gg(2)Asz and (b) CoAs-
flux-grown crystal #3 EuCoq g2(4)As2 as a function of tem-
perature 7' measured in zero magnetic field. Insets (1): Tem-
perature derivatives dp/dT versus T. Insets (2): Expanded
plots of p(T") at low temperatures. The straight red lines in
insets (2) are fits by p = po + AT? over the temperature in-
terval 2 K < T < 43 K. The fit parameters are listed in
Table VI. The three fits are almost indistinguishable on the
scale of the figure.

B. High-Field Resistivity

The p(T') data at selected magnetic fields applied along
the c-axis for the EuCos_,Asy 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 data in Fig. 23(a) show that the peak po-
sition at Ty shifts from 45.0(4) K at H = 0 to 35.2(5) K
at H = 8 T and the transition broadens and smears
out progressively with increasing field up to 8 T. For
the CoAs-grown crystal, Ty shifts from 40.0(9) K to
25.5(3) K with increasing field up to 9 T. The field-
dependent p(H,T) data for CoAs-flux-grown and Sn-
flux-grown crystals show different shapes below Ty.

The magnetoresistance (MR), defined as MR(H,T)=
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FIG. 23: (a) In-plane electrical resistivity p of Sn-flux-grown
crystal #2 EuCoq gg(2)As2 as a function of temperature T’
measured in the indicated magnetic fields H || ¢. For clar-
ity, the data for successive fields are offset from each other by
2 pcm as indicated. (b) Temperature derivative dp/dT ver-
sus 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.



TABLE VI: The parameters obtained from Bloch-Griineisen,
Parallel Resistor, and sd-Scattering fits obtained using
Egs. (29), (30), and (31), respectively, to p(7T) data
fir EuCoz—yAs> single crystals in the temperature range
50 K< T < 320 K.

Crystal: #2 EuCoy.gg(2)As2” #3 EuColA92(4)Aszb
Fit

Bloch-Griineisen

po (12 cm) 16(1) 17.7(3)
F (u2cm) 21(5) 12(1)
Or (K) 257(6) 213(3)
Parallel-Resistor

po (12 cm) 16.87(4) 19.55(4)
Pmax (p€2 cm) 168.9(9) 164(1)
F (u2cm) 32.9(2) 18.3(2)
Or (K) 260(2) 231(1)
sd-Scattering

po (u2cm) 14.7(1) 17.38(2)
F (u2cm) 20.4(6) 12.8(1)
Or (K) 213(6) 211(2)
a (1078 uQ cm/K?) 10.8(1) 5.14(8)

¢Grown in Sn flux with Ha-treated Co powder
bGrown in CoAs flux with Ha-treated Co powder

100%[p(H,T)—p(0,1]/p(0,T), calculated from the p(H)
data are shown in Fig. 23(c) and Fig. 24(c). At 2 K,
the MR of 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 Ty is approached, leading to a MR of a —4.4% for the
Sn-flux-grown crystal at H = 8 T and Ty = 45 K, and a
MR of —7.6% for the CoAs-flux-grown crystal at H =9 T
and Tn = 40 K. At higher temperatures 7' > T, the
MR shows positive curvature at low fields, and becomes
positive at 200 K.

In the AFM-ordered state, the exchange interactions
tend to align the spins in a different way than an exter-
nal magnetic field does. As Ty is approached from below,
the average coupling of the exchange interactions with
the conduction electrons is reduced. Hence the Eu spins
become better aligned with the applied field. This results
in a reduction of the spin-disorder scattering, leading to
an enhanced negative MR as Ty is approached. However,
increasing T also results in an increase in spin-disorder
scattering due to spin randomization by the thermal en-
ergy. Eventually spin-disorder by thermal energy dom-
inates spin alignment by the applied magnetic field, re-
sulting in a positive MR as seen at 200 K [74].
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FIG. 24: Same as Fig. 23 but with CoAs-flux-grown single
crystal #3 EuCoq g4y Asz instead.

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 ef-
fective 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 calcula-
tions 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 ®S; /2
configuration of the Eu 4f electrons, we must do spin
polarized calculations; otherwise DFT would wrongly
split the 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 plains (from here on re-
ferred as configurations F and A, respectively). Although
these are only two amongst the infinitely many configura-
tions 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 EuCos—,Ass is metallic and it is very likely that ex-
change 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 config-
urations.

Our calculations included all electrons (i.e., no pseudo-
potential was used) in the scalar relativistic approxi-
mation. We employed the Perdew-Burke-Ernzerhof ex-
change correlation functional [76] in the generalized gra-
dient 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 en-
ergy was done with the tetrahedron method [77]. Self-
consistency tolerance was set to 2 x 1075 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, respectively. 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 into two sets, the e, dou-
blet and the to, triplet. The former is less affected by the
As 4p states and appear less hybridized between —2.5 eV
and —1 eV. The ty, 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 or-
bitals), and an antibonding component at and above the
Fermi energy Ep (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 con-
figuration, the e, states have no net polarization as they
appear fully occupied below Er. The net polarization
originates from the ¢y, states around Ey. States with the

22

Energy (eV)

Energy (eV)

FIG. 25: Electronic band structure from DFT calculations for
EuCozAss with Eu moments in configuration F (top) and A
(bottom). Only states at energies above —6 eV (with respect
to the Fermi energy Fr) are shown. These bands are mainly
formed by As 4p, Co 3d, and the localized Eu 4f states which
appear around —0.8 eV.
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FIG. 26: Electronic density of states (DOS) from DFT calcu-
lations for EuCozAs2 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.
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FIG. 27: Electronic density of states (DOS) from DFT cal-
culations for EuCozAs,; with the Eu moments in configura-
tion 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.

same spin orientation as the Eu moments are stabilized
(shifted down in energy) and those with the opposite ori-
entation 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 7/2 spin for europium
ions and 0.26 for the states belonging to cobalt. In
configuration A, the total projected moment on the Eu
sites remains as 7/2 while the cobalt states display a
negligible polarization of +0.01. This is in agreement

23

Proper Screw Helix
Side View Top View

S N =
A/ ------ %)
\) Ju1
o —
< 5
/ _____ ;
X

FIG. 28: Generic helix AFM structure [57]. Each arrow rep-
resents a layer of moments perpendicular to the z axis that
are ferromagnetically aligned within the xy plane and with
interlayer separation d. The wave vector k of the helix is di-
rected along the z axis. The magnetic moment turn angle
between adjacent magnetic layers is kd. The exchange inter-
actions J.1 and J.2 within the Jo-J.1-J.2 Heisenberg MFT
model are indicated.

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 con-
sistent with the observation that in the paramagnetic
state, the fluctuating moments have an enhanced value.
As a very rough estimate, we can consider that hav-
ing 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 per Eu turns out to be
pett ~ 2+/(7/2 +0.26) x (7/2 +0.26 + 1) ~ 8.5. This es-
timate is suggestively similar to the values 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(Er) =
5 states/eV per f.u. 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(EF) is indeed expected 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 Heisen-
berg exchange interactions within the minimal Jy-J,1-.J.2
MFT model for a helix in Fig. 28 [78], where Jy is the
sum of all Heisenberg exchange interactions of a repre-
sentative spin to all other spins in the same spin layer



perpendicular to the helix (¢) axis, Ji, is the sum of all
interactions of the spin with spins in an adjacent layer
along the helix axis, and Js, is the sum of all interactions
of the spin with spins in a second-nearest layer. Within
this model kd, T and 6, are related to these exchange
interactions by [56, 57]

cos(kd) = —4{;:27 (32a)
1
Ty = S5+ [Jo + 2.1 cos(kd)
3kp
+ 2J.2 cos(2kd)],  (32Db)
S(S+1
9]) = —% (JO —+ 2Jz1 + 2Jz2) ) (32C)
B

where a positive (negative) J corresponds to an AFM
(FM) interaction. The three exchange constants Jy, J1
and J,o are obtained by solving Egs. (32) using S =
7/2, kd = 0.797, and the Tx and 0, = 0, ave values in
Table III, and the results are listed in Table VII.

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

1
Ei=3 ZJ: Ji;S(Ri) - S(Ry), (33)

where the factor of 1/2 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 fur-
ther restrict our attention to coplanar AFMs in which the
ordered moments in the ordered AFM state are aligned
in the zy plane such as for the coplanar helix.

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

52
Ei = 7 Z Jij COS ¢ji7 (34)
J

where cos ¢;; = S(R;)-S(R;) and ¢;; is the azimuthal an-
gle within the zy plane between the ordered spins S(R;)
and S(R;). Within the Jy-J.1-J.2 model one obtains

2
E, = % [Jo 2.1 cos(kd) + 2] cos(%d)}, (35)

where we take the ground-state turn angle to be kd =
0.797 for all EuCos_,Asy samples. Using S = 7/2 and
the values of Jy, J.1 and J.o in Table VII, one obtains
the classical ground-state energies per spin E; listed in
Table VII. The values are in the range —46 K to —52 K,
with magnitudes that are similar to the Néel tempera-
tures themselves as might have been expected.
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FIG. 29: Body-centered tetragonal Eu sublattice, where
c¢/a = 2.93. The Heisenberg exchange interactions Ja, Jg
and Jc are defined in the figure.

The bct Eu sublattice of EuCogAss is shown in Fig. 29,
where the measured ratio ¢/a = 2.93 is to scale. Assum-
ing that the exchange interactions Ja, Jp and Jc in the
figure are the only ones present, in terms of the interac-
tions in the Jy-J.1-J.2 model one has

Jo=4Ja, Ja=4Jp, Jn=Jc. (36)

Then using the values of Jy, J.1 and J.o in Table VII
one obtains the Ju, Jg, and Jg values which are listed
in Table VII.

X. SUMMARY

Investigations of the physical properties of
EuCoy_yAsy crystals with the ThCrySis 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 CaCoa_,Asy [29, 30].

In-plane electrical resistivity p(T") measurements indi-
cate metallic behavior of the two crystals studied, with a
kink in p(T) at the respective Ty. High-field p(T) data
with H || ¢ reveal negative magnetoresistance, reaching
~-b5%atT=2Kand H=9T.

EuCoy_,As, contains Eut? ions with expected
spin S = 7/2 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 struc-
ture below Ty with the Eu moments aligned in the
ab plane. Zero-field heat capacity C}, measurements were
carried out and the magnetic contribution Ciyag (1) was
extracted. The Chag(T) data below Ty were fitted rea-
sonably well by MET. The Cpag(T) above Ty is nonzero,
indicating the presence of dynamic short-range AFM or-
dering above Ty. Thus the molar magnetic entropy Smag
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TABLE VII: Exchange constants in the Jo-J.1-J.2 model obtained from Egs. (32) and the corresponding classical ground-state
energies per spin E; calculated from Eq. (35). The exchange interactions between Eu spins Ja, Jg and Jc obtained using
Eq. (36) are also listed. Negative J values are FM and positive values are AFM.

Compound Jo/ks J.1/kB J.2/kn Ei/kp Ja/ks Je/kB Jo/ks
(K) (K) (K) (K) (K) (K)
#1 EuCoy go(1)As2” —6.85 1.222 0.387 —50.1 —1.712 0.306 0.387
#2 EuCoy gg(2)As2” —6.84 1.200 0.380 —49.9 —1.711 0.300 0.380
#3 BEuCoy go(4)As2® —6.58 0.836 0.265 —45.9 —1.645 0.209 0.265
#4 EuCoy go(2) Asz? —6.54 0.853 0.270 —45.7 —1.635 0.213 0.270
#5 EuCoy go(1)As2? —6.60 0.755 0.239 —47.0 —1.651 0.189 0.239
EuCozAsy? [47] —6.87 0.606 0.192 —46.1 —1.718 0.151 0.192
EuCosAsy® [44] —6.77 1.533 0.485 —51.7 —1.693 0.383 0.485

¢Grown in Sn flux
bGrown in Sn flux with Ha-treated Co powder
¢Grown in CoAs flux with Ha-treated Co powder

dGrown in CoAs flux
¢Grown in Bi flux

at Tx is only about 90% of the completely disordered
value RIn8, the remainder being recovered by about
70 K.

The high-field magnetization in the ab plane below Tx
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 a second-order transition of unknown nature in ad-
dition to the expected second-order canted-AFM to PM
transition. High-field C},(T) measurents with H || ¢ 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 || ab and H || ¢ versus T
planes were constructed from the high-field magnetiza-
tion and heat capacity results.

A primary goal of the present work was to investigate
a possible enhancement of the Eu magnetic moment for
crystals of EuCoz_,Asy prepared under different condi-
tions. Shown in Table VIII is a summary of the effective
moments peg obtained from modified Curie-Weiss law
fits in the paramagnetic state at T' > Ty for five of the
crystals studied here and the corresponding saturation
moments fig,t obtained from high-field M (H) isotherms
at T'= 2 K of EuCoz_,Asy from Tables III and IV, re-
spectively. These two moments are given in general for a
spin with no contribution of orbital moments by

et = g/ S(S+ 1) s,
Hsat = gSNB

(37a)
(37b)
For spin-only Eu™2, one expects S = 7/2 and g ~ 2,
yielding

(38a)
(38b)

Heffo = 7.94,[LB/E11,
Hsat0) — 7-00,UB/E11

Comparing these values with those in Table VIII shows
that both Sn-flux-grown and CoAs-flux-grown crystals

show significant enhancements of peg and/or pigar. Also
shown in the table are the relative enhancements of the
observed moments with respect to the expected moments
as expressed by Ap/po = (tobs — f40)/to- One sees that
the effective moment pqg values are all enhanced by 6.7%
t0 9.1% with respect to the unenhanced value. The satu-
ration moments ps,t also exhibit enhancements, but the
enhancement is more variable, from 0.4% to 8.4%.

Shown in Fig. 30(a) is a plot of Ty versus the tetrago-
nal ¢/a ratio obtained using the data in Tables I and VIIIL.
One sees an approximately linear positive correlation be-
tween Tx and ¢/a. On the other hand, the correlations
between piog and fisat versus ¢/a show no clear correla-
tion.

If one does not include a T-independent term yo when
fitting the paramagnetic-state data by the Curie-Weiss
law, negative curvature is usually observed in the x ~*(7")
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 xq
which is negative but with a magnitude far smaller than
the diamagnetic fitted values for our crystals. This sug-
gests that indeed the Curie constant and hence effective
moment may be temperature-dependent, increasing with
decreasing temperature.

Table VIII also contains literature data for pe.g and
lsat 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
EuCoy_,As, and those of the other compounds starkly il-
lustrates the anomalous enhancement of the Eu moments
in EuCOQ,yASQ.

From Egs. (37), enhancement of the Eu moment could
arise from enhancement of g, of S, or both. Such an en-
hancement occurs in ferromagnetic Gd metal containing
Gd*3 ions with S = 7/2, where the saturation moment
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TABLE VIII: Effective moment peg and saturation moment psat at 7= 2 K of EuCoz_,Asz obtained from Tables III and IV.
The fourth and sixth columns show the deviations of these quantities from the theoretical values in Eqs. (38). Literature data

for other compounds are also shown.

Crystal Field Jeff % P %
Designation Direction (uB/Eu) (%) (uB/Eu) (%)
#1 EuCOlAgo(l)ASQa H H ab 8.48 6.8 7.15 2.1
H|c 8.47 6.7 7.05 0.7
#2 EuCoy go(2) Asz” H | ab 8.59 8.2 7.03 0.4
H|c 8.66 9.1 7.05 0.7
#3 EuCOlA92(4)ASQC H H ab 8.59 8.1 7.59 8.4
H|c 8.49 6.9 7.57 8.1
#4 EuCoy go(2)As2? H || ab 8.51 7.2 7.34 4.9
Hl|c 8.50 7.1 7.19 2.7
#5 EuCo; gg(2) Asz2? H || ab 8.56 7.8 7.50 7.1
H|c 8.71 9.7 7.58 8.3
EuCozAsy [44] 7.26(8) 3.7
EuCo2P2 [40, 43] H | ab 7.83(1) —1.4 6.9(1)¢ —1.4
H|c 7.84(1) —-1.3
EuFezAs; [79] 6.8(3)7 —29
EuPd2Sb2° [80] 7.61(2) —4.2
EuCuzAs; [81] H | ab 7.72(1) —2.8 6.66 —4.9
Hl|c 7.82(1) —-1.5 6.77 -3.3
EuCu; g2Sb2¢ [81, 82] H || ab 7.70(1) -3.0 6.76" —3.4
H| ¢ 7.77(1) —2.1 6.95 —0.7
¢Grown in Sn flux
bGrown in Sn flux with Ha-treated Co powder
¢Grown in CoAs flux with Ha-treated Co powder
4Grown in CoAs flux
“Primitive-tetragonal CaBexGea structure with space group
P4/nmm
fCrystal grown in Bi flux; no Co vacancies detected; neutron
diffraction measurement
9From neutron-diffraction measurements [40]
hNeutron-diffraction measurements [82] give an ordered moment
of 7.08(15) up/Eu
at 4.2 K is 7.55(2) pup/Gd [83]. This enhancement above Acknowledgments

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 S = 7/2 in
Table VIII. It has been inferred from neutron diffraction
studies [46] that the Co atoms do not contribute to the
ordered moment of EuCos_,Asy below 7. It therefore
seems likely that the effective spin value is increased by
polarization of the conduction carrier spins by the or-
dered Eu spins. This expectation is indeed confirmed by
our electronic structure calculations.
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