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Magnetic phase transitions in Eu(Co;_,Ni,),_,As, single crystals
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The effects of Ni doping in Eu(Co,_,Ni,),_,As, single crystals with x =0 to 1 grown out of self-flux are
investigated via crystallographic, electronic transport, magnetic, and thermal measurements. All compositions
adopt the body-centered-tetragonal ThCr,Si, structure with space group /4/mmm. We also find 3%—4% of
randomly distributed vacancies on the Co/Ni site. Anisotropic magnetic susceptibility x, (¢ = ab, ¢) data
versus temperature 7 show clear signatures of an antiferromagnetic (AFM) c-axis helix structure associated
with the Eu™? spins % for x = 0 and 1 as previously reported. The x,(7) data for x = 0.03 and 0.10 suggest an
anomalous 2¢ magnetic structure containing two helix axes along the ¢ axis and in the ab plane, respectively,
whereas for x = 0.75 and 0.82 a c-axis helix is inferred as previously found for x = 0 and 1. At intermediate
compositions x = 0.2, 0.32, 0.42, 0.54, and 0.65, a magnetic structure with a large ferromagnetic (FM) c-axis
component is found from magnetization versus field isotherms, suggested to be an incommensurate FM c-axis
cone structure associated with the Eu spins, which consists of both AFM and FM components. In addition, the
x (T') and heat capacity C,(T ) data for x = 0.2-0.65 indicate the occurrence of itinerant FM order associated with
the Co/Ni atoms with Curie temperatures from 60 to 25 K, respectively. Electrical resistivity p(7") measurements
indicate metallic character for all compositions with abrupt increases in slope on cooling below the Eu AFM
transition temperatures. In addition to this panoply of magnetic transitions, >'Eu Mossbauer measurements
indicate that ordering of the Eu moments proceeds via an incommensurate sine amplitude-modulated structure

with additional transition temperatures associated with this effect.
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I. INTRODUCTION

Many RM,X, (abbreviated as 122-type) ternary com-
pounds (R = rare-earth or alkaline-earth metal, M = transi-
tion metal, X = pnictogen), crystallize in the body-centered-
tetragonal ThCr,Si, structure with space group [4/mmm.
They have been widely investigated owing to a variety of
remarkable physical properties such as unconventional super-
conductivity, heavy-fermion behavior, valence fluctuations,
quantum criticality, and different types of magnetic transi-
tions [1-10]. The 122-type compounds are quite sensitive to
the peculiarities of electronic band structure and the Fermi
surface. In particular, tuning the system either by external
stimuli (pressure, temperature) or chemical substitution leads
to a variety of ground states [11-21]. For example, EuFe,As;
exhibits localized Eu*? spin—% A-type antiferromagnetism
below 19 K and an itinerant antiferromagnetic (AFM) spin-
density-wave (SDW) ordering accompanied by a tetragonal-
to-orthorhombic structural phase transition below 190 K. Su-
perconductivity can be induced in EuFe,As, by suppressing
the SDW ordering either by chemical substitution or by ap-
plying external pressure [22-28].

The ThCr,Sir-type  Co  pnictides EuCo,P, and
EuCo,_,As, have also attracted considerable attention.
EuCo,P, has an uncollapsed-tetragonal (ucT) structure
[29]. It shows AFM ordering below 7y = 66 K on the
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Eu™? sublattice and there is no evident contribution to
the ordering from the Co atoms at ambient pressure [30].
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 with propagation vector
k = (0,0,0.85)(2w /c) [31]. This compound undergoes a
pressure-induced first-order ucT to collapsed-tetragonal (cT)
transition at ~3 GPa [32]. !Eu high-pressure Mossbauer
experiments (0 < p < 5 GPa) [33] reveal a valence transition
of Eu from Eu*? with spin § = % and angular momentum
L = 0 to nonmagnetic Eu*? (") at p = 3 GPa together with
emergence of itinerant 3d magnetism on the Co sublattice
which orders antiferromagnetically at 7,.° = 260 K. The
unique feature of EuCo,P; is that it changes its magnetic
character from Eu(4 f) ordering to Co(3d) ordering depending
on its lattice parameter. For this reason, EuCo,P; is a model
system for band-structure calculations studying 3d moment
formation in the ThCr,Si,-type structure [33]. We showed
that EuCo,P, is a textbook example of a noncollinear
helical antiferromagnet at ambient pressure for which the
thermodynamic properties in the antiferromagnetic (AFM)
state are well described [34] by our recent formulation of
molecular field theory (MFT) [35,36].

EuCo;_,As; is isostructural and isoelectronic to EuCo, P,
and exhibits AFM ordering of the Eut? spins % below
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Tn = 47 K [22,37-41]. Neutron-diffraction measurements re-
vealed that the AFM structure is the same coplanar c-axis
helical structure as in EuCo,P, with propagation vector k =
(0,0,0.79)(2m /c) and no evident participation of Co in the
ordering [40].

It is interesting to note the differences between EuCo,P,
and EuCo,_yAs, as a consequence of their different Co-P
and Co-As networks. Their c/a ratios are similar, 3.01 for
EuCo,P; and 2.93 for EuCo,_,As,. However, EuCo,_,As;
exhibits a continuous ucT to cT transition under applied
pressure p &~ 5 GPa that leads to an intermediate-valence state
Eu™?? at 12.6 GPa [38]. As a result, the electronic structure
change eliminates the AFM ordering of the Eu spin sublattice
and ferromagnetic (FM) ordering then arises in which both
Eu (4f) and Co (3d) moments participate with a Curie tem-
perature 7c = 125 K, as confirmed by x-ray magnetic circular
dichroism measurements and electronic structure calculations
[40].

Conventionally, the paramagnetic (PM) effective moment
of Eu™? with spin § = % and spectroscopic splitting factor
g = 2 is calculated to be per &~ 7.94 up/Eu. Instead, crystals
of the helical antiferromagnet EuCo,_,As, exhibit an en-
hanced effective moment u.s = 8.5 ug/Eu, where uyg is the
Bohr magneton [41]. This enhancement is consistent with the
occurrence of an enhancement of the low-7" ordered moment
to 7.26(8)up found in the neutron-diffraction study [40]. Ab
initio calculations showed that the enhancements arise from
FM polarization of the conduction electron spins around each
Eu spin [41]. This was the second example of a helical
antiferromagnet with thermal and magnetic properties that are
fitted rather well by MFT [35,36]. In Ref. [41], we also found
a Co vacancy concentration up to y = 0.1 in EuCo,_,As,.

Studies of P3Eu, 7 As, and *°Co NMR were also carried
out on a crystal of EuCo,_,As, [42], where NMR signals from
all three isotopes were observed. From the applied magnetic
field dependence of the '*Eu and >As NMR spectra at low
temperature 7 < Ty = 45 K, the signals were consistent with
an incommensurate helical AFM structure with propagation
vector [0, 0, 0.73(7)]27 /¢, which is the same within the
errors as the propagation vector found from the above neutron-
diffraction experiment [40]. In addition, from the ¥Co NMR
it was determined that the Co atoms do not participate in
the AFM ordering, again consistent with the conclusion from
the neutron-diffraction measurements [40]. The temperature
dependence of the ">As hyperfine field below Ty was fitted
quite well by a Brillouin function for spin S = %

The electron-doped analog EuNiy_,As, of EuCo,_,As; is
metallic and from magnetic susceptibility and heat-capacity
measurements exhibits an AFM transition at Ty ~ 14-15 K
[43-46]. The electron doping is inferred from the fact that
Ni has one more 3d electron than Co does. This compound
has recently been found from neutron-diffraction measure-
ments to have a c-axis helical AFM structure with Ty =
15 K and AFM propagation vector k = (0, 0, 0.9200)2x /c,
corresponding to a turn angle of 165.6(1)° along the ¢ axis
between adjacent layers of Eu spins ferromagnetically aligned
in the ab plane [45].

We subsequently reported a comprehensive study of the
properties of single crystals of EuNi,_,As, [46], where the

analysis of the anisotropic magnetic susceptibility x data
below Ty by MFT yielded a c-axis helical turn angle in good
agreement with the neutron-diffraction result. In addition, a
2.5% vacancy concentration on the Ni sites was detected.
A good fit of the electrical resistivity p(T) by the Bloch-
Griineisen electron-phonon scattering theory was obtained.
The magnetic contribution to the heat capacity C,(T') below
Ty was compared with the MFT prediction. The ab-plane
isothermal magnetization M,,(H) exhibited two metamag-
netic transitions in fieldsupto H = 14 T at T = 2 K, whereas
M_.(H) was linear up to the critical field, both in agreement
with MFT. A review of the crystallographic and magnetic
properties of ThCr, Si,-type pnictides (Pn) EuM,Pn, was also
presented in Ref. [46] in which only ferromagnetic and c-axis
helical AFM structures are found to be present. Here, an
A-type antiferromagnet with FM ab-plane ordered-moment
alignment was considered to be a c-axis helix with a 180°
turn angle between the ordered moments in adjacent ab-plane
layers.

In this work we report a comprehensive single-crystal
study of the mixed system Eu(Co;_,Ni,),_,As; including the
crystallographic, magnetic, thermal, and electronic-transport
properties obtained using single-crystal x-ray diffraction
(XRD), x(T), M(H), "'Eu Méssbauer, C,(T), and p(T)
measurements. Our major results are the discoveries of itin-
erant FM ordering associated with the Co/Ni spins and of a
structure with both FM and AFM components at intermediate
compositions from M(H), x(T), and C,(T') measurements
that we suggest is an Eu-spin cone phase, and the discov-
ery of unexpected magnetic behaviors on approaching 7y in
both undoped and Ni-doped Eu(Co;_,Ni,),_,As, from '*'Eu
Mossbauer measurements.

The experimental details are given in Sec. II. The crys-
tallographic data and composition analyses are presented in
Sec. III. The low-field M (H ) and the x (T') data are presented
and analyzed in Sec. IV, high-field M (H ) isotherms in Sec. V,
ISTEy Mossbauer measurements in Sec. VI, the C,(T') data in
Sec. VII, and the p(T') measurements in Sec. VIII. Concluding
remarks are given in Sec. IX.

II. EXPERIMENTAL DETAILS

Single crystals of Eu(Co;_,Ni,),_,As, with measured
compositions x = 0, 0.03, 0.10, 0.20, 0.32, 0.42, 0.54, 0.65,
0.75, 0.82, and 0.93 were grown using self-flux. The starting
materials were high-purity elemental Eu (Ames Laboratory)
and Co (99.998%), Ni (99.999%), and As (99.99999%) (Alfa
Aesar). The sample and flux were taken in a Euw:4(1 — x)
CoAs:4x NiAs molar ratio and placed in an alumina crucible
that was sealed under %% atm high-purity argon in a silica
tube. The sealed samples were preheated at 600°C for 5 h,
and then heated to 1300 °C at a rate of 50 °C/h and held there
for 15 h for homogenization. Then, the furnace was slowly
cooled at the rate of 6°C/h to 1180°C. The single crystals
were separated by decanting the flux with a centrifuge at
that temperature. Several 2—4 mm size shiny platelike single
crystals were obtained from each growth.

The phase purity and chemical composition of the
Eu(Coy_Ni,),_,As, single crystals were checked using
an energy-dispersive x-ray spectroscopy (EDS) chemical
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TABLE 1. Crystallographic data for Eu(Co;_(Ni,),_,As, single crystals (x = 0.03-0.93) at room temperature, including the fractional
c-axis position zxg of the As site, the tetragonal lattice parameters a and c, the c¢/a ratio, the unit-cell volume V¢ containing Z = 2 formula
units of Eu(Co;_Ni, ),_,As,, and the molar volume Vj;, where a mole is a mole of formula units. The Co and Ni compositions and total Co/Ni
site occupation in the first column were obtained from EDS analyses, whereas the unit-cell parameters and fractional z,s coordinates were
found from single-crystal structural analyses. The present work is denoted by PW. Corresponding data from the literature for EuCo,_,As, and

EuNi,_,As; are also shown.

a c Veell WM
Compound Zas A) A) c/a (A% (cm?/mol) Ref.
EuCo) 942)As; 0.3607(1) 3.9478(7) 11.232(2) 2.845(1) 175.05(7) 52.71(2) [41]
Eu(Co0.97(1Nio.03(1))1.92(1)AS2 0.3609(3) 3.964(8) 11.2202) 2.831(6) 176.3(8) 53.1Q2) PW
Eu(Cog.00(1)Nio.1001))1.92(2)AS2 0.3608(2) 3.978(5) 11.07(1) 2.782(7) 175.1(5) 52.7(2) PW
Eu(Coo g0c1)Nig201))1.942)A82 0.3613(1) 3.994(3) 10.836(8) 2.713(4) 172.8(3) 52.03(9) PW
Eu(Cog.68(1)Nio32(1))1.942)AS2 0.3628(3) 4.027(2) 10.573(5) 2.625(2) 171.5(2) 51.64(6) PW
Eu(Coys5(1)Nio.42(1))1.94(1)AS2 0.36396(4) 4.046(9) 10.462(2) 2.585(1) 171.2(8) 51.5(2) PW
Eu(Coo.46(1)Nios41))1.942)A82 0.36424(5) 4.062(2) 10.328(5) 2.543(2) 170.3(2) 51.28(6) PW
Eu(C0q.3502)Nio6502))1.942)AS2 0.36476(5) 4.079(2) 10.268(5) 2.517(2) 170.9(2) 51.46(6) PW
Eu(Cog.2502)Nio 752 )1.94(2)AS2 0.36531(5) 4.091(2) 10.217(5) 2.497(2) 171.0(2) 51.49(6) PW
Eu(Coy,182)Nig 8202))1.942)A82 0.3657(1) 4.100(1) 10.155(3) 2.477(1) 170.7(1) 51.40(3) PW
Eu(C0.07¢1)Nioo3(1))1.942)AS2 0.36627(4) 4.099(3) 10.092(9) 2.462(4) 169.5(3) 51.04(9) PW
EuNi, 951, Asy 0.36653(8) 4.1052(8) 10.027(2) 2.442(1) 168.99(7) 50.88(2) [46]

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 and revealed good homogeneity in each
crystal. The results of the composition analyses are given
in Table I. The same crystals were utilized to perform the
physical-property measurements.

Single-crystal x-ray diffraction (SCXRD) measurements
were performed at room temperature on a Bruker D8 Venture
diffractometer operating at a tube voltage of 50 kV and a
current of 1 mA equipped with a Photon 100 CMOS detector,
a flat graphite monochromator and a Mo K,, IS microfocus
source (A = 0.71073 A). The preliminary quality testing was
performed on a set of 32 frames. The raw frame data were
collected using the Bruker APEX3 software package [47].
The frames were integrated with the Bruker SAINT program
[48] using a narrow-frame algorithm integration and the data
were corrected for absorption effects using the multiscan
method (SADABS) [49] within the APEX3 package. The atomic
positions were refined assuming partial occupancy of the
Ni/Co sites and complete occupancy of the Eu and As sites.
Since simultaneous refinement of the fraction of Ni/Co and
total occupation of the position is not possible by means
of SCXRD, only the total occupancies were refined based
on the Ni/Co ratio taken from the EDS data. The atomic
displacement parameters were refined anisotropically. Initial
models of the crystal structures were first obtained with the
program SHELXT-2014 [50] and refined using the program
SHELXL-2014 [51] within the APEX3 software package.

A polycrystalline sample of EuCo,_,As, was obtained
for ''Eu Mossbauer measurements by crushing several
EuCo,_,As; crystals grown in Sn flux; the growth and proper-
ties of these crystals are well documented in Ref. [41]. Poly-
crystalline samples of Eu(Co;_,Ni,)2As, with x = 0.2 and
0.65 for the Mossbauer measurements were synthesized by
solid-state reaction using high-purity Eu (Ames Laboratory),

and Co (99.998%), Ni (99.999%), and As (99.99999%) from
Alfa Aesar. Stoichiometric mixtures of these elements were
pelletized and placed in alumina crucibles that were sealed in-
side evacuated silica tubes. The samples were heated to 900 °C
at a rate of 50°C/h, held there for 24 h, and then cooled to
room temperature at a rate of 50 °C/h. The samples were then
thoroughly ground, pelletized, and again sealed in evacuated
quartz tubes. The samples were finally sintered at 900 °C for
72 h followed by cooling to room temperature with a 100 °C/h
temperature ramping rate. Room-temperature powder XRD
measurements were carried out using a Rigaku Geigerflex
x-ray diffractometer with Cu-K,, radiation. Structural analyses
were performed by Rietveld refinement using the FULLPROF
software package [52].

Magnetization data were obtained using a Quantum De-
sign, Inc., SQUID-based magnetic-properties measurement
system (MPMS) in magnetic fields up to 5.5 T, where 1 T =
10* Oe, and using the vibrating-sample magnetometer (VSM)
option in a Quantum Design, Inc., physical-properties mea-
surement system (PPMS) in magnetic fields up to 14 T. The
magnetic moment output of these instruments is expressed in
Gaussian cgs electromagnetic units (emu), where 1 emu =
1 Gcem? and 1 G = 1 Oe. The heat capacity C(H,T)
was measured with a relaxation technique using a PPMS.
The p(H, T') measurements were performed using a standard
four-probe ac technique using the ac-transport option of the
PPMS with the current in the ab plane. Annealed platinum
wire (25 um diameter) electrical leads were attached to the
crystals using silver epoxy.

The 'S'Eu Mossbauer spectroscopy measurements were
carried out using a 4-GBq ''SmF; source, driven in sine
mode and calibrated using a standard °’CoRh/a-Fe foil. Iso-
mer shifts are quoted relative to EuF; at ambient temperature.
The sample was cooled in a vibration-isolated closed-cycle
helium refrigerator with the sample in helium exchange gas.
Where line broadening was not observed (typically at the
lowest temperatures and again well above the magnetic tran-
sitions) the spectra were fitted to a sum of Lorentzian lines
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with the positions and intensities derived from a full solution
to the nuclear Hamiltonian [53]. The tetragonal 4/mmm point
symmetry of the Eu site in these materials puts significant
constraints on the form of the electric field gradient (efg)
tensor, requiring it to be axially symmetric, with the principal
component (usually denoted V) directed along the crystal-
lographic ¢ axis. These features of the efg mean that we are
not sensitive to rotations of the moments around the ¢ axis,
only canting of the moments away from the ¢ axis. For ex-
ample, the incommensurate coplanar c-axis helical magnetic
structure reported for EuCo,As; [40] has all of the moments
perpendicular to the ¢ axis with rotations within the ab plane
as we move along the ¢ axis. This yields a single effective
environment for the europium atoms in the '>'Eu Mdssbauer
spectrum, so a sharp single-component spectrum is observed.

III. CRYSTAL STRUCTURES
A. Single crystals

The chemical compositions and crystallographic data
for the Ni-doped EuCo,_,As; single crystals obtained from
the single-crystal XRD and EDS measurements at room
temperature are presented in Table I. The data confirm that
Eu(Co,_,Ni,);As, with x = 0 to 1 adopt the ThCr,Si,-type
body-centered-tetragonal  structure with space group
14/mmm. We also confirm partial occupation of the Co/Ni
site from both EDS and single-crystal XRD measurements,
similar to EuCo,_yAs, [41], with concentrations listed in
Table I.

The lattice parameters a and c, the c-axis As position pa-
rameter zas, the ratio c¢/a, and the unit-cell volume V. = a*c
are plotted versus x in Fig. 1. The c lattice parameter decreases
upon Ni doping, whereas the a lattice parameter strongly
increases with x. These behaviors give rise to the strongly
nonlinear variation of V¢ with x. Furthermore, the ¢/a ratio
smoothly decreases with x, whereas the z5s increases with
X, suggesting important changes to the electronic properties.
This smooth decrease in ¢/a with x indicates the occurrence of
a continuous structural crossover from the ucT structure at x =
0 to the cT structure at x = 1, similar to Sr(Co;_,Ni,),As,
[54].

The values of ¢/a for x = 0.2 (2.713) and x = 0.3 (2.625)
are in the vicinity of the crossover at 2.67 between the ucT
and cT structures [29]. We therefore infer that a structural
crossover occurs in Eu(Coj_,Ni,),_yAs, at x ~ 0.2. In the
following sections, we study how these structures change due
to electron doping of EuCo,_,As, correlate with the ground-
state properties of the system.

B. Polycrystalline samples

Room-temperature powder XRD patterns of the polycrys-
talline Eu(Co;_,Ni,),As; samples with x = 0.20 and 0.65 are
shown in Figs. 2(a) and 2(b), respectively. The Rietveld refine-
ments confirm that both samples crystallize in the ThCr,Si,-
type crystal structure with space group 14/mmm. The lattice
parameters are found to be a = b = 4.0027(2) A and ¢ =
10.8636(8) A forx = 0.20,anda = b = 4.0806(1) Aand ¢ =
10.3261(4) A for x = 0.65, similar to the lattice parameters
of the respective single crystals in Table I. The refinements
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FIG. 1. Crystallographic parameters for Eu(Co;_,Ni,);_,As,
single crystals versus composition x, including (a) the As c-axis
parameter za,, (b) the ¢/a ratio and unit-cell volume V.., and (c) the
a and c lattice parameters. The dashed lines are guides to the eye.
The inset of (a) shows a unit cell of Eu(Co;_,Ni,),_,As;.

yielded full occupancy of the Co/Ni site to within 1% for both
samples.

IV. MAGNETIC SUSCEPTIBILITY MEASUREMENTS

The zero-field-cooled (ZFC) magnetic susceptibilities
x(H,T)=M(T)/H of Eu(Co;_Ni,),_,As, single crystals
with x = 0, 0.03, 0.10, 0.20, 0.32, 0.42, 0.54, 0.65, 0.75, and
0.82 measured in an applied field H = 0.1 T aligned along
the ¢ axis (x., H || ¢) and in the ab plane (x.», H | ab) are
shown in Fig. 3. The Eu-spin Ty values of the crystals are es-
timated from the temperatures of the maxima of d(x.,7T)/dT
versus T [55] and are listed in Table II. EuCo; ¢ As, exhibits
Ty = 45.1 K [Fig. 3(a)] as previously reported [41]. The Ty
decreases monotonically with increasing Ni doping x and
reaches 15 K at x = 1, close to the value previously reported
for EuNi gsAs; [46]. It is also apparent from Fig. 3 that the
magnitude of x,,(7) near 7y increases strongly with increas-
ing Ni doping for x = 0.1, 0.2, and 0.3. In particular, the crys-
tal with x = 0.20 exhibits the strongest increase in y,,(7n)

084407-4



MAGNETIC PHASE TRANSITIONS IN ...

PHYSICAL REVIEW MATERIALS 4, 084407 (2020)

" (@) o
1500 -
Ical
8 Iobs Ica\l
1000 i | Bragg position of ]
Eu(coﬂ.sNio.z)zAsz E
500 e
8 0 o N T
z W”M’J” ettt
£ 2500 |- (b) J
E i © obs b
2000 | —, -
1500 [ Iobs-Ical
__ I Bragg position of _
1000 L Eu(COO.BSNi0,65)2AS2_
500

e Fomct) > Y o ]
¥ Rimaiad Ll

-500 - 1 A L 1 L 1 L =
20 40 60 80 100
20 (degree)

FIG. 2. Room-temperature powder XRD patterns along with Ri-
etveld refinement of Eu(Co,_,Ni,),As, polycrystalline compounds
for (a) x = 0.2 and (b) x = 0.65.

compared with crystals with compositions on either side. In
contrast, for the crystals with x = 0.42-0.65, the magnitude
of x.(T) is greater than y,,(T) near Ty. Furthermore, the
system Eu(Co;_,Ni,),_,As, exhibits an additional transition
at Tc coyni attributed below to FM ordering associated with the
Co/Ni atoms for compositions in the range 0.20 < x < 0.54
as shown in Figs. 3(d)-3(g) and listed in Table II.

For the end-point compositions EuCo,_,As, and
EuNi;_,As;, neutron-diffraction [40,45] and magnetic-
susceptibility [46,54] studies demonstrated that the Eu AFM
structure is a planar helix with the Eu ordered moments
aligned in the ab plane with the helix axis being the ¢ axis.
The data for x = 0.65-0.82 suggest a c-axis helix magnetic
structure as in the end-point compounds whereas the data for
x = 0.03 and 0.10 suggest the superposition of a c-axis helix
and an ab-plane helix where the moments are aligned in an
ab-c plane perpendicular to the ab-plane helix axis. However,
the x(T) data for intermediate compositions x = 0.2-0.54
are more complicated because in this composition range
two transitions are observed: a likely transition to a c-axis
Eu cone structure with a c-axis FM component and a
higher-temperature ferromagnetic transition associated with
the Co/Ni atoms that is likely of itinerant origin (see below).
Coupled with these observations, the scale of the ordinates in
Fig. 3 increases by more than an order of magnitude between
x =0 and 0.2, remains larger than for x = 0 from x = 0.32
to 0.75, then returns to the scale for x = 0 at x = 1. In the
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FIG. 3. Zero-field-cooled (ZFC) magnetic susceptibility x =
M/H of Eu(Co;_,Ni,)>_yAs, (x = 0, 0.03, 0.10, 0.20, 0.32, 0.42,
0.54,0.65,0.75, and 0.82) single crystals as a function of temperature
T, from 1.8 to 300 K, measured in magnetic fields H = 0.1 T applied
in the ab plane (x., H || ab) and along the ¢ axis (x., H || ¢). Note
the factor of 50 increases in the ordinate scale between x = 0 and 0.2
and the subsequent reduction by the same factor by x = 0.82.

following two sections we first discuss the helical orderings
and then the ferromagnetically ordered component.

A. Helical antiferromagnetic ordering

In this section we analyze the anisotropic x(7") data for
x =0.03, 0.10, and 0.65-0.82 in Fig. 3 in terms of helical
orderings. We also include the data and analyses of single-
crystal x(7') data for the x = 0 and 1 end-point compounds
[46,54]. As described in Refs. [35,36], for a Heisenberg spin
system that has a helical AFM structure with the moments
aligned in the ab plane of a tetragonal crystal structure,
Xc 1s independent of 7" and spin S below 7y whereas x,p
monotonically decreases as the temperature decreases below
Ty as shown for x = 0 in Fig. 3(a).
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TABLE II. Comparison of transition temperatures 7Tyg, and
Tcconi of Eu(Co_,Ni,)>—yAs; (x = 0 — 1) obtained from magnetic
susceptibility x(7') data at an applied field H = 0.1 T, and from
electrical-resistivity o(T) and heat-capacity C,(T') datain H = 0.

From x(T') From p(T) From C,(T')

INEu Tcconi INEu Tc coni INEu Tccopni
X (K) X) (K) X X) (K)
0 45.1(8) 45.0(4) 45.1(2)
0.03 44(1) 43.9(3) 43.6(2)
01 431 43.1(4) 42.8(1)
0.2 33(1) 60(2) 58.2(4) 29.84) 57.8(4)
0.32 25(1) 66(1) 252(3) 66.2(2) 24.2(5) 63.5(6)
0.42 25(1) 58(1) 24.4(33) 582(2) 239(1) 54.3(Q2)
0.54 23(1) 40(1) 23.08) 39.3(5) 23.02) 35.8(5)
0.65 21(1) 25(1) 24.5(8) 20.8(6)
075  19(1) 18.8(2) 17.803)
0.82 16.6(3) 16.5(2) 16.2(4)
1 14.4(5) 14.2(8) 14.4

When there is anisotropy above Ty, for example due to
anisotropic FM fluctuations that appear to be present in
the Eu(Co;_,Niy),_,As; system, we first take the spherical
average of the data above Ty giving x;(T), thus eliminating
the effects of anisotropy above Ty. Then, we translate the
Xar(T < In) and x.(T < Ty) data vertically so that they meet
the now isotropic PM x;(T > Ty) data at Ty. The results of
this procedure for the crystals with x = 0 [54], 0.03, 0.10, and
0.65-0.82 are shown in Fig. 4.

Within a one-dimensional Jy-J;-J» MFT model for a c-axis
Heisenberg helix, one obtains [35,36]

Xab(T — 0) . 1
xao(Tn)  2[1 + cos(kd) + cos?(2kd)]’

ey

where kd for a c-axis helix is the turn angle from magnetic-
moment layer to layer along the c axis between ferromagneti-
cally aligned moments aligned in the ab plane. A plot of this
ratio versus kd is shown in Fig. 5 [35,36]. It is evident that if
the ratio is less than %, there is only one solution to the turn

angle kd. However, for ratios between % and 1, there are two
possible solutions. By comparison with neutron-diffraction
results if available, one can choose the appropriate value for
the latter value. If no such additional information is available,
one can choose the more likely value from continuity of
kd with composition on approaching x = 0 or 1. From the
data for x = 0 and 1 in Fig. 4 and a comparison of the two
calculated kd values for each composition with the respective
neutron-diffraction data, Eq. (1) gives kd = 0.85n rad forx =
0 [41] and kd = 0.887 rad for x = 1 [46], where both values
are in good agreement with the respective neutron-diffraction
results [40,45].

Within MFT, for T < Ty the perpendicular susceptibility
X of a c-axis helical Heisenberg AFM is predicted to be inde-
pendent of T (and S), in reasonable agreement with the data
for x = 0 and 1 in Fig. 4. The normalized T-dependent ratio
Xar(T < Tn)/ x (In) within the Jy-J;-J, Heisenberg model is

12 T T 15 T T
Lo EuCo, 45As, | e Eu(Coy3sNig gs5); 04AS,
£ 03 H=01T 1 & 1o oot 1
Z 06 N b
=) =) . Fit
- =~ L . i
R 04 R 05 . K, =037x,f =0.93
0.2r B 3
Xy ab kxl
0.0 ! ! 0.0 !
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\;2 0.5 ’X:\b\.."“-fkd“": 088m f=-1.17 |
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FIG. 4. Anisotropic = magnetic  susceptibility  x(7') of
Eu(Co;_(Niy),_,As, crystals with x =0 [54], 0.03, 0.10, 0.65,
0.75, 0.82 from Fig. 3, where the spherical average of the ab-plane
and c-axis data were obtained for 7 > 7Ty, and then the x,,(7") and
Xxc(T') data below Ty translated vertically to match the former data
at Ty. The values f = 6,,.,./Tx are measured values, whereas the f*
values are fitted.

given by [35,36]
XaT <T)  (1+7*+2f +4B*)(1 — f)/2
x(In) (¢ +B)(1+B*) — (f +B*)?*’
where f = Opave/TN, Opave is the spherically averaged Weiss

temperature obtained from the Curie-Weiss fit of the x(7)
data in the paramagnetic state as listed in Table III,

(2a)

B* = 2(1 — f)cos(kd) [1 + cos(kd)] — f, (2b)
ST (St 3,
t_ TN’ T (t)_ 3B3~(y0)’ YO— (S+1)t’ (2C)

kd is the turn angle between the magnetic moments in ad-
jacent planes along the helix ¢ axis of ab-plane FM-aligned
moment layers, and the ordered moment versus 7 in H = 0 is
denoted by . The reduced ordered moment fig = Lo/ sat
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FIG. 5. The ratio x.,(T = 0)/x(Tx) (xy = ab here) versus the
turn angle kd/m between FM-aligned ab-plane layers for a c-axis
Heisenberg helix [35,36]. For kd =27 /3, x. = x. (z = c¢ here) is
predicted to be independent of both the spin S and T for T < Ty, as
observed [35].

with the saturation moment (g, = gSup is determined by
numerically solving the self-consistency equation

where Bgs(y) is the Brillouin function, and Bg(yo) =
[dBs(y)/dylly=y,- For x =0 and 1, the data in Fig. 4
agree well with the MFT prediction for x,,(T < Tn)/x(In),
following MFT behavior for a c-axis helix with pg = 7us.
For x =0 with Ty = 45.1 K, one has f =0.44 and kd =
0.827 rad [41], whereas forx = 1, Ty = 144 K, f = —1.17,
and kd = 0.887 rad [46].

The xo(T < Tn) data for x = 0.03 and especially for x =
0.1 in Fig. 4 are quite interesting because for these composi-
tions not only does yx,, decrease below 7y, but so does ., an
effect that is especially pronounced for x = 0.1. This behavior
suggests that the AFM structure consists of a superposition of
a c-axis helix with the moments aligned in the ab plane and
another helix with the helix axis and AFM propagation vector
in the ab plane and with the moments aligned in an ab-c plane
perpendicular to the in-plane AFM propagation vector, i.e.,
a so-called 2¢ structure. Therefore, for x = 0.03 and 0.1 we
fitted both the x,, and yx. data separately by the prediction
in Egs. (2) for the in-plane susceptibility for a helix, and
good fits to both data sets were obtained as shown in Fig. 4.
A summary of the quantities discussed above is given in
Table IV.

As discussed in the following section, a FM component
to the ordering develops for 0.2 < x < 0.65 which contains
contributions from both the Eu spins and the Co/Ni sublat-
tice. The occurrence of the FM component for x = 0.65 is
correlated with the upturn in x.(T < Ty) in Fig. 4 for this

ito = Bs(yo), (2d)

TABLE III. Listed are the magnetic transition temperatures Tyg, for Eu(Co;_,Ni,),_yAs,, and Tccon if present, together with the
parameters obtained from modified Curie-Weiss fits of the magnetic susceptibility data between 100 and 300 K, including the 7 -independent
contribution to the susceptibility x,, Curie constant per mole of formula units C, with the applied field in the « = ab, c directions, and the

Weiss temperature 6. Also listed are the effective moments for Eu™? with § =
(2kettap + Metic)/3. In the last column, the present work is labeled as PW.

effective moment [lefrave =

7
2

and g = 2 given by ey = +/8C, and the angle-averaged

INEu, TC Co/Ni X0 Co Meffa epot eff,ave epave

Compound (K) (1073 emy (k) ) (K) ) (K) Ref.

EuCoy.00(1)Asy* Hlab  45108),-  —14(2) 8.98(1)  8.476(4) 19.76(9)  8.47(1)  19.07(7) [41]
Hlc —1.2(1) 8.970(5) 8.471(2) 17.70(5)

Eu(Cop.07(1/Nig.o31))192As;  H || ab 44(1), - 1.6(7) 827(5)  8.13(2) 389(5) 8.16(2)  383(3) PW
Hlc —0.24(1)  845(1)  8.221(5) 37.30(3)

Eu(Copoo1)Nig 100119248, H || ab 43(1), - 244(5)  7.15(1)  7.563(5) 51.2(1)  7.58(5)  51.05(8) PW
Hlc 2332)  7.282(7) 7.632(4) 50.75(6)

Eu(Cooso)Nioao)10sAs2  H | ab  33(1), 60(2) 1.7(1) 725(4)  7.62(2) 543(4)  747(1)  5273) PW
Hlc 2353)  645(1)  7.183(5)  49.6(1)

Eu(Cops1)Nigsa)iosAsy  H |[ab  25(1), 66(1) 0.8(2) 6.35(7)  7.13(4) 553(8)  7.09(2)  552(6) PW
Hlc 3.4(4) 6.15(1)  7.01(2) 55.0(2)

Eu(Copss)Nigaa1))10sAsy  H |[ab  25(1), 58(1) 2453)  652(1)  7.22(1) 483(1)  738(1)  48.58(9) PW
Hlc 1.932)  7424(7) 7.707(3)  49.15(7)

Eu(Copus)Nigss))10sAsy  H || ab  23(1), 40(1) 2.8309)  7.07(3)  7.52(1) 33.6(5)  7.55(1)  333(4) PW
Hlc 2.86(5)  7.23(2)  7.60(1) 32.92)

Eu(Coyss)Nigsso)iosdsy  H |lab  21(1),25(1) 1212)  7.50(7)  7.75(3) 18.10(9) 7.79(2)  1843(9) PW
Hlc 1.55(2)  7.736(8) 7.867(4) 19.1(1)

Eu(Cops5(1)Nig.751))19sAs;  H || ab 19(1), — 0.124(1)  7.88(6)  7.940(3) 6.74(6)  7.97(1) 576(7) PW
Hlc 0.080(3) 8.09(1)  8.04(5) 3.8(1)

Eu(Cogs)Nigsa))10sAsy  H |[ab  16.6(3), - 0252(3) 7.72(1)  7.859(5)  —23(1)  7.92(1) -32(1) PW
Hlc —0.196(2) 8.09(1)  8.044(5)  —5.1(2)

EuNij osAs, Hlab  144(5), - 1.012)  7.8(1) 7.90(5) —15(1)  7.953) —152(8)  [46]
Hlc 1.098)  8.133)  8.06(1)  —15.6(5)

2Grown in Sn flux.
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TABLE IV. Parameters obtained from fitting the magnetic susceptibility data below Ty of Eu for Eu(Co;_Ni,),_,As,. Shown are the AFM
transition temperature 7y and the Weiss temperature 6, taken from Table III, the observed ratio f° = 6,/Tx, the value f* obtained from a fit of
Xo(T < Ty) by Egs. (2), and the turn angle kd between adjacent FM aligned magnetic layers of the helix model obtained using Eq. (1). For
x(T =0)/x(Ix) > % two values of kd are possible. The notation PW in the last column means the present work.

Field n Op kd kd

Compound direction (K) (K) f=6/Tx f* (7r radian) (degree) Ref.
EuCo o0(1)As, H || ab 45.1(8) 19.76(9) 0.44 0.82 147 [41]
Bu(Cog.07)Nio.03(1))1.92A82 H || ab 44(1) 38.9(5) 0.88 0.83 0.49 88 PW

Hlc 37.30(3) 0.84 0.17 0.59, 0.74 108, 133 PW
EU(C00‘90(1)Ni0410(1))1492A52 H ” ab 43(1) 512(1) 1.19 0.98 0.13 23 PW

Hl|c 50.75(6) 1.18 0.86 0.44 79 PW
Eu(C00A35(2)Ni0A65(2))1A94A82 H ” ab 21(1) 1810(9) 0.86 0.93 0.37 67 PW
EU(COO‘QS(I)Ni0‘75(1))1‘94AS2 H ” ab 19(1) 674(6) 0.37 0.72 050, 0.92 91, 166 PW
Bu(Cou.15Nio.s2(1))1.04AS2 H || ab 16.6(3) —2.3(1) —0.13 0.52, 0.88 94, 159 PW
EuNij; g5As, H || ab 14.4(5) —15(1) -1.17 0.88 159 [46]

composition, but the x,,(7T < Ty) data in Fig. 4 follow the
same behavior as for x = 0.75—1, so we include these data
in the analysis of the ., (T < Ty) data for crystals with
compositions in the range 0.65 < x < 1.

Figure 6 shows the helical angle kd/m versus x for our
crystals for which a helical magnetic structure can be iden-
tified from the magnetic susceptibility data. A turn angle

kd/m < % is indicative of a net ferromagnetic nearest-layer

interaction, whereas a value kd/m > % indicates a net an-
tiferromagnetic interaction. Therefore, the data indicate that
at intermediate compositions a net FM interaction develops
between the Eu spins in adjacent layers, whereas near the ends

of the composition range the net interaction is AFM.

1 O T T T T
I f i ° ] l
58 Eu(Co 1_)(le) 2_yAs "

0.6 m 4

04l ™kdfromy

kd from y
0.2+ -

helix turn angle kd/n

00 L 1 L 1 s 1 L 1 L
0.0 0.2 0.4 0.6 0.8 1.0

X

FIG. 6. Helix turn angle(s) versus composition obtained from
the ab-plane susceptibility x,, (filled red circles) and the c-axis
susceptibility x. (filled blue squares) at temperatures 7 < Ty. For
X« (0)/ x (Ix) > %, two values of kd/m are possible according to
Fig. 5, indicated by two values of kd /m for the same composition x
and for the particular field direction « of yx,. The large gap between
data points at x = 0.1 and 0.65 is present because the Eu magnetic
structure between these two compositions is not a simple helix (see
text).

B. Ferromagnetic-ordering component

To further investigate the magnetic behavior, we carried out
zero-field-cooled (ZFC) measurements of x (7') on warming
and field-cooled (FC) measurements of x (7") on cooling (FC)
versus 7 in the range 1.8 to 100 K with a small applied
field H = 100 Oe for the crystals with x = 0.20, 0.32, 0.42,
0.54, and 0.65 for both H || ab and H || ¢ which are plotted
in Figs. 7(a)-7(e), respectively. The ZFC data were taken
after quenching the superconducting magnet to eliminate re-
manent fields in the magnet. These data show virtually no
hysteresis between the ZFC and FC measurements for H || ab
but strong hysteresis below the high-T transition for H || c.
This indicates that there exists a high-T FM transition for
x =0.2-0.54 in addition to the AFM ordering of the Eu
spin sublattice. Then, from Fig. 3, we can assign the low-T
transition to an AFM transition involving the Eu spins des-
ignated as Ty gy and the higher-T transitions to FM ordering
associated with the Co/Ni atoms at temperatures denoted
by Tccoyni- This interpretation is strongly supported by the
C,(T') measurements in Sec. VII. The transition temperatures
estimated from the x(7) data are listed in Table II, where
TnEu decreases monotonically upon doping whereas Tc coni
first increases from 60 K for x = 0.2 to 66 K for x = 0.32,
then decreases for 0.32 < x < 0.65 and finally disappears
for x > 0.65.

This interpretation is also supported by low-field M (H)
measurements at 7 =2 K from —1 to +1 T as plotted in
Figs. 7(f)-7(j) for the same compositions as in Figs. 7(a)—
7(e), respectively. An extrapolation of the linear data above
the initial field dependence to H = 0 gives the spontaneous
moment [lgpon VErsus composition plotted in Fig. 8. The
variation of pgpon versus x is similar to that of the Co/Ni
Curie temperature Tcco/ni- The large values of figpon Show
that the magnetic structure has a large FM component that
must arise from the Eu spins. We infer that within the region in
which ferromagnetism from the Co/Ni atoms occurs at higher
temperatures, the Eu magnetic structure is a c-axis conical
structure. In addition, the M(H) data show hysteresis with
field for x = 0.54 but the hysteresis is very small for the other
compositions.
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FIG. 7. (a)-(e) Zero-field-cooled (ZFC) and field-cooled (FC)
magnetic susceptibility x = M/H of Eu(Co;_,Ni,),_,As; (x = 0.20,
0.32,0.42,0.54, and 0.65) single crystals as a function of temperature
T, from 1.8 to 100 K, measured in magnetic fields H = 0.01 T
applied in the ab plane (x,») and along the ¢ axis (x.). (f)—() Low-
field isothermal magnetization M of Eu(Co;_Ni,),_,As, (x = 0.20,
0.32, 0.42, 0.54, and 0.65) single crystals as a function of magnetic
field H.

C. Magnetic susceptibility in the paramagnetic state

We now turn our attention to x,(7) (¢ = ab or c) of
the Eu(Co;_,Ni,)>_yAs, crystals in the PM region 100 K
< T < 300 K. The data are analyzed within the local-moment
Heisenberg model in terms of the modified Curie-Weiss law

C
—, 3)
T — Ope

where xoo is a T-independent term, the Curie constant per
mole of Eu spins is

Xa(T) = X0« T

_ NAGES(S + Dud

Co
3kg

(4a)

Eu(Co 1_)(Nix) 2_yAs .

0 . 1 L 1 . 1 L
0.0 0.2 0.4 0.6 0.8

X

FIG. 8. Spontaneous moment fiLgpon at T =2 K versus x for
Eu(Co;_Ni,),_,As, crystals with x = 0.20, 0.32, 0.42, 0.54, and
0.65 obtained from the right-hand panels of Fig. 7.

Ny is Avogadro’s number, g, is the possibly anisotropic g
factor, and kg is Boltzmann’s constant. The effective moment
Uefte = 8a~/S(S + 1) of a spin in units of up is given by
Eq. (7) as

3kB_C“ ~ /8C,, (4b)

Meffa = NAM%

where C, is in cgs units of cm® K/(mol Eu).

Figure 9 shows the inverse susceptibility x ~! with H =
0.1 T applied along the ¢ axis (x, ') and in the ab plane ( Xa_bl)
as a function of T from 1.8 to 300 K. The fits in the PM regime
between 100 and 300 K are shown as the solid lines and the
fitted parameters are listed in Table III.

The theoretical values of Che and fiefrae for Eut?
spins with § =% and g =2 are 7.878 cm®K/mol Eu and
7.937 g /Eu, respectively. From Table III, the ftefr ave Values
significantly decrease gradually from 8.47 to 7.09 ug/Eu for
0 < x £ 0.32, then increase for x > 0.32, and finally reach
the theoretical value 7.94 ug/Eu for x = 1. It is also of note
that the fefr ave Values for 0.10 < x < 0.32 are much smaller
than the theoretical value. The latter observation suggests
the possibilities of either an Eu valence increase and/or
coexistence of both local moment and itinerant magnetism
in Eu(Co;_¢Ni,)>_yAs;. Other types of measurements are
required to understand this strange magnetic behavior.

Also apparent in Table III is a small difference of ~1 K
between the Weiss temperatures for fields along the ¢ axis
and in the ab plane. This anisotropy may arise from the
anisotropic magnetic dipole interactions between the Eu spins
[56], from single-ion uniaxial anisotropy [57], and/or from
anisotropy in the Ruderman-Kittel-Kasuya-Yosida (RKKY)
interactions between Eu spins. The positive 6. Vvalues
for 0 <x <0.75 indicate predominantly FM exchange
interactions between the Eu*? spins, whereas for x = 0.82
and 1, the 6, 4. values are negative, indicating predominantly
AFM exchange interactions.

Figure 10(a) shows plots of Tngu, TccoyNis Opaves and
Weff, ave 1N units of pug/Eu from x = 0 to 1. It is informative
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FIG. 9. Inverse susceptibility x ' of Eu(Co;_,Ni,),—,As, (x =
0, 0.03, 0.10, 0.20, 0.32, 0.42, 0.54, 0.65, 0.75, and 0.82) single
crystals as a function of temperature 7' from 1.8 to 300 K, measured
in magnetic fields H = 0.1 T applied in the ab plane (x_,", H || ab)
and along the ¢ axis (3!, H || ¢).

-1
ab

to plot the ratio 8, ave /T coyni Versus x and the ratio of flegr, ave
to the value 7.94 g /Eu versus x that the Eu spins would have
for § = % and g = 2. These ratios are plotted in Fig. 10(b).
Several important features are evident from Fig. 10(b). First,
relative to the expected value of 7.94 ug/Eu expected for
Eu*? with S = % and g = 2, uegr is enhanced for x = 0 as
previously reported [41]. However, on Ni doping this ratio de-
creases rapidly and reaches about 89% of the expected value
at x = 0.3, then reverses course and increases, reaching the
expected value of unity at x = 0.7 and remaining at that value
up to full substitution of Ni for Co at x = 1. The deviations of
this ratio from unity may reflect the composition-dependent
polarization of the Co 3d bands by the Eu moments. Alter-
natively, the negative deviation of this ratio from unity may
reflect the presence of an intermediate-valent state for the Eu
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FIG. 10. (a) Néel temperature Tyg, (filled red circles), spher-
ically averaged Weiss temperature 6. (filled green diamonds),
average effective moment fieg ave in g /Eu (filled blue squares), and
the second transition temperature Tcconi (Open blue squares) versus
x for Eu(Co_Ni,),_,As; crystals. (b) The ratios f = 6, ave/Tccoyni
(empty blue squares) and fherave/(7.94 up/Eu) (filled blue squares)
versus x. The value e = 7.94 pg /Eu is the value expected for Eut?
spins with § = % and g = 2. The data were obtained from Table III.
The lines are guides to the eye.

atoms, where Eut? does not carry a local moment. However,
the latter possibility is ruled out for x = 0.2 and 0.65 by the
151Eu Méssbauer measurements in Sec. VI.

The second important feature of Fig. 10(b) is that the ratio
f =0y, ave/Tccoyni 18 nearly independent of composition with
a value close to unity. In a local-moment picture, f ~ 1 is
only found for a ferromagnet or a material which is nearly
ferromagnetic [36]. This result is therefore consistent with the
conclusion in Sec. IV B that between x = 0.2 and 0.65 the
system has a FM component to the ordering which we show
from the heat-capacity measurements in Sec. VII is associated
with the Co/Ni sublattice.

V. HIGH-FIELD MAGNETIZATION VERSUS APPLIED
MAGNETIC FIELD ISOTHERMS

Isothermal magnetization versus applied magnetic field
M (H) isotherms for Eu(Co;_,Ni,),_,As, (x = 0, 0.03, 0.10,
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FIG. 11. Isothermal magnetization M of Eu(Co;_,Ni,),_,As;
(x =0,0.03,0.10, 0.20, 0.32, 0.42, 0.54, 0.65, 0.75, and 0.82) single
crystals as a function of magnetic field H from O to 14 T measured at
T =2 K with H applied in the ab plane (M,,, H || ab) and along
the ¢ axis (M., H | ¢). The horizontal dashed lines indicate the
magnetization M = gSug/Eu=7ug/Euassuming § = % and g = 2.

0.20, 0.32, 0.42, 0.54, 0.65, 0.75, and 0.82) measured at
T=2 K with 0<H <14 T applied in the ab plane
(M.p, H || ab) and along the ¢ axis (M., H || ¢) are shown in
Fig. 11. The M .(H) data are nearly linear in field for x = 0
and 0.03 as predicted by MFT for a c-axis helix with the field
applied along the helix axis [36]. For the crystal with x = 0.1,
the M.(H) data exhibit negative curvature and the crystals
show a spontaneous magnetization at low field upon doping
for 0.2 < x < 0.65 [see Figs. 7(H)-7(j)] signifying a metam-
agnetic transition at a field H, . The HS,  and the critical field
H_, which separates the AFM from the PM phases versus T
are taken to be the fields at which dM/dH versus H exhibit a
peak or discontinuity as appear in Fig. 12. The estimated val-
ues of HY = along the c axis are given in Table V. The H,  first
appears at 0.48 T for x = 0.2, then decreases upon doping, and
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FIG. 12. Derivatives dM,,/dH of the isothermal magnetization
M, (H) of Eu(Co;_Ni,),_,As, single crystals (x = 0, 0.03, 0.10,
0.20, 0.32, 0.42, 0.54, 0.65, 0.75, and 0.82) from H =0 to 14 T
measured at T = 2 K with H applied in the ab plane (M, H || ab)
and along the ¢ axis (M., H || c). The transition fields Hyy, and Hymo
are marked by green and blue arrows, respectively. The critical fields
H,, are marked by black arrows.

finally disappears for x > 0.65. For the crystals with higher
Ni doping x = 0.75 and 0.82, the M.(H ) data are again nearly
linear in field in Figs. 11(i) and 11(j) as expected for a helical
antiferromagnet. The saturation moment Mg, and the critical
field H., are given in Table V. The symbol L in H., refers to
the critical field with H applied parallel to the ¢ axis, i.e., with
H applied perpendicular to the zero-field plane of the ordered
moments which is the ab plane in this case. The critical
field H., initially shifts to lower field with Ni doping 0 <
x < 0.2 and then shifts to higher field upon Ni doping with
0.32 < x < 1. It is notable that the estimated value of M, at
H = 14 T is larger with Ni doping than the theoretical value
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TABLE V. Metamagnetic fields H%,| and H% ,, and the critical
fields with the field parallel to the ab plane H, and parallel to the
¢ axis (H||c, H.1) of Eu(Co,_Ni,), ,As, single crystals at T =
2 K, determined from the isothermal magnetization M, (H) data in
Figs. 7(f)-7(), 11, and 12. Also shown are the respective saturation

moments fig, and the spherical average jig ave, all in units of ug/f.u.

H || ab H|c

Hx?l}r’nl H,?:nz HCH Mesat H:,‘lm HCJ_ Msat Msat, ave
x m @O @O @) O @O () ()
0 39 4.5 879 17.59 99 757 7.58
0.03 2.6 6.8 7.70 8.02 776 172
0.10 1.3 55 732 6.7 7.3 725
0.20 0.5 36 750 048 46 7.62 754
0.32 0.53 625 723 035 64 7.01 7.15
0.42 0.77 74 73 028 73 73 73
0.54 1.09 92 758 025 93 754 756
0.65 2.2 102 744 0.15 104 744 744
0.75 2.1 10.8 746 121 733 742
0.82 3.07 129 7.9 134 7.04 7.14
1 315 951 =14 >14

Usat = &Sup =7 ug/Eufor § = % and g = 2, except for x =
0.32 and 0.82 where g = 7 up/Eu.

For H || ab, the M,,(H) data in Fig. 11(a) for x = 0 show
a metamagnetic transition at H% ~ 3.9 T and another at
H , ~ 4.5 T which appears to be second order as reported in

Ref. [41]. The transition fields Hr?fnl and H;’I’nz and the critical
field H.; which separates the AFM from the paramagnetic
(PM) phases are taken to be the fields at which dM/dH versus
H exhibits a peak or a discontinuity (shown in Fig. 12). The
results are given in Table V. One sees that Hrfl‘;ﬂ disappears
with a trace amount of Ni doping whereas H% , initially
decreases continuously upon Ni doping from 4.5 T at x =0
to 0.5 T at x = 0.2 and then increases for x > 0.2 and reaches

951 Tatx = 1.

VI. MOSSBAUER SPECTROSCOPY
OF POLYCRYSTALLINE SAMPLES

Magnetic susceptibility data were obtained for the poly-
crystalline x = 0.2 and 0.65 samples used in the Mdssbauer
experiments. Figures 13(a) and 13(b) (left-hand ordinates)
depict x (T') of these Eu(Co;_,Ni,),As, samples measured in
H = 0.1 T under zero-field-cooled (ZFC) conditions, respec-
tively. The magnetic transition temperatures obtained from
the temperatures of the peaks in d(xT)/dT versus T plots
(right-hand ordinates) are ~54 K and ~32 K for x = 0.2
and ~32 K and ~19 K for x = 0.65. The higher-temperature
troughs in Figs. 13(a) and 13(b) are at the FM ordering
temperatures Tc co/ni associated with the Co/Ni atoms and the
lower-temperature peaks are at the Néel temperatures Ty gy 0of
the Eu atoms. The M (H) isotherm at T = 2 K for x = 0.65
is shown in Fig. 13(c), where the data at low fields suggest a
FM component to the magnetic ordering and at higher fields
the data tend toward saturation of the Eu spins to the expected
value ~7 ug/Eu.
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FIG. 13. (Left ordinate) Temperature dependence of the mag-
netic susceptibility (x = M/H) in a magnetic field H = 0.1 T of
Eu(Co,_,Ni,),As, polycrystalline samples with (a) x = 0.20 and
(b) x = 0.65. The right ordinate of (a) and (b) is the temperature
derivative d(xT)/dT versus T obtained from the respective x (T')
data. (c) Magnetization M versus applied magnetic field H for x =
0.65atT =2K.

The "'Eu Méssbauer spectra of EuCo,_,As, shown in
Fig. 14 confirm that the europium is fully divalent [isomer
shift of —10.72(2) mm/s at 5.4 K] and the sharp lines
[HWHM = 1.11(2) mm/s] show that the Eu'? moments are
in a single magnetic environment with a hyperfine field (Bys)
of 26.21(5) T. There is a small asymmetry apparent in the
spectrum (the four strongest lines increase in intensity going
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FIG. 14. S'Eu M&ssbauer spectra of EuCo,_yAs; showing the
evolution of the spectra with temperature. The solid lines are fits
derived from either a full Hamiltonian solution (red lines: 7 < 30 K
and T = 50 K) or from the modulated model (magenta lines: 32.5 K

T < 50 K). See text for details.

from negative to positive velocity) due to the presence of
an electric quadrupole contribution. If we assume that the
moments are aligned in the ab plane [40,41] and are thus
perpendicular to V, (8 = 90°), then we obtain a quadrupole
contribution of —3.2(4) mm/s. The contribution is too small
for a free fit of both 6 and V_; to yield a unique solution.

In all three samples that were studied using '>'Eu Moss-
bauer spectroscopy, we observed significant line broadening at
intermediate temperatures. This broadening is too severe to be
consistent with a varying canting angle between the ¢ axis and
the moments, and its form is inconsistent with the presence
of slow paramagnetic relaxation. We conclude that the broad-
ening indicates that time-averaged moments on the europium
atoms do not take a single value throughout the sample over
the temperature range studied. The form of this broadening is
more consistent with the development of a static incommen-
surate modulated contribution to the magnetic order in which
the magnitude of the europium moments varies from site to
site within the material. The intermediate-temperature spectra
were therefore fitted using a model that derives a distribution
of hyperfine fields from an (assumed) incommensurate sinu-
soidally modulated magnetic structure [58,59].

If we assume that the moment modulation along the direc-
tion of the propagation vector k can be written in terms of
its Fourier components, and further assume that the observed
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FIG. 15. (a) Variation of the hyperfine field By versus kx at
T =40 K obtained from the Fourier components of the 40 K data
in Fig. 16 and Eq. (5). The third harmonic Bks, not plotted in Fig. 16,
is responsible for the dip at kx = 7 /2. (b) Unnormalized probability
distribution P(Byy) versus By.

hyperfine field is a linear function of the magnitude of the
Eu moment at any given site, then the variation of By with
distance x along the propagation vector k can be written [58]

Bu(kx) = Bko + Y _ Bk 41 sin[(2L + 1)kx], 5)
=0

where the Bk, are the odd Fourier coefficients of the field
(moment) modulation. Since +Byps and —Bys are indistin-
guishable, kx only needs to run over half the modulation
period, and in this case, a square-wave modulated structure
can be modeled either as a sum over a very large number
of Fourier coefficients, or by simply using the Bk, term with
all of the other Bk, set to zero. We found the fits to be far
more stable with the Bk term included rather than using a
large set of Bk,; however, the two approaches are effectively
equivalent. Variations of this model have also been used to fit
spectra of EuPdSb [58] and EusPdMg [60].
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FIG. 16. Temperature dependence of the fitted hyperfine field
contributions in EuCo,As, derived from the modulated model. The
average hyperfine field (B,) is plotted as solid round symbols
with a dotted line showing a fit (see text) yielding a transition
temperature of 45.6(1) K, while the amplitude of the uniform term
(Bky) is plotted as open round symbols with a dashed line fit giving a
transition temperature of 42.0(1) K. The behavior of the first Fourier
component (Bk;) is plotted as open square symbols and shows a peak
at 40.8(3) K. The third harmonic Bk;(T') is not plotted.

The sequence for fitting the spectra is as follows. Starting
with an initial set of Bk,, the evolution of By along the
propagation vector x can be evaluated [a typical example
for EuCo,_,As, at 40 K is shown in Fig. 15(a)]. From
Bys versus kx, a histogram containing the probability P(By)
versus Byy can be constructed [Fig. 15(b)], and the calculated
ISIEu Mossbauer spectrum is then obtained through a sum
of magnetic patterns weighted according to the histogram. A
conventional nonlinear least-squares minimization routine is
then used to adjust the Bk, values (and a number of other
general parameters including a uniform baseline, overall scale
factor, and isomer shift) to minimize 2.

On increasing the temperature, Fig. 16 shows a conven-
tional reduction in the average hyperfine field B,y (7') where
B,y was calculated from the fitted hyperfine field distribution
in Eq. (5) using only the positive half of the period. Fitting
Bawe(T) by a § = % Brillouin function yields a transition
temperature of 45.6(1) K as shown by the black dashed curve
in Fig. 16, close to the Ty, for x = 0 in Table III. However,
closer inspection of the spectra in Fig. 14, particularly the
37.5 K spectrum, reveals a characteristic “settling” toward
the center of the pattern consistent with the development
of an incommensurate modulation of the magnitude of the
moments. The modulated contribution starts to appear by
32.5 K and rapidly comes to dominate the spectrum with
increasing temperature. Figure 16 shows that the uniform term
(Bkp) vanishes on heating through 42 K as the first harmonic
(Bk;) peaks. As we will show, this ordering sequence (uniform
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FIG. 17. 'S'Eu Mossbauer spectra of Eu(CoggNig,),As, show-
ing the evolution of the spectra with temperature. The solid lines
are fits derived from either a full Hamiltonian solution (red line:
T = 70 K) or from the modulated model (magenta lines: 7 < 70 K).
See text for details. The additional feature near 0 mm/s is due to
a nonmagnetic Eu™ impurity, possibly introduced during handling,
that accounts for 7.6(4)% of the total spectral area at 5.3 K.

— modulated — paramagnetic) is observed on warming in
all three of the samples studied here using '*'Eu Mossbauer
spectroscopy.

From the Fourier components in Fig. 16, one can cal-
culate the hyperfine field Byt seen by the Eu spins versus
position along the (unspecified) x axis using Eq. (5). Shown
in Fig. 15(a) is a plot of By versus kx, where k is the
propagation vector of the Eu-spin ordering in the x direction
which is presumably the c-axis direction for a c-axis helix.
Because the T = 0 hyperfine field from Fig. 16 is about 26 T,
the modulation of the hyperfine field at 40 K in Fig. 15(a)
corresponds to a modulation of the Eu moment of =
0.58(7up) = 4.0ug, a rather large modulation. The unnor-
malized probability distribution P(Byps) versus By is plotted
in Fig. 15(b). These data were obtained as the inverse of the
slope of the plot in Fig. 15(a) versus By after binning the data
to avoid divergences at the peaks.

It is essential to note that since the magnetic-moment
modulation is explicitly assumed to be incommensurate with
the crystal lattice, positions along kx in Fig. 15(a) do not
correspond in any way to specific positions in the chemical
cell. Rather, they represent how Bys, which by assumption is
proportional to gy, is sampled by the europium atoms. As
the periodicity of the modulation and the crystal cell are not
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FIG. 18. '3!Eu Massbauer spectra of Eu(Cog 35Nig 65 ), As, show-
ing the evolution of the spectra with temperature. The solid lines
are fits derived from either a full Hamiltonian solution (red lines:
T =5.2 and 40 K) or from the modulated model (magenta lines:
15 K < T < 25 K). See text for details. The additional feature near
0 mm/s is due to a nonmagnetic Eu™> impurity, possibly introduced
during handling, that accounts for 7.4(3)% of the total spectral area
at5.2 K.

related by a simple rational fraction, neighboring points along
the kx axis, in reciprocal space, will be far apart in real space.

Within MFT, if an amplitude-modulated magnetic structure
occurs on cooling below Ty, as inferred from Figs. 14-16,
the heat-capacity jump on cooling below Tyg, is expected
to be significantly smaller [61,62] than the MFT value of
21.4 J/mol spins for S = % [41]. However, for an EuCo,_,As,
crystal the measured magnetic contribution Cyag(7) to the
heat capacity exhibits a MFT heat-capacity jump close to the
theoretical value [41].

The “'Eu Méssbauer spectra of Eu(Cog gNig2)2As, shown
in Fig. 17 and of Eu(Cog3sNiges)2As, shown in Fig. 18
exhibit the same progression as seen for EuCo,As; with one
clear difference. There is an additional feature at ~0 mm/s
that accounts for about 7% of the total area. We attribute this
to a nonmagnetic Eut® impurity, possibly introduced during
handling. As this impurity contribution is well defined and
consistent in its behavior, it is easily included in the analysis
without distorting the results.

It is clear from Figs. 19 and 20 that the temperature range
over which the modulated order is a significant component
of the total order is much wider in Eu(CoggNig,),As, and
Eu(Coy35Nig 65)2As, than it is in EuCo,_,As,. For x = 0.2
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FIG. 19. Temperature dependence of the fitted hyperfine-field
contributions in Eu(CoggNig,),As, derived from the modulated
model. The average hyperfine field (B,,,) is plotted as solid round
symbols with a dotted line showing a fit (see text) yielding a tran-
sition temperature of 40.1(3) K, while the amplitude of the uniform
term (Bky) is plotted as open circles with a dashed line fit giving a
transition temperature of 36.1(2) K. The behavior of the first Fourier
component (Bk;) is plotted as green open squares and shows a broad
peak centered at 41.5(6) K. Note: Some magnetic broadening is
present at least up to 57 K.

and 0.65, the uniform term (Bkg) is lost well before the overall
magnetic contribution goes to zero. This leads to the systems
exhibiting two distinct transitions. In Eu(Cog gNig )2 Asy, fit-
ting Bko versus temperature yields 7, = 36.1(2) K while the
spectra continue to exhibit magnetic broadening up to ~60 K.
For Eu(Coyg 35Nig ¢5)2As,, the corresponding temperatures are
20.0(1) K and ~35 K. These upper temperatures are the
same as the FM ordering temperatures associated with the
Co/Ni sublattice determined above. By contrast, for x = 0,
Bky goes to zero at 42 K while the magnetic broadening is
gone by 46 K and the two transitions are not well resolved.
According to the magnetic susceptibility and magnetization
versus field measurements, there is no FM component to
the ordering for x = 0, so the magnetic broadening up to
46 K may be due to dynamic short-range magnetic ordering
above Tygy associated with the Eu spins as revealed in the
magnetic contribution Cpae(T') to the heat capacity above
TnEu discussed in Sec. VII.

Discussion

As Mossbauer spectroscopy is fundamentally a short-
ranged probe of magnetic order, it provides very little di-
rect information about the detailed nature of the long-range
magnetic order in this system. However, some key statements
can be made.
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FIG. 20. Temperature dependence of the fitted hyperfine field
contributions in Eu(Cog35Niggs)>As, derived from the modulated
model. The average hyperfine field (B,) is plotted as solid round
symbols with a dotted line showing a fit (see text) yielding a transi-
tion temperature of 21.5(1) K, while the amplitude of the uniform
term (Bko) is plotted as open round symbols with a dashed line
fit giving a transition temperature of 20.0(1) K. The behavior of
the first Fourier component (Bk;) is plotted as square symbols and
shows a cusplike peak centered at 20.3(5) K. Note: Some magnetic
broadening is present until about 35 K.

There are no significant changes in the isomer shifts of the
Eu™? component of the spectra in any of the samples, nor is
there any sign of a new Eu™ component (beyond the previ-
ously noted impurity) developing with changing temperature.
We therefore conclude that the europium in all three samples
remains fully divalent from ~5 to ~295 K.

At the lowest temperatures in all three samples (x = 0,
0.20, 0.65) the europium is in a single magnetic environment
(modulo rotations about the ¢ axis, to which the technique is
insensitive due to the 4/mmm point symmetry of the Eu site).

In all three compositions, the initial ordering of the Eu
spins that develops on cooling from the high-temperature
paramagnetic state appears to include an incommensurate
modulated component in which the magnitudes of the eu-
ropium moments vary, so that the '3'Eu nuclei experience
a broad distribution of magnetic environments that can be
modeled using a sum of Fourier components. This modulated
regime is quite narrow for x = 0 but is much broader for
x = 0.20 and 0.65.

The magnetic transitions in EuCo,_,As, are only separated
by a few degrees (see Table VI) and do not appear to exhibit
separate signatures in our other measurements. However, in
Eu(Cog gNip),As; the two transitions defined by extrapola-
tion of Bky versus 7 and by the ultimate loss of magnetic
splitting in the spectrum (“end” column) are about 20 K
apart (see Table VI) and are clearly resolved in both x(7')
and C,(T'). We also see two transitions separated by about

TABLE VI. Results derived from the analysis of the *'Eu
Mossbauer spectra of Eu(Co;_,Ni,),As;. The isomer shift (§) and
hyperfine field (Bys) are taken from the 5 K spectra. Transition
temperatures for fits to the average hyperfine field (B,g) and the
uniform term in the Fourier expansion (Bky) are given along with
the location in the peak of the first harmonic (Bk;). The final
column lists the approximate temperature above which magnetic
broadening of the spectrum disappears. For x = 0.2 and 0.65 these
correspond approximately to the FM transition temperature T¢ co/ni
in Table II associated with the Co/Ni atoms as determined from other
measurements.

8 By¢ T.(Bky) Te(Bag) To(Bki) End
X (mm/s) () (K) (K) (K) (K)
0 —10.72(2) 26.21(5) 42.0(1) 45.6(1) 40.8(3) 46
0.20 —10.53(3) 31.80(8) 36.1(2) 40.13) 41.5(6) 60
0.65 —10.30(2) 33.29(7) 20.0(1) 21.5(1) 20.3(5) 32

10 K in Eu(Coy 35Nig.65)2Asy; however, only the lower one
is consistently seen by the bulk techniques.

There are two basic possibilities for the nature of the
modulated phase. Given that helical order exists at the lowest
temperatures, it is possible that in addition to the rotation
about the ¢ axis the magnitude of the moments also varies
from layer to layer as the upper transition is approached.
Alternatively, the long-range order could break down into a
short-range correlated state before the long-range order col-
lapses entirely. The former would appear consistent with the
behavior of the x = 0 and 0.20 samples where the transitions,
when resolved, are seen by multiple techniques. The latter
form may be more consistent with the behavior of the x =
0.65 sample where the upper loss of order is not consistently
seen and the decay of B,y (T') is quite soft, perhaps reflecting a
gradual breakdown of magnetic correlations. Only direct mea-
surement by either neutron diffraction or resonant magnetic
x-ray diffraction can distinguish these two possibilities.

For EU(COO_gNi()_g)QASQ (Flg 19) and EU(C00.35Ni0,65 )2A82
(Fig. 20), B,y exhibits a clear tail to high temperatures,
well beyond where the extrapolation of the lower-temperature
behavior would predict that it would go to zero. The observed
hyperfine fields are too large to simply be the result of a
direct transferred field from the itinerant FM Co/Ni order;
however, exchange interactions between the Co/Ni order and
the europium moments leading to an effective applied mag-
netic field supporting the ordering of the europium moments
could certainly account for the observed fields. The *'Eu
Mossbauer spectra therefore provide further evidence of the
Co/Ni order for intermediate nickel doping.

We fitted the neutron-diffraction intensity I(7) of the
helical (0 0 2.79) magnetic peak for EuCo,_,As, versus
temperature that was presented in Ref. [40]. Because the spin
S = % of Eu™? is large, the MFT prediction should be quite
accurate. We indeed obtained a good fit to the data by MFT
for § = % as shown by the solid blue curve representing the
square of the ordered moment versus temperature in Fig. 21,
consistent with the good fit of B,y (T') in Fig. 16, apart from a
possible small systematic deviation of the data from the fitted
curve in Fig. 21 on approaching Ty, from below.
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FIG. 21. Neutron intensity I(7) of the helical (0 0 2.79) mag-
netic peak of EuCo,_,As, reported in Ref. [40] (filled red circles).
Our least-squares fit by molecular-field theory for spin § = % [see
Eq. (2d)] is shown by the solid blue curve.

VII. HEAT CAPACITY

Figure 22 shows the heat capacities C,(T) for
Eu(Co;_,Ni,),_,As, single crystals with compositions
x=0,0.03, 0.1, 0.2, 0.32, 0.42, 0.54, 0.65, 0.75, and 0.82,
and for the nonmagnetic reference compound BaCo,As;
[41] measured in the temperature range from 1.8 to 300 K
in zero applied magnetic field. For each composition, the
Co(T =300 K) of Eu(Co;_Ni,);_yAs, attains a value of
~123.2 J/mol K which is close to the classical Dulong-Petit
high-T limit Cy = 3nR = 123.2 J/mol K, where n = 4.94 is
the number of atoms per formula unit and R is the molar gas
constant.

The insets in Fig. 22 show plots of C,/T versus T? from
1.8 to 5 K for each crystal. The purpose of these plots is
to show that the low-temperature data cannot be fitted by
the conventional expression C,(T)/T =y + BT?, where y
is the Sommerfeld coefficient associated with the conduction
electrons and g is the coefficient of the T3 lattice term.

The C,/T versus T data for the Eu(Co;_,Niy),_,As; crys-
tals in the temperature range from 1.8 to 10 K are plotted in
Fig. 23. One sees that each crystal shows approximately linear
behavior over a certain T range; for example, forx = 0t0 0.32
this range is from 2 to 6 K, whereas for x > 0.54 the range
is below 4 K, which means that C,, has an approximately T?
contribution over the respective T range. This behavior may
arise from the temperature-dependent heat capacity of AFM
spin waves.

The C,(T) data for Eu(Co;_,Niy),_,As; in the PM regime
100 K < T < 300 K are analyzed using the sum of an elec-
tronic ¥ T term and the lattice term given by the Debye model
according to

Cp(T) =yT + nCVDebye(T)s (6a)
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FIG. 22. The temperature 7" dependence of the heat capacity C,
for Eu(Co;_+Niy),_,As, with x =0, 0.03, 0.10, 0.20, 0.32, 0.42,
0.54, 0.65, 0.75, and 0.82 and BaCo,As, single crystalsin H =0 T.
The solid black curves are fits of the data between 70 and 300 K by
the Debye lattice heat-capacity model in Eqgs. (6). Insets: expanded
plots of C,(T)/T vs T? from 1.8 to 5 K.

where y is again the Sommerfeld electronic heat-capacity
coefficient, Cypenye(T') is the Debye lattice heat capacity
given by

T \> (/7T  x4dx
C T)=9R| — —dx, 6b
VDebye( ) <®D> [) (" — 1)2 X (6b)

and n = 4.94 is again the number of atoms per formula unit.
The black solid curves in Fig. 22 represent the fits of the
Co(T) data for 100 K < T < 300 K by Egs. (6) obtained
using the accurate analytic Padé approximant function for
Cvpebye versus T'/®p given in Ref. [63]. The fitted values of
y and Op for Eu(Co;_,Ni,),_,As; are listed in Table VIL.

The density of degenerate conduction carrier states at the
Fermi energy Ef for both spin directions D,, (EF) is obtained
from y according to

D, (Ep) = (7a)

oY
2 9
kg
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FIG. 23. Heat capacity C,/T vs T at zero field from 1.8 to 10 K
for each Eu(Co;_,Ni,),_,As, crystal (x = 0, 0.03, 0.10, 0.20, 0.32,
0.42,0.54, 0.65, 0.75, and 0.82).

TABLE VII. The parameters y, 0p and density of states at the
Fermi energy D, (Er) obtained from fits to the heat capacity by
Egs. (6) in the temperature range 100 K < 7' < 300 K.

14 Op D, (Er)
X (mJ/mol K?) (K) (%
0 15(2) 308(3) 6.3(8)
0.03 18(2) 310(3) 7.6(8)
0.1 25(1) 286(2) 10.7(4)
0.2 33(1) 306(1) 13.9(4)
0.32 25(3) 313(5) 11(1)
0.42 23(1) 298(1) 9.7(4)
0.54 23(2) 311(4) 9.7(8)
0.65 23(2) 294(2) 9.7(8)
0.75 22(1) 298(2) 9.3(4)
0.82 21.3(8) 303(2) 9.0(3)
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FIG. 24. Temperature T7-dependent magnetic contribution

Crmag(T) obtained by subtracting the nonmagnetic contribution
C,(T) of BaCo,As, (left-hand ordinates) and the magnetic entropy
Smag(T) calculated from the experimental Cy,,(7)/T data using
Eq. (9) for Eu(Co;_Ni,),_,As, (right-hand ordinates) for x =0,
0.03, 0.10, 0.20, 0.32, 0.42, 0.54, 0.65, 0.75, and 0.82 from 1.8
to 100 K. The sharp A-like transitions are associated with AFM
ordering of the Eu spins and the steplike features for x = 0.2-0.54
are associated with itinerant FM ordering associated with the Co/Ni
sublattice.

which gives

D, (Er) states | 1 mJ (7b)
YR N | T 23597 | molk2 |

where “mol” refers to a mole of formula units (f.u.). The
D, (Ef) values calculated for our Eu(Co;_,Ni,),_,As; crys-
tals from their y values using Eq. (7b) are listed in Table VII,
where the fitted values are close to each other for x = 0 to
0.82.

The magnetic contribution Cpe(T) to CGy(T) of
Eu(Co;_Ni,)>_yAs, obtained after subtracting the lattice
contribution, taken to be C,(T') of BaCo,As, [41], is shown
in Fig. 24. Within MFT the discontinuity in Gy at T = Ty is
given by [36]

55(1 4 5)

Acmag = R—l n 2S n 252

=20.14 J/mol K, ®)
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FIG. 25. Heat capacity C, versus temperature 71  of

Eu(Co;_Ni,),_,As, with x= 020, 0.32, 042, and 0.54 in
magnetic fields H = 0 and 3 T applied parallel to the c axis, H || c.
For clarity, the data for H = 0 T are offset by 5 J/mol K as indicated.
Phase transitions are marked by arrows.

where the second equality is calculated for § = % The exper-
imental heat-capacity jump for x = 0 in Fig. 24(a) at Ty =
45 Kis ~21.74 J/mol K, somewhat larger than the theoretical
prediction of MFT. With doping, the value of AC,, decreases
to values smaller than the theoretical prediction up to x =
0.42, and then increases again. The Cpue(T) is nonzero for
Tn < T <40 K, indicating the presence of dynamic short-
range AFM ordering of the Eu spins above Tyg,, thus ac-
counting at least in part for the decrease in ACy,, from the
theoretical value.

From Fig. 24, we find two magnetic transition peaks for
x =0.2,0.32,0.42, 0.54 consistent with the above studies. It
is clear that the magnetic ordering of the Eu spins for all
compositions is associated with the A-type anomaly that de-
creases monotonically from a temperature Tyg, = 45.1(2) K
to 16.2(4) K at x = 0.84, as listed above in Table II. We
therefore ascribe the upper transition temperature manifested
by a step discontinuity in Cpae(7T) in Fig. 24 to magnetic
ordering of the Co/Ni atoms, which from the above magnetic
measurements is FM. Therefore, the latter transition tempera-
tures are denoted by Tc coni in Table I1.

The magnetic entropy is calculated from the Cp,(T') data
for Eu(Coy_,Niy),_,As; in Fig. 24 using

r Cma (T/) ’
Smag(T) = / %dT , 9
0

and the results are shown in Fig. 24 (right-hand ordinates).
The theoretical high-T' limit iS Spae(7T) = RIn(2S +1) =
17.29 J/mol K for S = % The entropy reaches almost 90%
of RIn(8) at Txgy. The high-T limit of the data is slightly
different from the theoretical value, which may be due to a
small error in estimating the lattice contribution to C,(T).
The C,(H, T) data for Eu(Co;_,Niy),_,As, crystals with
compositions x = 0.2, 0.32, 0.42, and 0.54 showing two
magnetic transitions measured in magnetic fields H = 0 and
3 T applied along the c axis are shown in Fig. 25. It is evident
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FIG. 26. In-plane electrical resistivity of Eu(Co;_,Ni,)>_,As,
single crystals (x = 0, 0.03, 0.10, 0.20, 0.32, 0.42, 0.54, 0.65, 0.75,
and 0.82) as a function of temperature 7 from 1.8 to 300 K measured
in zero magnetic field. The black curves in the main panels are fits by
the prediction of the Bloch-Gruiineisen theory in Egs. (11) to the data
above 70 K and are extrapolated to 7 = 0. Insets: expanded plots of
p(T)atlow T. The black line is the fit of the data by Eq. (10) over the
temperature interval below min(7cco/ni, Ings) marked by an arrow.

that both transitions are intrinsic and magnetic because Tygy
shifts to lower temperatures marked by an arrow and the
heat-capacity jump at Tyg, decreases with applied magnetic
field, both as predicted from MFT for a field parallel to the
helix axis [36]. The second transition at Tcco/ni as listed in
Table II is seen to be suppressed by an applied field of 3 T.
We take Tygy at each field to be the temperature of the peak
in C, versus T instead of the temperature at half-height of
the transition, because the latter is ambiguous to estimate
due to the significant contribution of short-range above AFM
ordering to C, above the respective Tngy. Table II lists the
x-dependent Ty, and Tcconi Values obtained from the x (77)
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TABLE VIII. Parameters for the electrical resistivity obtained from a low-temperature fit by Eq. (10) below Tyg, and for the fit by the

Bloch-Griineisen model in Egs. (11) in the range 70 K < T < 300 K.

Low-T, T" fit Bloch-Griineisen fit

Lo A Po + Psd C Or
X (u2 cm) (€2 cm/K") n (u2 cm) (u2 cm) (K)
0 16.0 0.0022(1) 2 17.7(3) 12(1) 213(3)
0.03 56.07(1) 0.0127(3) 1.75(1) 65(1) 37(3) 246(8)
0.1 57.11(1) 0.0115(1) 1.77(1) 67(1) 32(4) 256(9)
0.2 81.96(3) 0.0289(1) 1.52(1) 93.0(5) 31(2) 245(7)
0.32 101.63(3) 0.0581(6) 1.38(3) 126(2) 27(9) 319(6)
0.42 89.97(4) 0.14(1) 1.11(2) 112(3) 21(4) 311(8)
0.54 128.03(3) 0.21(1) 1.12(1) 146(1) 26(5) 228(9)
0.65 135.17(2) 0.30(1) 1.10(1) 148(1) 29(6) 266(6)
0.75 128.41(3) 0.21(1) 1.22(1) 138.0(3) 32(1) 271(5)
0.82 123.63(4) 0.34(1) 1.15(1) 134.7(2) 37.8(9) 282(7)
1 8.71(3) 0.262(9) 1.26(1) 17.18(3) 27.0(2) 235(1)

and C,(T') measurements and from the o(7') measurements
discussed in the following section. The values obtained from
the different measurements are quite close to each other. The
table shows that the C,(T') measurements do not reveal two
transitions for x = 0.65 even though the two transitions are
evident in both the x (T') and p(T) (see below) measurements.

VIII. ELECTRICAL RESISTIVITY

The in-plane (ab-plane) electrical resistivity p of the
Eu(Co;_,Ni,)2_yAs, single crystals as a function of 7' from
1.8 to 300 K measured at zero magnetic field are shown in
Fig. 26. The p(T') exhibits metallic behavior for all crystals.
The AFM transition at Ty g, and the second transition T¢ co/ni
for x = 0.32, 0.42, and 0.54 observed in the p(T) data are
marked by arrows. The transitions are more clearly shown
in the expanded plots of p(7) at low temperatures in the
insets to Fig. 26. The values of Ty and T¢ co/ni Obtained from
the data are listed in Table II and are seen to be consistent
with the values found from the above x(7') data and C,(T')
measurements. Interestingly, the p(7') data do not exhibit any
significant feature at Ty g, for x = 0.20 and 0.65.

The low-T p,(T ) data below Tyg, are fitted by

p(T) = po +AT",

as shown by the solid curves in the insets of Fig. 26. The fitted
parameters pp, A, and the power n are listed in Table VIIIL.
From Table VIII, the p(T) data follow the Fermi-liquid T?
behavior for x = 0, but with doping p(T < Ty) does not,
likely because it is affected by the T-dependent loss of spin-
disorder scattering on cooling below Tygy.

The p(T') in the normal state above 70 K is fitted by the
Bloch-Griineisen (BG) model where the resistivity arises from
scattering of electrons from acoustic phonons. Our fitting
function is

(10)

pBG(T) = po + psa(T) + C f(T),
where [63]

T \> [ox/T Xdx
1= (@7) /0 I—ene—D™

(11a)

(11b)

Here, po + psa(T') is the sum of the residual resistivity py due
to static defects in the crystal lattice and the spin-disorder re-
sistivity pgq(7). The constant C describes the T'-independent
interaction strength of the conduction electrons with the ther-
mally excited phonons and contains the ionic mass, Fermi
velocity, and other parameters, x = 5 ;ZT’ and O is the
Debye temperature determined from electrical resistivity data.
The representation of f(7") used here is a fit of data calculated
for the integral on the right-hand side of Eq. (11b) by an
accurate analytic Padé approximant function of 7' [63]. The
fits to the p(7') data between 70 and 300 K by Egs. (11)
are shown as the solid black curves in the main panel of
Fig. 26. The fitted parameters (o9 + psq), C, and O are listed
in Table VIII.

IX. CONCLUDING REMARKS

Multiple magnetic phase transitions have been identified
in the Eu(Co;_Ni,)>_yAs, system. The highest-temperature
one is a composition-dependent itinerant FM ordering be-
tween 25 and 60 K associated with the Co/Ni sublattice as
clearly revealed from both heat capacity C,(H, T') and mag-
netic susceptibility x,(7") measurements. This FM transition
is fragile and disappears in a 3 T magnetic field according to
the C,(T) measurements. The composition-dependent mag-
netic ordering of the Eu spins is clearly evident from the A
or step-shape anomaly in the zero-field C,(T') measurements
that is easily tracked versus composition. Close to the end-
point compositions the magnetic structure is a c-axis helix as
illustrated generically in Fig. 27 for a 60° turn angle kd. In the
intermediate composition range 0.20 < x < 0.65, low-field
magnetization versus field M,(H) isotherms demonstrates
that the Eu magnetic structure has a rather large ferromagnetic
(FM) component along the ¢ axis (0.6 to 3.5 ug/Eu); com-
bined with the x,(7") data, we suggest that this structure is an
Eu S = % cone structure, which is a superposition of a c-axis
helix and a c-axis FM component as illustrated in Fig. 27(b).
In addition, in the narrow composition range 0.03 < x < 0.1
there appears to be a 2¢q helix, which consists of a superposi-
tion of a helical structure along the ¢ axis with the moments
aligned in the ab plane and a related helix structure with a
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FIG. 28. Tentative magnetic phase diagram in the 7-x plane of
S Y the Eu(Co;_,Ni,),_,As, system. The itinerant FM transition temper-
Id ----- e atures Tccoyni Of the Co/Ni sublattice are given by the filled blue
ST T - squares, and the magnetic transition temperatures of the Eu spins are
] T?’ (a) denoted by filled red circles.
b
/ helix axis in the ab plane and the moments aligned in an
a ab-c plane perpendicular to the helix axis. These results are
summarized in the tentative phase diagram in Fig. 28.
Generic c-Axis Cone The most surprising result from this work is the discovery
. . . of multiple transition temperatures around the Eu transi-
Side View Top View tion temperature that are observed in the '>'Eu Mossbauer

- -

-
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- -
- -
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FIG. 27. (a) Generic magnetic structure of a c-axis helix, which
consists of ferromagnetically (FM) aligned moments in the ab plane
represented by a single arrow which rotates by an angle g.d from
layer to layer along the c axis, where ¢q. is the c-axis magnetic
propagation vector and d is the distance between adjacent ab planes
of FM aligned moments as shown (after Ref. [35]). (b) Generic c-axis
cone structure consisting of a superposition of a c-axis helix structure
and a c-axis FM component of each moment.

measurements of Eu(Co;_,Ni,),_,As; with x =0, 0.2, and
0.65, which are not included in Fig. 28. These measure-
ments indicate that ordering of the Eu moments proceeds
via an incommensurate sine amplitude-modulated structure
with additional transition temperatures associated with this
effect. A fit of the ordered moment versus temperature in
EuCo,_,As, from the literature suggests that there might be
a systematic deviation from the prediction of molecular-field
theory on approaching Ty g, from below, which is expected to
be accurate for the large spin S = % It would be interesting
to carry out higher-resolution measurements of the magnetic
order parameter versus temperature for x = 0, and also see if
there is a temperature dependence to the turn angle of the helix

at this composition.
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