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The Eu™? spins-7/2 in EuNisAs, with the body-centered tetragonal ThCraSis structure order
antiferromagnetically below the Néel temperature T = 15 K into a helical antiferromagnetic (AFM)
structure with the helix axis aligned along the tetragonal ¢ axis and the Eu ordered moments aligned
ferromagnetically within the ab plane as previously reported from neutron diffraction measurements
[T. Jin, et al., Phys. Rev. B 99, 014425 (2019)]. Here we study the crystallographic, magnetic,
thermal, and electronic transport properties of Bi-flux-grown single crystals using single-crystal x-
ray diffraction, anisotropic magnetic susceptibility x, isothermal magnetization M, heat capacity
C,, and electrical resistivity p measurements versus applied magnetic field H and temperature T'.
Vacancies are found on the Ni sites corresponding to the composition EuNiy g5(1)As2. A good fit
of the p(T) data by the Bloch-Grineisen theory for metals was obtained. The xqs(7") data below
Tn are fitted well by molecular field theory (MFT), and the helix turn angle kd and the Eu-Eu
Heisenberg exchange constants are extracted from the fit parameters. The kd value is in good
agreement with the neutron-diffraction result. The magnetic contribution to the zero-field heat
capacity below Tx is also fitted by MFT. The isothermal in-plane magnetization M,;, exhibits
two metamagnetic transitions versus H, whereas M.(T = 2 K) is nearly linear up to H = 14 T,
both behaviors being consistent with MFT. The M.(H,T), p(H.,T), and C,(H.,T) data yielded a
H.-T phase diagram separating the AFM and paramagnetic phases in good agreement with MFT.
Anisotropic x(7T) literature data for the ThCr2Siz-type helical antiferromagnet EuRh2Ass were also
fitted well by MFT. A comparison is made between the crystallographic and magnetic properties of
ThCrzSie-type EuMs2 Pna compounds with M = Fe, Co, Ni, Cu, or Rh, and Pn = P or As, where

only ferromagnetic and c-axis helical AFM structures are found.

I. INTRODUCTION

The body-centered tetragonal ThCrsSis structure with
space group I4/mmm [1] is well known for accommodat-
ing exotic ground state properties, rich magnetism, and
heavy fermion superconductivity [2]. Compounds with
this structure type also became extensively studied after
the discovery of superconductivity (SC) in the layered
iron arsenides AFegAss (divalent A = Ba, Sr, Ca, Eu)
and related 122-type materials with SC transition tem-
peratures up to T, = 38 K [3-6]. The unconventional SC
in doped AFesAss compounds arises adjacent in compo-
sition to a long-range ordered itinerant antiferromagnetic
(AFM) spin-density-wave (SDW) phase associated with
the Fe atoms, suggesting that magnetism and SC are
closely intertwined in these systems [3-7].

Compared to the (Ca,Sr,Ba)FeaAsg-based com-
pounds, the A = Eu-based materials are different due
to the Eut? spin-7/2 4f magnetic moments and associ-
ated rich magnetism. For example, EuFe;Ass is a unique
example in which localized Eu®? spins order antiferro-
magnetically below 19 K with an A-type AFM struc-
ture and the itinerant Fe moments undergo an SDW
transition at 190 K with an associated tetragonal-to-
orthorhombic structural phase transition [8-11]. Simi-
lar to (Ca, Sr, Ba)FeyAsa, SC is achieved in EuFesAsy by
either chemical doping or by hydrostatic pressure after
suppression of the SDW and the associated structural
transition [12]. The superconducting phase was found

to coexist with long-range AFM from the Eut? spin-7/2
sublattice, making the EuFes;Ass-based system very at-
tractive for additional research [13]. The Eu spins in the
isostructural compounds EuCusPs and EuRusAsy also
order magnetically [14, 15].

The Eu- and Co-based pnictides EuCosP, and
EuCosAs, have also received considerable attention with
respect to their magnetic properties. EuCosPs has an un-
collapsed tetragonal (ucT) structure and orders antiferro-
magnetically below 66 K with a coplanar helical magnetic
structure at ambient pressure with no contribution from
the Co atoms [16, 17]. High-pressure studies on EuCozPs
showed that the system changes its magnetic character
from Eu(4f)-sublattice ordering to Co(3d)-sublattice or-
dering coincident with a pressure-induced first-order ucT
to collapsed tetragonal (cT) structural transition [18].
We recently showed that EuCosPs at ambient pressure
is a textbook example of a noncollinear helical AFM
for which the thermodynamic properties in the AFM
state are well described by our so-called unified molec-
ular field theory (MFT) [19]. Similarly, single crystals
of EuCosAs,, which is isostructural and isoelectronic
to EuCosPso, exhibit coplanar helical AFM ordering of
Eu™? spins below 47 K but with anomalously-enhanced
effective and/or ordered moments [8, 20-22]. In con-
trast to EuCosPs, high-pressure studies on EuCosAss
showed a continuous ucT to c¢T crossover, which results
in an intermediate-valence state of Eut2-25 at high pres-
sure [21]. Consequently, AFM ordering of the Eu sub-



lattice gives way to ferromagnetic (FM) ordering with a
Curie temperature T¢ = 125 K which arises from both
Eu 4f and Co 3d moments [21, 23]. EuCuzAs, [24] and
EuRhyAsy [25] also have the ThCraSia-type structure
and order antiferromagnetically at the Néel temperatures
TN =17.5 K and 47 K, respectively.

Superconductivity has been found in the Ni-based
ThCrsSis-type compounds SrNizAsy (7. = 0.62 K) [26],
SrNioPy (T, = 1.4 K) [27], BaNisAsy (T, = 0.7 K) [28],
and BaNiyPs (T, = 2.80 K) [29]. Moreover, it is well
known that SC emerges in EuFesAss when the long-
range magnetic order is suppressed by hole doping in
Eu;_,Ki_,FesAsy [30, 31], by electron doping with
transition metal ions in Eu[Fe,  (Co,Ru,1Ir), |2Asy [32-
34], or by isovalent substitution of As by P in
EuFey(As; ,P.)2 [35, 36]. However, Ni substitution on
the Fe site in EuFesAss does not induce superconductiv-
ity down to 2 K in contrast to Ni-doped BaFeyAss [37].
Instead, it was found that both the SDW transition and
AFM ordering of Eu™2 moments were suppressed simul-
taneously by substituting Ni for Fe, and FM ordering of
the Eu™ moments emerges instead of SC [38, 39].

The compound EuNisAs, orders antiferromagnetically
at Tx = 15 K [8, 40]. Neutron-diffraction studies re-
vealed that the Eu™? spins S = 7/2 align ferromagneti-
cally in the ab plane and form an incommensurate AFM
helical structure with the helix axis parallel to the tetrag-
onal ¢ axis with magnetic propagation vector k = [0, 0,
0.9200(6)]27/c [41]. The ordered moments rotate in the
ab plane by kec/2 = 165.6(1)° around the ¢ axis from layer
to layer, indicating within molecular-field theory (MFT)
that the dominant nearest-layer and next-nearest-layer
interactions are both AFM. This study also showed that
there is no contribution to the AFM ordering from the
Ni sublattice.

Herein we report a detailed study of EuNisAss single
crystals including their crystallographic, magnetic, ther-
mal, and electronic-transport properties, investigated us-
ing single-crystal x-ray diffraction (XRD), magnetic sus-
ceptibility x(H,T) = M(T)/H, isothermal magnetiza-
tion M (H,T), heat capacity C,(H,T), and electrical re-
sistivity p(H,T) measurements as functions of applied
magnetic field H and temperature 7T'.

The experimental details are presented in Sec. IT and
the crystallographic results in Sec. III. A new formula-
tion of MFT was recently presented by one of us for cal-
culating the magnetic and thermal properties of collinear
and noncollinear AFMs on the same footing [42, 43],
which was therefore dubbed the unified molecular-field
theory. This theory is applicable to systems of identical
crystallographically-equivalent Heisenberg spins interact-
ing by Heisenberg exchange and does not use the concept
of magnetic sublattices. Instead, the magnetic proper-
ties are calculated solely from the exchange interactions
of an arbitrary spin with its neighbors. In addition, the
parameters of the MFT are experimentally measurable,
replacing the vague molecular-field coupling constants of
the traditional Weiss MFT. The M (H,T') isotherm and

X(H,T) data for single crystals are presented in Sec. IV,
including analyses of these data by the MFT. A good fit
by the MFT to the anisotropic magnetic susceptibility of
the helical Eu structure below T was obtained for a helix
turn angle in good agreement with the value found [41]
from the neutron diffraction measurements. In addition,
the nearest- and next-nearest-interplane Heisenberg ex-
change interactions between the Eu spins in the c-axis
helical structure were estimated from MFT analysis of
the data.

The ab-plane p(T) data are presented in Sec. V,
where an excellent fit by the Bloch-Griineisen theory
was obtained. Our C,(H,T) data are presented in
Sec. VI, where fits by MFT are presented. The AFM-
paramagnetic (PM) phase diagram in the H. — T plane
was constructed from the M(H.,T), Cp(H.,T) and
p(H.,T) data. A good fit by MFT to the boundary
separating these two phases was obtained, yielding the
extrapolated c-axis critical field H., (T = 0) = 13.6 T.
A summary is given in Sec. VII, which includes a com-
parison of the crystallographic and magnetic properties
of ThCrsSiz-type EuMyPns compounds with M = Fe,
Co, Ni, Cu, Rh and Pn = P or As.

II. EXPERIMENTAL DETAILS

Single crystals of EuNiz Asy were grown using both Bi
flux and NiAs flux. For growths using NiAs flux, the
starting materials were high-purity elemental Eu (Ames
Laboratory), and Ni (99.999%) and As (99.99999%) from
Alfa Aesar. The EuNisAsy and flux were taken in a 1:4
molar ratio and placed in an alumina crucible that was
sealed under ~ 1/4 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.

Single crystals of EuNisAs, were also grown in Bi
flux with a purity of 99.999% obtained from Alfa Aesar.
EuNisAsy and Bi were taken in a 1:10 molar ratio and
placed in an alumina crucible that was sealed under ar-
gon in a silica tube. The sealed samples were preheated
at 600 °C for 6 h. Then the mixture 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 700 °C at a rate
of 2 °C/h and then to 400 °C at a rate of 5 °C/h. At
this temperature the molten Bi flux was decanted using
a centrifuge. Shiny platelike crystals with basal-plane
areas up to 2 x 7 mm? (=~ 52 mg) were obtained.

Single-crystal XRD measurements were performed at
room temperature on a Bruker D8 Venture diffractome-
ter operating at 50 kV and 1 mA equipped with a Pho-
ton 100 CMOS detector, a flat graphite monochromator,



and a Mo Ka IuS 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 [44]. The frames
were integrated with the Bruker SAINT program [45] us-
ing a narrow-frame algorithm integration and the data
were corrected for absorption effects using the multi-scan
method (SADABS) [46]. The occupancies of the atomic
positions were refined assuming random occupancy of
the Ni and As sites and complete occupancy of the Eu
sites. The atomic displacement parameters were refined
anisotropically. Initial models of the crystal structures
were first obtained with the program SHELXT-2014 [47]
and refined using the program SHELXL-2014 [48] within
the APEX3 software package.

The phase purity and chemical composition of the
EuNisAs, crystals were studied using an energy disper-
sive x-ray spectroscopy (EDS) semiquantitative chemical
analysis attachment to a JEOL scanning electron micro-
scope (SEM). SEM scans were taken on cleaved surfaces
of the crystals which verified the single-phase nature of
the crystals. The composition of each platelike crystal
studied here was measured at six or seven positions on
each of the two basal ab-plane faces, and the results were
averaged. Good chemical homogeneity was found for
each crystal. The chemical compositions of EuNisAss
crystals obtained from both the EDS and single-crystal
x-ray structural analysis were determined assuming that
the Eu site is fully occupied. The same crystals measured
by EDS (pieces of which were used for the XRD measure-
ments) were utilized to perform the physical-property
measurements.

Magnetization data were obtained using a Quantum
Design, Inc., SQUID-based magnetic-properties mea-
surement system (MPMS) in magnetic fields up to 5.5 T
and a vibrating-sample magnetometer (VSM) in a Quan-
tum Design, Inc., physical-properties measurement sys-
tem (PPMS) in magnetic fields up to 14 T where 1 T =
10* Oe. The magnetic moment output of these instru-
ments is expressed in Gaussian cgs electromagnetic units
(emu), where 1 emu = 1 Gem?® and 1 G = 1 Oe. The
C,(H,T) was measured by 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 pm diameter)
electrical leads were attached to the crystals using sil-
ver epoxy.

IIT. CRYSTALLOGRAPHY

The chemical compositions and crystal data for the
EuNisAs, single crystals grown in both Bi flux and NiAs
flux obtained from the single-crystal XRD and EDS mea-
surements at room temperature are presented in Table I.
The data confirm that EuNizAsy has the ThCrySis-type
body-centered tetragonal symmetry with space group

I4/mmm, consistent with previous reports [49]. How-
ever, we consistently found randomly-distributed vacan-
cies on the Ni site from both EDS and single-crystal
XRD measurements as shown in Table I, indicating
that the composition of the crystals is EuNij g5(1)As.
We find no significant difference in the lattice parame-
ters between Bi-flux-grown and NiAs-flux-grown crystals.
Therefore, all the physical-property measurements re-
ported below were performed on the Bi-flux-grown crys-
tals because large high-quality homogeneous single crys-
tals of EuNigAss could be more easily grown with this
flux.

IV. MAGNETIZATION AND MAGNETIC
SUSCEPTIBILITY MEASUREMENTS

A. Magnetic Susceptibility Measurements

The zero-field-cooled (ZFC) magnetic susceptibilities
X(H,T) = M(T)/H of an EuNij g5Asy single crys-
tal measured in H = 0.1 T aligned along the ¢ axis
(Xe, H| ¢) and in the ab plane (xa., H || ab) are
shown in Fig. 1. A sharp peak in xq(T) occurs at
Tn = 14.4(5) K, in good agreement with the previ-
ous reports [8, 40, 41]. The anisotropic x(7) data be-
low Tn, where x. is nearly independent of T" and xgp
decreases with decreasing T', indicate that the AFM-
ordered moments are aligned in the ab plane. More-
over, based on MFT, the nonzero limit of x. (7T — 0)
indicates that the AFM ordering in EuNisAsy is ei-
ther a collinear AFM with multiple domains in the
ab plane or an intrinsic coplanar noncollinear AFM struc-
ture [42, 43]. The recent neutron-diffraction study of
single-crystal EuNizAss indeed showed an incommensu-
rate AFM helical structure with the Eu ordered moments
aligned ferromagnetically within the ab plane which ro-
tate about the ¢ axis by 165.6(1)° from Eu layer to
Eu layer along the ¢ axis, where the AFM propaga-
tion vector is k = (0,0,0.9200)27/c and ¢ is the tetrag-
onal c-axis lattice parameter [41]. Within MFT, this
turn angle indicates dominant AFM nearest-layer and
also next-nearest-layer Eu-Eu interactions [42, 43]. Sim-
ilar incommensurate Eu helical spin structures along
the ¢ axis with almost the same propagation vector
were found in the isostructural compounds EuCosP5 and
EuCogAsy [17, 19, 21, 22].

The inverse susceptibilities x_,'(T) and x;'(T) of
EuNij g5Ass measured in H = 0.1 T and H = 1 T are
shown in Figs. 2(a) and 2(b), respectively. The high-
temperature x~(T) data above Ty in the PM region
70 K < T < 300 K were fitted by both the Curie-Weiss
law and the modified-Curie-Weiss law, given respectively
by

(1a)



TABLE I: Crystal and refinement parameters and atomic coordinates obtained from Rietveld refinement of room-temperature
single-crystal XRD data of EuNizAsy with the ThCraSis-type crystal structure, space group 14/mmm and Z = 2 formula units
per unit cell. Compositions obtained from energy-dispersive x-ray spectroscopy (EDS) measurements are also shown.

Composition Occupancy (%)
XRD EDS Atom Wyckoff XRD EDS T y z
position
EUN11,95(1)ASL98(1)(L EUN11'98(4)ASL95(10)G Eu 2a 100 100 0 0 0
Ni 4d 97.7(6) 99.0(2) 0 1/2 1/4
As 4e 99.0(4) 97(5) 0 0 0.36639(9)
EUN11'87(1)AS2b EuNi1_84(1)ASQ_01(4)b Eu 2a 100 100 0 0 0
Ni 4d 93.4(4) 92.2(5) 0 1/2 1/4
As 4e 100.0(8) 100.4(2) 0 0 0.36653(8)
EuNizAsz (Ref. [49]) Eu 2a 100 0 0 0
Ni 4d 94(4) 0 1/2 1/4
As de 96(3) 0 0 0.3669(4)
Lattice parameters EuNisAse® EuNizAss”  Ref. [49]°
a (A) 4.105(2) 4.1052(8) 4.115(1)
c (A) 10.078(4) 10.027(2) 10.086(2)
c/a 2.455(2) 2.442(1) 2.451(1)
Veell (AS) 169.8(2) 168.99(7) 170.78(11)

¢Grown in Bi flux

bGrown in NiAs flux
¢Polycrystalline sample

TABLE II: Parameters obtained from Curie-Weiss and modified Curie-Weiss fits to x(7) data for H = 0.1 Tand H=1T
between 70 and 300 K for EuNij g5 Ass using Egs. (1a) and (1b), respectively. Listed are the temperature-independent contri-
bution xo. with the field applied in the o = ab, ¢ directions, molar Curie constant C\, angle-averaged molar Curie constant
Cave = (2Cqp + C.) /3, effective moment pe, angle-averaged effective moment piefr ave, Weiss temperature 0p, angle-averaged
Weiss temperature 0p ave, and fo = 0pa/In with T = 14.5 K. The error bars reflect systematic errors found from different
temperature ranges of the fits. The effective moment per Eu atom pieg,ave (B /f.u.) was calculated from Eq. (2b). For S = 7/2
with g = 2, Egs. (2a) and (2b) yield C' = 7.878 cm® K/(mol Eu) and prog = 7.937 up/Eu, respectively.

Field X0« Ca Cave Meff o Heff ,ave apa QPVaVe ap,diﬁ" fa = 0113_1\(:
—4cm?® cm®K cm®K
(o) (=) (2) () () K K (K

H=01T HJab  10.1(2) 78(1)  791(7) 7.90(5) 7.95(3) —15(1) —152(8) 06 ~1.03

Hle 10.9(8) 8.13(3) 8.06(1) ~15.6(5) ~1.07

H || ab =0 8.24(4)  8.3(3) 8.1(2) 8.2(1)  —19(1)  —19.4(9) 12 ~1.31

Hl e =0 8.57(3) 8.28(1) —20.2(9) ~1.39

H=1T H]ab 6.2(2) 768(1)  7.75(1) 7.838(5) 7.874(5) —11.7(1) —12.7(1) —3.0  —0.81

Hlec 4.4(2) 7.90(1) 7.949(5) —14.7(1) ~1.01

H || ab =0 7.938(5) 7.975(5) 7.969(2) 7.987(2) —14.9(1) —15.63(1) —2.2  —1.03

Hl e =0 8.097(2) 8.048(1) —17.1(1) ~1.18
and kg is Boltzmann’s constant. The effective moment
c leoffa. = g4/ S(S+1) of a spin in units of up is given

Xa(T) = Xoa + 77—, (Ib) by Eq. (2a) as
T — Opa

where oo = ab or c and X, is a T-independent term. The Peffo = 4 | :j\l;BC;a ~ /8C,, (2b)
AMB

Curie constant per mole of Eu spins is given by

Nag2S(S + 1)u3 where C,, is in cgs units of cm® K/(mol Eut?). The fits
Co = 3kp ) (2a) are shown as the straight lines in Fig. 2 and the fitted
parameters together with the parameter f, = 0,0/IN
where N is Avogadro’s number, g, is the possibly used later are listed in Table II.
anisotropic spectroscopic splitting factor (g-factor), and The values of Cyye and fieg,ave in Table II are simi-
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FIG. 2: Inverse susceptibility x ™' versus temperature 7 of an

EuNi; 95Aso single crystal for (a) H =0.1 Tand (b) H=1T
applied in the ab plane (x,;', H | ab) and along the c axis
(x' H | o).

lar to the theoretical values of 7.878 cm?® K/mol Eu and
7.937 up/Eu, respectively, for Eut? spins with S = 7/2
and g = 2. This suggests that the Ni atoms are non-
magnetic, as also inferred from the neutron-diffraction
study of the magnetic structure [41]. In the latter study
the effective moment in the PM state was found to be
test = 8.23(5) pup/Eu from x4 (T) in H = 0.1 T, which
agrees with our value for H = 0.1 T and xo = 0 listed
in Table II. However, when x( is a fitted parameter, we
obtain the value fiefrave = 7.91(7) pup/Eu, close to that
expected for Eut? with S = 7/2 and g = 2.

Our value 6, . = —17(2) K of the Weiss temper-
ature with H | ab in Table II for H = 0.1 T is
the same within the errors as that [-17.7(9) K] ob-
tained for a crystal with the same field and field ori-
entation in Ref. [41], indicating predominantly AFM ex-
change interactions between the Eu spins. The differ-
ence in the Weiss temperature between the c-axis and
ab-plane values for H = 0.1 T in Table IT is small
(£ 1 K), indicating a small anisotropy field. That this
anisotropy field is small is consistent with the occurrence
of two metamagnetic transitions in My, (H) isotherms
in Fig. 4 below, as explained at the end of the follow-
ing section. The slight anisotropy may arise from either
the anisotropic magnetic dipole interactions between the
Eu spins [50], from single-ion uniaxial anisotropy [51],
and/or from anisotropy in the Ruderman-Kittel-Kasuya-
Yosida (RKKY) interactions between the Eu spins.

The field-dependent ZFC magnetic susceptibilities
Xa = Mo(T,H)/H measured at various magnetic fields
applied in the ab plane and along the ¢ axis for the tem-
perature range 1.8 K < T < 50 K are shown in Figs. 3(a)
and 3(b), respectively. Metamagnetic transitions are seen
to occur in X4 (H,T) for H > 3 T, as might be expected
from the helical magnetic structure [52, 53]. One sees
that x.(T) in Fig. 3(b) is far less sensitive to H com-
pared to xq.»(T) in Fig. 3(a).

B. Magnetization versus Field Isotherms

Isothermal M (H) data measured at T = 2 K with
0 < H <14 T applied in the ab plane (M, H || ab) and
along the c-axis (M., H || ¢) are shown in Fig. 4. The
M.(H) data are nearly linear in field at T' < Ty as pre-
dicted by MFT for a helix with the field applied along
the helix axis [43]. One sees that M.(H = 14 T) =
6.39 up/Eu does not yet reach the saturation moment
per Eu spin given by pg.s = gSug = 7 pp for S = 7/2
and g = 2.

For H || ab, the M,,(H) data in Fig. 4 show an ap-
parently first-order metamagnetic transition at a field
Hypm1 =~ 3.1 T (marked by a vertical arrow). Then at
a higher field Hymo ~ 9.5 T another metamagnetic tran-
sition occurs, marked by another vertical arrow, which
appears to be second order.

For a detailed exposition of the high-field behaviors,
we obtained M (H) isotherms and their field derivatives
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FIG. 3: Zero-field-cooled field-dependent magnetic suscepti-
bility x = M/H of EuNiji.95As2 single crystal as a function
of temperature T for various magnetic fields H applied (a) in
the ab plane (H || ab) and (b) along the ¢ axis (H || ¢). The
data for H || ab = 4.5, 5 and 5.5 T are offset from each other
for clarity by 0.01 cm®/mol as indicated in (a).

at various temperatures which are plotted in Figs. 5(a,b)
and 6(a,b) for H || ab and H || ¢, respectively. The
M.(H) data shown in Fig. 6(a) exhibit negative curva-
ture at the higher fields for 7' < 50 K. At higher temper-
atures, a proportional behavior of M.(H) data is eventu-
ally observed. As one can see from the derivative plots in
Fig. 6(b), the critical field H.; at which a second-order
AFM to PM transition occurs [43] is shifted to lower field
as T increases. The symbol | in H., refers to the crit-
ical field with H applied perpendicular to the zero-field
plane of the ordered moments which is the ab plane in
this case. On the other hand, the M,,(H) isotherms
in Fig. 5(a) show two clear metamagnetic transitions at
Hym and Hpyno, respectively, for T' < 7 K that disap-
pear at Ty. These transitions shift to higher field whereas
the critical field H., at the AFM to PM transition shifts
to lower field with increasing temperature as seen in the
derivative plots in Fig. 5(b). The metamagnetic transi-
tion fields H,m1 and Hp,mo and the critical field H. | are
obtained from the fields in the derivative plots at which
peaks or discontinuities are seen. The results are listed
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(e
N
o0

12
H (T)

FIG. 4: Isothermal magnetization M of single-crystal
FuNi; g5As2 as a function of magnetic field H measured at
T = 2 K with H applied in the ab plane (Mqp, H || ab) and
along the ¢ axis (M., H || ¢). The first-order and second-order
transition fields with increasing field for My, (H) are indicated
by vertical arrows, respectively.

TABLE III: Metamagnetic fields Hmmi and Hmmsz, and the
critical fields H., with the field perpendicular to the zero-field
plane of the ordered moments of FEuNij g5Ass single crystals
and H.| with the field parallel to the zero-field plane at several
temperatures, determined from the isothermal magnetization
M, (H) data in Figs. 5 and 6.

H || ab H| ¢
T(K) Hmml Hmm2 Hc|| HCJ_ (T)
(T) (T) (T)
2 3.15(1) 9.51(3) >14
5 3.33(2) 7.73(4) > 14 12.7(3)
7 3.91(2) 5.5(1) 13.1(3)
10 10.1(6)

in Table III.

Theoretical studies of classical field-induced xy-plane
(ab plane here) metamagnetic transitions in z-axis helices
(c axis here) at T' = 0 were presented by one of us for mo-
ments confined to the zy plane (infinite XY anisotropy)
in Ref. [52] and more recently for finite XY anisotropy in
Ref. [53] where the moments can flop from the zy plane
into a three-dimensional spin-flop arrangement on one
and/or two spherical ellipses. Continuous, second-order,
and first-order metamagnetic transitions were found, de-
pending on the turn angle kd and the XY anisotropy. For
EuCosPy with Ty = 66.5 K and kd = 0.857 rad at low
temperatures, good fits to the smooth crossover transi-
tion between helix and fan phases were obtained by the
MFT prediction for both kd = 67/7 rad = 0.8577 rad
in Ref. [52] and kd = 57/6 rad = 0.8337 rad in Ref. [53]
with the Eu spins confined to the ab plane by a suffi-
ciently large XY anisotropy.

Here, the low-temperature turn angle for EuNij g5Ass
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FIG. 5: (a) Isothermal magnetization My, of an EuNij. g5 Aso
single crystal versus magnetic field H applied in the ab plane
(H || ab) at the indicated temperatures T. (b) Derivative
dMap/dH versus H at T = 2, 5, and 7 K obtained from the
respective data in (a).

is kd =~ 0.837 rad (see following section), which is similar
to kd = 0.857 rad in EuCooPy. However, for M,,(H)
in Fig. 4 for EuNi; g5Ass one sees a first-order metam-
agnetic transition followed by a second-order metamag-
netic transition. In Ref. [53], we found that if the XY
anisotropy is sufficiently smaller than in EuCosPs2, then
the sequence of phase transitions observed in EuNiy g5 Aso
can indeed occur when EuNij g5Ass is in the spin-flop
phase, as shown in Fig. 4 of the Supplemental Material
for Ref. [53] for both kd = 0.8187 and 0.8337 rad. In
these cases, a first-order metamagnetic transition arises
in the spin-flop phase from a transition from a 3D two-
spherical-ellipse ordered-moment configuration to a 3D
single-spherical-ellipse configuration, whereas the higher-
field second-order metamagnetic transition results from
a transition from the 3D single-spherical-ellipse configu-
ration to a single 2D fan configuration in the ab plane.
Finally, at sufficiently high field the system exhibits a
second-order transition from the 2D AFM fan phase to
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FIG. 6: Same as Fig. 5 except with the field applied along the
c axis (H || ¢).

the 1D collinear PM phase at H, where H.| refers to
the critical field when H is in the plane of the zero-
field ordered moments. From Fig. 5(b), one sees that
Hey =~ 13.1 T at T'= 7 K, as noted in Table III. Thus
the occurrence and nature of the two metamagnetic tran-
sitions observed in Fig. 4 for H || ab can be understood
in terms of our model in Ref. [53].

C. Molecular-Field-Theory Analysis of Magnetic
Susceptibility of EulNij g5 Ass

The anisotropy of xu(T < Tn) with respect
to XC(T S TN) of EuNi1_95ASQ in Flg 1 with
Xav(T — 0)/x(Tn) ~ 0.6 suggests intrinsic noncollinear
AFM ordering with the ordered moments aligned in the
ab plane. Indeed, the neutron-diffraction study indi-
cated a helical AFM structure with the helix axis be-
ing the ¢ axis [41] with the ordered moments aligned in
the ab plane. Within MFT, the normalized transverse
in-plane susceptibility X (7 < Tn)/x(In) of a helical
AFM structure is given by [42, 43]



Xab(TSTN) _ (1+T*+2fJ+4B*)(1_fJ)/2 (3&)
x(In) (7* + B*)(1+ B*) — (fs + B*)*’
where

B* =2(1 — fy)cos(kd) [1 + cos(kd)] — [, (3b)

T (S + 1)t 3o

t:T_N’ T*()Zma yo_(S+1)t’ (3¢c)

fs = f = 6,/In in Table II for weak anisotropy as in
EuNiy g5Ass, the ordered moment versus T in H = 0
is denoted by pp, and the reduced ordered moment
fio = po/tsat 18 determined by numerically solving the
self-consistency equation

flo = Bs(yo)- (3d)
We define
dBs(y)
Bs(yo) = ; (4)
dy Y=Yo

where the Brillouin function Bg(y) is

Bs(y) = % {25+ Deoth [(25 + 1)2] — cotn (1)}
Here kd = k(27w /c)(c/2) = kn rad is the turn angle be-
tween the ordered magnetic moments in adjacent lay-
ers along the helix axis, where the AFM propagation
vector is written as (0,0,k)27/c. At T = 0, Egs. (3)
yield [42, 43]

Xab(T = 0) 1

x (T - 2[1 + 2 cos(kd) + 2 cos?(kd)] (6)

The x(T) data in Fig. 1 are plotted on an ex-
panded temperature scale in Fig. 7(a). The scaled data
X(T)/x(Tx) necessary for fitting the x.,(7T) data by
Egs. (3) are plotted in Fig. 7(b). For the fits we used
S = 7/2 and the value f = —1.17 from the average of
the two values for f,, with H = 0.1 T in Table II. Tak-
ing xap(T = 0)/x(Tn) = 0.57 from Fig. 7(b) and solving
Eq. (6) for kd gives the two solutions kd = 0.527 rad
(94°) and kd = 0.887 rad (158°) for the helix turn angle
for EuNij g95Ass at T'= 0. In order to fit the lowest-T" xqp
data in Fig. 7(b), we used kd(T = 0) = 0.887 rad which
is in reasonable agreement with the value from the neu-
tron diffraction measurement (kd = 0.92007 rad) [41].
The xap(T < Ty)/x(Tn) fit thus obtained using Eqs. (3)
is plotted as the solid red curve in Fig. 7(b). The corre-
sponding fit on the absolute susceptibility scale is shown
in Fig. 7(a). The fit is seen to be in excellent agreement
with the experimental yq,(7T) data.
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FIG. 7: (a) Magnetic susceptibility x versus temperature 7'
for fields of magnitude H = 0.1 T parallel (x.) and per-
pendicular (xq») to the tetragonal ¢ axis of single-crystal
EuNi; 95As2 at low temperatures. (b) The x(7') data in (a)
normalized by x(7n). The fit of xu»(T)/x(In) in (b) and of
Xab(T') in (a) for T' < Tx by the MFT prediction in Egs. (3)
for a helix is shown as the solid curves.

D. Heisenberg Exchange Interactions in EuCozAs2

We now estimate the Eu intralayer and the Eu inter-
layer Heisenberg exchange interactions along the c¢ axis
within the minimal Jy-J1-J2 MFT model for a helix
[43, 53, 54], where Jy is the sum of the Heisenberg ex-
change interactions of a representative spin with all other
spins in the same spin layer perpendicular to the helix
(z = ¢) axis, Jp is the sum of all interactions of the spin
with spins in a nearest layer along the helix axis, and
Jo is the sum of all interactions of the spin with spins
in a second-nearest layer, as indicated in Fig. 8. Within
this one-dimensional model, kd, T, and 6, are related



TABLE IV: Exchange constants Jo, J1, and J2 in Fig. 8 and their sum Jiot obtained by solving Egs. (7). Also listed are the
exchange constants between Eu spins Ja, Jg and J¢ in Fig. 9 obtained from Egs. (8). Negative J values are FM and positive
values are AFM. Also shown are the Weiss temperature 6, in the Curie-Weiss law calculated from Eq. (1) and the listed J
values. The sum of the J values is Jiot = Jo + 2J1 + 2J2 and the 0, values are obtained using Eq. (7c). The references are

listed in the last column, where PW means the present work.

Compound kd Jo J1 J2 Jmt JA/kB JB/]CB Jc/kB JB/JC t9p Ref.
(rad) (K) (K) (K) (K) (K) (K) (K) (K) (K)
EuCo>P> 0.857r  —9.55 214 0594 408  —2.39 0.535 0.594 0.90 215 [19]
EuCozAsz  0.797 —-6.85 122 0387  —3.63 —1.712  0.306 0.387 07901  19.07  [22]
EuNisAs; 0.887 ~0.86 129  0.348 2.42 —-0.216  0.323 0.348 0.929 -127 PW
EuRh2Asy  0.837 —-6.20 191 0554  —1.27  —1.55 0.477 0.554 0.86 6.76  PW
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FIG. 8: Generic helical AFM structure [42]. 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, where k is the mag-
nitude of the wave vector. The top view shows the magnetic
moments as viewed from the positive z axis. When the mo-
ment vectors are placed tail to tail as shown, the picture is
a hodograph of the magnetic moments. The MFT nearest-
layer and next-nearest-layer exchange interactions J; and .J2
are indicated.

to these exchange interactions by [42, 43].
Ji

cos(kd) = A (7a)
Ty = ~SO 150407, cos(ha) (7b)
3kp
+ 2.J5 cos(2kd)},
S(S+1
6, = _5(5+1) (Jo +2J1 +2J2), (7c)
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FIG. 9: Exchange interactions Ja, Jg, and Jc between the Eu
spins in a body-centered-tetragonal unit cell of EuNij g5Ass.

where a positive (negative) J corresponds to an AFM
(FM) interaction. Using S = 7/2, Tn = 14.5 K,
0, = Opave in Table 1I, and kd = 0.887 rad, solving
Eqgs. (7) for Jy, Ji, and Jy yields the values listed
in Table IV. Table II gives a negative (AFM-like) 6,
value, consistent with the net interaction strength Jiot =
Jo+2J1+2J5 being AFM-like. Indeed, the interplane ex-
change constants J; and Jo must both be positive (AFM-
like) in order to obtain the observed helical AFM struc-
ture with 7/2 < kd < w rad. The FM (negative) in-
tralayer interaction Jy is required so that the Eu spins in
each ab-plane layer are ferromagnetically aligned within
the helical structure.

Estimates of the Heisenberg exchange interactions Jy,
Jp, and J¢ between the Eu spins in the body-centered-
tetragonal unit cell of EulNij g5Ase as shown in Fig. 9
can be found from the Jy, Jy, and J5 values in Table IV
according to

Jo=4Js, J1=4Jg, Jo=Jc, (8)
and the results are listed in Table IV. Also shown are
the helix turn angles and exchange constants estimated
via MF'T for other related Eu-based 122-type helical an-
tiferromagnets including EuRhaAss which we analyze in

the following section.
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FIG. 10: (a) Xa» and x. as a function of temperature T' in
an applied magnetic field H = 1 T and (b) x *(7) and its
Curie-Weiss fit by Eq. (la) for the helical antiferromagnet
EuRh2As2 obtained using the data in Ref. [25].

E. Molecular-Field-Theory Analysis of Magnetic
Susceptibility of EuRh2Ass

Anisotropic magnetic susceptibility data for single-
crystal EuRhsAss revealed AFM ordering at Tn =
47 K [25], as shown in Fig. 10(a). The Curie-Weiss fit to
the inverse susceptibility data x ! (T') for both field ori-
entations is shown in Fig. 10(b) and the fitted Curie con-
stant and Weiss temperature are C' = 7.42(4) cm? K /mol
and 0, = 6.76(5) K, respectively. Eu valence fluctuations
have been suggested [25] as the reason for the smaller
value of the Curie-constant in EuRhoAss compared to
the value 7.88 cm?® K/mol for S = 7/2 with g = 2. The
positive value of 0, indicates a net FM exchange interac-
tion between the Eut? magnetic moments. X-ray reso-
nant magnetic scattering measurements on a single crys-
tal showed that the predominant magnetic structure is a
c-axis helix with a turn angle of ~ 0.97rad ~ 160° [55].
Therefore we analyze here the anisotropic magnetic sus-
ceptibility literature data for EuRhsAss [25] in terms of
a helical model within MFT.

The value of xq(T — 0)/x(Tx) in Fig. 10(a) is con-
sistent with EuRhgyAss being a helical c-axis antiferro-
magnet with the ordered moments oriented within the
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FIG. 11: (a) Magnetic susceptibility x versus temperature 7'
for fields of magnitude H = 1 T parallel (x.) and perpendic-
ular (xqb) to the tetragonal c axis of single-crystal EuRhaAss
at low temperatures [25]. (b) The x(7") data in (a) normal-
ized by x(In). The fit of xas(T)/x(IN) in (b) and of xas(T)
in (a) for T < Tn by the MFT prediction for a helix with
kd = 0.837 and f = 0.14 in Eqgs. (3) for a helix are shown as
the solid curve.

ab plane. Expanded plots of the data in Fig. 10 at low
temperatures are shown in Fig. 11. Using the value
Xab(T = 0)/x(Tx) = 0.66 from Fig. 11(b) and solving
Eq. (6) for kd gives the two solutions kd = 0.54wrad
(98°) and kd = 0.837rad (149°) for the helix turn angle
at T = 0. We used kd(T = 0) = 0.83rrad for EuRhaAss
because this kd is comparable to the value of kd from
Ref. [55] as well as neutron diffrraction studies on sim-
ilar compounds as listed in Table IV. The scaled data
Xav(T < Ty)/x(Tn) are fitted by Eqs. (3) using S = 7/2,
Ty = 47T K, f = 6.5/47 = 0.14 and kd = 0.83wrad
as shown by the solid curve in Fig. 11(b). The corre-
sponding fit is shown in Fig. 11(a) as another solid curve.
The fits are seen to be quite good. The Heisenberg ex-
change interactions between the Eu spins in EuRhoAs,
were derived from Egs. (7) and (8) using S = 7/2 and
kd = 0.837rad and are listed in Table IV.



75 T T T T T
EuNi, ¢5)As,
54 -
G
2 300 |
Q ~#~ O data
157 — Bloch Griineisen Fit |
O 1 1 1 1 1
0 50 100 150 200 250 300
T (K)
20 w x x
(b) esco00000®
15+ a
g 10 —
c 10r % 0.8 1
= r ° 0.6f g
@]
a > 04 .
5 g o 1 -
= 0‘0 1 1 1 1
0 10 20 30 40
0 Il Il TX(K)
0 5 10 15 20
T (K)

FIG. 12: (a) In-plane electrical resistivity p of EuNij.g5Ass
as a function of temperature from 1.8 to 300 K measured in
zero magnetic field. The solid black curve is the fit of the
prediction of the Bloch-Griineisen theory in Egs. (10) to the
data above 50 K and is extrapolated to "= 0. (b) Expanded
plots of p(T') at low temperature. The black line is the fit
of the data by Eq. (9) over the temperature interval 2 K <
T < 14 K with a dashed-line extrapolation to 0 K. Inset:
temperature derivative dp/dT versus T

V. ELECTRICAL RESISTIVITY

The in-plane (ab-plane) electrical resistivity p of an
EuNij g5Asy crystal as a function of temperature T
from 1.8 to 300 K measured at zero magnetic field is
shown in Fig. 12(a). The p(T) exhibits metallic be-
havior. The residual resistivity at 7 = 1.8 K is pg =~
9.3 uf) cm and the residual resistivity ratio is RRR =
p(300 K)/p(1.8 K) ~ 6.9. The AFM transition is ob-
served at Tn = 14.2(8) K, as clearly shown in a plot
of the derivative dp(T')/dT versus T in Fig. 12(b) inset,
consistent with the Tx values found from our x(7") data
above and C,,(T) data below. In addition, the data in
the inset show a smooth slope change at =~ 4.0(5) K of
unknown origin.

The low-T' p.p(T') data below Ty are fitted from 2 K
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to 14 K by
p(T) = po + AT™, (9)

as shown by the solid curve in Fig. 12(b). The
fitted parameters are pg = 8.71(3) pQlcm, A =
0.262(9) pQ cm/K" with n = 1.26(1). Thus p(T < 1)
does not follow Fermi-liquid 72 behavior, likely because
it is affected by the T-dependent loss of spin-disorder
scattering on cooling below Ti.

The p(T') in the normal state above 50 K is fitted by the
Bloch-Griineisen (BG) model where the resistivity arises
from scattering of electrons from acoustic phonons. Our
fitting function is

pBc(T) = po + psa + C f(T/Or), (10a)

where [56]

(T /On) = (6%)5 / o - x5§’(x —

(10Db)
Here pg + psa is the sum of the residual resistivity po
due to static defects in the crystal lattice and the spin-
disorder resistivity psq. The constant C' describes the T-
independent interaction strength of the conduction elec-
trons with the thermally excited phonons and contains
the ionic mass, Fermi velocity, and other parameters,
T = %, and O is the Debye temperature deter-
mined from electrical resistivity data. The representa-
tion of f(T'/ORr) used here is an accurate analytic Padé
approximant function of 7//0O r determined by a fit to the
integral on the right-hand side of Eq. (10b) [56].

The fit to the p(T) data between 50 and 300 K by
Egs. (10) is shown as the solid black curve in Fig. 12(a).
The fitted parameters are (pg + psa) = 18.7(1) puf2cm,
C = 34.7(1)(2) pQem and O = 235(1) K. The py
calculated from the value of (pg + psa) using po(1.8 K) =
9.3 uf2cm is pgq ~ 9.4 puf2 cm. The fitting parameters do
not vary significantly when the fitting range is changed
to 100-300 K. The value © = 235(1) K is somewhat
smaller than the value ©p = 284(1) K obtained in the
following section from a fit to the heat capacity data over
the same T range, likely due to the different simplifying
assumptions of the two models for fitting the p(T) and
C,(T') data, respectively. The decrease in p(T") below the
Bloch-Griineisen low-T" extrapolation below 40 K is likely
caused by the decreasing spin-disorder scattering arising
from the increasing dynamic short-range AFM ordering
of the Eu spins on cooling down to Ty, where an even
stronger suppression of spin-disorder scattering is seen at
lower temperatures due to the long-range AFM ordering.

The p(T) of single-crystal EuNi; g5As, in various mag-
netic fields applied along the ¢ axis is shown in Fig. 13.
We find that T\ decreases from 14.2 K at H = 0 to
12.3 K at H = 8 T, as plotted in Fig. 17 below. The
p(T > Tx) shows negative magnetoresistance, with the
strongest dependence just above Tx.
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FIG. 13: In-plane electrical resistivity p of EuNij g5 Ase func-
tion of temperature between 1.8 to 300 K measured in the
indicated magnetic fields H || c.

VI. HEAT CAPACITY

The zero-field heat capacities C,(T") for EuNij g5Aso
and for the metallic nonmagnetic reference compound
BaCozAsy [22] measured in the temperature range from
1.8 to 300 K are shown in Fig. 14(a). A pronounced
anomaly at Ty =~ 14.4 K in the expanded plot in
Fig. 14(b) is observed that confirms the intrinsic na-
ture of AFM ordering in EuNij gsAsy. €, attains a
value of ~ 123.7 J/mol K at T = 300 K which is
close to the classical Dulong-Petit high-T" limit value
Cy = 3nR = 123.5 J/mol K, where n = 4.95 is the
number of atoms per formula unit and R is the molar
gas constant. We fitted the Cp,(T) data in the PM state
using the sum of an electronic term and the lattice term
given by the Debye model, according to

OP (T) = 7T + nCV chyc(T), (11&)

where v is the Sommerfeld electronic heat capacity co-
efficient, Cv pebye(T") is the Debye lattice heat capacity
given by

T \? /T pide
ebye T)= 2 —d ;
Cv Debye () 9R<®D) /O (e —12 ™

and n = 4.95 is again the number of atoms per formula
unit. The solid curve in Fig. 14(a) represents the fit of the
Cp(T') data for 50 K < T' < 300 K by Egs. (11) obtained
using the accurate analytic Padé approximant function
for C' pebye versus 7/Op given in Ref. [56]. The fit gave
v ~ 5 mJ/mol K? and Op = 284(1) K.

The magnetic contribution Cuag(T) to CL(T) of
EuNij g5Asy obtained after subtracting the lattice and
conduction-electron contributions, taken to be C,(T) of
BaCogAsy [22], is shown in Fig. 15(a). The MFT predic-
tion for Cimag(T) is [43]
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FIG. 14: (a) Temperature T" dependence of the heat capacity
Cp for EuNij 95 Ass and BaCoz Assy [22] single crystals in H =
0 T. The black solid curve is a fit of the data between 50 and
300 K by the Debye lattice heat capacity model in Egs. (11).
(b) Expanded plot of Cp(T) for EuNij.95As2 and BaCoz Asa
at low temperature.

which is calculated using Eqgs. (3)—(5). The solid black
curve in Fig. 15(a) represents the MFT prediction for
Crmag(T') calculated for Ty = 14.5 K and S = 7/2, which
is seen to agree with the trend of the data. Within MFT
the discontinuity in Cpnag at T = T is given by [43]

5S(1+ S)

ACmee = R 51052

=20.14 J/mol K,  (13)
where the second equality is calculated for S = 7/2.
The experimental heat capacity jump in Fig. 15(a) at
Tn = 14.2 K is &= 17 J/mol K, somewhat smaller than
the theoretical prediction. We also find that Crag(T) is
nonzero for Ty < T < 30 K, indicating the presence of
dynamic short-range AFM ordering of the Eu spins above
TN, thus accounting at least in part for the decrease in
AC,g from the theoretical value.

The hump in Cpag(T) below Tx at about 5 K
in Fig. 15(a) is reproduced by the MFT prediction
and arises naturally within MFT in the ordered-state
Crmag(T) when S becomes large [43], as shown more
clearly as a plateau in the experimental and theoretical
plots of Crag/T versus T in Fig. 15(b). This feature has
also been observed in the ordered state of other spin-7,/2
Eut? and Gd*? compounds such as in Refs. [24, 57-59).
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FIG. 15: (a) Magnetic contribution Crmag of EuNij g5 Asy ver-
sus temperature 7" between 1.8 and 30 K obtained by sub-
tracting the nonmagnetic contribution Cp(T") of BaCozAss.
The MFT prediction for Cmag(7T) with S = 7/2 and ITn =
14.5 K is shown as the black solid line. (b) Plot of the data
in (a) as Cmag(T)/T versus T, where again the MFT predic-
tion is given by the solid black line. (c) Magnetic entropy
Smag(T') calculated from the experimental Cmag(T")/T data
in (b) using Eq. (14). The horizontal dashed line in (c) is
the theoretical high-T" limit Smag = RIn(25 4+ 1) = RIn(8) =
17.29 J/mol K for S = 7/2.

The magnetic entropy is calculated from the Cyyag (1)
data for EuNij g5Ass in Fig. 15(a) using

T Cma. (T/)
Smag(T) :/0 %

and the result is shown in Fig. 15(c).
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FIG. 16: Heat capacity C} versus temperature 71" of single-
crystal FulNij g5 Asg in various magnetic fields applied parallel
to the c axis, H || c.

TABLE V: The transition temperature Tn estimated from
electrical resistivity p(7") and heat capacity Cp(7T) data at
various magnetic fields H || ¢ axis.

H(T) T'x from p T'x from Cp
(K) (K)

0 14.2(3) 13.97(19)
1 14.1(6) 13.91(19)
2 14.09(4)

3 13.6(3) 13.54(19)
5 13.1(5) 13.15(19)
6.5 12.43(20)
8 12.3(2) 11.82(20)
9 11.20(20)

dashed line is the theoretical high-T' limit Swmag(T) =
R1In(25+1) =17.29 J/mol K for S = 7/2. The entropy
reaches 89% of RIn(8) at Tx. The high-temperature limit
of the data is smaller than the theoretical value, which
is likely due to a small error in estimating the lattice
contribution to Cp,(T).

The Cp(H,T) of single-crystal EuNi; g5 Asy measured
in various magnetic fields applied along the ¢ axis is
shown in Fig. 16. It is evident that Tx shifts to lower
temperatures and the heat capacity jump at Tx decreases
with increasing field, both as predicted from MFT for a
field parallel to the helix axis [43]. We take Ty at each
field to be the temperature of the peak in C, versus T
instead of the temperature at half-height of the transi-
tion, because the latter is ambiguous to estimate due to
the significant contribution of short-range AFM order-
ing to Cp, above Tx. Table V lists the H dependence of
Ty obtained from the p(T") and C},(T) measurements for
H, = H || ¢ in Figs. 13 and 16, respectively.

The H.-T phase diagram constructed using the data
in Table V together with the c-axis critical field H., (T)



data in Table III is shown in Fig. 17. According to MF'T,
the perpendicular critical field at which a helical AFM
undergoes a second-order-transition to the PM state with
increasing field at fixed T' is given by [43]

H. (t) = HCL(O)ﬂO(t)v (15)

where t = T/Tn and the reduced T-dependent ordered
moment fio(t) = p(t)/psar = 1(t)/(gSpB) is obtained by
numerically solving Eq. (3d). The data in Fig. 17 were
fitted by Eq. (15) which yielded Ty = 14.13(4) K and
H. (T =0) =13.6(7) T as shown by the solid curve in
Fig. 17.

The T' = 0 critical field can be independently estimated
from [43]

~ 3kTx(1 - f)
Her(0) = gus(S+1)

where f = 60,/Tx. Using g =2 and S = 7/2 for Eu™?,
H.,(0) in Eq. (16a) can be expressed as [43]

(16a)

H. (T =0) (T) = 0.4962(1 — f)Tx (K). (16b)
Using Tnx = 14.13 K obtained from the fit to the data in
Fig. 17 together with f = —1.2(2) for H = 0.1 and 1 T
from Table II, Eq. (16b) gives

H.,(0)~16(3) T. (16¢)
This value is of the same order as the value obtained by
fitting the data in the phase diagram in Fig. 17.

VII. SUMMARY AND CONCLUSIONS

We report the crystallographic, magnetic, thermal, and
transport properties of EuNisAsy single crystals grown in
Bi flux. A single-crystal x-ray diffraction refinement and
energy-dispersive x-ray composition analysis consistently
revealed vacancies on the Ni site corresponding to the
composition EuNi; g5(1)Ase. The occurrence of vacancies
on the Ni site has not reported in previous studies of
EuNigAsy [8, 40, 41]. Reference [49] found a deviation
from full occupancy on the Ni site in EuNis Ass, but this
deviation was consistent with full occupancy to within
the error bar.

The electrical resistivity data indicate metallic behav-
ior and were fitted very well in the normal state by
the Bloch-Griineisen model for acoustic electron-phonon
scattering.

Our magnetic data for this helical antiferromagnet
were analyzed using unified molecular field theory and
yielded a helical turn angle kd that is close to that found
by neutron diffraction. The M.(H) data along the helix
axis at 2 K are nearly linear in field up to H = 14 T, as
expected within MFT for a helical AFM structure. The
perpendicular critical field H. (T = 0) for the second-
order transition from the AFM to PM state is found from
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FIG. 17: Magnetic H.-T phase diagram containing the an-
tiferromagnetic (AFM) and paramagnetic (PM) phases for
single-crystal EuNij g5 Ase as determined from heat capacity
Cp(H,T), magnetization M.(H,T), and electrical resistivity
p(H,T) measurements with fields H. parallel to the tetrago-
nal ¢ axis. The solid curve is a MFT fit to the Tx(H,T) data
in Table V and the H., (7T") data in Table III by Eq. (15).
The values of the fitted free parameters Tn and the critical
field Ho) (T = 0) perpendicular to the zero-field ab plane of
the ordered moments are given in the figure.

a fit to the data in Fig. 17 as H. (T = 0) = 13.6 T.
We also analyzed the x(T') data of EuRhyAss similar to
EuNij g5Asy using our MFT, where a helix turn angle
kd = 0.837rad was inferred from the fit.

The magnetic heat capacity of EuNisAss is described
rather well by MFT, except for a significant amount
of short-range AFM order above TN which reduces the
magnetic entropy at Tn from the value expected for
spin S = 7/2 with g = 2.

The H.-T phase diagram for fields parallel to the helix
¢ axis was determined from the field-dependent magne-
tization, heat capacity, and electrical resisitivity data.
The phase line separating the AFM and PM phases is
described very well by MFT.

A summary of some of the properties of ThCrsSis-type
EuMsPny compounds with M = Fe, Co, Ni, Cu, Rh,
or Ru and Pn = P or As is given in Table VI [8, 11, 14~
17, 20, 21, 24, 25, 40, 41, 49, 55, 61-64], including the
results of our measurements and analyses of EuNiy g5 Aso
and EuRhsAss. One sees from Table VI that four of the
five Eu compounds for which AFM ordering was reported
have a c-axis helical structure, including EuFes Ass which
has an A-type AFM structure with the Eu moments
aligned in the ab plane and hence is also a c-axis he-
lix with a turn angle of 180°. The other compounds
EuFes Py, EuCuy 75P52, and EuRusAss instead order fer-
romagnetically. Whether the structure is ¢T or ucT
seems not to have a definitive influence on the AFM ver-
sus FM ordering of these compounds. A more general re-
view of the correlations between the magnetic properties
with respect to the ¢T and ucT structures of ThCrySis-
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TABLE VI: Survey of the magnetic properties of ThCrySiz-type EuMa2Pns compounds with M = Fe, Co, Ni, Cu, Rh and
Pn = P or As. Shown are the tetragonal ¢/a ratio, the tetragonal crystal stucture [uncollapsed tetragonal (ucT) or collapsed
tetragonal (cT)], the magnetic transition temperature Ty, which is ferromagnetic (FM) or antiferromagnetic (AFM), the AFM
structure if AFM, the ordering axis or plane, and the reference for the work, where PW means present work.

Compound c¢/a Structure Tmeu (K) Ordering Type AFM structure Ordering axis/plane Ref.
EuFesPy 2.9433(1) ucT 29 FM*® ¢ axis [61, 62]
EuFesAss 3.113(4) ucT 19 AFM A-type’ ab plane [8, 11]
EuCozAsy  2.930(2) ucT 47 AFM Helical ab plane [8, 21]
EuCosP> 3.015(3) ucT 66 AFM Helical ab plane [16, 17]
EuCuzAsy  2.4022(1) cT 17.5 AFM ab plane [24, 63]
EuCup 5Py 2.3312(1) T 51 FM (14, 64]
EuRhAsy  2.772(3) ucT 47 AFM Helical ab plane PW, [25, 55]
EuRuzAsy  2.576(1) cT 17.3 FM ¢ axis [15]
EuNipPo®  2.407(1) T (16, 20]
EuNizAsy  2.448(1) cT 14 AFM Helical ab plane PW, [8, 40, 41, 49]

2Canted at 17(3)° from the c axis.

bThis A-type structure with the moments aligned in the ab plane
is a c-axis helical structure with a 180° turn angle between adjacent
moment layers along the c axis. This helical structure is explicable
in terms of the Jo-Ji-J2 model in Eq. (7a) if J; = 4J2 > 0 (both
AFM).

°Eu is intermediate valent: no magnetic ordering.

structure materials is given in Sec. VIIT of Ref. [65]. Elec-
tronic structure calculations would be of interest to deter-
mine why some compounds in Table VI exhibit (helical)
AFM structures while the others become ferromagnetic.
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