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and EuMg,Sh, single crystals below their Néel temperatures
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The thermodynamic and electronic-transport properties of trigonal EuMg,Bi, in ab-plane magnetic fields H,
and the A-type antiferromagnetic structure have recently been reported. The Eu magnetic moments with spin
S = 7/2 remain locked in the ab plane up to and above the ab-plane critical field H = 27.5 kOe at which
the Eu moments become parallel to H,. Here additional measurements at low fields are reported that reveal a
new spin-reorientation transition at a field H.; & 465 Oe where the Eu moments remain in the ab plane but
become perpendicular to H,. At higher fields, the moments cant toward the field resulting in M o H, up to Ht.
Similar results are reported from measurements of the magnetic properties of EuMg,Sb, single crystals, where
H.; ~ 220 Oe is found. Theory is formulated that models the low-field magnetic behavior of both materials,
and the associated anisotropies are calculated. The ab-plane trigonal anisotropy in EuMg,Sb, is found to be

significantly smaller than in EuMg,Bi,.
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I. INTRODUCTION

The topological band properties have recently been inves-
tigated in crystallographically ordered stoichiometric com-
pounds because these properties are not as affected by
disorder that occurs in substitutional solid solutions. Of partic-
ular interest here are the trigonal compounds EuMg,Bi, and
EuMg,Sb; [1,2] that can be cleanly grown as single crystals
from self-fluxes [3]. The bands in EuMg,Bi, have been stud-
ied [4], but not below the antiferromagnetic (AFM) ordering
temperature Ty &~ 7 K [3] of this compound. The topological
band structures of the nonmagnetic analogues YbMg,Bi, and
CaMg,Bi, have also been investigated, where they are found
to host topological surface states near the Fermi energy [5].

The low-temperature properties of EuMg,Bi, have been
studied in detail [3,6,7]. The magnetic structure below
v = 6.7(1) K is an A-type AFM structure, in which the Eu
moments with spin S = 7/2 and spectroscopic splitting factor
g = 2 are ferromagnetically aligned parallel to an Eu layer of
the structure, whereas the moments in adjacent layers along
the ¢ axis are aligned antiparallel. The specific heat C, exhibits
a A-type anomaly at 7y and short-range magnetic order at
temperatures 7" above Ty. The magnetic entropy ~ R In(8) at
T > Ty is consistent with that expected for Eu>™ magnetic
moments with magnitude u = gS ug = 7 up with g =2 and
spin S = 7/2, where R is the molar gas constant and ug is
the Bohr magneton. The ab-plane electrical resistivity p,,(T)
exhibits metallic character with a mild and disorder-sensitive
upturn below ~23 K.

The crystal structure and magnetic properties of polycrys-
talline EuMg,Sb, have also been studied [1]. This compound
contains Eu”* ions that exhibit AFM order below Ty =
8.2(3) K with Curie-Weiss behavior in the magnetic sus-
ceptibility x above Ty. The 'S'Eu Mossbauer spectra are
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consistent with this Eu?* oxidation state. The band struc-
ture of EuMg,Sb, was also reported. Detailed measurements
of the magnetic and thermal properties of EuMg,Sb, single
crystals have also been carried out recently [8]. The o(T)
and angle-resolved photoemission (ARPES) measurements
revealed semiconducting behavior with an energy gap of
370 meV. The Eu>* magnetic moments exhibit A-type AFM
order below Ty = 8.0(2) K. An additional second-order tran-
sition of unknown origin occurs in the x,,(7") data at 3.0 K.
EuMg,Bi, and EuMg,Sb, crystals showed puzzling fea-
tures in the field-dependent ab-plane magnetic susceptibility
Xar(T) below Ty. For EuMg,Bi,, The x(T < Ty) measure-
ments for H || ab and H || ¢ in a field of 1 kOe were the same
(isotropic) [3], whereas for A-type AFM order one instead
expects from molecular-field theory (MFT) that x,,(T —
0) = x(In)/2 and x (T — 0) = x(In) [9-11]. The authors
of Ref. [3] suggested that this observed behavior arises
from c-axis magnetic ordering instead of the above A-type
ab-plane ordering subsequently reported [7]. Similarly, the
data for x,,(T < Ty) in Ref. [6] for H = 0.5-30 kOe were
nearly independent of 7. These authors suggested that this
T-independent x,,(7T < Tn) behavior might arise from a
field-induced helical magnetic structure with a turn angle of
~120° based on MFT [9], which we now know is not the cor-
rect magnetic structure [7]. A similar anomalous behavior of
Xxar(H, T) was recently observed for EuMg,Sb, crystals [8].
The above behavior of y,,(T < Ty) is correlated with
anomalous low-field M,,(H) behavior for both EuMg,Bi,
and EuMg,Sb,. For these materials, these data show an un-
expected positive curvature as shown in Fig. 1 [7,8]. It was
suggested that this behavior may be caused by a field-induced
reorientation of the magnetic moments in the three trigonal
domains dictated by the crystal symmetry rather than by a

©2022 American Physical Society
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FIG. 1. Magnetization M versus magnetic field H, applied in
the ab plane of single-crystal (a) EuMg,Bi, and (b) EuMg,Sb,. A
distinct positive curvature is observed for EuMg,Bi, below ~500
Oe and for EuMg,Sb, below ~200 Oe [7,8].

field-induced change in the magnetic structure [7]. Here we
test this hypothesis and find strong evidence for it using a new
theory for magnetic-moment reorientation within the three
trigonal domains in an ab-plane magnetic field.

The experimental and theoretical details are given in the
following Sec. II. The theory for fitting the low-field M, (H)
data in Fig. 1 is presented in Sec. IIl. Fits to the data by
the theory and calculations of the magnetic-dipole and mag-
netocrystalline anisotropies and comparisons with the fitted
values are given in Sec. IV. Concluding remarks are given in
Sec. V.

II. EXPERIMENTAL AND THEORETICAL DETAILS

Trigonal EuMg,Bi, single crystals with room-temperature
hexagonal lattice parameters a = 4.7724(3) A and
c=7.8483(5) A were grown by a self-flux method with
starting composition EuMg,Bis as reported earlier [6,7].
EuMg,Sb, single crystals with room-temperature hexagonal
lattice parameters a = b = 4.6861(3) A and ¢ = 7.7231(5)
A were also grown using self-flux with starting composition
EuMg,Sbis [8]. The magnetization measurements were
carried out using a Magnetic Properties Measurement System
(MPMS, Quantum Design, Inc.) operating in the temperature

range 1.8-300 K and with magnetic fields H upto 5.5 T (1 T
= 10* Oe). For measurements with the field applied in the
ab plane, the magnetic field was perpendicular to the [100]
direction of the hexagonal unit cell as determined from Laue
x-ray diffraction measurements, whereas in Ref. [6] the field
was applied in an arbitrary direction in the ab plane.

Two contributions to the magnetic anisotropy (MA),
magnetic-dipole anisotropy (MDA), and magnetocrystalline
anisotropy (MCA), are calculated and compared to experi-
ments. MDA energies (MDAE) Kp are calculated by a direct
lattice summation over Eu atoms in a sufficiently large sphere
to ensure convergence. MCA energies (MCAE) K are calcu-
lated using density functional theory (DFT) as implemented
in Vienna ab initio simulation package (VASP) [12,13]. We
calculate the total energies of AFM A-type and FM orderings
with different spin orientations. The MCAE of a particular
magnetic ordering is calculated as

K = Eo1 — Eq00, (1

where Ey and Ejgp are the total energies for the mag-
netization oriented along the [0,0,1] and [1,0,0] directions,
respectively. Positive (negative) K corresponds to easy-plane
(easy-axis) anisotropy. To decompose the MCAE, we also
evaluate the on-site SOC energy (V) and the corresponding
anisotropy,

Kyo = 3 (Vso)oo1 — 5 (Vso) 100- 2)

As shown later, we found Ky, =~ K, which is expected from
the second-order perturbation theory [14,15]. However, un-
like K, Ky, can be decomposed into sites, spins, and orbital
pairs, providing an understanding of the MCA mechanism in
a system [14-17].

The experimental crystal structures [6,8] are used in all
calculations. The nuclei and core electrons are described by
the projector augmented-wave potential [18], and the wave
functions of valence electrons are expanded in a plane-wave
basis set with a cutoff energy of up to 520 eV. The spin-orbit
coupling (SOC) is included using the second-variation proce-
dure [19,20]. In addition, the Hubbard Coulomb interaction
U = 6¢eV is included for better accounting for the strong cor-
relation of Eu-4f electrons [21]. The k-point integration was
performed using a modified tetrahedron method with Blochl
corrections. A 16 x 16 x 4 k-point mesh is used for MCAE
calculations to ensure sufficient convergence.

III. THEORY
A. Overview

As discussed later, EuMg,Bi, and EuMg,Sb, have a strong
XY anisotropy which keeps the ordered moments confined to
the trigonal ab plane for magnetic field applied parallel to this
plane. The ab-plane trigonal anisotropy energy has the form

Equis = K3 sin(3¢), (3)

where Kj is the positive trigonal anisotropy constant and ¢
is the angle of a magnetic moment with respect to the pos-
itive x axis, which is the direction of the applied field H,.
A plot of E,,s normalized by K3 versus ¢/m is shown in
Fig. 2, where the angles ¢ of the negative anisotropy-energy
minima with respect to the in-plane x axis are given in the
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FIG. 2. In-plane trigonal anisotropy energy E,,i; normalized by
the anisotropy constant K3 of a moment versus its angle ¢ with
respect to the positive x axis. The three minima of E,,; are at
¢/m =—-5/6, —1/6,and 1/2.

figure caption. In H = 0, these are the angles of the moments
in each domain as illustrated in Fig. 3(a) with A¢ = 0. In
H =0, each domain contains two moments at 180° with
respect to each other, where the two moments are respec-
tively in alternating layers along the ¢ axis of the A-type
AFM structure. As shown, moments 1 and 2 are in Domain
A, 3 and 4 are in Domain B, and 5 and 6 are in Domain
C. The moments in different domains are assumed not to
interact.

There is a small field H, = H;; at which the moments
in all three domains become almost perpendicular to H, as
shown in Fig. 3(b), where we eventually determine H,; = 465
Oe and 220 Oe for EuMg,Bi, and EuMg,Sb,, respectively
(see Fig. 1). The tilt angle ¢y in a field H, of each of
the two moments in each domain at H,; is given by ¢y =
arcsin(H,/H;,), where H}, is the critical field in the ab plane
at which all moments become parallel to H,. Using H.; = 465
Oe and H;, = 27, 500 Oe for EuMg,Bi,, the tilt angle at H,
is ¢air = 0.75° at H, = H; which gives rise to the x-axis mag-
netization observed at that field. This tilt angle is negligible
compared to the value of 90° at saturation. Thus, for fields less
than H.;, we can consider the two moments in each domain to
be (almost) locked at angles of ~180° to each other as shown
by the arrows in Fig. 3(a).

The reason for the small value of ¢y, is that the anisotropy
energy is much smaller than the exchange interaction energy
between the two spins in each domain which tends to keep
them aligned antiparallel. For example, the ab-plane trigonal
anisotropy parameter in EuMg,Bi, according to Eq. (12a)
below is K3 = 6.5 x 10~% eV/Eu, whereas the Heisenberg
exchange interaction between a spin in one ferromagnetically-
aligned layer and the spins aligned in the opposite direction in
one of the two nearest layers is J; = 1.97 x 107 eV [6].

B'0<Hx chl

In the small fields 0 < H, < H,j, the angles of the locked
moments in domains A, B, and C in Fig. 3(a) with respect to
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FIG. 3. (a) Reorientation of the Eu magnetic moments in the
three trigonal antiferromagnetic domains in a small ab-plane mag-
netic field H, < H,;. The arrows indicate the direction and increment
A¢ of rotation of the moments in domains B and C toward the
vertical orientation. The moments in each domain remain antipar-
allel to each other for H, < H,, apart from a small canting toward
the magnetic field direction (< 1°) that gives rise to the measured
magnetization. (b) Orientation of the moments at the critical field
H, = H.; where all moments are perpendicular to H, except for
the small canting toward H,. (c) Canting of all moments toward H,
for H,; < H, < H.. At the critical field H. all moments are aligned
ferromagnetically in the direction of H,.
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the positive x axis are respectively given by

T 57
ba=7. dn=—"+A¢ (0<AP<T/3).
e = —% —Ap. (0K Ap < 7/3), @)

where the magnitude of the angle of the moments in Domains
B and C with respect to their initial angles is A¢. This is not
the angle ¢y, between the two locked moments in a domain
discussed above. The anisotropy energy averaged over the
moments in the three domains in the field range 0 < H, < H
using Egs. (3) and (4) is

Euisame = %[sin(m) + sin(3¢p) + sin(3¢0)]

K;
= —?[1 + 2cos(3A¢)]. (5)

A plot of E,pisave/K3 versus A¢ is shown in Fig. 4(a). The
negative (lowest-energy) value of E,nisave/K3 at A¢ =0 is
seen to become positive with increasing A¢.

The magnetic energy in the regime 0 < H, < H, is given
by

Emag = —M.H, = —[x1H, sin(¢)]H,
= —x_ H?sin(¢), (6a)

where x, = x, = M,/H, is the ab-plane magnetic suscepti-
bility at 7 = 0 when all moments are perpendicular to H,,
i.e., when ¢ = 7 /2. Summing over the angles of the moments
in the three domains in Eq. (4) and dividing by 3 gives the
average magnetic energy as

H2
Emag ave = _XL3 = [1 + 2511’12 (% + A¢)] (6b)
The total average energy is Eae = Euisave + Emagaves
which is given by Eqs. (5) and (6b) as
K;
Eave = —?[1 +2cos(3A¢)]
X H?

TX[l +2sin’ (% +a0)] v

To minimize E,,. with respect to A¢ at each value of H,
with 0 < H, < H, we first normalize the average energy in
Eq. (8) by K3, yielding

E ave

1
o = —5{1 +2c0s(3A¢)]

+ 21+ 2sin? (T 4+ a0) ). ab)
K3 6

where both sides of the equation in cgs units are dimen-
sionless since the cgs units of x, are cm?, those of sz are
erg/cm?, and those of K3 are ergs. Minimizing E,../K3 with
respect to the quantity x LHXZ /K3 yields A¢ versus x LHXZ /K3
as plotted in Fig. 5. Then using the data in the figure for the
last point on the right end of the plot at H = H.| for which
A¢ = m /3, we obtain
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FIG. 4. (a) Average anisotropy energy Egisave, (D) average mag-
netic energy Enmggave, and (c) the average total energy Ey., all
normalized by the anisotropy constant K3, versus the tilt angle A¢ /7
of the AFM moments in Fig. 3(a) except for the moments in Domain
A for which A¢ = 0. The value |A¢|/m = 1/3 occurs at H, = H,,.

We calculated the value of the constant on the right-hand
side of Eq. (10) to high precision, and it appears to be exact.
Equation (10) gives

XL _9/2

==, 8b
Ks  H} (8b)
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FIG. 5. The angle A¢/m in Fig. 3(a) versus x, H?/K; in Egs. (7).
The alternate abscissa label is obtained using Eq. (8b).

Inserting this expression into Eqgs. (6b) and (7b) respec-
tively gives
2

) [1~|—25in2 (%+A¢)] (9a)

Emagave __3<ﬂ

K; 2\H,
and
Eae _ —1{1 +2cos(3A¢)
K; 3

2 Hcl

A plot of Epgg ave/K3 versus A¢ for 0 < H, < Hey is
shown in Fig. 4(b) and a corresponding plot of E,,. /K3 versus
A¢ is shown in Fig. 4(c). For E,. /K3, the minimum energy
is obtained at A¢ = 7 /3 for which the moments in all three
domains are perpendicular to H, apart from the slight canting
toward H, discussed above that gives rise to the observed
magnetization versus H,.

For 0 < H, < H.;, the magnetization M, of the two
collinear moments in a domain at 7 = 0 versus H, only arises
from the perpendicular component of M, because the parallel
component gives no contribution at 7 = 0 K. The normal-
ized magnetization averaged over the three domains using
Egs. (4) is

M, ave _ l[sinz((ﬁ )+ sin2(¢ )+ sin2(¢> )]
Mx(Hcl) 3 A ’ )

+2<Hx )2[1 + 2in? (% + A¢)]}. (9b)

_ %[1+25in2 (%+A¢)]. (10)

Thus, if A¢ =0, then M, ae/M,(H.1) = 1/2, whereas if
A¢ = 1 /3, then all the moments are perpendicular to H,,
giving the maximum value M, ov. /M, (H.;) = 1 for the locked
moments in the three domains. A plot of M, ,./M,(H.;) ver-
sus A¢/m over the relevant range 0 < A¢/m < 1/3 is shown
in Fig. 6.

C. Hcl < Hx < Hacb

When H. < H, < Hj,, where H;, is the critical field
at which M, = M,, reaches saturation at 7 ug/Eu, the

0.0 0.1 0.2 0.3

0.0 :

Ad/T

FIG. 6. Average magnetization M, . in the direction of the field
H, normalized by M,(H.;) versus the angle A¢/m of the AFM
domains in Fig. 3(a), where the angle A¢/m = 1/3 corresponds to
the field H, = H,;.

magnetization is due to canting of the moments toward H,
in each domain as illustrated in Fig. 3(c). In this regime,
M, o H, as seen at the higher fields in Fig. 1. Equation (10)
relates M, ave/My(H:1) to the field-induced angle A¢ in
Fig. 3(c) and is plotted in Fig. 6. The dependence of A¢
on H, is given in Fig. 5 that was obtained by minimiz-
ing the energy in Eq. (7b). From this information, the ratio
M(H,)/M,(H.) versus H,/H.; was obtained for H,/H;; < 1,
but at larger H,/H., one has H,/H., = xiH,/H. where
x1 = x(In). These data are plotted in Fig. 7. This plot
looks similar to the experimental data for EuMg,Bi, and
EuMg,Sb; in Fig. 1. In the following section we obtain an
expression for K3 and its respective values for EuMg,Bi,
and EuMg,Sb,.
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FIG. 7. Theoretical magnetization ratio M, (H,)/M,(H.,) vs the
field ratio H,/H.,. Above H,.,, this ratio vs H,/H., is linear, which
continues up to the critical field ratio H;,/H,., above which the ratio
remains constant. Here x is the magnetic susceptibility along the x
axis in the ab plane that is perpendicular to the moments at H, = H,;
in Fig. 3(b).
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IV. FITS TO THE LOW-T MAGNETIZATION
DATA FOR EuMg,Bi, AND EuMg,Sh,

A. Determining and interpreting the experimental value
of H from M (H,) dataat T « Ty

According to Fig. 7, H; can be found from the exper-
imental M (H,) data by calculating dM(H,)/dH, versus H,
and identifying the magnetic field at which the peak occurs as
H.;. Then using the measured value of H.; and the molar y
which is the molar magnetic susceptibility in the ab plane at
Tx within MFT, the value of the anisotropy constant K3 can
be calculated. The value of K3 per formula unit (f.u.) (per Eu
atom in our case) is obtained from Eq. (8a) as

XJ-chl

Ky = 22k
(9/2)Na

(1)

where x; = x(In), Na is Avogadro’s number, x (7y) is in cgs
units of cm®/mol, and H,, is in cgs units of Oe = G (Gauss).
Using the cgs units of x(7y) given by cm?/(molf.u.), the
conversion factor 1 G?> = 1erg/cm?, and the units 1/mol of
Na, the cgs units of K3 are ergs/f.u. = 1.602 x 10712 eV/f.u.

B. Modeling the experimental M,,(H) dataat7T = 1.8 K
for EuMg,Bi, and EuMg,Sb,

Figures 8(a) and 8(b) show the derivative dM/dH, versus
H, in the ab plane for EuMg,Bi, and EuMg,Sb, obtained
from the data in Figs. 1(a) and 1(b), respectively. The data
exhibit maxima in dM/dH, which yield H.; = 465 Oe for
EuMg,Bi, and 220 Oe for EuMg,Sb,, respectively. Then
using the value y.(Ty) = 1.31 cm?®/mol from Fig. 5(a)
of Ref. [6] which is the same as the value of the high-
field derivative at H; =~ 465 Oe in Fig. 8(a), the value
of K3 is obtained from Eq. (11) for EuMg,Bi,. Similarly,
for EuMg,Sby x.»(Tn) = 1.58 cm?/mol and H,; ~ 220 Oe.
The results for the respective trigonal anisotropy constants
are

K3 = 1.0 x 107 erg/Eu  (EuMg,Bi,) (12a)
=6.5x 107%eV/Eu

K3 =28 x 107 ¥ erg/Eu  (EuMg,Sb,)
= 1.8 x 10" eV/Eu. (12b)

Thus, the trigonal anisotropy constant K3 in EuMg,Sb; is
significantly smaller than in EuMg,Bi,.

Comparisons of the experimental M,,(H) data at
T =1.8 K for EuMg,Bi, in Fig. 1(a) and EuMg,Sb, in
Fig. 1(b) with the theoretical predictions at T = 0 K using
the experimental values of H., and M,(H.) are shown in
Figs. 9(a) and 9(b), respectively. The theory accurately de-
scribes the experimental data below H.; and the slope of the
data above H.i, but the latter prediction is displaced upwards
from the experimental data for both compounds. We spec-
ulate that this difference arises from the finite temperature
1.8 K of the measurements, which is a significant fraction of
Tn = 6.7 K for EuMg,Bi, and Ty = 8.0 K for EuMg,Sb,,
compared with 7 = 0 K for the theory.

1.6 T T T T T
S 1.2¢
=
m\ = 465 Oe
£ cl
L 0.8f .
IX
=l
~,
% 0.4+ _
(a) T=18K
0.0 1 L 1 L 1 1 L
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(b) EuMg,Sb,
S 1.6r .
& |
~
mg 1.2+ e
L Hc1 =220 Oe |
T 0.8+ .
~
3
0.4r T=18K 1
0.0
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FIG. 8. Magnetic field derivative dM/dH, vs H, (= H,,) of the
M, (H,) data for EuMg,Bi, and EuMg,Sb, in Figs. 1(a) and 1(b),
respectively, in the low-field region from which the critical fields
H.; ~ 465 and ~220 Oe are obtained, respectively. The high-field
behavior eventually asymptotes to the respective ab-plane magnetic
susceptibilities x.,(7x) = 1.31 and 1.54 cm?/mol, respectively.

C. Theoretical anisotropy values
1. Magnetic dipole and critical-field anisotropies

The energy of interaction E; of a magnetic moment u;
due to the magnetic dipole interaction (MDI) with the other
identical moments in a magnetically-ordered crystal is given
by [22]

E, = —€Ag, (13a)
with
2
"
= —. 13b
€= (13b)

The A, values are the eigenvalues of the dimensionless
symmetric MDI tensor, where k is the magnetic propagation
vector and « is the ordered-moment axis jt. The ordered
magnetic moments are described by f; = uf;, and a is
the basal-plane lattice parameter of the respective crystal
structure.

a. EuMg,Bi,. For c¢/a = 1.644 [6] and the A-type AFM
propagation vector (0,0,%) r.L.u. [7], the MDI tensor eigenval-
ues for the three Cartesian ordered-moment axes are A[jog) =
5.515488367 755699, Ajp10) = 5.515488367 755807 using
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FIG. 9. Experimental magnetization M, = M, versus magnetic
field H, = H,, at T = 1.8 K (open circles) and the theoretical pre-
dictions for T = 0 K (solid curve) for (a) EuMg,Bi, with A ~ 465
Oe and (b) EuMg,Bi, with H;; = 220 Oe.

high-precision calculations, and Ag; = —11.0386. The in-
plane anisotropy energy AE per formula unit of EuMg,Bi; is
given by

AE = —€(Af100 — Ao101)s (14)

where the moment directions are in Cartesian coordinates
with the a axis designated by [100] and a direction per-
pendicular to it in the ab plane by [010]. This would
correspond to the amplitude of oscillation of the anisotropy
energy in Fig. 2. Using the values a = 4.7724 x 10~% cm and
u="7ug [7,8], we obtain AE = 3.00956 x 10°18 eV/Eu.
This value is a factor of 10'© smaller than estimated for
K3 in Eq. (12a). As a reference point, taking u =7 up
and H;; = 465 Oe gives u H.; = 1.88 x 1073 eV. Thus, the
in-plane anisotropy energy associated with in-plane locked-
moment reorientation in the AFM domains in Fig. 3(a)
must arise from a source other than the magnetic-dipole
interaction.

The magnetic-dipole anisotropy energy difference between
the observed ab-plane and c-axis ordering is

AE (15a)

(15b)

—€(A[100] — Afoo1])
= —0.2004 meV.

The equivalent magnetic anisotropy field AH is

AE
AH = — = —4945 Oe.
7

(15¢)
Thus, ab-plane ordering in the A-type AFM state of
EuMg,Bi, is favored over c-axis ordering associated with
magnetic-dipole interactions, as observed. This is consistent
with the critical fields H¢ at T = 1.8 K obtained from M (H)
isotherms HS = 40(3) kOe and Hj, = 27.5(2) kOe [6], yield-
ing HY — H;, ~ 12,000 Oe. This is because it is easier to cant
the moments in each domain toward an ab-plane field than it is
to cant them along the ¢ axis according to Egs. (15). However,
this difference in critical fields is significantly larger than the
magnitude of AH in Eq. (15¢), suggesting the presence of a
source of AH in addition to the magnetic-dipole interaction.
b. EuMg,Sb,. The corresponding magnetic-dipole calcu-
lations for EuMg,Sb, are given in the Appendix of Ref. [8].
At 6.6 K, the lattice parameters are a = 4.5431 A, ¢ = 7.6668
A, ¢/a = 1.6477. The results for A-type AFM ordering are

Apoo) = 5.519  (aaxis ordering), (16a)

Ao = —11.038 (caxis ordering),  (16b)

Aioo] — Ao = 16.557, (16¢)
AE = —0.2162 meV, (16d)

AH = —5334Oe. (16e)

At T = 1.8 K, the measured critical fields are HS = 34(1)
kOe and H; = 26(1) kOe, yielding H’ — H;, ~ 8.0 kOe,
which indicates that the magnetic-dipole interaction is an
important source of magnetic anisotropy in EuMg,Sb,, as in
EuMg,Bi,.

The experimental results are summarized in Table I.

2. Magnetocrystalline anisotropy energy (MCAE)
from density-functional theory

Table II summarizes the calculated DFT energy, magnetic-
dipole energy (MDE), and total energy for four different
magnetic configurations in EuMg,Bi, and EuMg,Sb,. Two
observations are consistent with experiments: (1) The A-type
AFM with an in-plane spin orientation has the lowest total
energies calculated in both compounds; (2) EuMg,Bi, has a
larger easy-plane anisotropy than EuMg,Sb,. The magnetic
anisotropy (MA, Krya) contains two contributions: MDA
and the SOC-originated MCA. The Eu-4f shell is half-filled
in these compounds, resulting in a large spin moment of
~7ug/Eu and a negligible orbital moment. Rotating the
roughly spherical Eu-4f charge cloud in a crystal field costs
little energy, resulting in a relatively small MCA compared to
typical rare-earth-based magnets with open 4 f-shell orbitals.
However, the large Eu spin moment gives considerable MDE
and corresponding MDA. For example, for the ground-state
A-type ordering, K and Kp are 0.1255 and 0.2004 meV /Eu,
respectively, in EuMg,Sb, while the values are 0.038 and
0.2162 meV/Eu, respectively, in EuMg,Bi,. The MDE and
Kp are similar in two compounds as they share similar lattice
parameters and Eu magnetic on-site moments. Thus, Kp dom-
inates the easy-plane MA for the A-type AFM ground state,
especially in EuMg,Sb,, where the MCA is weaker. However,
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TABLE I. Summary of experimental data for EuMg,Bi, and EuMg,Sb,. Listed for each compound are the hexagonal lattice parameters a,
¢, and c/a, the value € = u?/(2a’) in Eq. (13b) where the Eu moment is & = 7 1, the Néel temperatures Ty, and the critical fields H,;, H;,,
and H¢. Except for H,; obtained in the text, the values cited are from Refs. [6,8]. The abbreviation RT stands for room temperature.

a C € TN Hcl Hach ch
Compound A) A) c/a (meV) (K) (Oe) (kOe) (kOe)
EuMg,Bi, 4.7724(3) (RT) 7.8483(5) (RT) 1.6445(2) (RT) 0.01210  6.7(1) 465(2) 2752)  403)
EuMg, Sb, 4.6861(3) (RT) 7.7231(5) (RT) 1.6481(2) (RT) 8.02)  220(10) 26(1) 34(1)
4.6531(5) (6.6 K)  7.6668(5) (6.6 K)  1.6477(3) (6.6 K)  0.01306

the larger easy-plane MA in EuMg,Bi; is due to its larger
MCA.

Besides the easy-plane anisotropy, we also calculated the
in-plane MCAE by varying the spin orientation within the
ab plane; the obtained energy difference is smaller than 2 x
107 eV/Eu. This result is consistent with Egs. (12) which
indicate that the in-plane anisotropy energies are K3 = 1.8
and 6.5 x 10~% eV/Eu for EuMg,Sb, and EuMg, Bi», respec-
tively. Thus, an accurate estimation of the small in-plane
MCAE is beyond the resolution of the present DFT approach.
As noted previously, the in-plane MDAE is negligible.

A recent paper calculated the total energy difference be-
tween the ferromagnetic and A-type AFM states in Table II
therein which shows the EFM-EAFM values calculated as
a function of the U value using the DFT optimized struc-
ture [23]. An interpolation at U = 6 eV (using their U = 5
and 7 eV data) gives 1.51 meV, comparing well with 1.62 meV
in our work, although the two works use DFT-optimized and
experimental structures, respectively. Moreover, their Table I
shows that the EFM-EAFM value decreases when the ordered
moment is along the ¢ axis, which again confirms our results
in Table II.

a. Origin of easy-plane MCA. The larger easy-plane MCA
in EuMg,Bi, than in EuMg,Sb, can be understood by resolv-

ing the anisotropy of SOC energy K, into sublattices [14,17].
Although the MCA is generally associated with the Eu
spin’s alignment, it also depends on the nature of the other
constituent atoms in the compound. Figure 10 shows the
sublattice-resolved and total Ky,, compared with MCAE K.
The difference between the total Ky, and K is within 4% in
both compounds. Within perturbation theory, K, is propor-
tional to the difference between spin-parallel and spin-flip
components of the orbital susceptibilities, vanishing in the
nonmagnetic limit [15]. The strongly-magnetic Eu atoms
spin-polarize the otherwise nonmagnetic Bi/Sb atoms, induc-
ing sizable K, on the Bi and Sb sublattices. The K,(Bi) in
EuMg,Bi, is larger than the K, (Sb) in EuMg,Sb,, which
is likely due to the larger Bi-p SOC constant (~2eV) than
that of Sb-p (~0.74eV). Furthermore, the K,(Eu) is larger
in EuMg,Bi, than in EuMg,Sb,. However, the light Mg
atom has a very small SOC constant and negligible Kj,.
We note that such an MA mechanism that combines the
strongly-magnetic 3d (or here 4f) elements with the large-
SOC heavy-p elements is also responsible for the MA in many
other systems, such as the two-dimensional van der Waals
materials Crl;, MnBi,;Tes, and MnSb,Te; [24-26]. Simi-
larly, MnBi,Te4 has been found to have a much larger MCA
than MnSb,Te,4 [25].

TABLE II. Theoretical data for EuMg,Bi, and EuMg,Sb,. Here, k is the propagation vector of the ordering in reciprocal-lattice units

(r.l.u.) and @ is the collinear polarization of the ordered moments in real space. For each magnetic configuration, the two arrows in the second
column represent the spin orientations of two neighboring Eu layers. The magnetic-dipole energy (MDE) is calculated using the results in
Ref. [22]. The DFT energy calculated with spin-orbit coupling is also listed for both ferromagnetic (FM) and A-type antiferromagnetic (AFM)
ordering, each for both ab-plane and c-axis moment alignment. The total energy is calculated as the sum of MDE and DFT energy. The MDE
per moment is calculated from the € values in Table I and the A;, values using Eqgs. (13) in the text. All MDE calculations assume the Eu
moment of jg, = 7 up and neglect the small induced moments on Bi/Sb and Mg sites. For DFT energy and total energy, the ground-state
values are chosen as reference zero. Due to the negative sign in Eq. (13a), the most probable magnetic structure in the second column for
each compound due to MDE alone is the one with the largest positive value of Ak, in the sixth column and hence the most negative value
in the eighth column. The magnetic anisotropy energy (MAE) contains two contributions: magnetocrystalline anisotropy energy (MCAE) and
magnetic-dipole anisotropy energy (MDAE). They are listed for both A-type AFM and FM ordering as the corresponding energies of the c-axis
moment alignment above those of the ab-plane moment alignment. All energies listed here are in units of meV /Eu.

Compound Configuration  Ordering  k (r.l.u.) a Ak DFT Energy MDE  Total Energy MCAE MDAE MAE
EuMg,Bi, — <« A-type AFM (0,0,1/2) [100] 5.519 0 —0.0668 0 0.1255 0.2004 0.3259
—— FM 0,000 [100] 2.571 1.6195 —0.0311 1.6552 0.0205 0.0934 0.1139

™ A-type AFM (0,0,1/2) [001] —11.038 0.1255 0.1336 0.3259

M FM 0,000 [001] —5.142 1.6400 0.0623 1.7691
EuMg, Sb, — <« A-type AFM (0,0,1/2) [100] 5.519 0 —0.0721 0 0.0380 0.2162 0.2542
—— FM 0,000 [100] 2.577 1.2775 —0.0337 1.3159 0.0265 0.1011 0.1276

M A-type AFM (0,0,1/2) [001] —11.038 0.0380 0.1441 0.2542

™ FM 0,000 [001] —5.155 1.3040 0.0674 1.4435
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FIG. 10. Total and sublattice-resolved anisotropy of spin-orbit-
coupling energy Kj,, defined as in Eq. (2), in A-type AFM EuMg,Bi,
and EuMg, Sb,. Magnetocrystalline anisotropy energy (MCAE) K is
also shown (black dots) and agrees well with total K, (black box).
The MCAE is calculated according to Eq. (1) using the total energies.
The K, contribution from Mg sublattice K;,(Mg) is negligible and
not shown.

b. Anisotropic exchange. Since the K,s of Bi/Sb con-
tribute significantly to MCA and exist only when they are
spin-polarized by neighboring Eu atoms, one may expect that
the K;,(Bi/Sb) and total K depend on the magnetic structure
of the Eu moments. Indeed, we found a large difference in
the MCA between A-type and FM ordering in EuMg,Bij.
This difference suggests that the MCA contains terms beyond
single-ion terms when mapping the total energy into the effec-
tive magnetic Hamiltonian that includes only the Eu sites. We
map the energies of the four configurations listed in Table II
into the Hamiltonian

H=Y U8 &+ r@e)+Y A@)? (17
i#] i#] i

where J. and y, are the effective isotropic and anisotropic

interlayer exchanges, respectively, A 1is the single-ion

anisotropy, and &; is the unit vector of the Eu magnetic mo-

ment at site i. The coefficients C of J., y,, and A for the four

magnetic structures in Table II are listed the Table III. The

TABLE III. Coefficients (C) of the isotropic interlayer exchange
J., anisotropic interlayer exchange y., and single-ion anisotropy A
for the four different spin configurations when mapped onto the spin
Hamiltonian defined in Eq. (17). The four configurations and their
energies are detailed in Table II. The three columns on the right in
the present table represent the differences of the coefficients with
respect to the ground state (— <), where AC =C —C~ <.

C AC
Configuration J. Ve A J. Ve A
— <« -2 0 0 0 0 0
—— 2 0 0 4 0 0
™ -2 -2 1 0 -2 1
M 2 2 1 4 2 1

three effective interactions can be written as

-1

J, 4 0 0 E._
vel=[0o -2 1 Ey | (18)
K 4 2 1 Ept

Using Eq. (18) and the DFT energy values listed in Table II,
we obtain J, = 0.405(0.32) meV/Eu, y. = —0.026(—0.003)
meV/Eu, and A =0.073(0.032) meV/Eu in EuMg,Bi,
(EuMg, Sb,), indicating a significant anisotropic exchange .
in EuMg,Bi,.

V. CONCLUDING REMARKS

Our previous measurements of the in-plane magnetization
M(H,) atlow T (1.8 K) of trigonal EuMg,Bi, and EuMg,Sb,,
which is below Ty of each compound, exhibited positive
curvature for H, < 200-500 Oe followed by a proportional
behavior up to the respective critical field H;, [6,7]. Here
we formulated a theory which quantitatively explains these
results. Due to the threefold trigonal magnetic anisotropy of
each compound shown in Fig. 3(a), the A-type AFM ordering
leads to three collinear AFM domains at 120° to each other.
In an applied field H, in the ab plane, the ordered moments
in each domain rotate with increasing field to become approx-
imately perpendicular to H, at a critical field H.; ~ 220 Oe
for EuMg,Sb, and ~465 Oe for EuMg,Bi, as illustrated in
Fig. 3(b). Then on further increasing H,, the moments all tilt
toward H, in such a way that M (H,) is linear in H, as shown
in Fig. 3(c) until all moments are parallel to the field at the
critical field H;, which is 26 kOe for EuMg,Sb; and 27.5 kOe
for EuMg,Bi,.

Magnetic-dipole calculations showed that ab-plane
ordered-moment alignment is strongly favored over c-axis
alignment. From the values of H.;, our theory allowed
us to determine the in-plane trigonal anisotropy constant
K3 = 1.8 x 1078 eV/Eu for EuMg,Sb, and K3 = 6.5 x 1078
eV/Eu for EuMg,Bi,. The in-plane magnetic anisotropy due
to magnetic dipole interactions is found to be far too small
to account for the observed values of K5, and hence must
arise from an alternate mechanism. However, the K3 values
are below the resolution of our DFT calculations. On the
other hand, our DFT calculations of the magnetocrystalline
anisotropy energy including spin-orbit coupling showed
XY anisotropy resulting in ab-plane magnetic ordering with
A-type antiferromagnetic ordering favored over ferromagnetic
ordering. Furthermore, anisotropic exchange between the Eu
spins was found to be significant in EuMg,Bi,.

An interesting avenue for future work is to calculate
the temperature dependence of the in-plane magnetization
M (H,) up to the respective Ty of EuMg,Sb, and EuMg,Bi,
for comparison with the corresponding data in Refs. [6,7].
Another avenue is to investigate the low ab-plane field
behavior of A-type-antiferromagnets with a layered tetrag-
onal Eu structure and with the ordered moments in the ab
plane which would have fourfold in-plane anisotropy instead
of the threefold trigonal in-plane anisotropy in EuMg,Sb,
and EuMg,Bi,.
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