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The body-centered-tetragonal antiferromagnet EuGa, was recently identified as a Weyl nodal-line semimetal
that exhibits the topological Hall effect below its reported antiferromagnetic (AFM) ordering temperature Ty =
15-16.5 K which we find to be Ty = 16.4(2) K. The Eu*? ions are located at the corners and body centers of
the unit cells. EuGay exhibits A-type antiferromagnetic order below Ty, where the Eu?* spin-7/2 moments are
ferromagnetically aligned in the ab plane with the Eu moments in adjacent Eu planes along the ¢ axis aligned
antiferromagnetically. Low-field magnetization versus field M (H,;) data at T = 2 K with the field aligned in the
ab plane are reported that exhibit anomalous positive curvature up to a critical field H,, at which a second-order
transition occurs with H.; =~ 0.85 kOe for H || [1, 1, 0] and ~4.8 kOe for H || [1, 0, 0]. For larger fields, the
linear behavior M,;, = x (Tx)H,; is followed until the critical field H, is reached at which all moments become
aligned with the applied field. A theory is formulated for 7 = 0 K that fits the observed M (H,;,) behavior at
T =2 K well, where domains of A-type AFM order with fourfold rotational symmetry occur in the AFM state
in zero field. The moments in the four domains reorient to become almost perpendicular to H,;, at H,, followed
by increasing canting of all moments toward the field with increasing field up to H,. which is reported to be
71 kOe. A first-order transition in M (H,;) at H,, = H,; is predicted by the theory for T = 0 K when H,; is at a

small angle from the [1,0,0] direction.
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I. INTRODUCTION

Antiferromagnets are fundamentally interesting owing to
their various spin arrangements as well as their technological
applications in spintronics, spin valves, magnetological de-
vices, and spin-wave-based information technologies [1-4].
Recently, many antiferromagnetic (AFM) compounds have
also been discovered to host nontrivial topological electronic
and spin states [5—8]. Understanding the magnetic interactions
in these materials is important for their further develop-
ment and discovery of new materials. The magnetic ordering
in those materials is primarily determined by the interplay
of exchange interactions, magnetic anisotropy energy, and
any kind of disorder present in the system. In particular,
magnetocrystalline and magnetic-dipole anisotropies play a
crucial role in tuning the spin arrangements in different AFM
materials.

Among these materials, Eu-based antiferromagnets have
been of significant interest recently due to the complex inter-
play of magnetism and topological states [6,9—11]. EuXy-type
of materials (X = Al, Ga) constitute one such family which
is generating significant interest due to the recent observation
of the topological Hall effect (THE) and related phenomena
in these materials [12-14]. They crystallize in the body-
centered-tetragonal (bct) BaAly-type crystal structure (Fig. 1)
with space group /4/mmm [15], where the Eu atoms in each
ab-plane layer form a square lattice and are known to ex-
hibit a rich variety of magnetic and electronic properties. For
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example, EuAly orders antiferromagnetically below Ty =
15 K along with a charge density-wave (CDW) transition at
Tepw = 140 K [16-20]. The CDW transition is suppressed to
T = 0 K by the application of a pressure of 2.5 GPa [18]. The
isovalent analog EuGay, also orders antiferromagnetically be-
low Ty & 16 K and a CDW is only observed at Tcpw = 105 K
under the application of a pressure p = 0.75 GPa [18,21]. A
THE is also evidenced in EuAly coexisting with CDW order
[12].

Although magnetic spin reorientation and multiple meta-
magnetic transitions were observed earlier in EuGa,Al,
[19], a recent observation of the THE and incommensu-
rate magnetic order suggest the presence of a field-induced
skyrmion-like topological spin texture in this compound [14].
A lack of inversion symmetry in noncentrosymmetric ma-
terials with Dzyaloshinskii-Moriya (DM) interactions was
initially thought to be the key ingredient for stabilizing this
spin texture. However, observations of a skyrmionic phase
in centrosymmetric materials [8,22,23] have challenged the
understanding and mechanism of this spin-texture formation.
Contemporary theoretical modeling suggests that the inter-
play of different spin interactions and anisotropy may play
a crucial role in the formation of a topological spin tex-
ture in centrosymmetric materials [24]. Thus, to understand
the mechanism of complex spin texture and its field-induced
evolution, it is necessary to study the magnetic proper-
ties and anomalous behavior in antiferromagnets with small
anisotropy.
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FIG. 1. Body-centered-tetragonal crystal structure of EuGay.
The Eu atoms form square lattices in the ab plane.

EuGa, exhibits giant magnetoresistance (MR) and THE
with a possibility of magnetic skyrmions [13,25]. Recently,
the observation of large transverse MR in this semimetal
is explained due to the presence of Weyl nodal-line states
and magnetic-field-induced Landau quantization [26]. As re-
ported earlier, EuGa, exhibits collinear A-type AFM order
below Ty ~ 16 K, where the Eu atoms are ferromagnetically
aligned along the ab planes and adjacent FM planes along the
c axis are aligned antiferromagnetically [17,18,21,25,27,28].
Although a noncollinear magnetic structure is favorable for
skyrmion-like texture formation, the possibility of this texture
in collinear EuGay is quite intriguing where anisotropy can
play an important role.

Previous magnetic studies on EuGa, mostly focused on the
magnetic ground state and the high-magnetic-field behavior,
while the low-field behavior and the effect of anisotropy was
hardly explored. However, magnetization M versus applied
magnetic field H isotherm measurements of a crystal with
the field along the [1,0,0] direction at 7 =2 K revealed
positive curvature up to a field Hy = 5 kOe, above which
M (H) was linear up to the critical field H[C1,o,01 =71 kOe at
which all moments become parallel to the field, whereas for
the c-axis field, M (H) was linear over the whole field range
where H[CO,OJ] = 72 kOe (nearly isotropic) [21]. The authors
suggested that this behavior was somehow associated with
AFM domains that evolved into a single domain at Hy, and
found that Hy decreased smoothly to zero on heating to 7.

Here, we report studies of the magnetic-field evolu-
tion of the AFM ground-state spin texture at 7 =2 K
in detail emphasizing the low-field region. We found that

although the c-axis magnetization increases linearly with
the applied field H, as expected and found for an A-
type antiferromagnet, a nonlinear M(H) response at low
fields was observed for the [1,0,0] field direction as pre-
viously found in Ref. [21]. Interestingly, we found that
the low-field (ab)-plane nonlinearity differs significantly for
fields in the [1,0,0] and [1,1,0] directions. On the basis
of our temperature- and magnetic-field-dependent magnetic
measurements complemented with theoretical analyses, we
conclude that the ground-state A-type AFM structure con-
sists of four equally-populated AFM domains having fourfold
rotational symmetry associated with the fourfold ab-plane
magnetic anisotropy of the ferromagnetic ab-plane layers.
We propose a theory in which, with increasing field in the
ab plane, the moments in each domain initially cant to become
nearly perpendicular to the field at a critical field H;; (Hy
above) with no change in the physical domain boundaries.
Then with a further increase of the magnitude of the field
all moments progressively cant towards the field giving rise
to the observed linear M (H ) behavior up to the critical field
H. noted above. Our fits describe the experimental M(H)
isotherms at T =2 K for H || [1,0,0] and H || [1, 1, O] with
H < H. rather well, but where the H,; values for the two field
directions are quite different.

The experimental details are given in Sec. II. The exper-
imental results are presented in Sec. III, including magnetic
susceptibility x (7T') data in Sec. III A and magnetization ver-
sus field M (H ) isotherms in Sec. III B. Theoretical fits to the
experimental M (H) data at T = 2 K are presented in Sec. [V
and concluding remarks are given in Sec. V.

II. EXPERIMENTAL DETAILS

EuGa,4 single crystals were grown using EuGag self-flux.
The high-purity elements (Eu metal from Ames Laboratory
and 99.99999%-pure Ga from Alfa Aesar) were loaded in
an alumina crucible and sealed in a silica tube. The ampule
was then heated to 750 °C at a rate of 100 °C/h and held
for 12 h. Then it was slowly cooled to 400 °C at a rate of
2 °C/h. The crystals were obtained after removing the flux
using a centrifuge. The sample homogeneity and chemical
composition were confirmed using a JEOL scanning electron
microscope (SEM) equipped with an EDS (energy-dispersive
x-ray spectroscopy) analyzer. The EDS measurements yielded
a composition EuGay o4(2), close to the stoichiomentric com-
position. Magnetic measurements were carried out using
a Magnetic Properties Measurement System (MPMS) from
Quantum Design, Inc. We use cgs magnetic units throughout.

III. EXPERIMENTAL RESULTS

A. Magnetic susceptibility

The x (T) data for EuGay obtained with in-plane (., H ||
ab) and out-of-plane (x., H || ¢) magnetic fields H = 0.1 kOe
are shown in Fig. 2, where x,, is measured for the two
symmetry directions H || [1,0,0] and A || [1, 1, 0]. The data
in the figure indicate that y is nearly isotropic in the ab
plane. As seen from the figure, EuGas undergoes an AFM
transition at Ty = 16.4(2) K, similar to values reported ear-
lier [17,18,21,25,27,28]. The x. is found to be independent
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FIG. 2. Left ordinate: Temperature dependence of the magnetic
susceptibility x(7') of EuGa, for H = 0.1 kOe with H | ab ||
[1,0,0] (filled blue triangles), H || ab || [1, 1, 0] (open black cir-
cles), and H || ¢ (filled red circles). The corresponding susceptibility
ratio x (T')/x (Tx) is shown on the right ordinate.

of T for T < Ty, indicating that the moments are aligned
perpendicular to the ¢ axis. This is consistent with the x,
data that decrease with decreasing T with x,,(2 K)/x (Tn) =
0.5. According to molecular-field-theory (MFT) [29,30] for
a c-axis helix of identical crystallographically-equivalent
Heisenberg spins, one has

Xa(T =0) 1
xa(IN)  2[1 + 2 cos(kd) + 2 cos?(kd)]’

where k is the magnitude of the c-axis AFM propagation vec-
tor, d is the distance along the c axis between the FM layers of
spins, and hence kd is the turn angle between adjacent layers
of spins.

The ratio on the left side of Eq. (1) for H || [1, 0, 0] at
T = 2 K was previously found to be ~0.26/0.51 =~ 0.51 [21].
According to Fig. 2, as noted above we find the similar value

X007 =2K) 024 1
x(IN) 048 2°

Using this value of x,»(2 K)/ xa(Tx), Eq. (1) yields the turn
angle between the moment directions in adjacent Eu layers to
be kd = m rad, indicating that the AFM structure is A-type, in
agreement with the earlier neutron-diffraction solution of the
magnetic structure of EuGay [27].

The inverse molar magnetic susceptibility 1/ for H =
0.1 T is plotted versus T for H || [1,0,0] in Fig. 3(a)
and H || [0,0, 1] in Fig. 3(b). Both plots are linear above
Tx and are described well by the inverse of the modified
Curie-Weiss law

ey

@

C

X(T) = xo+ 7. 3)
where xo is the T-independent contribution, C is the mo-
lar Curie constant and 6 is the Weiss temperature. The fits
yield the values of these variables in Table I. The magni-
tudes of the diamagnetic x, values are of the order expected
for the diamagnetic core contributions but are very small
relative to the x values of the Eu’* moments. The listed
effective moments p.¢ for the two field directions are close
to the theoretical value of 7.94 pug/Bu’t for g=2 and S =

v! (mol/cm?)

x'! (mol/cm?)
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FIG. 3. Inverse magnetic susceptibility y ~'(T) of EuGa, with
H =0.1Tfor(a)H || aband (b) H | c.

7/2. The Weiss temperatures are positive, consistent with the
A-type AFM structure in which FM planes of Eu spins are
stacked antiferromagnetically along the c axis. However, they
are not close to the value of Ty, indicating that the AFM inter-
actions between the Eu spins in adjacent layers perpendicular
to the ¢ axis are also significant.

Indeed, using the above experimental data together with
molecular-field theory (MFT) for a c-axis helix, the three
Heisenberg exchange constants Jy (the sum of the ex-
change constants between a spin and all other spins in the
same FM-aligned layer in the ab plane), J; (the sum of all
exchange constants between a spin and all spins in an adjacent
FM-aligned layer along the ¢ axis), and J, (the sum of all
exchange constants between a spin and all spins in a next-
nearest layer) can be obtained by solving the following three

TABLE I. The fitted parameters to the inverse susceptibility data
in Fig. 3, including the T -independent contribution to the suscepti-
bility o, molar Curie constant C, for @ = ab, c directions, effective
moment per Bu spin i & +/8C,, and the Weiss temperature 6.

X0 s Cgt Meffa 905
Field direction (1075 o) (K (e (K)
H| ab —1.7(5) 7.76(1) 7.88(1) 2.27(6)
H| ¢ -3.5(3) 7.86(1) 7.93(1) 0.5(1)
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FIG. 4. (a) Out-of-plane magnetic susceptibility x.(T") (H | c¢) of EuGa4 for different applied magnetic fields. In-plane magnetic suscepti-
bility for different magnetic fields for (b) H || ab || [1, 1, 0] and (c) for H || ab || [1, 0, O]. The field responses in these two ab-plane symmetry

directions are seen to be significantly different.

simultaneous equations [30]:

Ji
kd) = — -,
cos(kd) ah
S(S+1
Ty = —%[]g + 2J; cos(kd) + 2J, cos(2kd)],
B
S(S+ 1
6 = —¥(Jo +2J1 + 24). “
3kg

For EuGay the required parameter values are S = 7/2, kd =
m rad for A-type antiferromagnetism with the moments
aligned in the ab plane, Ty = 16.4 K, and the average Weiss
temperature 6,,. = 1.6 K from Table I. Neglecting the weak
ab-plane anisotropy discussed above and solving Eq. (4) yield
the Heisenberg exchange constants in temperature units as
Jo=-2.1 K (FM), J; =0.71 K (AFM), and J, =0.18 K
(AFM). This confirms that significant AFM exchange inter-
actions are present in EuGay, in addition to the FM ab-plane
exchange interactions necessary for the Eu moments to align
ferromagnetically in the ab plane.

The magnetic-field dependences of x(7) are shown in
Fig. 4 for (a) H || ¢, (b) H || [1,1,0] and (c¢) H | [1,0,0].
No change in x.(T) is observed between H = 0.1 and 1
kOe. However, a significant variation of x,,(7T") is observed
in this field region. Interestingly, the field evolution of x.;(T")
at low fields is quite different when the magnetic field is
applied along the ab plane [1,0,0] and [1,1,0] directions. The
critical fields at which the moments become aligned with the
applied field are at much higher fields H, = 71 kOe and
H: =72kOeforH || aband H || c, respectively [21], indicat-
ing a very small magnetic anisotropy between these two field
directions as expected for Eu>** moments with spin § = 7/2
and angular-momentum quantum number L = 0.

The x.(T) in Fig. 4(b) for T < Ty strongly increases
between applied fields H = 0.1 and 1 kOe applied along
the [1,1,0] direction and at higher fields it becomes inde-
pendent of 7. On the other hand, only a gradual increase
in x,(T) with increasing H is observed for H | [1, 0, 0]
in Fig. 4(c) in the field range 0.1 kOe < H < 5 kOe. More-
over, a T-independent region of M(H) is observed for H =
1 kOe for H | [1,0,0] and the temperature range of that
plateau increases with increasing H. Finally, x(7') for both
H || [1,0,0] and H | [1,1,0] in the AFM state below Ty

becomes independent of 7' for H = 10 kOe. We show in
Sec. IV below that the different low-field M (H) behavior of
Xap(H) for H || [1,0,0] and H | [1, 1,0] in EuGay is due
to AFM domain formation arising from the fourfold tetrag-
onal c-axis rotational symmetry. Similar effects were found
previously in trigonal Eu-based compounds with threefold
rotational symmetry about the ¢ axis [31-35].

B. Magnetization versus Field Isotherms

In order to provide further insight into the field-dependent
evolution of the magnetic behavior at T < Ty, M (H ) isotherm
data were obtained that emphasize the low-field region of
interest. As can be seen in Fig. 5, the M (H) behavior mea-
sured at 7 =2 K for H || ¢ is linear. In accordance with
the magnetic susceptibility measurements, a clear nonlinear
response in M(H) is observed for both H | [1,0,0] and
H | [1,1,0]. This is clearly reflected in the dM/dH data,
where dM/dH initially increases rapidly with increasing H
and exhibits peaks at the critical fields H.; 1,0,0; ~ 4.8 kOe
and Hgi 1,10 & 0.85 kOe, followed eventually by an H-
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FIG. 5. Low-field M(H) data measured at 7T =2 K for
H | [1,0,0],H || [1,1,0],and H || [0, 0, 1] (left ordinate). The cor-
responding field derivatives are also plotted (open symbols, right
ordinate). Although M.(H) for H || [0, O, 1] is linear, distinct nonlin-
earities in M, (H) for H || [1, 0, 0] and [1,1,0] are observed in this
low-field region.
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FIG. 6. In-plane M (H ) data measured at different temperatures for (a) H || [1, 1, 0] and (b) H || [1, 0, O]. The respective dM(H)/dH vs H
data are shown in (c) and (d). The data for T = 18 K are about 2 K above Ty.

independent behavior for H > H.;. The difference in the
low-field M (H) behavior for different in-plane symmetry di-
rections can be explained by the rotation of the moments
in ab-plane AFM domains as discussed in detail in Sec. IV
below.

The M(H) data measured at different temperatures for
H || [1,1,0] are shown in Fig. 6(a) and the corresponding
dM/dH versus H data are plotted in Fig. 6(c). As seen in the
latter figure, H,; slightly shifts to lower fields with increasing
temperature below Ty, with H;1 11,00 = 0.85kOe at7T =2 K
decreasing to 0.6 kOe at T = 14 K. The M (H ) behavior is lin-
ear for T > Tn. The T dependences of M (H ) and dM/dH (H)
for H || [1, 0, 0] are shown in Figs. 6(b) and 6(d), respectively.
Here, the nonlinearity in M(H) at T = 2 K persists up to
H = 8 kOe, which is much larger than that observed for H ||
[1,1,0]. The dM/dH for this field direction shows a maxi-
mum at Hej 10,00 = 4.8 kOe at T =2 K. This critical field
is significantly reduced to H.j 1,000 = 0.85(5) kOe at T =
14 K. The striking difference observed in the M (H) and cor-
responding dM/dH behavior between the H || [1, 1, 0] and
H | [1, 0, 0] directions indicates the presence of significant
in-plane magnetic anisotropy. This anisotropy is associated
with the magnetic-field-induced moment reorientation in the
AFM domains discussed below in Sec. IV.

We tested the reversibility of the nonlinear M(H) and
dM/dH at low fields upon heating and cooling for H ||
[1, 0, O0]. The crystal was initially cooled to T = 2 K under a
magnetic field H = 50 kOe. After T stabilization, M (H ) was
measured in the hysteresis H cycle 10 kOe — 0 kOe — 10
kOe, as shown in Fig. 7. No magnetic hysteresis was observed,
indicating that the low-field-induced M(H) nonlinearity is
reversible.

Similar M_;,(H) behavior was observed for the Eu-based
trigonal compounds EuMg,Bi, and EuMg,Sb, [31,32,34,35]
and we successfully modeled those results [33] using an ap-
proach similar to that used below to model the low-field M (H )
data for EuGay.

IV. FITS TO THE EXPERIMENTAL M(H) DATA
A. Theory

The fourfold rotational magnetic-anisotropy free energy
E,is for the ferromagnetic ab-plane layers in tetragonal
EuGa, versus the azimuthal angle ¢ of the ferromagnetic

5000 . . . . 0.8
H | [100] .~
L [T
4000 pf‘ﬁ /_/:j)
= § ! lo6 2
£3000f I £
& s A (.1 8
22000 - s / - =
s Ggf 104 3
100} & ——H1
j —=—HJ
O 1 1 1 1 0'2
0 2 4 6 8 10
H (kOc)

FIG. 7. In-plane field-cooled M(H) behavior at T =2 K for
H || [1,0,0] in the hysteresis H cycle 10 kOe — 0 — 10 kOe.
No hysteretic behavior is observed. The corresponding dM(H)/dH
behavior is also shown in the right ordinate.
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FIG. 8. Fourfold ab-plane rotational anisotropy energy normal-
ized by the anisotropy constant Ky, E,,;s/Ky, vs the ab-plane angle
¢ /7 rad of a moment in tetragonal EuGay.

moments in that layer is given by [36]
Eanis = Ky COS(4¢)7 ©)

where K4 > 0 is the fourfold ab-plane anisotropy constant
and ¢ is the angle of the moments with respect to the x axis
defined in Fig. 9 below. A plot of E,,;s/K4 versus ¢ is shown
in Fig. 8. The anisotropy-energy minima occur at ¢ = /4
and £37 /4 rad.

In order to model the anomalous low-field M,,(H) behav-
ior for EuGa, in Figs. 5-7, we propose that the magnetic
structure in H = 0 contains four equally-populated domains
A, B, C, D of ferromagnetically-aligned moments in the
A-type AFM structure illustrated in Fig. 9(a) as required by
the tetragonal lattice symmetry. As shown in Fig. 9(a), each
of the four domains contains moments that are ferromag-
netically aligned in every-other ab plane and the moments
in adjacent layers along the ¢ axis are aligned at 180° with
respect to the former moments, as required for an A-type
AFM structure. We assume that within each physical AFM
domain, the applied field H, rotates the moments only in the
ab plane and does not cause domain-wall motion. The former
assumption is justified because in a body-centered-tetragonal
lattice, the magnetic-dipole interaction favors ferromagnetic
moment alignment in the ab plane rather than along the ¢
axis [37]. As noted at the bottom of Fig. 9(a), the x direction
of the applied field can be aligned along either the crystallo-
graphic [1,0,0] or [1,1,0] directions which may have different
anisotropy energies.

In H, = 0, the angles of moments 1, 3, 5, and 7 with respect
to the x axis in the respective ferromagnetically-aligned layer
are in energy minima according to Fig. 8. Similarly, moments
2, 4, 6, and 8 in either of the two layers of the A-type AFM
structure adjacent to the respective layers containing moments
1,3, 5, and 7 are also in energy minima. On application of H,,
due to the relationship of the directions of the moments in the
different domains in Fig. 9(a) to each other, the magnitude
of the change of the moment angle A¢ is the same for the
moments in each domain as shown in the figure. During this
process, the moments in adjacent ferromagnetically-aligned
layers retain their 180° alignment due to the AFM exchange

Domain A Domain B

x || [1,0,0] or [1,1,0]
0H|< /4

(b)
All Domains A, B, C, D
Increasing H, H.y <H <H,

Y
1,3,6,8

—> x, H
2,4,5,7
b

FIG. 9. (a) Schematic diagram of the nearly-locked moment ori-
entations in the ab plane of adjacent antiparallel layers of moments
along the ¢ axis in the four collinear A-type AFM domains A, B, C,
and D and their magnetic field evolution with increasing x-axis field
H at low fields H < H.; shown by arrows. (b) For H, > H,;, each
moment increasingly cants towards the increasing field as shown,
until at the critical field H. all moments are aligned with the field
with 4, = psa = gSpp =7 up.

interaction between moments in adjacent layers, apart from a
very small canting towards the field which gives rise to the
observed magnetization.

The moments in each domain eventually rotate to become
perpendicular to H, at a critical field H.; at which a maxi-
mum is observed in dM,;/dH in Figs. 5-7. For H, > H,|,
the moments in each domain increasingly cant towards the
applied field direction as shown in Fig. 9(b). The magnetiza-
tion saturates when all the moments become parallel to the
applied field H, at a critical field H.. As noted at the bottom
of Fig. 9(a), it is possible to align H at an angle ¢y # 0 with
respect to the positive x axis. As illustrated later, at T =0 K
this is predicted to result in a first-order transition at H,;.
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For 0 < H, < H.1, from Fig. 9(a) the angles of the mo-
ments in each domain with respect to the positive x axis are
respectively

T
oA = 7 + Ag,
3

¢ = i A¢

3
¢c = e + A,

T
¢p = 7 A¢, (6)

where 0 < A¢ < /4. The average anisotropy energy per
domain for 0 < H, < H,; obtained using Egs. (5) and (6) is

Eanisave = _K4 COS(4A¢)- (7)

In a magnetic field H, directed to the right as in Fig. 9(a),
the magnetization component of a pair of collinear antipar-
allel moments along the axis of the moments at 7 =0 K
is zero according to molecular-field theory. On the other
hand, the magnetization component perpendicular to either
moment in H,is u, = x1 H,, = x1 H, sin(¢,), where H,| =
H, sin(¢,), thus yielding

Emag n = _/’LxHx

= _[XJ_HX Sin(¢n)] [Hx Sin(¢n)]
= —y L H?sin’(¢,). (8a)

Summing Ep,, over the angles of a moment in each of the
four domains in Eq. (6) and dividing by four gives the average
magnetic energy per moment for 0 < H, < H; as

X H? .
Emagave = - ) [1+ SIH(ZAQS)]. (Sb)

Then using Eq. (7) and normalizing the total energy per mo-
ment by K4 gives the total average energy per moment as

Eave/K4 = (Eanis ave T Emag ave)/K4

XLH? .
= —cos(4A¢p) — —[1 +sin(2A¢)]. (8c)
2Ky
Now defining the dimensionless parameter 4, as
X H?
hy = —2=, 9
X €)

setting the derivative of E,,. /K4 with respect to A¢ in Eq. (8c)
equal to zero corresponding to the minimum energy Ej./Ks
and solving the resultant equation for A¢ gives

hy
—= ) (<38
64—h2> ( )

DN —

X

A¢(rad) = — arctan (

=— (h28), (10)

ENGIS

as plotted in Fig. 10 where the value 8 in Eq. (10) is exact.
The maximum value A¢ = m /4 rad is the value at which all
moments become perpendicular to the applied field H, = H,j,
apart from a small canting of the moments towards the field
that gives rise to the measured magnetization along the x axis.

08 [ q)H:O A(I):J'lj/4 )rmmmmmﬁ:
S |
0.6+ 5 .
=)
£
2— 0.4+ .
A9, A,
0.2+ .
0 1 1 1 1
0 2 4 6 8 10

2
XLHX /K4

FIG. 10. The angle A¢ in Fig. 9(a) vs h, = x  H?/K, for ¢y =
0 rad as defined at the bottom of Fig. 9(a).

At larger fields up to the critical field H,, the individual mo-
ments increasingly cant towards the field and molecular-field
theory predicts M, = y H, = x(Tx)H, until the critical field
H_ is reached at which all the moments are aligned with the
applied field H as illustrated in Fig. 9(b).

Equation (10) and Fig. 10 show that the value of x H? /K4
at the critical field H,; for which A¢ = /4 rad is first
reached is given by

whe g
K,

This equation gives the value of the anisotropy constant K4 in
terms of measurable quantities as

(11a)

XiHc21
5
Since K is normalized to a single moment, whereas the mea-
sured x, is normalized to a mole of moments, this difference
can be taken into account by writing Eq. (11b) as

K, = (11b)

_ XJ_HC21

8Na
where N is Avogadro’s number. For EuGay, the measured
values are

Ky (11c)

xL (T =0K) = x.(In) = xap(Ix)
= 0.48 cm® /mol (12)

according to molecular-field theory [30], and H.; ~ 4.8 kOe
for H, || [1, 0, 0], yielding

_3 meV
Ki=14x10 (13)
This value is of order 20-100 times larger than the values of
the threefold anisotropy constants K3 = 6.5 x 1075 and 1.8 x
107° -V obtained for trigonal EuMg,Bi, and EuMg,Sb,,

Eu atom

respectively [33].

Eu atom

B. Fits of the M(H) data at T = 2 K by theory

The magnetization M, per mole of Eu momentsat 7 = 0K
versus magnetic field H, averaged over a moment in each of
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FIG. 11. The experimental ab-plane M (H ) behavior for two ap-
plied field directions (a) H || [1,0,0] and (b) H || [1, 1, 0] measured
at T =2 K along with theoretical predictions for 7 = 0 K with

H.; =~ 4.8 kOe and 0.85 kOe, respectively, as shown by the respective
solid red curves. For H > H.;, M(H) = x (Ty)H is plotted according
to molecular-field theory [30] which agrees very well with the slope
of the data and is not a fit to the slope.

the two unique domains A and B in Fig. 9(a) is calculated
from

H, . .
Myae = “2 [sin(pa) + sin2(g)]  (Hy < Her)
_ uf S [1+5in(2A9)], (14a)
M ave = Xin (Hcl < H, < Hc)- (14b)

Here ¢ and ¢p are given by the respective expressions in
Egs. (6), A¢(h,) is given by Eq. (10) with K4 given in
Eq. (13), and the value of x, is given in Eq. (12).

The experimental M,,(H) data for H, || [1,0,0] and H, ||
[1,1,0] at T =2 K along with the calculated theoretical
M, (H) behavior using Egs. (10) and (14a) corresponding to
T =0 K are shown in Figs. 11(a) and 11(b), respectively.
The value of H.; is seen to be quite different for the two
field directions. The theory reproduces the experimental data
rather well at low fields H < H., but deviates somewhat from
the data for H 2 H.;. The reason for this discrepancy is not
clear at present but may be associated with the fact that the
theoretical calculations are done for 7' = 0 K, whereas the

observed M, (H) data were obtained at T = 2 K. A larger dis-
crepancy between the theoretical and experimental data taken
at T = 1.8 K was observed earlier for trigonal EuMg,Bi,
and EuMg,Sb,, where the measurement temperatures were
T ~0.27 Ty and =~0.23 Ty, respectively. The discrepancy
is smaller for EuGas with measurement temperature 7 ~
0.13 Tx. This occurs because the T = 0 K theoretical predic-
tions are expected to agree best with experimental M (H ) data
taken at temperature 7 when the ratio 7'/ Ty is smallest.

We have also calculated the M (H) behavior when H, is
not along the x axis parallel to the [1,0,0] direction, but is
in a direction in the ab plane where H is at an arbitrary
positive angle ¢y < 7 /4 with respect to the +x ([1,0,0]) axis
as indicated at the bottom of Fig. 9(a). In this case, there are
effectively two domains A and B, because ¢c = —¢p and
¢p = —¢4 in Fig. 9(a). Setting ¢; = ¢ and ¢, = ¢, we
therefore minimize the energy only with respect to ¢; and ¢,.
The angles of the two domains for 0 < H, < H,; with respect
to ¢y are

¢>1—¢H=%+A¢1 0 < Ad < /4 + ),
¢2—¢H=—%—A¢z. 0 < Agy <m/d—gu). (15

The average anisotropy energy associated with the two do-
mains is

Eanis ave —

K4
—7[008(4451) + cos(4¢)]. (16)

The average magnetic energy in the regime 0 < H, < H; is

given by

Emag ave — XJ_ x [Sln2(¢1 ¢H) + Sin2(¢2 - ¢H)]
H?
=~ 2+ sinl2(g1 — ¢u)
+ Slll[2(¢2 — ¢u)ll. (17)

Thus the total average energy at 7 = 0 normalized by
K4 is

Eave/K4 = (Eanis ave T Emag ave)/K4

1
= ——[cos(4¢1 ) + cos(4¢,)]

XLX

{2 + sin[2(¢1 — ¢n)]

+ Sln[2(¢2 — ou)l} (18)

Here we minimize E,,./Ks with respect to both A¢; and
A¢, where ¢ and ¢, have maximum values of % + ¢y and
% — ¢n, respectively [see Fig. 9(a)]. As can be seen from
Fig. 12 for ¢ = 1/100 rad, a discontinuous (first-order) tran-
sition is observed for A¢, at H = H.| Ao(¢n), where A¢,
reaches 7 + ¢y in order for the moments to be perpendicular
to H, at H.; ;. On the other hand, no such first-order transition
is observed for A¢,, where A¢, instead asymptotes continu-
ously to % — ¢y atlarger H. The critical field H,; ; is found to
decrease and the discontinuity of A¢, at H; ; to increase with
increasing ¢y . These calculations reveal that when the applied
field H, is not along a crystallographic ab-plane axis, the
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FIG. 12. The angles A¢; and A¢, in Egs. (15) vs XLHXZ/IQ
for ¢y = 1/100 rad. A¢p; = /4 for x  H?/Ky > 7.1, whereas A¢,
eventually asymptotes to 7 /4 rad at much larger fields.

field responses of the moments in the two orthogonal domains
A and B are quite different. Additional measurements along
these lines would be of interest.

V. CONCLUDING REMARKS

The Eu square-lattice compound EuGa, exhibits A-type
antiferromagnetic order at a Néel temperature Ty = 16.4(2) K
with the moments aligned in the ab plane. A magnetic-field-
induced anomaly is observed at low fields in the M,,(H)
isotherms at 7 = 2 K. We infer that the H = 0 A-type mag-
netic structure consists of four AFM domains associated with
a fourfold in-plane magnetic anisotropy, where each domain
consists of antiparallel moments in adjacent ab planes along
the ¢ axis in zero applied field. On application of an in-plane
magnetic field H,, the collinear moments in each of the AFM
domains gradually orient to become perpendicular to H, at a
critical field H,, yielding a nonlinear M,,(H) at T =2 K.
The M,,(H) behavior along the two ab-plane [1,0,0] and
[1,1,0] directions are quite different, with respective critical
fields Hcl,[l,(),()] = 4.8 kOe and HCl,[l.l,O] = 0.85 kOe. The
experimental M,,(H) data for H || [1,0,0] and H || [1, 1, 0]
were successfully modeled by a theory incorporating the four-
fold tetragonal in-plane magnetic anisotropy and associated

AFM domains. However, the calculations predict a first-order
transition when the in-plane field H, is at a finite angle to
the [1,0,0] direction. Since the theoretical calculations are
done for T = 0 K whereas the experiments were performed at
2 K, it would be interesting to calculate the finite temperature
effects on the M (H) behavior. In addition, the effects of the
Eu-moment rotations for the small magnetic fields discussed
here on the topological properties of EuGay would be very
interesting to explore.

Similar moment-reorientation effects due to small fields
aligned in the ab plane have recently been observed in the
trigonal A-type antiferromagnets EuMg,Bi, and EuMg,Sb,
containing S = 7/2 Eu?* spins with the moments aligned in
the ab plane [33]. It seems likely that M (H ) measurements for
other layered Eu>* or Gd** spin-7/2 compounds with A-type
AFM order and moments aligned in the layer plane would also
exhibit low-field effects similar to those described here and in
Ref. [33].

As discussed in the Introduction, the skyrmion-like
chiral spin texture was initially proposed only in noncen-
trosymmetric materials with Dzyaloshinskii-Moriya S; x S;
interactions. The recent discovery of this spin texture even
in rare-earth-based centrosymmetric materials suggested the
possible role of different types of magnetic anisotropy in those
systems. In particular, most of these reported centrosymmetric
compounds contain Gd** with § =7/2 and L =0, yield-
ing negligible single-ion anisotropy. In the absence of this
anisotropy it is important to determine the role of other types
of anisotropy. The Eu’* ion is isoelectronic to Gd** with
L = 0. In our work, the results suggest that in the absence of
single-ion anisotropy, magnetic-dipole and/or magnetocrys-
talline anisotropy play a crucial role in the ab-plane domain
formation in EuGay. It would therefore be quite interesting to
theoretically study the potential role of such anisotropies in
the formation of nontrivial chiral spin textures.
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