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One of the signatures of the face-centered cubic (fcc) antiferromagnet as a typical example of a geometrically
frustrated system is the large ground state degeneracy of the classical nearest-neighbor and next-nearest-neighbor
Heisenberg (isotropic) model on this lattice. In particular, collinear states are degenerate with noncollinear and
noncoplanar ones: this degeneracy is accidental and is expected to be lifted by anisotropic exchange interactions.
In this work, we derive the most general nearest and next-nearest-neighbor exchange model allowed by the space-
group symmetry of the noncentrosymmetric half-Heusler compounds, which includes three anisotropic terms:
the so-called Kitaev, Gamma, and Dzyaloshinskii-Moriya interactions—most notably, the latter is allowed by the
breaking of inversion symmetry in these materials and has not been previously been studied in the context of the
fce lattice. We compute the resulting phase diagram, show how the different terms lift the ground state degeneracy
of the isotropic model, and lay emphasis on finding regimes where multi-g (noncollinear/noncoplanar) states are
selected by anisotropy. We then discuss the role of quantum fluctuations and the coupling to a magnetic field in
the ground state selection and show that these effects can stabilize noncoplanar (triple-g) states. These results
suggest that some half-Heusler antiferromagnets might host rare noncollinear/noncoplanar orders, which may,

in turn, explain the unusual transport properties detected in these semimetals.

DOI: 10.1103/PhysRevB.105.144431

I. INTRODUCTION

True to the denomination of the face-centered cubic (fcc)
lattice as a prototypical three-dimensional geometrically frus-
trated system, a variety of magnetic orders and behaviors
arise in model systems with this structure. For example,
the phase diagram of the classical nearest- and next-nearest-
neighbor Heisenberg (isotropic) model on this lattice was
established long ago and displays several antiferromagnetic
ground states [1-6]. Among them, the commensurate states,
dubbed types I, I, and III, all feature an accidental degener-
acy between single-g and multi-g ground states [1] (multi-g
states are magnetic configurations with a superposition of
symmetry-related ordering wave vectors). The addition of a
magnetic field [7,8] and quantum fluctuations [9,10] lead to
competition between these ground states and interesting exci-
tation spectra. More recently, theoretical studies motivated by
double perovskites showed that the incorporation of nearest-
neighbor anisotropic terms (including the bond-dependent
Kitaev interaction [11-13]) in the classical model leads to yet
new magnetic phases, including incommensurate spiral states
[14-17].
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Experimentally, many fcc-based compounds, such as
MnS;/MnTe, [18], MnO [19], double perovskites [20], and
Heuslers/half-Heuslers [21] were discovered to exhibit anti-
ferromagnetic order. In this work we will be more particularly
interested in the half-Heusler antiferromagnets, with chemi-
cal formula ABC and a crystal structure composed of three
interpenetrating fcc sublattices, see Fig. 1. Typically, one of
the fcc sublattices is occupied by rare-earth ions which carry
magnetic moments of localized 4 f electrons. In turn, the half-
Heusler family provides many candidate materials to study
anisotropic exchange and the resulting novel behaviors. More-
over, unlike the other aforementioned materials, the magnetic
sublattice of rare-earth ions is embedded in an environment
with lower symmetry than that of the isolated fcc lattice: most
notably, it breaks inversion symmetry. As we show in this
manuscript, this allows for the existence of Dzyaloshinskii-
Moriya interactions which have, to the best of our knowledge,
not been previously discussed in the literature for the fcc
lattice.

Neutron diffraction has shown that type-I and type-
I antiferromagnetic orders appear experimentally in some
half-Heuslers of the subfamilies RPtBi [22-28] and RPdBi
[29-31], where R denotes the rare-earth (lanthanide) element.
The trend appears to be the following: type-I order for lighter
R (Nd, Ce) and type-II order for heavier R (Sm to Lu),
see Table I. However such experiments cannot unequivocally
differentiate single-g and multi-g arrangements of a given
ordering type (I or II). For example, it is unclear how to
identify, with the Bragg spectrum alone, the difference be-
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FIG. 1. [(a) and (b)] Two enantiomer crystal structures of the
half-Heusler compound ABC. They differ by the location of the
C sites which break the inversion symmetry. The nearest-neighbor
bonds are shown in green, blue, and red according to their y axes: x,
v, and z, respectively. [(c) and (d)] Dzyaloshinskii-Moriya vectors D;;
for the bonds of an elementary tetrahedron. The four sites are labeled
by i, j € {0, 1,2, 3} and the bonds are oriented as i — j with the
convention i < j. The two inequivalent configurations of DM vectors
[(c) and (d)] are related by D;; — —D;; and can be associated with
the two enantiomers [(a) and (b)].

tween large-scale multi-g order, and the existence of multiple
domains of single-g states, i.e., macroscopic configurations
where the symmetry-related ordering wave vectors appear
in multiple real-space domains. Moreover, since these mea-
surements are typically made in the presence of an external
magnetic field, the observed orders need not a priori cor-
respond to the zero-field ground states. This motivates an
extensive theoretical investigation of the allowed magnetic
states in the half-Heuslers, and in particular whether multi-g
states can be realized and stabilized in these compounds.

TABLE 1. Zero-field magnetic orders and their Néel temperature
Ty in half-Heusler antiferromagnets reported in the experimental
literature.

Compound Magnetic order Ty (K) Reference
CePtBi type I 1.15 [22]
NdPtBi type I 2.18 [24]
GdPtBi type II 9.2 [23,25,27]
GdPdBi type 11 12.8 [29,31]
SmPdBi type II 32 [29]
TbPtBi type II 34 [26]
TbPdBi type 11 5.1 [29,31]
DyPtBi type II 35 [28]
DyPdBi type II 35 [29,31]
HoPdBi type 11 1.9 [29-31]
ErPdBi type 11 1.1 [29,31]

The purpose of this study is therefore multifold: (i) derive
the spin bilinear symmetry-allowed exchange Hamiltonian
up to second neighbor interactions including anisotropic
terms (and including a Dzyaloshinskii-Moriya interaction),
(i1) determine the classical phase diagram of the resulting
multi-parameter model, which includes many spiral states,
and (iii) identify the dominant mechanisms which stabilize
multi-g states over the single-g ones, namely anisotropy, mag-
netic field, or quantum fluctuations. We indeed lay particular
emphasis on the search for parameter regimes where non-
collinear and noncoplanar antiferromagnetic orders, such as
multi-q states, are stable. Multi-g states are notoriously rare
in classically frustrated systems. Indeed, not only are they
often forbidden by the fixed-norm constraint of the spin,
|S| = const, but even when they are allowed, fluctuations
(thermal and quantum) in isotropic models are expected to
lift the degeneracy in favor of (collinear) single-g states via
the so-called “order-by-disorder” mechanism [32-36]. Here,
however, as mentioned earlier, the fcc lattice the classical
Heisenberg model does allow for an accidental degeneracy
between single-g and multi-g ground states [1], and our model
is highly anisotropic.

Moreover, beyond the scarcity of such orders in the
context of magnetism, the role of noncollinear antiferro-
magnetism in inducing an anomalous Hall effect (AHE)
may be important in the half-Heusler compounds, most of
which are itinerant systems. Indeed, it has been suggested
that the intrinsic AHE observed in some spin-orbit cou-
pled noncollinear antiferromagnets, such as the tetragonal
compounds Mn3Sn [37] and Mn3;Ge [38], can be inter-
preted as resulting from real-space Berry phases acquired
by itinerant electrons coupled to a background of non-
collinear magnetic moments [39,40]. The recent discovery of
a large intrinsic AHE in several half-Heusler antiferromagnets
such as GdPtBi [25,41,42], TbPtBi [26], DyPtBi [28], and
DyPdBi [43] thus raises the question of the favored mag-
netic orders in this class of materials and begs for further
understanding of the link between noncollinear magnetism
and anomalous transport. While the half-Heuslers have mostly
attracted attention because of other low-temperature prop-
erties such as (unconventional) superconductivity [29,44],
topological phases [41,45,46], noncollinear magnetism, and
a noncollinear-induced anomalous Hall effect would provide
yet further exciting physics in this large family of compounds.

The remainder of this manuscript goes as follows. We first
derive the most general quadratic exchange Hamiltonian al-
lowed by the symmetries of the half-Heusler crystal structure.
We find that, in addition to the nearest-neighbor Heisen-
berg interaction J;, and the two nearest-neighbor anisotropic
terms discussed previously in the literature, namely the bond-
dependent Ising-type K and the symmetric off-diagonal I'
interactions (in the literature often referred to as Kitaev and
“Gamma” couplings, respectively), a Dzyaloshinskii-Moriya
interaction D is also allowed in a noncentrosymmetric envi-
ronment, as is present in the half-Heuslers (Sec. II). At the
next-nearest-neighbor level, only Heisenberg J, and Kitaev
interactions are allowed.

We then establish the classical ground state phase diagram
of the anisotropic model. To this end, we first compute phase
diagrams via the Luttinger-Tisza method (Sec. III), which
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gives access to the stability regions of the different ordering
wave vectors in the J;-J,-K-I'-D parameter space. There, we
find that the type-I, type-11, and type-III orders identified in the
isotropic model extend to large regions of the phase diagram
when anisotropy is included, and that a flurry of incommensu-
rate phases appear as well. Since the Luttinger-Tisza approach
only considers the single-wave-vector configurations, this
method alone cannot establish whether the superposition of
symmetry-related wave vectors in the form of a multi-¢g
state is energetically favorable or not compared with the
single-g configuration, and we thus resort to a complemen-
tary analysis to unambiguously determine the ground states.
Therefore, in Sec. IV, we investigate whether anisotropic in-
teractions lift the degeneracies between single-g and multi-¢g
states in the type-I, II, III phases by explicitly comparing the
anisotropy energy in these states. In particular we show that,
although the Kitaev and Gamma couplings alone preserve
some of the accidental degeneracies of the J;-J, Heisenberg
model, the combination of anisotropy and an external mag-
netic field select noncollinear and noncoplanar states (Sec. V)
for some directions of the magnetic field. The Dzyaloshinskii-
Moriya interaction itself drives the system to a single-g, but
noncollinear state.

In regions of parameter space where an accidental degener-
acy remains at the classical level, the ground state is likely to
be selected by the effect of fluctuations. In Sec. VI, we show
how quantum fluctuations lift these degeneracies, selecting
single-g states in the limit of small anisotropy, but driving
the system towards multi-g states in some stronger anisotropy
regimes. In some of the noncollinear states, one may expect
an induced anomalous Hall effect in systems which contain
itinerant electrons as well.

II. EXCHANGE HAMILTONIAN

A. Derivation from crystal symmetries

We first derive and consider the most general form of near-
est and next-nearest-neighbor exchange interactions on an fcc
sublattice embedded in the noncentrosymmetric space group
F43m (No. 216, with tetrahedral point group Ty), associated
with the crystal structure of the half-Heusler compounds de-
picted in Figs. 1(a) and 1(b) [46] whose generic chemical
formula is ABC. The A sites (typically rare-earth ions which
carry a magnetic moment) and the B sites occupy two fcc
sublattices and form a rocksalt-type structure while the C sites
sit on an fcc lattice which breaks the inversion symmetry
of the structure and give rise to a Dzyaloshinskii-Moriya
interaction as we discuss below. Two locations are possible
for the C sites: the centers of the up-tetrahedra or those of
the down-tetrahedra formed by four nearest-neighbor A sites.
This gives two twin crystals, shown in Figs. 1(a) and 1(b).

We consider a bilinear exchange Hamiltonian

H=H +H ey

for the magnetic moments on the A sites, which includes
interactions between nearest (H,) and next-nearest (H,) neigh-
bors, and find that the most general symmetry-allowed forms

are
Hy=J1) S S;+KY SIS/ +T Y &;(s*s) +/s%)
(i.) (i.Jy (t.J)y
+Y Dy (Si x8)) )
(i.)
and
Hy=5LY Si-S;+K Y SIS!. 3)
(P (@ iy

In the rest of the manuscript, we consider only the isotropic
Heisenberg interaction for second neighbors, i.e., we take

Hy—J,) S-S, 4)
()]

For nearest neighbors, besides the Heisenberg interaction
with strength Ji, three anisotropic couplings are allowed.

(i) The Kitaev interaction (with strength K) couples the
components of the spins along the bond-dependent Ising-like
axes y € {x,y, z}, where the y index labels the cubic plane
in which the bonds lie. Note that there are six inequivalent
nearest-neighbor bonds, which come in pairs of 90°-rotated
ones, both carrying a y index. Both types of inequivalent y
bonds lie in the plane perpendicular to the y axis, as depicted
in Fig. 1. Each 0123 tetrahedron contains exactly one copy
of each inequivalent bond, as shown Fig. 1. In the case of
next-nearest neighbors, the Kitaev axes correspond to the axes
X, y, and z along which the bonds are oriented.

(i1) A symmetric off-diagonal term, with strength I" which
involves the bond-dependent axes « and B8 which are orthog-
onal to the Kitaev axis y of the bond. Inequivalent bonds
of the same y type, carry a sign §; = +1 for the bonds
(0, 1), (0, 2), and (0, 3), and &;; = —1 for their 90°-rotated
counterparts (2, 3), (1, 3), and (1, 2). As an example, for the
bond (0, 3) which lies in the xy plane, the symmetric part of
the exchange interaction is of the form J;Sy - S3 + KS§S5 +
L(S3S; + S3S3).

(iii)) An antisymmetric, i.e., Dzyaloshinskii-Moriya (DM)
coupling, which is allowed because, in the half-Heusler struc-
ture, the bond centers are not inversion centers, in contrast to
the case of the isolated fcc lattice. The DM vector D;; = —D;;
with norm D associated with a bond (i, j) is orthogonal to the
bond direction £;; = (r; — r;)/|r; — r;| and to the unit vector
¢, € {e,, &, &) corresponding to the Kitaev axis of the bond,
ie.,

Dij:Dgij f',’j Xéy. (5)

This configuration of DM vectors is plotted in Fig. 1(c).
Note that, in Eq. (5), a global sign inversion D — —D gives
another configuration of DM vectors which respects the lat-
tice symmetries, as shown in Fig. 1(d). These two allowed
configurations can be associated with the two choices for the
location of the C sites which break the inversion symmetry of
the structure Figs. 1(a) and 1(b). Note that the DM configu-
rations are similar on the tetrahedra of the pyrochlore lattice
[47,48].

It is noteworthy that the Kitaev and Gamma anisotropies
are directly allowed by the symmetries of the pure fcc lattice,
and thus may be expected in most fcc magnets with strong
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spin-orbit coupling, such as rare-earth half- and full-Heusler
compounds, and double perovskites [15-17,49]. In contrast,
the DM term is only allowed in half-Heusler or zinc blende-
like structures where inversion symmetry is broken by the C
sublattice. The Gamma and DM anisotropies are forbidden for
next-nearest neighbors, because of the C,-rotation symmetry
around the three axes x, y, and z. One can expect that the heav-
ier the rare-earth element, the larger the spin-orbit coupling
and thus the larger the anisotropic exchange terms. Given the
numerous possible of element substitutions, we expect that
many values of the K/J;, " /J;, and D/J; ratios can be realized
in the half-Heusler family.

In the next section, we briefly summarize the known results
for the isotropic J;-J, Heisenberg model, with Appendix A
providing a more detailed review. Afterwards, we discuss the
effects of the anisotropic terms K, I', and D on the phase
diagram of the multiparameter model, Egs. (1)-(4).

B. Review of the J;-J, isotropic model

The phase diagram of the isotropic Ji-J, model con-
tains three commensurate antiferromagnetic orders for J; > 0:
type-I order (with ordering wave vector q = (i, 0, 0), anti-
ferromagnetic modulation between neighboring [100] planes,
stable when J,/J; < 0), type-1I order [q = (i, 7, 7w)/2, anti-
ferromagnetic modulation between neighboring [111] planes,
favored when 0 < J,/J; < 1/2] and type-IIl order (q =
(w,m/2,0), stable when J,/J; > 1/2). All q vectors are
expressed in units of 2/a, where a is the cubic unit cell
parameter. For J, = 0, all spiral states with wave vectors of
the form q = (7, 0, 0), with Q € R, are ground states: in
particular, type-I order (Q = 0) is degenerate with type-III
order (Q = 7 /2). In the literature, these orders are sometimes
labeled by the position of the corresponding wave vector in
the fcc Brillouin zone, namely, X, L, and W for types I, II,
and III, respectively.

For each of these orders, the spins can be parametrized in
the following form:

1 . .
Si = 5 > [we ™ +ujenian, (6)
£

where the ¢, are the ordering wave vectors related by cubic
symmetry—for example, q; = (7, 0, 0), q» = (0, 7, 0), and
q3 = (0, 0, ) for type-I order—and the u, are vectors chosen
such that |S;| = 1 [1]. We call a single-g state a configuration
where only one of the u, vectors is nonzero, a double-qg state
a configuration with two nonzero vectors, etc. It is sometimes
useful to also consider a subset of the manifold Eq. (6) made
of equal-weight states, where the nonzero u, vectors have
equal magnitude (that is, [u,| = 1, 1/4/2, 1/+/3, respectively,
for the single-g, double-g, and triple-q states). As mentioned,
the ground state manifold of the J;-J, model gives an acci-
dental degeneracy between the collinear single-g states and
multi-g states [1] throughout the phase diagram, which can
be built to be noncollinear and even noncoplanar. Namely, (1)
type I: collinear single-¢q, noncollinear double-¢q, noncoplanar
triple-g; (2) type II: collinear single-g, noncollinear double-
g, noncoplanar triple-g, collinear/noncollinear/noncoplanar
quadruple-¢; and (3) type III: collinear/noncollinear single-g,
noncollinear/noncoplanar double-g, noncoplanar triple-q.

In Appendix A, we give a detailed description of the three
commensurate AFM phases and plot the corresponding spin
arrangements. Note that an extensive study of the fcc Heisen-
berg (isotropic) model up to third neighbor exchange J3,
including the parametrization of the spin vectors in the AFM
states can be found in Ref. [6]. In what follows, we explore
how the anisotropic K, I, and D couplings, Eq. (2), fully or
partly lift the degeneracy between single-g and multi-g states.

III. LUTTINGER-TISZA PHASE DIAGRAMS

To determine the favored orders in the multiparameter clas-
sical model Eq. (1), we first use the Luttinger-Tisza approach.
This method determines the values of q that minimize the
Fourier transform of the exchange interaction [50]. Physically,
this provides the ground states of the system if they can be
described by a single ordering wave vector q. In Sec. IV,
we will explicitly compare in our full model the energies
of the thereby determined single-g states, with those of the
multi-g states that are degenerate in the isotropic case. In the
Luttinger-Tisza approach, we start by writing the Hamiltonian
in Fourier space as

1 1
H=> > 8iA;S; = 3 > S_4A@)S,.
i,j q

1 .
Sy = Wi Z S;e T, @)
Aq) =) Ayyet O,
J

and we define the Luttinger-Tisza wave vectors as those which
minimize the lowest eigenvalue of the Hermitian matrix A(q).
In Fig. 2, we show three cuts in the phase diagram of H,
assuming J; > 0, obtained by varying the ratio J,/J; and one
of the three anisotropic couplings, while setting the other two
to zero. The diagrams show that the type-I, -1I, and -IIl AFM
phases discussed above are the only stable commensurate
orders and that a variety of incommensurate spiral states also
exist (the green regions in Fig. 2). In these incommensurate
phases, the wavelength of the modulation varies continuously
with the coupling parameters and does not coincide with
an integer number of lattice spacings, except for fine-tuned
parameters. More precisely, the wave vectors describing the
incommensurate spiral phases vary along the high-symmetry
lines of the fcc Brillouin zone. In the rest of this work,
we will focus on the commensurate AFM orders, I, II,
and III.

In Fig. 3, we plot the Luttinger-Tisza phase diagrams of the
model along several cuts in the five-dimensional parameter
space. In particular, in the first row of Fig. 3. we inves-
tigate how the (K, I') phase diagram with J, (obtained in
earlier works [15,17] with the Luttinger-Tisza method and
confirmed by Monte Carlo simulations) is modified when
we add the Dzyaloshinskii-Moriya coupling D. We see that
a region appears near the center of this diagram, where the
ground state has a type-III order. Similarly, in the bottom two
rows we plot the cuts in the (K, D) and (I, D) planes, for
several values of J,. These diagrams display the richness of
the multiparameter model, which hosts many transitions be-
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(c) (d)
i4J/.
i3 label wavevector
I (7,0,0)
111 I (n/2,7/2,7/2)
(19) 111 (7, 7/2,0)
i (¢,0.0)
2l %2 ((7r7 q, 0))
9 i3 q,q,0
' i4 (¢,9:p)
i5 ((]771'/2,7'('—(])

Ja/Jh

FIG. 2. Luttinger-Tisza phase diagrams for the anisotropic model with J; > 0. We consider the J,-J, Heisenberg interactions and we vary
separately the relative strength of (a) the Kitaev coupling, at I', D = 0, (b) the Gamma coupling, at K, D = 0, and (c) the Dzyaloshinskii-Moriya
coupling, at K, I" = 0. In some regions of the diagrams, anisotropy lifts the degeneracy between single-g and multi-g states (as described in
Sec. IV). In this case, we indicate the corresponding ground state configuration (lq, 2g¢,...). (d) Luttinger-Tisza wave vectors associated with
the different phases: the commensurate AFM orders I, 11, III, and the incommensurate spiral phases (labeled i1,..., i5). Here ¢ and p are fixed
and unique (up to lattice symmetries) but vary continuously within the incommensurate phases with the parameters of the model. All wave
vectors are expressed in units of 2/a, where a is the cubic unit cell parameter.

tween commensurate (types I, I, and III) and incommensurate
spiral orders.

IV. SINGLE-q VERSUS MULTI-q STATES:
ANISOTROPY ENERGY COMPARISON

The Luttinger-Tisza analysis presented in the previous sec-
tion gives us an overview of the phases stabilized by the
different parameters of the classical model, and the transition
points between these phases. However, because this method
only gives access to the ordering wave vector without en-
forcing the length constraints |S;| = 1 explicitly, it does not
allow us to unambiguously determine the favored spin ar-
rangement in each region of the diagram when there exist
multiple degenerate wave vectors, i.e., in particular whether
the favored state is single-g or multi-g. We therefore now sup-
plement the Luttinger-Tisza analysis, by minimizing explicitly
the anisotropy energy with the length constraints. In this
section, we compute the expectation value of the anisotropic
interaction terms in the three phases I, II, and III. This method
allows us to compare the energy of our single-q, double-g, and
triple-g variational Ansdtze, which are all ground states of the
isotropic model. In Fig. 4, we summarize the results of the
following sections.

A. Degeneracy in the type-I phase

In this section, we consider parameters of the model
where the type-I states are energetically favored in the
Luttinger-Tisza approach. Type-I order is defined by the
symmetry-related ordering wave vectors q; = (7, 0, 0), q2 =
(0, ,0) and q3 = (0, 0, ), so that in these phases the spins
take the form:

Si = w N p oy BT g BT 8)
where the vectors u, must satisfy
2,02 2
uy +u; +uz =1,

u-u; =0 @G#)),

©))

so that |S;| = 1 for all spins. We note that for the wave vectors
q¢ describing type-I order (and also type-II order, as we will
see in the next section), ¢4 = 41 for all sites r; of the
fcc lattice. Plugging the ansatz Eq. (8) into the Hamiltonian
Eq. (2) to compute the expectation value of the anisotropic
terms, we find that only the Kitaev term contributes to the
classical energy per site:

AE = K(—1+42(()" + ()" + (19)%)).  (10)

By minimizing AE; with respect to u;, u, and uj
with the constraint |S;| = 1, it is clear from Eq. (10) that
one can find single-g, double-g, and triple-g solutions,
which all minimize min AE; = —|K|. Therefore the acciden-
tal degeneracy of the ground state is not fully lifted: the
anisotropic model has a continuous degenerate ground state
manifold of type-I states, for which the u, are shown in
Table II.

The degeneracy must therefore be broken by other mecha-
nisms. In the absence of lattice distortions, order-by-disorder,
either thermal or quantum, is usually thought to stabilize
collinear states [33], so that we expect that the single-g states
will be selected and multi-g states will be unstable. We return
to this in Sec. VI, where we show that small anisotropy indeed
selects single-g states, but that the situation is more complex
when anisotropy is significant.

B. Degeneracy in the type-II phase

We now consider a region of parameter space with type-II
ground state order. The spins can be parametrized as

Si = upe' " +u e 4wy 4 uze T, (11)

with ordering wave vectors qo= (7,7, 7)/2, q =
(—m,m,m)/2, @@ = (w,—7m,7)/2 and q3 = (7w, 7w, —7)/2.
The u, vectors must in this case satisfy:

2 24 2 2
uy +uy+u; +uy =1,

up-u; +uy-uz =0,
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D/J; =05

IT (1q, 49)
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11 (1q, 4q)

-2 -1 0 1 2 -2 -1 0 1 2
K/J1 K/
10 JQ/Jl == —02 10 JQ/Jl :0 10 JQ/Jl :Ol
TI1(a

D/Jy

—1.0 —0.5 0.0 0.5 1.0 —1.0 —0.5 0.0 0.5 1.0 —-1.0 —0.5 0.0 0.5 1.0
K/J K/J; K/Jy
Jo/J1 = —0.2 Jo/J =0 =0.
1.0 2/ ! 1.0 2/ ! 1.0 JQ/JI 0.3
i3
111 (ta)
II
3 (1q, 4q)
i5
—1 0 1 2

r/h

T/J1 T/

FIG. 3. Selection of cuts of the Luttinger-Tisza phase diagram in the five-dimensional parameter space: (K, I') plane (upper row), (K, D)
plane (middle row), and in the (I", D) plane (bottom row). For the (K, I') plane, several values of the DM coupling D were considered. For the
(K, D) and (I", D) planes, three different values of J, were chosen, namely ferromagnetic (left), vanishing (middle), antiferromagnetic (right).

The phases are labeled like in Fig. 2.

u-uw+uz-u =0,

up-uz+u-u =0. (12)

Like in the type-I case, only one of the anisotropic terms, here
the Gamma term, contributes to the anisotropy energy:

AEp = -2I (u’éug + uéué + ufuy — uju) + i — uiu)

— sy, — il + usus + whiey — wyul — uuy). (13)
It is here nontrivial to analytically minimize AEjy with
respect to u, with the |S;| =1 constraint and we there-

fore resort to a numerical calculation (explicit minimization

with constraints). For I' > 0, we find that the degeneracy
is lifted in favor of either a single-g state or a quadruple-
q state, both with min AEy = —2I", with a minimum
reachable energy of —2I' x 0.96 for the (equal-weight)
double-g manifold and —2T" x 0.89 for the (equal-weight)
triple-g manifold. Through the same argument as above, we
again expect fluctuations to select the single-g, collinear, state
over the quadruple-g one. In this case, this would, for exam-
ple, be the qq state, which is composed of ferromagnetic layers
of spins stacked antiferromagnetically in the [111] direction,
and in which the spins are aligned with the ordering wave
vector (ug = +(1, 1, 1)/\/3). In the " < O case, there exist
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energy
Type-I Type-11 Type-IIT
3q
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1q, 2q, 3 q; 29, 3q, 4q 1q, 2q, 3
= ol x 0.96 —24 _op 2 ol
or 1q, 4q
= p_l
D K#0
K+#0 r<o r>o R2y  HZY

FIG. 4. Schematic representation of the ground states and degen-
eracies of the model, in the presence of anisotropy. In each case,
the 1q, 2¢, 3q, and 44 levels represents only the lowest-energy state
of the equal-weight single-q, double-g, triple-q, and quadruple-g
manifold, respectively.

single-, double-, triple-, and quadruple-g states which mini-
mize the energy, with min AEy = I'. Again, this accidental
degeneracy is expected to be lifted via order-by-disorder in
favor of the single-g state, in which the spins are collinear.
More precisely, in this case, the spins are perpendicular to
their ordering wave vectors, and there is a remaining U(1)
degeneracy associated with a global rotation within the [111]
planes.

The type-II single-g state reproduces the spin arrangement
which may have been observed in the half-Heusler compound
GdPtBi [23,24,51]. Recent work has argued that instead of the
Gamma coupling, an easy-plane single-ion anisotropy, forcing
the spins to stay in the [111] planes, could also favor this
arrangement [27]. However, the easy-plane anisotropy was not
considered here as it breaks the cubic symmetry, i.e., it is not
allowed in a nondistorted crystal, and is therefore artificial.

TABLE II. Configurations of the u, vectors in type-I ground
states selected by Kitaev anisotropy, separately for cases K > 0 and
K < 0. « is an arbitrary angle and & = +1. For example, in the
single-g ground state with wave vector q, the spins alternate antifer-
romagnetically in the [100] direction with which they are collinear
(respectively, orthogonal) for K < 0O (respectively, K > 0).

Sign of K K <0 K=>0
min AE; +K —K
single-q u; =£,(1,0,0) u; = (0, cosa, sinar)
w=u=0 w=u=0
double-¢ u; = &(u1,0,0) u; = §(0,u,0)
w, = £(0, up, 0) w, = up(cosa, 0, sinar)
u; =0 u; =0
(4 +w=1) (i +uw=1)
triple-q u = &(uy,0,0) u =§(0,u,0)

u; = §£(0, u,0)
w3 = £3(0,0, u3)
(i + a3 +u3 = 1)

u; =£,(0,0, uy)
u; = &3(u3,0,0)
(uf—{—u%—i—u%: 1)

TABLE III. Lifting the degeneracy of the type-III states with
the DM interaction (D > 0, K = 0). The selected ground state is
a single-g state in which the v and w vectors are orthogonal. « is
an arbitrary angle, R is an arbitrary 3 x 3 orthogonal matrix and
§e, xe = £1.

Equal-weight manifold min AEy, Parametrization

single-g vz = (cosa, sina, 0)
—4D w3 = (—sina, cosa, 0)
Vi=wW =V, =W, =0
double-¢ vy = (cosa, sina, O)/ﬁ
w; = (— sina,cosot,O)/ﬂ
2D v =£(0,0,1)/v2
wi = (0,0, 1)/v2
Vo =W, =0
triple-g vi=&R-(1,0,0)/V3
vi = xR -(1,0,0)/+/3
o V2 =&R-(0,1,0)/v3

v = R - (0,1,0)/+/3
vi=&R-(0,0,1)/v/3
v; = 3R - (0,0, 1)/+/3

C. Lifted degeneracy in the type-III phase

We now turn to type-III order, defined by q; = (7 /2, 7, 0),
q = (0,7/2,7), and q3 = (;r, 0, v /2) and their opposites.
Using Eq. (6) with u, = v, — iw,, the spins can be expressed
as:
3

Si= ) vicos(gqe 1)+ wsin(q 1), (14)
=1
and the conditions |S;| = 1 become the following geometrical
constraints:
Vo Vi =Wp W =V,-W, =0 ifl F#k,
3 3
vi=w’ and ZV%=ZW%=1. (15)
=1 =1

The anisotropy energy per site reads
AEm = —4D((vi x W1)" + (v2 X w2)’ + (V3 X W3)°)
= K(F) 4 () + (5)" + (i) + (w3)”
+ (w3)) a6

We first focus on the case K = 0 and study the effect of
the DM coupling. We find that the accidental degeneracy is
lifted in favor of a single-g, but noncollinear ground state, with
min AE(K = 0) = —4D (Table III). The expression of the
spins in a single-qg state with wave vector q3 = (7, 0, 7 /2)
is

S; = v3cos(q3 - r;) + w3 sin(qs - I;), )
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Incommensurate i2
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FIG. 5. Transition from a single-g type-I state to a noncollinear single-g type-III state upon increasing the strength of the DM interactions
D (with fixed J, < 0). (a) Path (dotted line) followed in the phase diagram upon showing the states in (b). In the intermediate state i2, the
spiral wave vector is q = (i, 0, Q) with Q = arcsin(D/J,). (b) The I-1II phase transition can be seen as a continuous rotation of the spins in
the ground state, z layer by z layer. Q is the angle between neighboring layers.

with the constraint |v3| = |w3| = 1. The DM energy in this
configuration is AEy = —4D(v3 X W3),, which reaches its
minimum —4D when v3 and wj are orthogonal and lie
in the xy plane, for example, v3 = &, w3 = &,. This state
is made of antiferromagnetic [001] layers of spins which
lie in the xy plane (all spins in each layer are collinear),
which are stacked orthogonally in the [001] direction. Be-
sides the threefold degeneracy due to cubic symmetry, this
ground state has a U(1) degeneracy because a global ro-
tation around the z axis leaves the cross product (vs X
w3), invariant. Note that, even in this minimum-energy
configuration, the DM interaction is not fully minimized
(it is “frustrated”).

From our Luttinger-Tisza analysis, we learned that starting
from J, < 0 and increasing D from zero to a finite value
[dotted line in the diagram Fig. 5(a)], the system transi-
tions between phases I and III, via an incommensurate spiral
phase. This incommensurate spiral phase is parametrized
by ordering wave vectors of the form q = (7, 0, Q) where
Q = arcsin(D/J,). In particular, the type-III state is reached
when D = —J, such that Q = /2. We can now formulate
a scenario for this evolution: starting from a single-g type-I
state, the DM interactions allows one to lower the energy by
a continuous rotation of the spins, layer by layer, until the
arrangement reaches the single-¢ noncollinear type-III state
[Fig. 5(b)].

One can also show that the Kitaev interaction alone (D =
0, K # 0) does not lift the degeneracy between single-g and
multi-g states, similar to the case of the type-I AFM. In
Table IV we parametrize the single-g, the double-g and the
triple-g ground state manifolds of type-III order with finite K.

While the accidental degeneracy of type-III ground states
seems to be robust to Kitaev interactions, the DM interaction
has a competing effect and tends to lift this degeneracy. In
order to investigate the competition between these two effects,
we minimized AEyy in the presence of both finite K and finite
D (Fig. 6). The results show that for K > 0, the degeneracy is
lifted only for D > K/2. For K < 0 however, the degeneracy
is lifted for any finite D.

V. FIELD-INDUCED GROUND STATE AND SELECTION
OF NONCOLLINEAR STATES

Having shown in the previous section that an accidental
degeneracy persists in multiple regions of the phase diagram

TABLE 1V. Configurations of the v,, w, vectors in type-III
ground states selected by Kitaev anisotropy (D =0,K # 0). «, B
are arbitrary angles, and &, x, = £1. Note that applying a cubic
symmetry transformation to the states described in the table also give
a ground state.

Sign of K K <0 K=>0
min AEyy 0 —2K
single-g vi = £,(0, cose, sina) v =£(1,0,0)
w; = (0, cos B, sin B) w; = x1(1,0,0)
Vv, =w, =0 vV, =w, =0
Va=w; =0 vi=w; =0
double-g vi = &u(0, cosa, sinw) vi = &(uy,0,0)
w1 = x1u1(0, cos B, sin §) wi = x1(u1,0,0)
V2 =62, 0,0) V2 =6(0,u,0)
Wy = x2(u2, 0, 0) wy = §(0, u, 0)
v;=w; =0 vi=w; =0
(i +uy=1) (i +uy =1)
triple-q vi =§1(0,u;,0) Vi =§&1(u,0,0)

wi = x1(0,u;,0)
V2 =6(0,0,u)
w2 = x2(0,0, u)
V3 = &(u3,0,0)
w3 = x3(u3, 0, 0)
(ui + 15+ 13 = 1)

w1 = x1(u1,0,0)
V2 =6(0,u,0)
w2 = x2(0, u2, 0)
V3 = §(0,0, u3)
w3 = x3(0, 0, u3)
(ui +us +u3 =1)
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FIG. 6. Minimal energy of the type-III single-g, double-g, and
triple-g equal-weight manifolds for D # 0, K # 0.

even in presence of anisotropic interactions, we expect that
this residual degeneracy will be lifted in presence of an
external magnetic field h. In this section, we now address the
question of the ground state selection by an additional Zeeman
energy term H, = —h - ), S;, specifically in phases I and IL
In particular, we will show that the magnetic field interplays
with anisotropic exchange, allowing for the selection of dif-
ferent ground states depending on the direction of the applied
field, including noncollinear and noncoplanar states.

For a small magnetic field h, one expects that the spins
will uniformly cant in the direction of the field. The spins in
the canted state can be written as

Si=m+s;, (18)

where m = yh is the magnetization per site () is the magnetic
susceptibility) and s; is the pure antiferromagnetic modulation
(3", si = 0), which can be expressed as

1 . .
Si = 2 ;[ulequ'ri + uZ‘e—Ieri]’ (19)

where the q, are the Luttinger-Tisza ordering wave vectors
obtained in the zero-field Luttinger-Tisza approach, and the
associated vectors u, are our variational parameters.

We assume that the g tensor is site-independent (so that
the effective magnetic field h is everywhere the product of
the scalar g factor and the physical magnetic field). Moreover,
we compare the energies of the states with the same m rather
than h: In other words, m is chosen to be the control parameter
rather than the field.

A. Canted type I

We first study the case of canted type-I antiferromag-
netism, i.e., we consider model parameters deep inside the
stability region of the type-I phase. In particular, as shown in
the previous section, the type-I single-g and multi-g states are
degenerate even in the presence of all anisotropic interactions.
In the presence of a net magnetization m the unit-length con-
ditions |S;| = 1 impose the following geometrical constraints
on the variational vectors uy:

20 02 02 12
m” +uy +u; +uy =1,

m-u; +up-uz =0, (20)

m-u, +us-u; =0,
m-uz; +u -u, =0.

For a given magnetization m, one can compare the energies of
the canted single-g, double-g, and triple-g Anscitze:

HIS/] = % Zs,«A,«,-s,- —h- Zs,-
l,] l

= %ZsiA,-jsj—i-%ZmAijm—Nh-m

i,J iJ

1
=3 > siijsj + (6J1 + 31 + 2K — xNm?,
iJ
(20
where we used xh = m in the last line, and N is the number
of sites. The terms linear in m vanish because the AFM part
of the spins satisfies ) ;s; = 0:

> mAys; =2(6J; +35+2K)m- Y s; =0. (22

iJ J
Since the m? term in Eq. (21) does not depend on the uy,
the ground state is determined the choice of the vectors u,
which minimizes the quantity % Zi,j siA;jsj, i.e., the exchange
energy of the AFM modulation. Moreover, since these states
are degenerate in the J;-J, model, only the anisotropic contri-
bution will distinguish the different Ansitze: In other words,
this problem amounts to minimizing AFE; with respect to the
u,, given the new constraints imposed by the presence of a
magnetization.

We choose to focus on the more symmetric case m, = m,,
i.e., we let m vary in the plane which contains the high-
symmetry directions [001], [110] and [111] of the crystal (it
is then parametrized by its magnitude m and its angle 6 with
respect to the [001] axis) and assume that there is no extra
spontaneous symmetry breaking. We first focus on the case
K < 0.

Let us first present the selected ground states in the
situations when the field is aligned along the different high-
symmetry directions: We show them in Fig. 7(a) in cases m —
0 and m = 0.4. When the field is along [001] the minimization
shows that there is a continuous degeneracy between a canted
single-g and a canted double-g ground state:

w = wiv/1—m(1,0,0),

u = wy/1 — m2(0, 1,0),

u =0, (23)
(wi +w3 =1).

When the field is along [110], the ground state is a canted
single-q state:

u; =1 —m2(0,0,1),
u =u = 0. (24)

Finally, when the field is along [111], the ground state is a
canted triple-¢g state with equal weights:

w = /(1 —m?)/3(/1 =212, —b, —b),
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(a) [001]: double-q

[111]: triple-q [110]: single-q

FIG. 7. Properties of the type-I ground state in the presence
of a magnetization and Kitaev coupling K < 0, as a function of
the strength m and the direction of the magnetization m. (a) Spin
configurations in the canted double-g, triple-q, and single-q states,
stabilized when the magnetization is along [001], [111], and [110],
respectively. Top row: m = 0. Bottom row: m = 0.4. (b) Polar plot of
the chirality « [whose square is defined in Eq. (26)] per site. (a) Polar
plot of the indicator 1 [defined in Eq. (29)].

u = \/(1 —m?)/3(—b, \/1 —2b%, —D), (25)

uz = /(1 —m?)/3(=b, —b, /1 — 2b?),

where b > 0 is such that the constraints Eq. (20) are satis-
fied. In the limit m — O we have b = 0. This result can be
interpreted by using symmetry arguments: For this direction
of the field, the system is invariant under C3 symmetry around
the [111] axis. The superposition of q;, ¢, and q3 modes with
equal weights is a good candidate for the ground state because
it is invariant under Cs, unlike any single-¢g or double-g states.

We also carried out the minimization for a generic angle 6
of the magnetization. After finding the optimal parameters u,
for each value of m, one can characterize the ground state by
a spin chirality «, defined by

2_ 2 2 2 2
K7 =Ky T K EqTg T K (26)

where k, is a chirality around each tetrahedral axis ¢, com-
puted as the sum of the scalar chiralities on triangles lying in

the o planes
Ka =) > Si-(S; xS, 27)

Alaijken

with the three sites i, j, k of the triangle labeled clockwise
around the axis «. In the case of canted type-I order, the
chirality ¥ measures the volume spanned by the three vectors

up, Up, U3
K & |up - (mp X u3z)l. (28)

As shown in the polar plot Fig. 7(b), the chirality « is maximal
when m is directed along [111] and in the limit of vanish-
ing m. When m becomes large, the spins are aligned, and «
vanishes since it only captures the ‘“noncoplanarity” of the
arrangement.

While the chirality is a useful quantity to detect a noncopla-
nar state (triple-g), it fails to detect a coplanar, noncollinear
state (double-g) in which the mixed products S; - (S; x Si)
are all zero. We therefore define a quantity 7:

4wy +u3)?

, 29
u%+u§+u§ 2

where u, = |ug|, which is a continuous quantity measuring
the number of ordering wave vectors involved in the AFM
ground state, weighted by their amplitude u,. It is rescaled
by the total weight u7 + u3 + u = 1 — m*. To illustrate the
meaning of 1, we note that n = 1 for a single-q state (u; = 1,
uy = uz = 0), n = 2 for an equal-weight double-g state (u; =
uy = «/LZ u3 = 0) and n = 3 for an equal-weight triple-g state
Uy =up =uz = \%). [In a state with nonequal weights, n
is not an integer.] As shown in the polar plot Fig. 7(c), n
increases gradually from the [001] axis (n = 2) to the [111]
axis (n = 3), indicating a (smooth) transition from a double-g
to a triple-g state. Between [111] and [110] one goes from
triple-g (n = 3) to single-g (n = 1) rapidly.

For a positive Kitaev coupling (K > 0) the situation is
different: The ground state is, for a generic m, a canted
single-g state. To show this, we first note that AE} > —K,
and the lower boundary is reached when uj = u, = uj = 0.
In the presence of finite m, one can always find a single-¢g
state with this property. Indeed, the two conditions u; - m = 0
and u] = 0 define two planes, whose intersection fixes the
direction of u,. In contrast, it is not always possible to build
a double-g state with u] = ué =0=m-u; =m- uy, except
for m along the high-symmetry directions [001] or [110], and
similarly for the triple-g case. In these two cases we find a
degeneracy between single-g, double-g, and triple-g ground
states. For any other direction, the selected state is single-q.

B. Canted type 11

In the case of canted type-II order, the geometrical con-
straints |S;| = 1 lead to

m-u =0 (v¢=0,1,2,3),

U -u; +up-uz =0, (30)
up-uy +uy -uz =0,
up-uz+up-u; =0.

These equations do not have a triple-¢g solution in the presence
of a finite m, i.e., the triple-g states will not cant (with uniform
m) when a magnetic field is added. In contrast, the single-g,
double-g, and quadruple-g states can lower their energies if
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the spins cant towards the field. We find that for all values of
m, the canted single-¢ state has a lower energy than the canted
double-q and the canted quadruple-g states. In conclusion, in
the regions of parameter space where type-II order is stable,
the field-induced ground state is a canted single-g state.

VI. QUANTUM FLUCTUATIONS
AND ORDER-BY-DISORDER

We now address small quantum fluctuations around the
classical ground states. Indeed, as we discussed above,
nearest-neighbor anisotropic terms do not fully lift the degen-
eracies of the AFM states throughout the phase diagram. If no
other, larger-scale, interactions exist, then fluctations, thermal
or quantum, will lift the degeneracy through the order-by-
disorder mechanism [32-36]. At low-enough temperatures,
quantum fluctuations will dominate over thermal ones.

In order to compute the quantum correction to the classi-
cal energy, i.e., the zero-point energy around the degenerate
classical ground states discussed in the previous sections,
we proceed within a real space perturbation theory. This ap-
proach consists in treating the contribution of the elementary
excitations, the magnons, in the quantum Hamiltonian as a
perturbative term. This yields a zero-point energy expressed
in terms of the classical spins from the classical ground states.
In particular, as we show in the following section, to second
order in perturbation theory the zero-point energy acts as
an effective biquadratic interaction between classical spins
[52-54]. Given the very large magnetic unit cells we address
in this work, this real-space perturbative approach is better
suited here than the “conventional” linear spin wave theory
(used for the fcc lattice for example in Refs. [4] and [3] for the
Heisenberg AFM with type-I and type-II orders, respectively,
and in Ref. [16] for collinear order in the anisotropic model),
which would require the diagonalization of large matrices and
numerical integration over the 3d Brillouin zone.

A. General framework and perturbation theory

In this section, we outline the methodology of the pertur-
bative method used in the calcuation of the zero-point energy.
We give more details in Appendix B. We start by defining
(real) local orthonormal bases (&, & “y , &) at each site i of the
magnetic unit cell, such that each sp1n p01nts along its local
z axis, & in the classical ground state. We write the spin
operators as

Si=S#& +Se +S%. (31)
This defines the components of the spin operators in the local
bases Sf‘ (note that we use hats in the notation of the spin
operators S; to distinguish them from the classical moments
S:). The classical ground state is saturated (ferromagnenc)
in the local basis, and we have (S;) = S; = Se;, (S") =
(SZY) =0, and (S;) = §. We write the quantum Hamiltonian
as the sum of a mean-field contribution 7, plus that of the
quantum contribution of magnons 57—2, ie.,

. 1 A A N N
H: EZSiAiij =H0+8H, (32)

iJ

where

o1
=— Zh (Si - 53), (33)

ST = Z 88 +88hA; (68 +88)). (34
i,j

Ho is expressed in terms of the (classical) local field h; =
hi&; = — 3", Ai;S; experienced by the spin at site i in the
classical ground state. In the classical states that we consider
in this manuscript, the local field has the same magnitude at
each site, we denote it /g in the following. We have split sH
into longltudlnal fluctuations 8S! = (SZ $)& and transverse
ones 88+ = Srer + §¢).

Assuming that the quantum system experiences small
quantum mechanical fluctuations around the ground state, we
treat 8 as a perturbation to 7, in the spirit of large-S where
87 contains an extra multiplicative 1/S factor compared to
the classical energy. The first nonzero term in the perturbation
theory appears at second order, with expectation value:

SH® = (018 Q(Ey — Ho)~'870), (35)

where Q is the projector onto the excited states, i.e., @ = 1 —
|0)(0], where |0) is the classical ground state |0) = ®;|S&),
and Eg = —38Y,hi =5, ;SiA;;S; is the energy of the
classical ground state |0). In the following, we assume that
the local field has the same magnitude /¢ on each site, so that
we obtain the following zero-point energy:

1
5H(2) :C+ EZS[MUS/‘

iJ

T 52 Z(S AiS))%. (36)

In Eq. (36), C is a constant term, i.e. it is independent of
the ground state, and 84;; is a correction to the interaction
matrix A;;, which renormalizes the coupling constants (J; 2,
K, T', D) by a term of order 1/S. Although these corrections
will slightly shift the phase boundaries in the classical phase
diagrams, they do not discriminate between different classical
ground states away from the boundaries, and we drop them in
what follows. Hence, the ground state selection is determined
by minimizing the following term:

1
2) A..S.)2
SHy) = — s EU (SiA;;S;). (37)

(SHéizq) takes the form of an effective biquadratic interaction
between pairs of spins, here the square of the classical interac-
tion term with a negative prefactor. In the following sections,
given a specific region of parameter space for which we know
the ground state manifold (minima of H ) we identify the

classical ground state which minimizes §H, b1 q

B. Application to the isotropic model

Let us first apply the above result to the Heisenberg model
with J; and J, couplings. In this case, the biquadratic zero-
point energy takes the form:

SH®

i 2
Hy) = —W%(Si-sj) — . (39)

144431-11



DIOP, JACKELI, AND SAVARY

PHYSICAL REVIEW B 105, 144431 (2022)

It becomes clear that this biquadratic interaction term is mini-
mized when the spins are all collinear.

For concreteness, let us consider the region of parameter
space J; > 0, J, < 0 where type-I order is favored, the zero-
point energy per site in a generic type-I state reads

o=~ alut ) 1] - 2B o)
In the equal-weight Ansdtze, we have
SHy. (1q) = —‘Z—Z (3112 + %Jf)
SHy (2q) = —i—z (J% + % %) (40)
SHyior(3q) = —%(% P %)

with local field hg = S(4J; — 6J,). (The J, contribution does
not depend on the choice of the ground state because all
spins are parallel with their next-nearest neighbors in a type-I
state.) Hence, the zero-point fluctuations will select the single-

q configurations, since SHéizq),I(lq) is smaller than Hb(izq)’I(Zq)

and Hy),(3q). While this effect is likely to persist if small
anisotropy is included, for larger anisotropy, however, other
ground states may be favored. We explore this in the following

section.

C. Application to the anisotropic model

We now take into account the anisotropic couplings in
the zero-point energy. According to Eqgs. (8) and (36), the
biquadratic part of the zero-point energy reads

1
@) .S, v sy
SHyy = e (?j) (/1Si-S; + KS]'S7

+ T (5987 + SPSY) +Dys - (8i x )

I3 2
BT D (S-S (41)
()

For simplicity, we now illustrate the consequences of this
equation on the type-I states, for which we can explicitly
parametrize the spins in the ground state manifold. In the
regions of the phase diagram where type-I order is stable, as
discussed in Sec. IV A, the single-g and multi-g states are
classically degenerate even in the presence of any and all
anisotropic couplings. In presence of quantum fluctuations, as
we show below, the situation is different. In the following, we
consider the case J, = 0: As shown in the previous section,
the J, contribution to the zero-point energy is uniform in the
type-I ground state manifold and thus does not contribute
to ground state selection. In this case, the presence of finite
anisotropic couplings modifies the norm of the molecular field
according to

ho = 4S|J1 — IK]I. (42)

We first focus on the region K < 0. Using the expression
of the u, for the classical ground state manifold obtained in

this case (Table II ), we find the following zero-point energy
per site:

52
SHyr = =5 [(2 + K)” = 20%) (uf -+ )
+ 41"2(u§u§ + u%u% + ufu%) —L(J; +2K) + 2D2],

(43)

It is interesting to note that Eq. (43) shows that the Gamma
and DM couplings can lift the degeneracy among type-I
states through quantum fluctuations, i.e., quantum order-by-
disorder, although they do not appear in the energy of type-I
states at the classical level.

We now look for the fluctuation-induced ground state: To
this end, we minimize Eq. (43) with respect to the variational
parameters u;, uy, and u3 such that u? + u3 4+ u3 = 1. We find
that the following equality between coupling constants:

(), + K)* —2D* =212 (44)

defines a hypersurface in parameter space along which the
single-g, double-¢, and triple-g states have the same zero-
point energy. In particular, in the case '=D =0 (J;-K
model), this corresponds to a degenerate point K = —2J;,
and in the case D = 0 (J;-K-I") model this corresponds to
a conelike region in the (K/J;, ['/J;) plane. In Fig. 8, we
overlay plots of the selected type-I ground state in the (K, I')
plane, and of the Luttinger-Tisza phase diagrams which indi-
cate where type-I order is classically stable for three values of
D. The hypersurface defined by Eq. (44) separates two regions
of parameter space where the degeneracy is lifted by quantum
fluctuations. In the region where (2J; + K)> — 2D? > 2T'?
(which includes the small-anisotropy limit |K|, |[I'|, D < Jy),
the zero-point energy is minimized by a single-¢g state (e.g.,
u; = 1,u; = uz = 0), like in the isotropic model. In the region
(2J) + K)? — 2D? < 2I'? however, the zero-point energy is
minimized by an equal-weight triple-q state (4, = u, = uz =
1/+/3). This fluctuation-induced triple-g state is that which
we found to arise in the presence of a magnetic field along the
[111] axis, in the previous section. For the K > 0 ground state
manifold, the zero-point energy is minimized by a single-g
state, for any value of the anisotropic couplings.

We note that in Ref. [15], the authors find, through
finite-temperature Monte-Carlo simulations, that thermal fluc-
tuations select collinear states in the type-I phase even in the
presence of K, I" anisotropies. This is at odds with our results
for quantum fluctuations, and points to an unusual example
where, at nonzero temperature, quantum and thermal fluctu-
ations will compete in the ground state selection. This effect
was recently studied in Ref. [36] in the case of the nearest-
neighbor Heisenberg model on the fcc lattice. (Recall that this
model hosts a degenerate line of spiral ground states—phase
i2 in our notations.) The authors show that fluctuations will lift
the line degeneracy in favor of commensurate orders in differ-
ent ways: Quantum flucturations select a (collinear single-q)
type-III state, while thermal fluctuations will instead select a
(single-g) type-I state.
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D/J; =0

D/J; =03

D/J; =08

IT (1q, 4q)
i4

T/
o

—4 -3 —2 —1 0 1 2 —4 -3 —2
K/J

11 (1q, 4q) 11 (1q, 4q)

III (1a)

-1 0 1 2 -4 -3 -2 -1 0 1 2
K/Ji K/

FIG. 8. Luttinger-Tisza phase diagram of the model in the (K, I') plane (with J, = 0 and D taking three different values), in which the
quantum fluctuations were taken into account for the type-I phase. The stability regions of the fluctuation-driven triple-g type-I state are

indicated by white stripes in the phase diagram.

VII. CONCLUSION

In this work, we studied the classical spin configurations
of an anisotropic nearest- and next-nearest-neighbor fcc anti-
ferromagnet, including symmetry-allowed anisotropic terms,
namely the Kitaev, Gamma, and Dzyaloshinskii-Moriya in-
teractions. The latter is allowed by the lack of inversion
symmetry in the half-Heusler compounds, and was not studied
previously in the literature. We found the following.

(1) The type-I, II and III commensurate antiferromagnetic
orders from the isotropic J;-J, model survive the addition of
anisotropy.

(2) The accidental single-g/multi-g degeneracy within
each of these orders is robust to the Kitaev and Gamma
anisotropic coupling terms. In these cases, the anisotropic
model (J;-J,-K-I' model) hosts a ground-state manifold,
which includes collinear, noncollinear, and noncoplanar con-
figurations.

(3) In contrast, the Dzyaloshinskii-Moriya coupling lifts
the degeneracy in favor of a noncollinear type-III state.

In the regions of parameter space where the degeneracy is
not lifted by anisotropic exchange at the classical level (and
in particular for type-I order, in which only the Kitaev term
contributes classically), we explored further the role of a mag-
netic field and quantum fluctuations and in particular in which
regimes they favored noncollinear magnetic arrangements.

(1) The coupling to a small magnetic field, by explicitly
breaking lattice symmetries, will lift the degeneracy. In the
case of type-I order and in the regime K < 0, collinear (single-
q), noncollinear (double-g) and noncoplanar (triple-q) states
can be selected, depending on the direction of the field. For
K > 0 a collinear state is selected.

(2) Quantum fluctuations will also lift the degener-
acy, through the ‘order-by-disorder’ mechanism. For small
anisotropy, collinear states are favored. In contrast, in some
regimes where anisotropy is significant, a noncoplanar (triple-
q) type-I state is selected by minimizing the zero-point energy.

The stabilization of multi-g magnetic arrangements may
have strong implications on the transport properties of half-
Heusler compounds. Most notably, charge carriers can acquire
nontrivial Berry phases when coupling to noncoplanar spin
textures, leading to an anomalous Hall effect. This Berry

phase distribution is enhanced with strong spin-orbit coupling,
and may exist even in the case of collinear and coplanar
arrangements of spins. From a different viewpoint, non-
collinear ordering can lead to Weyl crossings in the electronic
band structure, which may provide a different origin from
that discussed previously to the unusual transport properties
(anomalous Hall effect, negative magnetoresistance) observed
in some half-Heusler compounds.
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APPENDIX A: GROUND STATES OF THE HEISENBERG
MODEL

In this section, we review the ground states of the Heisen-
berg model with J; and J, couplings, described by the
Hamiltonian:

H=J1) 8 -Sj+h) S-S, (AD)
{.j) G

Let us first consider the case J; > 0, J, = 0. In q space, all
ordering wave vectors of the form (7, ¢, 0), with arbitrary
pitch ¢, are ground states. Now, if we additionally consider
finite J, the degeneracy of the AFM states can be split into
multiple phases presented in the diagram Fig. 9. Besides the
ferromagnetic order, which minimizes the energy for J; < 0
and J, < |J;|, the diagram features three antiferromagnetic
phases labeled type-I, type-1I and type-III orders, which differ
by their ordering vectors (. In the following three sections,
we present these orders in detail and give a parametrization of
the spins. In Fig. 10, we plot examples of single-g and multi-¢g
states, for the three AFM orders I, 11, and II1.
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Jo

AFM-III

FIG. 9. Phase diagram of the Heisenberg J;-J, model on the fcc
lattice. It contains a ferromagnetic phase (FM), three commensurate
antiferromagnetic (AFM) phases labeled type-I, type-II, and type-III
orders, as well as an incommensurate (inc) phase with wave vector
(7, q,0) (g is arbitrary) on the semi-infinite line J, =0, J; > 0.
Adapted from Ref. [1].

1. Type-1 AFM

Type-I order is defined by the symmetry-related order-
ing wave vectors q; = (7,0,0), qp = (0, 7,0), and q3 =
(0,0, 2m). For a single-qg state described by q = (=, 0, 0),
the spin arrangement is made of ferromagnetic planes stacked
antiferromagnetically in the [100] direction. The most general
expression of a type-I ground state is

Si = u T 4 w4 et (A2)
In the most general case (i.e., all u, # 0) the spin config-
uration is made of four ferromagnetic cubic sublattices. By
requiring that the length of the spins is |S;| = 1 for the four
sublattices, one gets the following geometrical conditions for
the u, vectors:

2, 2 2
uy +u; +uz =1,

u-up =0, (A3)
u -u3 =0,
uz-u; =0.

Single-q type-I order has been in observed in rare-earth half-
Heusler compounds CePtBi [22] and NdPtBi [24].

2. Type-II AFM

Type-II order is defined by the following symmetry-
related ordering wave vectors: qo = (7,7, w)/2, q =
(—m, 7, m)/2, @ = (r,—m,7)/2, and q3 = (7, 7w, —7)/2.
For a single-q state with qo = (i, 7, 7)/2, the arrangement
is made of ferromagnetic planes of spins stacked antifer-
romagnetically along the [111] direction. The most general
expression of the spins is

Si = uge' " +u ' M+ w4 uze' P (A4)

In this general case, the structure is made of four cubic Néel
antiferromagnetic sublattices. The conditions |S;| = 1 give the
following equations:

R B R
u; +uy +u; +u;y =1,

u-u +up-u3 =0, (A5)

up - +uz-u; =0,

up-uz+u;-up =0.

Single-g type-II order has been measured in compounds
GdPtBi [25] and TbPtBi [26].

3. Type-IIl AFM

Type-IIl order is defined by q; = (7/2,7,0), q =
(0,7/2,7), and q3 = (;r, 0, w /2) and their opposites. For a
single-q state with wave vector (77, 0, 7w /2), each spin in any
given [100] plane is antiparallel to its nearest neighbor, and
the spins on next-nearest [001] planes are antiparallel to one
another.

Si =u M + e’ 4+ w3’ 4 cc. (A6)

In contrast with phases I and II, here the u, vectors are al-
lowed to have an imaginary part because q, and —q, are not
equivalent on the fcc lattice. It is convenient to introduce real
vectors vy, and w, such that u, = (v; — iw,). In terms of these
vectors, the spins are as parametrized as

3

Si=) vecos(qe 1)+ wesin(qe - x)). (A7)
=1
The conditions |S;| = 1 are reduced to the following geomet-
rical constraints:
Vg-VkZWg'WkIVe-WkZO 1f€75k,
3 3
V%:W% and ZVE:ZW?:I. (A8)
=1 =1

APPENDIX B: DETAILS OF REAL SPACE PERTURBATION
THEORY

In this Appendix, we consider the quantized version of
the Hamiltonian H. We show how the contribution of the
magnons (excitations around the classical ground state) can
be treated as a perturbation in the ground state energy, and
we detail the calculation of the energy correction given in
Eq. (36).

For a given ordered ground state, we define a local basis
(7, &, &) such that S; = S& is the classical spin at site i.
The unit vector & defines a local quantization axis for the
spin. In this local basis, we decompose the spin operator into
longitudinal and transverse fluctuations around the classical
spin:

Si =S+ 88! +5S;. (B1)
Il
S;

i

In the above equation, we used hats in the notation of the spin
operator to distinguish it from the classical spin vector S; =
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type-1 single-q double-q & triple-q P

z
y > 7
-l >
v a = (r,0,0) @ = (m,0,0) ar = (7,0,0)
Nuc =2 q2:(077r70) QQ:(O,TP,O)
o Nu-c = q3 = (07 O,ﬂ—)
Nu.c. =
type-1I single-q double-q & tripleq  , # quadruple-q »
. b P
=l p—
@ = (53 3) qlzg—g,g,g; 1=(-%.%.3 /"10:%%;%;%&
we =2 A =(3"%3 Q@=(3-%73 4= i e
Nyec =8 a3 = g’%’_g q2_§72r71r2’12r;
NuC:8 q3 = 299y 9
- Nye =8
type-IIL collinear non-collinear
single-q single-q double-q
QB:(%7077|') q3:(%707ﬂ—)
ulv ulv
Nu.c, =4 Nu.c‘ =38

FIG. 10. Examples of spin arrangements for the fcc antiferromagnetic orders I, IT and III stabilized in the J;-J, phase diagram. The multi-g
states shows here are ‘equal-weight’ states. Below each spin configuration, the corresponding ordering wave vectors are written in units of
2/a, where a is the cubic unit cell parameter, as well as the number of sites in the magnetic unit cell, N, .

(S;). More explicitly, we have by a reduction of the longitudinal component Sf of the spin.
gl _ & The classical ground state |0) is a saturated state in the lo-
i :’ei ’ cal basis characterised by S;|0) = 0 and S|0) = S|0). The
88 = (S; = 9)&, (B2)  quantum-mechanical Hamiltonian can be expanded as
A 1 A A PO | A oA
58+ = —=(57¢" +87¢). =5 848,
V2 2 ij

In the above expressions, we have used the following no- 1
tations: §F = 7 £ i8] and & = (& £ i&)). The S and 3 > (Si +288))A;8;
S} operators lower/raise the projection of the spin at site i, b
creating/destroying a magnon. This process is accompanied =Tl
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1 . . . R
+5 > (68 +88DHA; (887 + 681

iJ

=5H
+ Y 887A;S; . (B3)

ij
———
=0

The first term is the mean-field Hamiltonian (easily diagonal-
ized):

- a1
Tlo==> h <S§ — ES), (B4)

where we have introduced the norm 4; = |h;| of the molecular
field, defined as

(BS)

of
=-) AyS; = 5

J#i i Sj:Sj

Note that in the classical ground state, the spin at site i is
aligned with its local field, hence h; = h;€&}. The energy of the
classical ground state reads

- Zh S = ZSA,,S,, (B6)

which is the classical Hamiltonian H that we have studied so
far. The second term is quadratic in the magnon operators:

Ey = (0|H|0) =

A

1 . . N N
O =3 2 08 +8)Ay(68; +88). (BT
)

Note that the third term vanishes:
al al
>8;-88;=->"h;-88; =0 (B8)
ij J

because the molecular field is longitudinal (along the local z
axis) while the transverse fluctuations are along x and y.
Assuming that the quantum-mechanical ground state is
close to the classical ground state, we assume that the con-
tribution of magnons 8# is small, which suggests to treat
this term perturbatively. The first-order term reads (0187210) =
0, because the operators Sj and (SZ S) annihilate the
saturated (ground) state. The second-order term of the per-
turbation theory reads

SH® = (0|8HQ(Ey — Ho) '870), (B9)

where Q=1 — |O)(0| is the projector operator on excited
states. The state §7|0) = e j(é+A,JA+)S S |0) contains
pairs of magnons located on two different sites z and j of the
lattice, and each of these pairs has a weight given by the matrix
element &;A; jéj+ and an excitation energy h; + h; above Ej.
We obtain

atA. .at)2
|e,‘ Aijej|
hi+h;

SH? = (01575555 10)

1
“Te 2
L]

SZ
=52
ij

eF A et

_ B10
i (B10)

where we used the commutation relation [Sl.*, Si’] = 2éf We
first see that the quantum fluctuations around the classical
state are energetically favorable (8H® < 0). In the following,
we assume that the local field A; has the same norm A on each
site.

We now need to reexpress SH® in terms of the classical
spins S;. To this end, we recall that (&, l, €7) is an direct
orthonormal basis which implies the following equations:

@) (&) + ()" (&) + &) (&) =0,

()" (@)" — (@) (@) = eun (&) B11)
from which we obtain
267 ()" =8 — ()" (&) — icwn ()" B12)

This leads to the following rewriting of the i, j term in §E:
. R 1 1
&f AP = g(SI-A,-,-S i) = §e,memA;j.”A;}"S,.‘Sj.

1 1
- S_Z(SjAjiAiij) - S_Z(SiAijAjiSi)

+ TI'(A_I',‘A,‘]‘). (B13)

The first term is the square of the i, j term in the classical
energy. The second term contributes a correction &;; to the
bilinear interaction term A;;. The third and fourth terms are
single-site quadratic terms of the form S;B;S;: In Appendix C,
we show that single-site anisotropies are forbidden by sym-
metry, and therefore S;B;S; x S; - S; = S%isa global energy
shift, independent of the chosen ground state. The fifth term
is also a global energy shift.
Hence,
SH®

1 1 )
=C+; ;s,-aA,-,Sj s ;(S[Aijsj) . (Bl14)

where C is a constant, and

J Y - Lep.p)» vaKAH«VAPG'

= B15
= S (B15)

We therefore obtain the following corrections to the coupling
constants, due to quantum fluctuations:

8y = hl(Jl2 + 1K + D?),
0

8J 112
2 = ho 2

5K = —h—(JlK + %+ D%, (B16)
0

1
ST = —h—(02 + 1K +J,I),
0

1
8D = ——D(J, — ).
ho

These corrections are of order 1/S with respect to the bare
coupling constants: Indeed, denoting loosely J the order of
magnitude of these coupling constants, we have iy ~ J§ such
that 6J/J ~ J/hg ~ 1/S.
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APPENDIX C: ABSENCE OF SYMMETRY-ALLOWED
SINGLE-ION ANISOTROPY

In this section, we study single-ion quadratic terms in the
Hamiltonian of the following form:

H, = "S;BS:. (C1)

where B; is a 3 x 3 matrix. Similarly to our analysis of the
nearest-neighbor quadratic interaction terms, we ask what

matrix B; is allowed by symmetry. To this end, we recall that
a point group symmetry transformation can be represented as
a 3 x 3 orthogonal matrix R, and that B; transforms under R
as

A; - R'B.R. (C2)

Symmetry of H, under the whole point group im-
plies B; « 13 and thus, no single-ion anisotropy term is
allowed.
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