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Field-induced multi-Q states in a pyrochlore Heisenberg magnet
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We construct exact ground states of the J;-J3, classical Heisenberg model on the pyrochlore lattice in the
presence of a magnetic field. They are noncoplanar multi-Q spin configurations with a large magnetic unit
cell that generalize the previously found coplanar sublattice pairing states. Using linear spin-wave theory, we
show that entropy favors these multi-Q states at low temperatures in high magnetic fields. This is confirmed by
Monte Carlo simulations, and a phase diagram is constructed. We also calculate the zero-temperature dynamical
structure factor. Besides the usual Goldstone modes associated with the ordering Os, we find high intensity
gapless modes at momenta where there are no Bragg peaks.

DOI: 10.1103/5rsg-2klm

I. INTRODUCTION

Frustrated magnets, and particularly the highly frustrated
pyrochlores, have garnered significant attention due to their
predicted ability to host exotic states of matter, such as classi-
cal spin liquids. The antiferromagnetic (AF) nearest-neighbor
Heisenberg model on the pyrochlore lattice is such a spin
liquid due to its huge ground-state degeneracy [1-4]. This
degeneracy is however lifted by further-neighbor couplings,
and inclusion of second- and third-nearest-neighbor cou-
plings destabilize the spin liquid, inducing different kinds of
order [5-8].

While the primary interest in frustrated magnetism
often lies in the lack of magnetic order in presence of strong
correlations, i.e., spin liquidity, noncoplanar ordered states
with several ordering wave vectors have also gained much
attention, particularly due to their applications in spintronics
[9-11]. Such multi-Q states are typically known to be real-
ized in the presence of the Dzyaloshinskii—-Moriya interaction
[12-14]. However, they can also be stabilized by frustra-
tion [15], particularly with additional anisotropic exchange
interactions [16,17], impurities [18], or coupling to itinerant
electrons [19-21]. These mechanisms are also known to in-
duce multi-Q states on pyrochlore lattices [5—7,22-24].

The third-nearest-neighbor couplings are predicted to be
the most important further-neighbor couplings in several py-
rochlore materials [25-27]. For the pure AF J;-J3;, Heisenberg
model (see Fig. 1), coplanar sublattice pairing (SLP) states are
known to minimize the J; and J3; energy terms simultaneously
[8]. In these states, sublattices pair up antiferromagnetically,
forming coplanar single-Q spirals corresponding to 120° order
in the triangular planes formed by the J3; coupling.
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Here, we study the impact of an applied magnetic field
on the pyrochlore AF J;-J3, Heisenberg model. We start in
Sec. I by constructing an ansatz for the system’s ground state
as a generalized magnetic-field analog of the SLP ansatz of
Ref. [8]. This ansatz allows for a simultaneous SLP between
all pairs of sublattices, and can describe more general states
than the simple single-Q spiral on each sublattice. Instead,
each sublattice has up to three ordering wave vectors, one for
each sublattice pair. The system thus has up to six ordering
wave vectors in total. In Sec. III, we present normalized multi-
O states satisfying the ansatz, and show further in Sec. IV that
6Q-states are favored entropically at sufficiently high mag-
netic fields. We define order parameters measuring various
aspects of SLP order in Sec. V, and confirm our findings
numerically using Monte Carlo (MC) simulations in Sec. VI,
where we also map out the phase diagram. We compute zero-
temperature static structure factors in Sec. VII and dynamical
structure factors, i.e., spin waves, in Sec. VIII for selected
values of the magnetic field, and end with a discussion of our
findings in Sec. IX.

II. HAMILTONIAN

We consider the following classical Heisenberg
Hamiltonian in a magnetic field /4 on the pyrochlore lattice

H=J12§7'§F’+J3b Z §7'§7/—Zil"§7, (H
( ({( F

7.7’ EF e

where the AF exchange couplings J; =1 and J3, > 0 are
illustrated in Fig. 1.
We begin by rewriting the Hamiltonian as

J < I ] R —
H= 51 th(sf,o + 80480+ 85— 4n)?
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FIG. 1. Pyrochlore lattice with an example of the canted
SLP; state in a magnetic field 2 = 4. On sublattice 1 (blue), we
illustrate how J3;, effectively couples spins in triangular planes. In
the canted SLP; state, spins on pairs of sublattices form antiparallel
spirals in the L components (relative to the magnetic field direction),
while all | components are equal. Each triangular plane on a given
sublattice has the same three spins. The SLP; state can also be
viewed as chains of spins with staggered L components—here for
chains of pink and blue spins and chains of red and purple spins.

where the first sum goes over all up and down tetrahedra ¢
of the lattice, of which there are N/2 (N is the number of
spins), and §,,S denotes the spin on tetrahedron ¢ and sublattice
s. The second sum goes over all elementary triangles on the
triangular lattices formed by the J3, bonds, which couple
spins on the same sublattice s (see Fig. 1). The number of
such triangles on each sublattice is also N/2. The sites on
each triangle are denoted iy, i; and i,. We have subtracted a
constant term coming from the spins and the average mag-
netization squared (/7 is the average magnetization per spin).
Multiplying out the parentheses, the resulting Hamiltonian
is that of the J;-J3, model in a magnetic field, where the
magnetic field is along the axis of the magnetization and has
magnitude i = (8J; + 9J3;)m. This gives a saturation field
hsae = 8J1 4+ 9J3p, and an average magnetization per spin

h
m=——.
8J1 + 93

The ground-state energy (the constant we subtracted earlier)
per spin is

3

= (n+ 2t " )
B N R T YA Y AN YA

In Eq. (2), we have chosen to write the Hamiltonian so that
the lowest energy is achieved when the spins satisfy

gz,o + §1,1 + §1,2 + 51,3 =4m 5)

Egs
N

for each tetrahedron and
gio,s + gil,s + giz,s =3m (6)

for each triangle. We will refer to Eq. (5) [Eq. (6)] as the
tetrahedron (triangle) condition. The rationale behind this

TABLE 1. Q,- ;8 in terms of reciprocal lattice vectors. R= na, +
i’lzaz + I’l3Zi3.

= -

Oij Momentum O-R

Qo (by = b2)/3 (27 /3)(n3 — ny)
Qoz (by — b3)/3 (2m /3)(ny — n3)
Ons (b — b1)/3 (27 /3)(n, — ny)
0 (2by + by + b3)/3 27 /3)(2ny + ny + n3)
On (by + 2b, + b3)/3 2m /3)(ny + 2ny + n3)
O (b + by + 253)/3 27 /3)(ny + ny + 2n3)

choice is to match it with known results in the cases J; >
0,J3, =0[28]and J; = 0, J3, > 0[29].

Ansatz

In the following, we label the spins by either their face-
centered cubic (fcc) lattice point R and sublattice index
i=1{0,1,2,3}, or their position ¥ = R+ 3,-. R describes
the position of an up tetrahedron and is constructed from
the fcc primitive lattice vectors d; = (0,1/2,1/2),d, =
(1/2,0,1/2), and a3 = (1/2, 1/2,0), where we have set the
cubic lattice constant to unity. The corresponding reciprocal
lattice vectors are l;l =2r(-1,1,1), I;z =2m(1,—1,1), and
I;g =2 (1,1, —1). The sublattice vectors 3,-, which describe
the spin positions on a single up tetrahedron, are 8 =a; /2 for
i = {0, 1, 2, 3}, where we have defined dy = (0, 0, 0).

A general ansatz satisfying the tetrahedron and triangle
conditions is

QR,O =+ iig; cos (O - R) + Toy sin (Qo1 - R)

+ iig2 c0s (Qgz - R) + Bz sin (Opy - R)

+ i3 cos (Qo3 - R) + Tos sin (Qos - R) + 1,
qﬁ,l = — ig cos (Q; - R) — oy sin (Qo; - R)

+ ii12 c0s (O12 - R) + 12 sin (Oy2 - R)

+ i3 c08 (013 - R) + D13 8in (O3 - R) + 1,
qﬁyz = — iy cos (Qpa - R) — o sin (Qpa - R)

— iz cos (O - R) — Bpasin Oz - R)

+ iiz3 cos Q23 - R) + Doz sin (Qo3 - R) + 7,

.

73 = — o3 COS (Qo3 - R) — B3 sin (Qos - R)
— iiy3c08 (Q13 - R) — i3 8in (Qy3 - R)
— ii3c08 (On3 - R) — o3 sin (Ooz - R) + 11, (7)

where the wave vectors Q,- ; are listed in Table 1. Note that
the minus signs in the ansatz cause an antiparallel tendency
of spins on pairs of sublattices, hence we term this ansatz the
SLP ansatz.

The choice of minus signs gives §,§!0 + 3,3,1 + S"ﬁyz +
S B3 = 4m, meaning that the tetrahedron condition is satis-
fied for all up tetrahedra. The tetrahedron condition is also
satisfied for the down tetrahedra, ), §§7a‘_’i = 4/n. This can
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TABLE II. Triangular plane basis vectors 7,f, and their
“normal” vector 7i on the different sublattices, as well as their plane
index P and trisublattice index 7. A general point R= nid; +
ﬂzaz + l’l3a3 = Pi + mlfl + mez, and T = (m1 + mz) mod 3. We

have defined ny = —n; — n, — n3. T is understood to be mod 3.

. R - -
Sublattice f 2 7 T P
0 —(33 + Zzl —Zil + Ziz al - a() ny — n3 —nNg
1 +le — Zl() +on — Zl3 a() — Zl] ny, —ns —n;
2 —a; + ds —d3+dy d3—ady  ng—n —ny
3 +Zl() - az +L_i2 - Zl] 52 - a3 nop — Ny —n3

be seen by letting R — R — @; on sublattice i. It gives the
same cancellations as for the up tetrahedra, which follows
from Q; jdp = O ;- dj, as one can easily check by inspecting
Table I.

To see that also the triangle condition is satisfied, it is
necessary to divide each sublattice into parallel triangular J3;,
planes (as shown for one of the sublattices in Fig. 1), and fur-
thermore, divide each triangular plane into trisublattices, such
that an elementary triangle has one site from each trisublattice.
A possible way of doing this is to introduce integer-valued
plane and trisublattice indices, P and T, respectively, as de-
fined in Table II. When rewriting the SLP ansatz in Eq. (7)
with this labeling, we find that the particular choices of Q,- ;S
in Table I cause all trigonometric functions to have arguments
which depend on the trisublattice index as 277 /3 and on the
plane index as 27 P/3. Therefore, for each elementary triangle
in a given plane, the trigonometric functions from the different
trisublattices cancel each other, and the triangle condition is
satisfied. We also note that there are at most three different
planes on a given sublattice, which follows from the 27 P/3
dependence, making the spin configuration periodic when P
changes by 3.

III. GROUND STATES

Since the SLP ansatz in Eq. (7) fulfills both the tetrahe-
dron and triangle conditions, any proper state satisfying the
ansatz is a ground state of the Hamiltonian. To be a proper
classical spin state, each spin must have unit length. It is in
general difficult to achieve this for multi-Q states, as they
often have a large number of different spins in the unit cell and
a corresponding large number of normalization constraints.
Here, the O; ;8 make any spin configuration that obeys Eq. (7)
periodic with unit cell (34, 3d,, 3d3), with a total of 108
spins. However, only 36 of these spins can be different, nine
on each sublattice (at most three different planes with three
spins each on each sublattice), giving rise to 36 normalization
constraints. These are listed in Appendix A.

The general SLP ansatz, Eq. (7), allows for several solu-
tions that fulfill the length constraints. It is not the purpose
here to find all solutions, but rather to describe a selected set
that is most likely to be realized in finite-temperature systems.

A. Zero field

In zero field, the simplest solution to the normalization
constraints is the coplanar solution introduced in Ref. [8]. It

amounts to setting all #i’s and ¥’s to zero except iy; L Vg and
tips L Vs3, which are all unit vectors. Explicitly, it is

o = g cos (Oo1 - R) + Bo1 sin (O, - R),
—iigs cos (Qo1 - R) — Toy sin (Qo; - R),
5 = +iiz3 cos (Qa3 - R) + B3 sin (On3 - R),

§§,3 = —iip3 c08 (Qa3 - R) — o3 sin (O3 - R). (¥

This corresponds to sublattice pairing (01)&(23). Other sub-
lattice pairings [(02)&(13) and (03)&(12)] are also possible.
In this state, the three coplanar spins on a particular plane
and sublattice are constructed from a single wave vector Q;;
(and its negative) and form a 120°arrangement which is the
same for all planes on the given sublattice. We call this state
SLP;, where the subscript refers to the number of different
momenta J;; on each sublattice (+0;; are considered equal in
this respect). As a whole, SLP; is a 2@ state, as both Qm and
Q23 are present. This SLP; state has the characteristic feature
of antiparallel spins going along the @y — @, and d, — d3 di-
rections on sublattices 0,1 and 2,3, respectively. In Ref. [8], it
was found that among the possible relative orientations of the
spiral ordering vectors iig; and ip3 (Vg; and ¥o3), spin-wave
fluctuations selects entropically the coplanar state iy, = a3
and T)O] = 523.

The coplanar SLP; solution in Eq. (8) is a special case of a
more general solution where the nonzero #’s and v’s are

1)

=i

T
A
Il

=

gy = U3, Uol = Up3, Upp = V12 = Vo3 = — V13, (9)

with #ip3 being a unit vector that is perpendicular to two other
unit vectors w; and w, which parametrize

Uiz = (W1 + W2)/3, Uz = Qwy —wy)/3.  (10)

The presence of the other ¥’s in addition to vy, and v,3 causes
the appearance of all six momentum vectors Q;; in the spin

configuration. Thus, this state is a 6Q-state when 13 # 0. A
general property of these states is that spins on sublattices 0
and 1 (2 and 3) with identical trisublattice and plane indices
are antiparallel, and spins on sublattices 0 and 2 (1 and 3) with
identical trisublattice and plane index are parallel. Addition-
ally, the spins in one of the three planes on the same sublattice
are in general different from the spins in the remaining two
planes. Thus, the strict up-down alternation along directions
dy — d; and d — d3 does in general no longer hold.

The special case W, = —w, implies v;3 = 0 and corre-
sponds to the coplanar SLP; solution above, where the three
planes on each sublattice are equal. For w; = w,, we find a
coplanar state that differs slightly from SLP;. In this state,
two spins on one of the triangular planes on every sublattice
are permuted, so that the chirality of the 120° arrangement in
that plane is opposite to the remaining two planes.

For noncollinear arrangements of w; and #,, one gets a
noncoplanar spin state. Because of the noncoplanarity, we
expect this state to have smaller entropy than the coplanar
SLP; state, and less likely to be realized at finite temperatures.

B. Finite field

In a finite magnetic field, the general zero-field solution
Eqgs. (9) and (10) gives unit length spins if iiy3, Wy, and @,
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are modified to be vectors of length +/1 — m? perpendicular
(L) to the field. This implies a configuration where the L
components of the spins with identical trisublattice and plane
indices are antiparallel on sublattices 0 and 1 (2 and 3) and
parallel on sublattices 0 and 2 (1 and 3). The components
parallel (]|) to the field of all the spins are identical and equal
to the magnetization per spin m. However, since the vectors
ilp3, W1, and Wy lie in the plane perpendicular to the magnetic
field and ;3 must be perpendicular to both w; and w,, there
are only two possibilities for @, and @, given 3. In the
first case, the w’s are antiparallel, giving a canted version
of SLP;. This state is essentially SLP; within the L plane,
but with all spins having the same finite || component (see
Fig. 1). The other case, parallel w’s, gives similarly a canted
version of the zero-field state where one plane of spins has an
opposite chirality in-plane 120° arrangement than in the other
two planes.

The previously discussed noncoplanar zero-field solutions
have no analog in a magnetic field. However, there are other
classes of solutions which resemble the previous ones in that
any spin on a given sublattice is “antiparallel” to one spin on
two of the other sublattices (in a field we use the term “antipar-
allel” for two spins having opposite L components and equal ||
components) and parallel to a spin on the remaining sublattice.
Such solutions are more likely to have high entropy due to
the high number of (anti)parallel spins. We have found one
particularly interesting example of this, where spins that are
“antiparalle]” do no longer have equal plane indices, as was
the case for the solutions discussed previously. Instead, the
spins in planes (0, 1, 2) on sublattice 0 (2) are “antiparallel”
to the spins of equal trisublattice index in planes (0, 2, 1) on
sublattice 1 (3), which leads to

”1l2 = _”ésv “gz = +M03,
vis = +vg3, Vi, = — v,
u1l3 = _“éz’ “gs = +“02’
Ufé = _Uolz’ ”13 = "‘”02’

I I _ I
“01 0, vy =0, uy; =0, vy =0.

Further, the spins on sublattices 0 (1) and 2 (3) are parallel for
equal plane and trisublattice indices, implying

i =0,
”03 0, vm =0,
lip3 = o1, Vo3 = Upj.

This leaves us with only two vectors with finite || components:
Ugp and V3. The remaining #’s and v’s all lie in the L plane.

Even with these conditions, there are many solutions. How-
ever, solutions different from those already classified have
Uy, = 0. The normalization problem then reduces to nine
equations (normalization of the nine spins on sublattice zero)
with eleven unknowns. We solve these nine equations, leaving
the direction of iiy; and the angle o — 7 /2 between iig; and i3
as free parameters. We find that g, (ip3) and ¥g; (Vp3) must
be orthogonal vectors of length «/a 4+ b (v/a — b), where

a:%(l—m2

b=1Ja

— 8m? tan® o),

—m2)2 —16m2(1 + 3m?) tan? .

Additionally, the directions of ¥y; and ¥y3 must be chosen to
satisfy

ligy - Vo3 = 1io3 - Vo -
[I

The nonzero component of v is vy, = —4|/| tan a. Last, the
angle « is restricted by

a € [0, amax] U [T — amax, 1, (1n)

where

1— 2
fan Qg = —————1 (12)

4im|/(1 4 3m?)

For o = {0, n} this solutlon is the canted SLP; state with

01 =1—m? and u03 = vo2 =0. As « is increased (de-
creased) from O (i), the canted SLP; state continuously
evolves into a state where each sublattice has three Qs;
SLP3, (with six Qs in total). In this state, there is a differ-
ent order in each of the three triangular planes on a given
sublattice. An explicit parametrization of this SLPs , state is
shown in Appendix B. The value o, gives the “maximal”
SLP; , state, where |iig;| = |iig3|. We will refer to this as the
SLPs3 j state (see Fig. 2).

In the SLP3 , states, the spin components along the mag-
netic field take three values: {m, m(1 £ 2+/3 tan «)}. This is a
consequence of only Ty, and ¥13 having a finite || component.
For o = {0, 7}, all spin || components become equal to m
(canted SLP;). The difference in the three values along the
field increases as « approaches o/yx-

Taking the limit m — 0, we note that SLP; , approaches
the coplanar single—Q SLP; state for all ¢ # omax, While for
o = Omax, WE instead get a noncoplanar zero-field analog of
the SLP3 y, state, different from the previously discussed zero-
field solutions.

We note that other solutions similar to SLP; , can be found
by transforming R according to the lattice symmetries. This
will lead to solutions with other pairings of “antiparallel”
and parallel planes and trisublattice indices, depending on the
transformation.

IV. SPIN-WAVE ENTROPY

For a given value of the magnetic field, all states described
by the ansatz in Eq. (7) have equal energies. To determine
which of these are favored at finite temperatures, we com-
pute their entropy using linear spin-wave theory. We assign
each particular ground state to a periodic fcc system with the
unit cell of M = 33 x 4 = 108 spins. The spin configurations
define site-dependent rotated frames, in terms of which the
spins are in a ferromagnetic configuration. We then use the
Holstein-Primakoff [30] transformation to describe the devi-
ations from the ferromagnetic configuration as bosons. The
resulting boson Hamiltonian is expanded to quadratic order,
with vanishing linear terms. This Hamiltonian is then diago-
nalized numerically to obtain the spin-wave frequencies wg;,
using a Bogoliubov transformation involving 2M bosons [31].
We regularize the zero modes by adding a small value 10~!°
to the diagonal of the Hamiltonian matrix. For further details,
see Appendix C.
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FIG. 2. SLP;, state in magnetic field 4 = 4. Left: The spins have three different || components, and for each sublattice there are three
different triangular plane spin configurations that repeats itself with period three. Right: The same configuration, but rotated such that the
magnetic field points out of the paper. This illustrates how the spins in every triangle sums to zero in the || plane. We also see how some spins

are collinear in this plane.

The entropy per site from these linear spin-wave fluctua-
tions can then be computed as

1 M
S/N = —nglan,h 13)

q

where the sum over § goes over the first Brillouin zone of
the lattice with [3 M-site unit cells. In order to find the
entropy for I — oo, we compute the entropy for sizes [ =
{6,9,12, 15, 18} and extrapolate S/N versus l/l3 to infinite
size using a quadratic polynomial. We use the parameter val-
uesJ; =1, J3, =0.2.

In zero magnetic field, the ground states are parametrized
by three unit vectors: #p3, Wy and wW,, where iiy3 is perpen-
dicular to w; and w,. We label the angle between w; and
W, as 8. Then, computing the entropy for these solutions, we
get the results shown in Fig. 3. The maximal entropy occurs
for & = 7, which corresponds to the coplanar SLP; solution.
For the zero-field SLP3 j, state, we find eight gapless modes,

-42- -

_43- L

SIN

-45-
-46- L
_47 - L

Olx

FIG. 3. Entropy for the & = 0 solution characterized by the angle
6 between the two vectors w; and .

compared to 14 for the coplanar SLP; state. Thus, we con-
clude that the coplanar SLP; solution also has higher entropy
than the zero-field SLPs y; state.

For finite fields, the entropy per site for SLP3 , as a func-
tion of «, is shown in Fig. 4. The Bogoliubov diagonalizations
for these configurations yield four gapless modes. It is seen
that for low fields (h < 4), the entropy is maximal for @ = 0,
corresponding to the canted SLP, state. For higher fields (7 >
4), the entropy is instead maximal for & = oy, correspond-
ing to SLP3 y. Figure 4 also shows that the change between
these two values (0 and a,x) at & = 4 is discontinuous. To
better see that the change happens at & = 4, we compare the
values of the entropy per site versus magnetic field for the two
« values in Fig. 5.

V. ORDER PARAMETERS

To distinguish the SLP; state from the SLP3 states in the
subsequent numerics, we construct four order parameters.

-50-
_51-
Z
A -52-
-53-

-.54-

FIG. 4. Entropy per spin vs « in the SLP; ), state for different
values of the magnetic field (legend).
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SIN

-45- L

-.50- r

h

FIG. 5. Entropy vs magnetic field for « = 0 and & = o/yx-

For the first-order parameter, we make use of the fact that
the SLP; state can be viewed as two sets of crossing paral-
lel chains where the spins on each chain are ordered in an
“antiparallel” way. In an SLP; state with (01)&(23) pairing,
one set of chains runs along the direction d; — dy involving
alternate sublattice O and 1 sites. The other set runs along the
direction d3 — d, and involves sites on the sublattices 2 and 3
(see Fig. 1). For one chain involving sublattices i and j, we
define the chain staggered order parameter as

- 1 N 5
Rosij = Z Z <Sﬁ0+n(aj—?li)»i - Sﬁo‘*‘n(ﬁj—ai)»j)’ (14)

n

where R is an arbitrary up tetrahedron on the chain. L is the
linear size of the system such that the total number of spins is
N = 4L3. We take the average length of this over all chains,
which is achieved by taking the average over all up tetrahedra
in the lattice

1 > N
2
Ci=13 Zcﬁw‘j “CRoij 15)
Ro

From this, we construct the three-component complex SLP
order parameter, Ogp p, Where each component corresponds to
a particular way of pairing the sublattices,

Osip = Co1Ca3 + €2 CaCi3 + ™3 Cp3 C1. (16)

In the MC simulations, we measure all the C;;s and compute
the modulus |Osip|. A nonzero value will be taken as an
indicator of an SLP phase. In Appendix D it is shown that
for a state respecting the SLP ansatz in Eq. (7),

€l = 2 (i +v5) a7

and

|OsLp| = \/(1 —m2)" = 3(C,C, + €3, Cly + CL,CH)-
(18)

The maximum value occurs for the canted SLP; state, where
only one of Cy;, Cpz, and Cps is nonzero, giving

|Ostp1| =1 —m?. (19)

In the SLP; y, state, we get

(1 —m*)(1 —9m?)
4(1 + 3m?)

Another property of the canted SLP; state is that all spin

|| components are equal. To detect deviations from this, we

calculate the spatial fluctuations of the magnetization in the
field-direction

|OsLp,m| = (20)

1 2
KENZ(Q—m). 1)

For the canted SLP, state; k = 0, while for the SLP; j, state
(A —my
T 2(143m?)’

SLP; and SLP3, can also be distinguished by only SLP; 4
having a nonvanishing tetrahedral scalar chirality [23,32]

Km (22)

4 _
0y =5 2 x®), (23)
R

where x (R) is the sum of the chiralities for the four faces of
the up tetrahedron at R. The chirality of a face is computed
such that its three spins are ordered in a counterclockwise
direction w.r.t. the outward face normal:

X(R) = §R,1 : (§R,2 x §1§,3) + gﬁ,a : (Sﬁ,o x Sk,l)
+ gﬁ,o : (gﬁa X gﬁ,z) + gﬁ,z : (Sﬁ,l X gﬁ,o)~ (24)

For the SLP;3 , state, O, = 2(4m tan «)?, which means that it
is zero for the canted SLP; state (o = 0) and

1 —m? 3
O = 2<¢ﬁ) =

for SLP;3 .

A way to detect ordered multi-Q states is to measure the
product of the static structure factors at the different ordering
wave vectors. The static structure factor

vy — L(gu ¢v vV QM
SH(G) = E(quﬂst7 + S¥.S4) (26)

—§%G
is defined in terms of the Fourier transform Sg of the spin

state. We define the (isotropic) 3@ (on each sublattice) order
parameter which detects simultaneous ordering at Qg, Quo,
and Qs in the 111 Brillouin zone as

1 A = = 1N VY A =
035 = F(SM(Q(M +G)S" Qo2 + G)S™ (D03 + G2,
27

where repeated Greek indices are summed over, and G' =

1;1 + Ez + 133. 03Q is zero in the SLP; phase, and nonzero in
SLP; phases; see Sec. VII.

VI. NUMERICAL RESULTS

To get an independent confirmation of our analytical re-
sults, we have performed classical MC simulations on systems
with an fcc lattice of tetrahedra with periodic boundary con-
ditions. The simulations were carried out using multiple MC
update types. In all our simulations one MC step consisted
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FIG. 6. Parallel tempering Monte Carlo results for the SLP order
parameter vs temperature in zero magnetic field.

of N single-spin Metropolis moves [33], where for each spin
the proposed new random direction is restricted to lie in a
cone about the old spin [34-36], N over-relaxation moves
[34] where a random spin is rotated an arbitrary angle about
the effective magnetic field seen on its site, a number of
Wolff-cluster updates [37] where clusters are formed of spins
that will be mirrored on an arbitrary plane that includes the
magnetic field direction (so that S! does not change), and 3N
single-spin Metropolis moves where the cartesian spin com-
ponents, ¥, §7, and S%, of a single spin is attempted reversed.
In some of the simulations, in addition to the above MC
updates, we also implemented the parallel tempering setup
[38] with a feedback-optimized scheme [39] to select a set
of temperatures that cause as many round-trips as possible for
each replica. The parallel tempering simulations were run with
a fixed number of typically 20-50 replicas spanning a fixed
temperature interval, with more replicas if the system is large
in order to increase the replica swapping rate.

In the following we will show results for the parameter
values J; = 1 and J3;, = 0.2. The MC results shown in the
figures (except Fig. 8) are mean values of 10-20 statistically
independent bins, and the error bars mark the standard devia-
tion of the mean. Where not visible, the error bars are smaller
than the symbol size.

All our low-temperature numerical simulations show re-
sults consistent with the magnetization relation Eq. (3) and
ground-state energy Eq. (4), confirming the form of the
Hamiltonian in Eq. (2).

In Fig. 6, we show parallel tempering MC results for |Ogpp|
versus temperature 7" in zero magnetic field for three different
linear system sizes L (N = 4L*). The SLP order parameter
shows a steep increase at 7, = 0.180, which is 8% lower
than estimated using nematic bond theory [8]. The system
size dependence of the critical temperature is weak, and the
rise of the order parameter resembles that of a discontinuous
phase transition, in accordance with the nematic bond theory
results. When extrapolating to zero temperature, the SLP or-
der parameter appears to reach the value 1, consistent with
the low-temperature phase being the SLP; state (with thermal
fluctuations).

0 N DO

h
h
h
h
h

|Osppl

FIG. 7. Parallel tempering Monte Carlo results for the SLP order
parameter vs temperature for different values of the magnetic field
indicated in the legend. L = 6. The short horizontal colored bars
on the ordinate axis indicate the SLP; values of the SLP order
parameter; 1 — m?. The colored crosses on the ordinate axis indicate
the SLP; 5, values of the SLP order parameter from Eq. (20).

When a magnetic field is added, the MC simulations are
in general more difficult to equilibrate. Using a system size
of L = 6, we show in Fig. 7 the SLP order parameter versus
temperature for different values of the magnetic field. The
sharp rise of the SLP order parameter that was seen for zero
field is still present for fields 2 < 4.5, and it appears to extrap-
olate to a value close to 1 — m? as T — 0, shown as colored
horizontal bars on the ordinate axis. This is consistent with
the low-temperature phase being the canted SLP; state. The
associated critical temperature decreases as the magnetic field
is increased.

We also observe from Fig. 7 that for small fields, 2 < 2.5,
the system goes directly from the high-temperature disordered
phase into the canted SLP; phase at low temperatures. In con-
trast, for 2.5 < h < 4.5 coming from high temperatures, there
is first a slight increase in the SLP order parameter before
it slightly decreases, and then increases sharply at a lower
temperature (see the & = 4 curve in Fig. 7). For h 2 4.5 we
find only the slight increase in the SLP order parameter, and
no dramatic upturn down to the lowest temperatures studied
(T > 0.02). Instead, the SLP order parameter extrapolates to
a value close to that for the SLPsj, state when T goes to
zero, shown as crosses on the ordinate axis. We thus interpret
the slight increase of the SLP order parameter as entering the
SLP; y phase and the more pronounced increase as entering
the SLP; phase.

To investigate the stability of the canted SLP; state in
a magnetic field at low temperatures, we have carried out
long standard MC simulations without parallel tempering, all
started from the canted SLP; state. They were run for 10°
MC steps, each at a fixed temperature. In Fig. 8, we show the
spatial magnetization fluctuations « (scaled by the expected
value k), in the SLP3 ), state) for ten independent simulations
at each temperature and field value. It is apparent that for
h =35, all simulations have escaped the initial SLP; state.
Most of them (circles) get a value for k which comes very
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FIG. 8. Scaled magnetization fluctuations « at low temperatures
for magnetic fields # = 3 and 5. L = 6. Many points are on top of
each other as we show the results for ten independent runs for each
temperature and field value.

close to the SLP3 j, value when 7 — 0. There are also runs
with slightly smaller values of « (crosses), that are further
distinguished from the others (circles) by having at least an
order of magnitude smaller chirality |O,|.

Taking the final 7 = 5 spin configurations of these runs,
and exposing them to an energy relaxation procedure, we
relax the spin configurations to the corresponding ground
state [relaxed energies differ from Eq. (4) by at most 10~'2].
We find that the spin configurations corresponding to higher
k relax to SLP;3,, while the ones with smaller « attain a
similar, but more complicated noncoplanar 6Q zero chirality
configuration, SLP3 , -, that satisfies the ansatz Eq. (7), and
has “antiparallel” spin pairs, but which is still not among the
solutions outlined in Sec. III. While the chirality on individual
up tetrahedra are generally nonzero in this state, their sum is
zero. We have calculated the entropy per site of such zero
chirality states for a range of field values, and find that it is
lower than that of SLP;3 ) up to very high fields, & >~ 9.0.
Thus, we expect that finite temperature entropy selection will
eventually prefer the SLP3 y, state for even longer MC runs
as long as i < 9.0. For higher magnetic fields the linear spin-
wave entropies of the zero chirality state and the SLP; y state
are almost equal. For h = 3, « goes to zero as T — 0 for all
runs. This is consistent with SLP;, which is also what the
energy relaxation procedure on these states shows.

The phase transition into the SLP, state at zero magnetic
field is discontinuous. This is also the case for small magnetic
fields as shown in Fig. 9, where we show the energy per site
at h = 2.5 versus temperature for different system sizes ob-
tained using the parallel tempering method. At T =~ 0.175 the
curves develop with system size into a “knee” discontinuity,
indicating a first-order phase transition. In contrast to the zero
field case, significant finite-size effects are seen at h = 2.5
and it is therefore necessary to carry out simulations on larger
lattices to map out the phase diagram. To do so, we employ
the mixed phase technique [40] where fixed temperature MC
simulations are started in a configuration where half of a
large L = 24 system is in the canted SLP; state and the other

FIG. 9. Parallel tempering Monte Carlo results for the energy
per site vs temperature around the phase transition for 2 = 2.5 for
different system sizes.

half in the SLP;, state. The runs are relatively short, ~10*
MC steps, and the error bars are gotten from repeating the
simulations five times with different random seeds. Figure 10
shows the SLP order parameter, the chirality order parameter,
and the 30 order parameter as functions of magnetic field for
a fixed low temperature (7 = 0.075). For h < 3.8 the SLP
order parameter is large, and both the chirality and the 30
order parameters are zero, consistent with the SLP; phase.
For h = 3.8 the 30 order parameter makes a jump and then
decreases with increasing field and vanishes at 1 = 7.85. The
SLP order parameter is also finite in this region but smaller
than in the SLP; phase. The chirality order parameter also
jumps at & = 3.8 and decreases until 4 = 6.55 at which it dis-
appears abruptly, see Fig. 10 inset. We interpret this as phase
transitions from SLP; to SLP; 3, at h = 3.8, from SLP; y into
SLP3 ,—o at & =6.55 and from SLP;,—o to a disordered

1 1 1
- —— 10sLp! —— 10,1 —— 10X 035 -

.6_ 100_ 1 1 1 -

5- .075-

h

FIG. 10. SLP order parameter |Ospp|, the chirality order param-
eter |0, | and the 30 order parameter 05 (multiplied by a factor 10)
vs magnetic field & for fixed T = 0.075 obtained from mixed phase
Monte Carlo simulations. L = 24. The inset shows a blowup of the
high field region.
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FIG. 11. Phase diagram for J; = 1 and J5, = 0.2. L = 24.

phase at 1 = 7.85. We have repeated these mixed phase sim-
ulations for other temperatures and also for temperature scans
at fixed fields to obtain the phase diagram shown in Fig. 11,
where the phase boundaries are gotten from sharp jumps in
the order parameters and/or energy. From the energy versus
T curves in the mixed phase simulations, and also Fig. 9,
we infer that the phase transitions to the disordered state are
discontinuous. No such energy discontinuities were observed
between the ordered phases.

VII. STATIC STRUCTURE FACTORS

The ordered SLP states cause Bragg peaks in the static
structure factors, Eq. (26), which can be measured in neutron
scattering experiments. Using the SLP ansatz, Eq. (7), we
compute the longitudinal structure factor analytically (taking
h along the z axis), giving

N? .
§%(g) = Z { > (U +v7)0IG - @ — a))]

+ 2m12|1 + eié-al/z + eié-d;/Z + eié-a3/2|z 5q(;

(28)

where O[G - (@ — ;)] = 1 — cos (w(k; — k;)), G = kb +
k2132 + k3l;3 denotes reciprocal lattice vectors of the fcc
Bravais lattice, and ky = 0. The transverse structure factor,
(8™(g) + $7(g))/2 is similar, but with x and y components
instead of z and no m term.

It follows that only the longitudinal structure factor has
peaks at Brillouin zone centers I'. In Brillouin zones where
all k;s are even, the I' peak has magnitude (Nm)?> reflecting
the total magnetization squared, and in Brillouin zones where
ki + ko + k3 is odd, the I' peak has magnitude (Nm/2)*. In
other Brillouin zones, there is no peak at I'.

The © factor causes peaks at Q; ;j to occur only in Brillouin
zones where k; — k; is odd. We define sets of momenta

0i; = {0ij + kiby + kaby + ksbs), ¥ ki —k; € odd, (29)

1.4 - | - | .
—— SLPy, Qo1 23, trans.

1.2- —— SLP3 1, Oo1, 023, Qo3, O12, trans.
---= SLP3 . Qu. O13, long.

FIG. 12. Static structure factor peak intensities divided by
(N/4)?* as a function of field & for the SLP; state and SLP; j; state.

where these peaks occur. Their peak intensities are

i} N\’
SH(G € £0ij) = (Z) (

In Fig. 12, we show the static structure factors for the
SLP; and SLP;j states as a function of field. We have not
calculated it for SLP3 ,—o as we do not have an analytic
expression for that state.

—I—v“v”

L. (30)

VIII. DYNAMICAL STRUCTURE FACTORS

From the linear spin-waves calculation outlined in Sec. IV
and Appendix C, we compute the zero-temperature dynamical
structure factor

§"°(g, w) = / N dt 3" (SEOSLO)e e (31

Xz

To make plots of this, we approximate the delta-functions
coming from the spin-wave calculation by Gaussians centered
on the excitation frequency with a standard deviation 0.01,
and plot the resulting intensity in the Brillouin zone centered
at l;l + l;g + 53 (111 zone) along straight lines in momentum
space going from —K;; through the zone center I' to K;;
(Qi; = 8K;;/9).

We will refer to S%(g, w) and (§S*(g, w) + $* (G, w))/2 as
the longitudinal and transverse dynamical structure factors,
respectively. The dynamical structure factors are in general
rather complex because of the large 108-site unit cell, so we
focus the discussion on the lowest energy modes.

In Fig. 13, we show the transverse and longitudinal dynam-
ical structure factors for the SLP; state in zero magnetic field,
Eq. (8), where #iy; = iip3 and ¥y, = Vp3 are chosen to lie in the
xy plane. There are in total 14 different gapless modes. Two
of these are associated with the transverse channel at Qy; and
0»3. They connect to the Bragg peaks at the same locations
caused by the explicit appearance of Qg and Q,3 in the
ground-state configuration. The remaining 12 gapless modes
are visible only in the longitudinal structure factor. They ap-
pear at all Q;;s, although there are no associated longitudinal
Bragg peaks. Four of these have spectral weights at +Qy,
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FIG. 13. Dynamical structure factor for the coplanar SLP; state in zero magnetic field in the 111 zone. Upper (lower) panels show the
transverse (longitudinal) channel. The color bar shows log[S(g, @)] with a cutoff for S(7, ) < 1.

and £0»3, four at =00, and 03 and the remaining four at
+003 and £0,. Slightly away from each Q, however, there
are at most two distinct high-intensity low-energy spin-wave
branches, dependent on the directions in momentum space.
We list the numbers for selected directions D in Table III.
The 14 gapless modes can be explained by linearizing the
length constraint equations in small deviations §i;; and 87;;
from the planar SLP; state. There are in total 36 independent
8ii;; and 6v;; components. In zero field, the linearized equa-
tions reduce to 22 constraints, leaving us with 36 — 22 = 14
gapless modes. The constraints require all L components to
be zero except for Suy; = —8v, and duy; = —38v3,. The two
different transverse modes are therefore caused by the relative
phase between the oscillations of the unpaired sublattices
(e.g., 0 and 2) being either zero or 7 (“scissor” mode), where

TABLE III. The number of longitudinal high-intensity low-
energy spin-wave branches emanating out from @;; in the direction D
when the ground state is SLP; with iig; = #ip; = X and Vp; = Vo3 = J.
h = 0. n-fold degenerate branches are denoted: xn. * refers to the
directions and Qs shown in Fig. 13.

D (£001, £02)  (£00. £013)  (£003, £012)
Koi, K3 2% 2x2 1x2
Koz, K13 2x2 2% 1x2
Kos, Rin 2 2 1*

X 2x2 2 1x2

X 2 2x2 2x2

X; 2x2 2x2 1x4

o, By, En, 14 2 2 1
Generic 2 2 1

the latter has the lowest energy. The remaining 12 modes are
associated with modulations in the z direction associated with
each of the 12 u}.’s and v;,’s.

When including small magnetic fields, the SLP; ground-
state cants. In Fig. 14, we show the dynamical structure factor
for such a canted SLP; state when h = 1. There are four
gapless modes. Two of these are visible as two low-energy
spin-wave branches near Qy; and Q3 in the transverse chan-
nel, as discussed for zero field. The remaining two modes
have strong intensities both at Qg, and Q13 in the longitudinal
channel, and also at Qy; and Q;, in the transverse channel.
Although there are two gapless modes at these momenta, we
find that only one distinct band of low-energy excitations
emanate out of them; depending on the direction, either only
one mode is visible, or the two are degenerate. The four
gapless modes can be explained by the four independent ways
of deforming the canted SLP; state to linear order without
energy cost, as described by the linearized length constraint
equations around the canted SLP; solution:

Suy, = —d8ug,, (32)
Suyy = —8vs, (33)
Sugy = —8vpy = Suy, = vy, = méuly = —mduf,, (34)
Suyy = Sugy = —duy, = Svy, = Mdviy = mdvy,,  (35)

where /i = m/+/1 —m?, and all other components §i; > O0;;
are zero. In particular, the two last equations imply relations
between the z components of §iip, and §7, and the xy com-
ponents of Siig3 and 873, explaining why the gapless modes
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-Ko1

FIG. 14. Dynamical structure factor in the transverse (top) and longitudinal (bottom) channels for the canted SLP, state with (01)&(23)
pairing in a magnetic field 2 = 1 in the 111 zone. The color bar shows log[S(g, w)] with a cutoff for S(7, w) < 1.

at Qg and Q13 in the longitudinal channel also show up in the
transverse channel at Qg3 and Q5.

For high magnetic field (h = 5) we calculate the dynamical
structure factor for the SLP; j, state; see Fig. 15. It has more
low-intensity spin-wave branches than SLP;. We find four
gapless modes that are all dominantly transverse and each

one has spectral weights on eight of the 12 different £0;;;
two of the modes lack spectral weights on {£0p, £013},
the third on {Qu3, —0Qo1, —012, —02)}, and the fourth on
{—=003, Oo1, 012, 023}. Therefore there are at most two low-
energy transverse spin-wave branches emanating out of Qg
and +0)3, and at most three for the other Q; ;8. Linearizing

-Koi r

Kor -Kop2 r

Koz -Kos r

FIG. 15. Dynamical structure factor in the transverse (top) and longitudinal (bottom) channels for the SLP; j, state in a magnetic field
h =5 in the 111 zone. The color bar shows log[S(gF, w)] with a cutoff for S(§, ) < 1.
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the constraint equations around the SLP; j, state, we find that
all du;; = v;; = 0, which explains why the gapless modes
lack spectral weight in the longitudinal channel. Further,
the linearized equations give Sug, = Suj; =0, and condi-
tions where the in-plane components Sul# and ¢ vl# with ij =
{01, 03, 12, 13, 23} are parametrized by the four independent
components of §vp; and §vg;. In particular, §vi; only depends
on the two components of Svolz. From this, it follows that there
are only two gapless modes at =0, and £0;3.

The dynamical structure factors in Figs. 13—15 are only
shown along —Kq,I'Ky; in the 111 zone. The structure factor
is identical in the 100 zone for i = 1, the 010 zone for i = 2
and the 001 zone for i = 3. Additionally, it is identical for
i = 1 along —K»3I'K53 in the 001 and 010 zones with gapless
modes at :I:Q23 instead of :tQOI, for i = 2 along —K3TK3
in the 00T and 100 zones with gapless modes at =013 and for
i = 3 along —K,T'K} in the 010 and 100 zones with gapless
modes at iQu- The remaining zones where k; — k; are odd
(101 and 110 for ij = 01,23, 011 and 110 for ij = 02, 13,
and 011 and 101 for ij = 03, 12) have a generally different
dynamical structure factor at high w, while the low-energy
modes stay the same.

IX. DISCUSSION

In Ref. [8], SLP; states were found to be the ground states
of the classical pyrochlore Heisenberg antiferromagnet in
zero magnetic field for an extended range of further-neighbor
exchange interactions (with modified ordering wave vectors
0 ;8). In these states, spins on pairs of sublattices form an-
tiparallel coplanar spirals, and the ordering wave vectors for
the two pairs are in general different. Here, we have found
exact ground states for the pure AF J;-J3, model in a magnetic
field that generalize these SLP; states.

Our key finding is that the ground states can be described
by the SLP ansatz in Eq. (7). This ansatz ensures a spin sum of
4in on every tetrahedron of J; bonds, and 377 on every elemen-
tary triangle of J3; bonds. It therefore describes ground states
for all AF couplings Jj, J3, > 0. In the limits where either
J3, = 0 orJ; = 0, the SLP ansatz is however too restrictive as
then only the tetrahedron condition or the triangle condition,
respectively, should hold. For J3, = 0, i.e., the pure J; model
on the pyrochlore lattice in a magnetic field, the ground states
constitute instead an extensive manifold with one degree of
freedom per tetrahedron, i.e., N/2 degrees of freedom in total
[28]. In the opposite limit of J; = 0, the system reduces to
decoupled triangular planes in a magnetic field for which
the triangle condition should hold [29,41]. This leaves three
degrees of freedom for each triangular plane. Computations
of the spin-wave entropy shows that the AF XY model on
the triangular lattice in a magnetic field favors the coplanar
Y and V states [42], and MC simulations have shown that the
corresponding Heisenberg model orders in the same phases
at finite temperature [29,43,44]. The case studied here, where
both J; and J3;, are nonzero, picks out the states which the two
ground-state manifolds have in common.

Our SLP ansatz generally describes spatially periodic
multi-0 states with a large unit cell where the spins on pairs
of sublattices have a tendency to be antiparallel in the plane
perpendicular to the magnetic field and parallel along the

field. However, the ansatz itself is incomplete as one also
needs to choose its parameters such that all spins have unit
length. Multi-Q states are typically incompatible with the
unit length constraint. Nevertheless, we have here presented
several normalized solutions. The simplest of these are the
SLP; states, that are identical to those found in Ref. [8] in
zero magnetic field. In a finite magnetic field the coplanar
SLP; state smoothly goes into a canted SLP; state that de-
velops a uniform spin component along the magnetic field and
stays almost unchanged in the plane perpendicular to the field.
This SLP; state is a 20-state. The SLP ansatz harbors also
60-states, but no normalizable 40-states (see Appendix E).
Most interestingly, we have parametrized a family of states
that interpolates continuously from the canted SLP; state into
60 SLP; states, while keeping the spins normalized.

Finite temperatures induce an order-by-disorder mecha-
nism favoring the state with the largest entropy. Using linear
spin waves, we have calculated the entropy of the continuous
family of SLP states. We find that for J; = 1, J3, = 0.2, the
canted SLP; state is favored for magnetic fields 7 < 4.0, while
the 6Q-state SLP;3 5 has the highest entropy for 4 > 4.0. The
MC simulations indicate a slightly larger value for the zero-
temperature critical field of this phase transition: ke ~ 4.15
(see Fig. 11). The slight discrepancy with linear spin-wave
theory is likely to be a finite-size effect, but could also indicate
a quantitative inadequacy of the linear spin-wave approxima-
tion. For the very highest magnetic fields we find that a 60
state similar to SLP;3 5, but with zero up tetrahedron chirality,
SLP; ,—o, is realized in the MC simulations.

From the MC simulations, we conclude that the finite
temperature disordering of the SLP; and SLP; phases are
discontinuous. In addition, they indicate a magnetic field re-
gion (approximately /& € [2.5, 9.1]) where the system exhibits
multiple transitions as the temperature is lowered in a fixed
magnetic field see Fig. 11. Lowering the field at a fixed
temperature results also in multiple transitions except at the
highest temperatures.

We have not been able to determine the specific thermo-
dynamic nature of the boundaries between the ordered phases
in Fig. 11, as we find no thermodynamic signatures associ-
ated with them. Thus they are likely rapid crossovers rather
than true phase transitions. Nevertheless, as is evidenced by
Fig. 10, the phases can be distinguished using a combination
of order parameters and structure factors.

The ordered SLP states should exhibit Bragg peaks in
neutron scattering experiments. We have calculated the static
structure factors and find Bragg peaks at momenta corre-
sponding to the ordering wave vectors in specific Brillouin
zones; see Fig. 12. The discrimination between the SLP; and
SLP; phases can then be made based on whether neutron
scattering shows two or six inequivalent Bragg peaks at low
temperatures in a single-domain single-crystalline material.
Further, the Bragg peaks for SLP; should only be visible in
the transverse channel, while SLP; also shows peaks in the
longitudinal channel.

We have also computed the spin-wave spectra of the SLP
states and their corresponding dynamical structure factors.
As is to be expected from a spin configuration with a large
unit cell, the dynamical structure factor is rather complicated,
having many spin-wave branches with different intensities.
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Focusing on the lowest energies, the dynamical structure fac-
tors reveal gapless modes at all momenta where there is a
corresponding Bragg peak in the static structure factor. This is
the usual scenario where the low energy spin waves describe
long wavelength deformations of a spin configuration around
its ordering wave vector. However, we also find additional
high intensity gapless modes at momenta where there are no
Bragg peaks.

In zero magnetic field, we find that the SLP; state has
in total 14 different gapless modes. This is many more than
guaranteed by the Goldstone theorem, where the completely
broken continuous O(3) symmetry at 7 = 0 leads to three
gapless modes. Our results are however not in conflict with the
Goldstone theorem, as it only gives a lower limit on the num-
ber of gapless modes. In fact, the number of gapless modes
seen in the linear spin-wave calculation is in agreement with
the number of independent solutions of the linearized spin
normalization equations applied to the SLP ansatz. This in-
dicates that the SLP ansatz is capable of describing all ground
states in the vicinity of the SLP; state. One can speculate
about the fate of the 14 gapless modes when doing a higher
order spin-wave calculation. As only three are protected by
symmetry, many of them will probably become gapped.

For h # 0, we find four gapless modes for both the canted
SLP; and the SLP; j, states. This is again in agreement with
the number of independent solutions to the linearized normal-
ization equations of the SLP ansatz in a field. While we expect
that a higher order spin-wave calculation will gap some of
the modes, it is interesting to note that a particular nonlinear
deformation of the spins should be expected to change the
state according to what the interpolation parameter o would
do (see Appendix B), thus maintaining zero energy even for
nonlinear changes. The striking difference between the dy-
namical structure factors of the SLP; and SLP;,, states is
that the latter shows more intermediate intensity spin-wave
branches. Yet, for neutron scattering experiments it might
be more important that SLP; has high-intensity low-energy
longitudinal spin waves, while SLP3 5, only has transverse.

Higher-order spin-wave calculations should be able to de-
scribe magnon decays caused by cubic bosonic terms, which
generally occur for noncollinear ground states [45,46]. For a
future study, it would be interesting to investigate how this
affects the SLP; and SLP3 s spin-wave spectra.

The J;-J3;, model studied here is believed to be relevant
for the Gd,B,0; class of materials (B is a nonmagnetic
cation) [25], however with additional dipole-dipole interac-
tions [47-49]. While we have not considered dipole-dipole
interactions, it would be interesting to study the effects of
these and other interactions on our results. We note that other
Heisenberg interactions were investigated in the zero-field
case in Ref. [8]. There, the SLP; state survives when adding
J» and J3, as long as J; > J3, are both larger than J3, — J;.
Particularly, it would be interesting to study the stability of
the collinear SLP-X phase found close to J3, = J3, — J», and
possible multi-Q SLP; analogs of this phase. This would
be relevant for pyrochlore spinel materials [26,27] and the
breathing pyrochlore materials LiGaCrsOg and LilnCrsOsg
[50]. As most of our results rely on satisfying the tetrahedron
and triangle conditions, we expect that the accurate values
of J; and J3, are not important as long as they are both

AF. Therefore, our results should apply also to breathing
pyrochlores.

We hope that this work can lead to experimental searches
for multi-Q ordered phases in pyrochlore magnets, and also
inspire theoretical investigations of other 3D models of frus-
trated magnetism.
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APPENDIX A: LENGTH CONSTRAINTS

In a proper classical state, each spin must have unit length.
Inserting R= ny1d, + nady, + n3ds and values for Q, ; from
Table I into the SLP ansatz Eq. (7), we find for sublattice zero

- . 2 Y 475 4
So.g = o1 cos ?(n3 —n3) | + o1 sin ?(n3 —m)
N 27 R . 2T
+ g2 cos ?(m —n3) | + Voo sin ?(nl —n3)
R 21
+ 1iy3 cos <?(n2 — n1)>
L. . (27 .
+ Vg2 SIn <?(n2 — nl)) + m.

Setting k = n3 —ny, | =n; —n3, and m = n, — n;, we see

that k +1 4+ m = 0. The 27 /3 factor means that the integers

k, [, m should be understood modulo three. Thus, the SLP

ansatz imply in all nine different spin possibilities on sublat-

tice zero (k and / can take three independent values each, and

m then follows). The nine spins in the notation §o,k1m are
So.000 = #o1 + fig + oz + 11,

- L . . .
So,+(111) = E(—Mm — Uy — U3 + 2m)
V3oL
+ 7(”01 + Vg2 + U3),

r 1 - - - — 3 = =
So,+01-1) = E(Zum — Uy — U3 + 2m) £ T(Uoz — Up3),
- . . . . 3. .
So,+(—101) = E(ZMoz — g3 — U1 + 2m) £ T(an — To1),

. 1 . . R . 3 . .
So,+(1-10) = 5(21403 — g1 — U + 2m) £ T(UOI — V).
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Repeating this for the other sublattices, we find in total 36
length constraint equations:

- - - S0
(#lo1 + tiop + iigz +1m)” =1,
- - - S0
(o1 — th1p — 13 —m)” =1,
- - - _ 0
(o + Uiy — lipz —m)” =1,

- - - S0
(o3 + th13 + lip3 —m)” =1,

(iior + fior + Tigs — 2m)* + 3(To1 + Vo2 + T03)” = 4,
(o1 — finy — T3 + 2m)” + 3(Tor + D12 — B13)” = 4,
oy + iy — i3 + 2i)” + 3(Boz + Diz + D23)” = 4,
(fig3 + 13 + fios + 2m) + 3(Tos — 13 + 023)> = 4,

(2io1 — digy — fio3 + 2m)* + 3(Toy — Tp3)* = 4,
(il — 2iigy + Gig3 — 2im)* + 3(Tos — To1)* = 4,

(fio1 + Higr — 2ig3 — 27)* + 3(To1 — Vpn)” = 4,

(i) + i1y + T3 — 2m)* 4 3(D1n + 013)° = 4,
(iior + 211y — fiy3 + 2/m) + 3(Tor + U13)* = 4,
(iig) — Ty + 20013 + 2m)* + 3(To; — B1p)> = 4,

iy — ity + finz — 21)* + 3(D1p — Up3)* = 4,
(fgp — 2012 — fia3 + 27)* + 3(Dpp — U23)” = 4,

(fhoy + fiyy + 2din3 + 2)* + 3(Top — T12)* = 4,

(i3 — iy3 — Gz — 2m)* + 3(D13 4+ 13)* = 4,
(io3 — 2113 + Gin3 + 2/) + 3(Tos — Up3)* = 4,

(iho3 + i1z — 2iix3 + 2m) + 3(To3 + U13)* = 4,

(i1 + oo + iip3 — 27) - (Vo1 + Doz + Vo3) = 0,
(o1 — tiyp — g3 + 2im) - (Vo1 + V12 — V13) =0,
(#thop + i1y — lip3 + 2i) - (Voo + V12 + V23) = 0,

(thos + 13 + lip3 + 271) - (Vo3 — V13 + V23) = 0,

2y — tigy — o3 + 2m) - (Vop — Vp3) = 0,
(o1 — 2idpn + iip3 — 2) - (Vo1 — Do3) = 0,

(ilo1 + tp — 2iip3 — 27) - (Vo1 — Do) = 0,

(2iigy + ti1n + d13 — 2i) - (V12 + 013) = 0,
(o1 + 2iiyp — iiy3 + 2im) - (Vo1 + V13) = 0,

(tho1 — Uyp + 2iiy3 + 2m) - (Vo1 — Vp2) = 0,

2y — t1p + i3 — 2/) - (V12 — V23) =0,
(ilop — 201 — Uiz + 2/m) - (Voo — V23) = 0,

(thop + tiyp + 2iip3 + 2m) - (Vg — V12) = 0,

(2ilg3 — 13 — o3 — 2i) - (V13 + U23) = 0,
(tho3 — 2id13 + a3 + 27) - (Vo3 — U23) = 0,

(o3 + tiy3 — 2iip3 + 2m) - (Vo3 + V13) = 0.

APPENDIX B: SLP; ,

The SLP3, family of ground states interpolates smoothly
between SLP; at « = 0 and SLP3 j at o = o« Here, we
give explicit expressions for the ii’s and v’s of SLP3, when
the magnetic field is in the z direction. We have chosen i,
to be along %. With a = (1 — m?> — 8m*tan’ «)/2 and b =
(1 —m?)*> — 16m>(1 + 3m?) tan® @)'/2 /2, the SLP; ,, state is
given by

l_i()l =V a+b(1’05 0)7 ﬁOl = |’701|(07 _17 O)’

i, = (0,0,0), Ugp = 4mtana (0,0, —1),
g3 = va—b (sina, cosa, 0), Vo3=|iig3|(— cos «, sin r, 0),
Uy, = _”2%’ Uiy = U, Vi = Vs Via = — Vs

Uy =~y Uiz = Uy, Vi3 = —Vgy» Vi3 = Vg

Xy _oxy oz Xy __ Xy oz
Uyy = Uy, Upz =0, Upy = Vpp, V33 =0.

Setting « = 0 one obtains the canted SLP; state. In the oppo-
site limit, for &« = om,x, we get the SLP3 y, state:

c7C_1

-

Upr =

(1,0,0), vor = |tio1|(0, —1,0),
26‘3

2
C

iiga = (0,0,0), T = —(0,0, —1),
c3

2 2
N C-1 (¢4 o C—1 (]
3 = — | —,2m,0), Vp3=—| —2m, —,0],
c7 \ 2¢3 c7 2¢3

where we have used the abbreviations ¢z = +/1 4 3m? and
c7 =1+ Tm2.

For small «, valid to O(a?), we get

_ 4m’ et I
M01=|:C—1— 3 ‘oﬂ}(l,o,m, Tor = liio11(0, —1,0),
-1

ﬁOZ = (Oa 07 0)9 ﬁ02 = 4ma(01 Oa _1)1
2 4 2
figs = ———(a, 1,0), T = ——(—1,a,0),
C_q C_q

where we have used c_; = /1 —m2 and ¢c; = V1 + m2.
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APPENDIX C: SPIN-WAVE EXPANSION

The spin-wave expansion is carried out by first defining a

rotated frame
s¢ = RSP, (€n

such that a ferromagnetic spin configuration along the z axis
in the rotated frame is equal to the ground-state spin con-
figuration. In the rotated frame, we do a Holstein-Primakoff
transformation [30] to expand around the ground state:

S \/§ (a} + az)

1y _ .
2 l\/g(a; — ay)
S i

1z
S —a.ay
r

(C2)

Inserting this into the Hamiltonian, the linear terms in boson
operators vanish, and the quadratic part of the Hamiltonian
becomes

H= % > OLH; P, (C3)
q

where ¢ runs over the first Brillouin zone of the lat-
tice with an unit cell of M =4 x 33 = 108 spins. ®; =
lag1, -+, agm, aT_q.l, e ,aT_q.,M]T is a 2M column vector
of boson operators, and H; is a 2M x 2M matrix with co-
efficients coming from both the rotation matrices and the
parameters of the original Hamiltonian.

Being boson operators, the components of ®; must obey
the commutation relations

+
[Pg.i» P ;1 = gijs

where g is a diagonal 2M x 2M matrix with 4+1 (—1) on the
upper (lower) M entries. To diagonalize the Hamiltonian, we
define transformed bosons W in the following way:

D; = Ty,

(C4

(C5)

where T; is a 2M x 2M matrix and Wz is a 2M column
vector of transformed boson operators that also obey the com-
mutation relations Eq. (C4). This requirement leads to the
following restriction on 7j:

T; gT(; =g (C6)

To diagonalize H; while maintaining this restriction, we
follow Colpa [31] and decompose H; using a Cholesky de-
composition Hz = K;Kq. Then the Hermitian matrix quKqT
is diagonalized, and its eigenvalues are sorted in descending
order and assigned to the diagonal matrix D;. We denote by Uy
the corresponding unitary matrix with eigenvectors of K;gK ;
as columns. It then follows that

T; = K 'Us\/8D;,
which satisfies Eq. (C6). The diagonal matrix of energy eigen-
values is

€N

E; = T HyT; = gD (C8)

Thus, the spin-wave frequencies at +¢ can be read off from

the upper M entries of gD:

w5 = Dj. (C9)

This (para)diagonalization procedure fails if Hj is not positive
definite. Therefore, we add a small positive constant diagonal
matrix to Hj to keep the eigenvalues positive.

The dynamical structure factor is defined as

Y

o0
S*(q, w) = / dt Z (S (£)SE,(0))e ™8P~ )it

o0

(C10)

7
Inserting the rotation matrices and performing the Holstein-
Primakoff transformation, keeping at most terms that are
quadratic in the transformed boson operators, one can eval-
uate the boson correlators at zero temperature. Writing the
transformation matrix 7; on block-matrix form

A; B
T- = q IJ)
! <Cq Dy
and defining AY = e~ @3 Al and €Y = ¢~ @8 Cl | where 3; is

the position of the ith spin inside the unit cell, we arrive at the
following expression for the dynamical structure factor:

(C11)

§*(G, w)

M
= nNSZ(S(a) — wg.})

Jj=1

M
x Y [AV(Ry ATRT)™AY 4+ T (ReART ) CY

il

AT (R ARI)C 4 G (ReASRT) AT,

(C12)
where
1 i 0 1 I 0
A] = —i 1 0 s A2 = 1 —1 0
0O 0 O o 0 O

APPENDIX D: SLP ORDER PARAMETER

The SLP order parameter measures the staggered magneti-
zation on chains along d; — @;:

q 1 S S
Roij = 5. (SléoJrn(djfﬁ,-),i - Sﬁo+n(a,-7a,-),j)’ (DD
n

where Ry is an arbitrary up tetrahedron on the chain. Inserting
the SLP ansatz, and performing the sum over n, trigonometric
terms with arguments 27rn/3 sum to zero (for L divisible by
3). The only surviving terms are those with 0;; which follows
from the fact that 0; j (@ —dj)=0 mod 27w, ensuring that
each term in the sum is independent of n. This gives

-

= ii;; cos(Q;; - Ro) + U;; sin(Qy; - Ro). (D2)

Ro.ij

We then square this and take the average over all parallel
chains. This is achieved by summing over all points on the
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fcc Bravais lattice
1 . o o e A =
Cjj = 73 D_(@ij c0s(Qy; - Ro) + By sin(Qi; - o)), (D3)
Ry

Performing this average, the trigonometric terms reduce to

1 o o 1
73 Zcosz(Qij Ro) ==, (D4)
Ro
1 . 1
o Zsm Qs - Ro) = . (D5)
Ro
1 .
73 D c0s(Qij - Ro)sin(Qy; - Ro) = 0, (D6)
Ry
implying that
Cl?j = %(ﬁfj + 6,?/). (D7)

Now by considering the length constraint equations for the
spins on sublattice zero, one can show that they imply
figy + By + gy + iy + figy + gy = 2(1 —m*). (D8)

Similar relations can be obtained for the other sublattices.
Adding and subtracting these relations it follows that
7
Upy + Vg = Uyz + Vs, (D9)
which implies Co3 = Cp,. Similarly, Ci3 = Cy, and Cjy = Cys.
Therefore, the three-component complex order parameter,
which captures also other sublattice pairings

Ostp = Co1Ca3 + €2 CoaC3 + 43 Co3Cra
becomes
Osip = Gy, + €77°Ch, + ¥,

J3

1 .
=Cj - E(ng +Ci) + 7’(C§2 —Cp3)-

Squaring gives
2 2
10sLel® = (Coy = 3(Cor + C3)) ™ + 3(Cor — Cs)
=(Co +Co + C023)2
—3(C5:Cr + Co1Cii + CnCi)-
Using Eq. (DS), we get

|Osip| = \/(1 — i)’ — 3(C3,C, + C3,Cs + C.Co)-

APPENDIX E: TWO WAVE VECTORS ON A SUBLATTICE

We show in this section that the spins in an SLP state with
two wave vectors on a sublattice, SLP,, cannot be normalized.
Setting #y3 = Vo3 = 0, the nine sublattice zero equations re-
duce to

(iior + iy + )" =1, (E1)

(io1 + figa — 2im)* + 3(Tor + T2)* = 4, (E2)

(=2ig; + digy — 2m)* + 302, = 4, (E3)
(iio1 — 2iigy — 2im)* + 302, = 4, (E4)
(o1 + fioz — 2i1)” + 3(Vo1 — Bo2)* = 4, (ES)
(#ho1 + tip2 — 2/m) - Vo1 = 0, (E6)

(o1 + tipp — 2m) - Vo2 =0, (E7)

(iip1 — 2iipr — 2m) - Vo1 = 0, (E8)
(=2 + iigy — 27) - T = 0. (E9)

Equations (E2) and (ES) can be combined to give

o1 - Vo2 =0, (E10)

and the sum of Eqs. (E3) and (E4) combined with Eq. (E1)
gives

ﬁm gy = 0. (E11)

If we now consider the planes spanned by these i’s and v’s,
then it follows from the orthogonality conditions that (iiy; +
tigy — 2m) is a normal vector for the v plane. The remaining
orthogonality conditions then give

i1 - o2 = 0, (E12)
ign - Vo1 = 0. (E13)
The remaining length constraints give that
-2 - )
lig, + 4iigr - M = Ty, (E14)
i1y + 4y - it = U5, (E15)
and
iig, + gy + 2oy + figx) - =1 —m”. (E16)

In zero magnetic field (m = 0), it is consequently impossi-
ble to normalize the spins. This is because (i + igy) is
the normal vector to the ¥ plane (none of the vectors can
have zero length, as that removes the corresponding 0 because
i3, = v, and i3, = UZ,). As Ty, is perpendicular to iip; in
addition to the ¥ plane normal vector (iig; + i), Up2 has to
be normal to the # plane. However, as ¥y is normal to ¥,
it follows that ¥y, lies in the # plane, but that breaks the
condition that (ily; + #g;) is normal to the ¥ plane. The same
conclusion holds also in the presence of a magnetic field as
we have verified by direct insertion into the length constraint
equations on all sublattices using Mathematica.
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