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Nonlinear bond-operator theory and 1/d expansion for coupled-dimer magnets.
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For coupled-dimer Heisenberg magnets, a paradigm of magnetic quantum phase transitions, we develop a
systematic expansion in 1/d, the inverse number of space dimensions. The expansion employs a formulation of
the bond-operator technique and is based on the observation that a suitably chosen product-state wave function
yields exact zero-temperature expectation values of local observables in the d — oo limit, with corrections
vanishing as 1/d. We demonstrate the approach for a model of dimers on a hypercubic lattice, which generalizes
the square-lattice bilayer Heisenberg model to arbitrary d. In this paper, we use the 1/d expansion to calculate
static and dynamic observables at zero temperature in the paramagnetic singlet phase, up to the quantum phase
transition, and compare the results with numerical data available for d = 2. Contact is also made with previously
proposed refinements of bond-operator theory as well as with a perturbative expansion in the interdimer coupling.
In a companion paper, the present 1/d expansion will be extended to the ordered phase, where it is shown to
consistently describe the entire phase diagram including the quantum critical point.
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I. INTRODUCTION

Paramagnetic phases of quantum spin systems and their in-
stabilities via quantum phase transitions (QPT) have attracted
enormous interest over the past two decades [1-4]. Theoretical
approaches can be roughly grouped into (i) effective low-
energy field theories, often combined with a renormalization-
group treatment, (ii) approximate microscopic calculations,
e.g., using series expansions or auxiliary-particle approaches,
(iii) exact numerical methods, e.g., exact diagonalization or
quantum Monte Carlo (QMC). While coarse-grained field-
theoretic techniques are well suited to capture universal
properties near criticality, a more quantitative connection
to experiments and materials often requires microscopic
modeling. Here, a major problem on the analytical side is that
most approaches either contain uncontrolled approximations
or are restricted to describing a single phase while failing in
crossing a QPT. In this paper, we present an expansion method
which does not suffer from these restrictions.

We concentrate on an important class of systems with
magnetic QPT, namely, coupled-dimer Heisenberg magnets
[1-3] in space dimensions d > 2. In these systems, realized
in materials such as TICuCl;, BaCuSi,Og, and Ba3;Cr,Og,
quantum spins form natural pairs (dimers) with typically strong
antiferromagnetic pairwise coupling, connected by a network
of weaker interdimer couplings. Such materials may display
both paramagnetic and antiferromagnetic ground states, with
the QPT being accessible by varying pressure or magnetic
field.

For coupled-dimer Heisenberg models of individual spins
%, bond operators were proposed as an efficient auxiliary-
particle description [5]. In the original formulation, four bond
operators were introduced to describe the four states of the
Hilbert space of each dimer and combined with a mean-
field approximation, yielding a simple (but uncontrolled)
description of the excitations of the paramagnetic phase
in terms of independent bosonic spin-1 particles (so-called
triplons [6]). Later, generalized bond operators were used for
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cases with larger Hilbert space per unit cell, i.e., dimerized
systems with spins S > % or tetramerized systems [7-10].
In addition, the bond-operator technique was generalized to
magnetically ordered phases using a suitable basis rotation in
the Hilbert space of an isolated dimer [11,12]; this enabled
calculations across the entire phase diagram. However, the
description was mainly restricted to Gaussian fluctuations
around a saddle point, i.e., excitations were treated as non-
interacting bosons, and a small parameter controlling this
approximation was not known. Refined versions of the bond-
operator technique have been developed to include interactions
between the triplons [13—15], but their applicability appears
limited, again because of the lack of a systematic control
parameter.

In this paper, we develop a systematic expansion in 1/d
for coupled-dimer magnets. Formally, this expansion is based
on bosonic bond operators combined with suitable projection
operators to impose the required Hilbert-space constraint. We
show how to calculate thermodynamic and spectral properties
order by order in 1/d. The use of 1/d as a physical small
parameter ensures internal consistency: As will be shown in
a companion paper [16], the expansions for the paramagnetic
and antiferromagnetic phases merge smoothly at the quantum
phase transition which is obtained as a continuous transition
with a vanishing excitation gap. For a model with SU(2) spin
symmetry, the transverse spin excitations of the ordered phase
are gapless at every order in 1/d, as required by Goldstone’s
theorem.

Although our approach is inspired by nonlinear spin-wave
theory, the most important difference is that we work directly
with quantum spins S = %, such that no semiclassical approx-
imation is possible. Instead, we expand about a dimer product
state which is a suitable reference state in the d — oo limit.
Technically, our expansion also differs from spin-wave theory:
the latter features explicit factors of 1/S in the Hamiltonian,
whereas in our approach factors of 1/d are only generated via
momentum summations.
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A. 1/d expansion and quantum criticality

Before diving into details, we discuss the general question
how a systematic 1/d expansion can access quantum critical
behavior. First, it is important to realize that any Taylor
expansion for an observable assumes analyticity (as function
of both 1/d and other control parameters), i.e., is a priori not
compatible with singular behavior found at quantum critical
points. Second, we recall that the critical exponents of the
magnets under consideration are locked to mean-field values
[17] above the upper-critical dimension (here d} = 3) [1].
Hence, critical exponents must take mean-field values to all
orders in a 1/d expansion, and nontrivial exponents are not
accessible.

Interestingly, we can use the mean-field nature of the
transition to our advantage, namely, by identifying observables
which are analytic even at criticality. For instance, the excita-
tion gap A of the disordered phase varies with the distance ¢
to the critical point as A o ¢'%, with the correlation length and
dynamical exponents v = %, z = 1. This implies that A oc ¢
is analytic and hence amendable to a 1/d expansion. Similar
considerations apply to the order parameter (in the ordered
phase) and other observables and will be used throughout the
paper to extract critical properties.

Notwithstanding, there are physics aspects which cannot
be captured by a 1/d expansion, for instance, the zero-
temperature damping of excitations. As will be shown in
the paper, the inverse lifetimes induced by interactions are
exponentially suppressed at large d, and hence there is no
damping to all orders in 1/d.

B. Model and large-d limit

The 1/d expansion is applicable to coupled-dimer Heisen-
berg magnets of spin %, with the general Hamiltonian

H = Z Jigil

where the indices i,i’ refer to sites on a regular lattice of dimers,
and m,m’ = 1,2 refer to the individual spins on each dimer.
For most of the paper, we will be specifically concerned with
dimers on a hypercubic lattice in space dimension d, Fig. 1,
where

H=1J)Y S

and )_;;, now denotes a summation over pairs of nearest-
neighbor dimer sites on the hypercubic lattice. We have
allowed for different couplings within the hypercubic lattices
corresponding to m = 1,2, and define

S+ > K S Sy (D)

ii’'mm’

S+ Z(K“§n - Sii + K28 - S5in) (2)
(ii’)

Kll +K22 Kll _ K22
K=—— kK=—7-—7—,
2 2
where « is an asymmetry parameter. For d = 1 and 2 the spin
lattice of H in Eq. (2) corresponds to the much-studied two-leg
ladder and square-lattice bilayer magnets, respectively.

A nontrivial limit d — oo is obtained if the interdimer
coupling constant K is scaled as 1/d in order to preserve
a nontrivial competition between the K and J terms in the
Hamiltonian (2) [18]. Hence, for d > 2 and K,J > 0, the
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FIG. 1. (Color online) Left: Phase diagram of the coupled-dimer
model (2) on the hypercubic lattice as function of the control
parameter ¢ = Kd/J and the inverse spatial dimension 1/d. A QPT
separates the paramagnetic singlet phase from the AFM phase. The
solid line shows our result (5) for the phase boundary ¢, to order
1/d for the symmetric case k = 0 (3); the dashed line represents
the solution of the equation A(g) =0 with A(g) from Eq. (7).
The cross marks the numerically exact result for d = 2 obtained
in Ref. [19]. The shaded areas indicate the points of departure for the
large-d expansion (red) and the small-K /J expansion (blue, Sec. V),
respectively. Right: Sketch of the model in d = 2, with solid (hollow)
dots denoting the spins 1 (2) of each dimer.

dimensionless parameter

Kd
4= “4)
controls a quantum phase transition between a singlet param-
agnet at small ¢ and an antiferromagnet with ordering wave
vector (7,7, . ..) at large q. For d = 2 this transition occurs at
[19] g. = 0.793 for k = 0 and g, = 0.720 for |«| = 1.

A suitable starting point for an expansion is a product
wave function o) = []; [); where |¢); denotes an arbitrary
normalized state of dimer i. A simple variation of (V| H|v¥0)
with H from Eq. (2) yields a transition at g, = %; for g < q.
the variational minimum is of course found for the singlet
V) = (M) — |¢T),~)/\/§, while a linear combination of
singlet and one triplet minimizes (yo|H|¥o) for g > g..
Gaussian fluctuations around this product state have been
analyzed previously [11].

Here, we show that the product state |v) delivers exact
expectation values for local observables in the limit d — oo
for any ¢, i.e., corrections from nonlocal fluctuations vanish in
this limit. The reason is that fluctuation effects tend to average
out in the limit of large connectivity. This then paves the way
for a systematic expansion in 1/d, described in the body of the
paper.

Note that this does not imply that |i) becomes the
exact ground state as d — oo; as we show in the following,
corrections to the wave function are generally nonvanishing
in this limit. This also distinguishes our limit [18] d — oo at
fixed g (i.e., K/J o 1/d) from the limit of weak interdimer
coupling, K/J — 0 at fixed d; in the latter, a singlet product
state is trivially the exact ground state.

C. Summary of results

We now quote our main results of the 1/d expansion applied
to the model (2) for k = O; results for the asymmetric case of
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nonzero k , together with an extensive discussion, can be found
in the body of the paper.
The quantum critical point, Fig. 1, is located at

1 31 1
In the paramagnetic phase, the triplet mode dispersion near the
ordering wave vector Q can be parametrized by

2
2 A2, 7 22
Q=A"+ k-0 (©)
The energy gap A behaves as
A? 1 1
=1 —2q+3<2q2—q3>+0<d—2); @)

it closes at g, according to
A 5
A [fz S R
J 8v2d

corresponding to mean-field exponents v = % and z = 1, and
the critical velocity has the following 1/d expansion:

(s

c—1+ > +O<1> ©)

J V2 16v2d )
Corresponding results for the antiferromagnetically ordered
phase will be given in the companion paper [16].

D. Relation to previous work

A number of approaches have been used in the literature
to treat triplet excitations in coupled-dimer magnets beyond
the limit of noninteracting bosons. A first approach is to
systematically expand in K /J which can be done in principle
up to high orders [20-23]. This naturally yields accurate results
for small K /J, but cannot reliably cover the regime close to the
critical point and beyond. We will show that our 1/d expansion,
when applied for small g, delivers results consistent with an
expansion in K /J if the latter is done for large d.

A second approach is to include interactions in an ap-
proximate fashion into the bond-operator theory. An efficient
treatment of the hard-core repulsion of triplet excitations has
been proposed by Kotov er al. [14] via Brueckner theory;
this yields an accurate value for the location of the critical
point for the bilayer Heisenberg model. Brueckner theory is
designed to work in the limit of small triplet density, and
we will compare its results with our systematic results for
large d. We note that attempts to generalize the Brueckner
approach to the ordered phase lead to either a violation
of Goldstone’s theorem or to the QPT being (erroneously)
rendered first order [24]. These problems appear to be rooted
in the lack of a systematic expansion parameter controlling the
approximation. An earlier treatment by Chubukov and Morr
[13], inspired by nonlinear spin-wave theory, works in both
phases, but suffers from divergencies at higher orders, probably
because it lacks a small control parameter as well. Recently,
Collins et al. [15,25] proposed to implement the hard-core
repulsion of triplet excitations using projection operators and
used this to calculate properties in the paramagnetic phase in
the spirit of a small-K expansion.
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A third approach, due to Jensen [26], is based on a
1/z expansion for Green’s functions, where z is the lattice
coordination number. Similar to earlier work [27,28], it has
been used to calculate excitation energies in the paramagnetic
phase, but a systematic analysis order by order in 1/z has not
been performed to our knowledge. Related 1/z expansions
have been applied to other types of lattice models [29-31], but
the vicinity of a QPT has not been studied.

Itis worth mentioning that various methods exist to describe
spin excitations of semiclassically ordered states beyond the
limit of noninteracting bosons. The most prominent micro-
scopic approach is nonlinear spin-wave theory, and we will
make contact between this and our method in Ref. [16]. Here,
we only point out that these semiclassical methods cannot
cover the regime near quantum criticality of the models (1) and
(2), mainly because longitudinal fluctuations are neglected.

Finally, a certain class of infinite-range Heisenberg models
was investigated in Ref. [32] where valence-bond states could
be stabilized via suitable perturbations. In both the infinite-
range case and our d — oo limit, the number of interaction
partners of each spin diverges.

E. Outline

The body of the paper is organized as follows: In Sec. II, we
introduce the formulation of the bond-operator representation
to be employed in the paper. This is used in Sec. III to
construct an exact interacting Hamiltonian of triplet excitations
on top of a singlet background. In Sec. IV, we develop the
1/d expansion in the paramagnetic phase. Starting from the
singlet-product-state description, we first show that fluctuation
corrections to thermodynamic quantities vanish as d — oo.
We then demonstrate how to evaluate those corrections, as
well as corrections to the triplon dispersion, in a power series in
1/d and present explicit results for the hypercubic dimer model
(2). Particular attention is paid to the asymmetric case « 7 0
(3), as this induces cubic triplon vertices which are absent
in the symmetric situation. Section V provides an important
cross-check for our approach: We calculate observables in an
expansion in K /J, i.e., the relative strength of the interdimer
coupling, for the hypercubic dimer model (2) in arbitrary
dimension d. The results of this and our 1/d expansion are
shown to be consistent in the combined limit of small 1/d and
small g. In Sec. VI, we discuss aspects of our method beyond
the thermodynamic-limit hypercubic-lattice case, including
large-d generalizations of given finite-d lattice models. The
concluding Sec. VII describes possible extensions and further
applications of our method. Technical details are relegated to
various Appendices.

A companion paper [16] will be devoted to the extension of
the 1/d expansion to magnetically ordered phases of coupled-
dimer models.

II. BOND OPERATORS AND PROJECTION

Bond-operator theory employs a slave-particle description
of the states of each dimer i. We denote those states by |#);,
k=0,...,3, where |tp) = (|1{) — |¢T))/«/§ is the spin-0
singlet state, and |r1) = (—[11) + L4)/V2, 1) = 1(I111) +
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NA/V2, 113) = (1)) + 111))/+/2 correspond to the spin-1
triplet, and 1 is the imaginary unit.

The initial bond-operator approach of Sachdev and Bhatt
[5] introduced four bosonic operators tfk which create these

states out of a fictitious vacuum |t;); = t;r,(|vac) i» leading to
the following representation of the original spin operators in
terms of bond bosons:

S8 2 = Y Ethtio £ tltia — 1€apytistiy), (10)

where @ = 1,2,3 = x,y,z, and the upper (lower) sign corre-
sponds to spin 1 (2) of each dimer. The constraint

3
> thtu =1 an
k=0

then defines the physical Hilbert space. For the subsequent
treatment, the singlet operator was condensed ;o — (t;0) = s,
and the constraint was treated in a mean field fashion via
a Lagrange multiplier p, such that Y2_ (rf 1,,) +s2 = 1.
In the Hamiltonian, only bilinear terms 1n the 1, operators
were kept, amounting to a harmonic approximation for the
triplet excitations, and the mean-field parameters s and  were
determined variationally.

A. Excitations as hard-core bosons

An alternative approach is due to Kotov et al. [14]. It

starts by reformulating the Hilbert space in terms of a singlet
vacuum and triplet particles. Then, the operators t;ra create
excitations on top of the singlet background state (i.e.,
represent the tjat,-o operator of Sachdev and Bhatt [5]), and
singlet operators no longer appear. The triplet excitations

obey the hard-core constraint

Zt tig < 1. 12)

A harmonic approximation to the resulting Hamiltonian, also
ignoring the hard-core constraint, is similar in spirit to linear
spin-wave theory and has been employed in a number of
papers [11,12,33-35].

Reference [14] proposed to go beyond the harmonic
approximation by encoding the hard-core constraint as an
infinite onsite repulsion,

= U thiltiatip, U — o0 (13)
iaf

and treating this via the so-called Brueckner approach which
involves a self-consistent summation of ladder diagrams and
is controlled in the small-density limit. In addition, quartic
triplet terms were included in a Hartree-Fock approximation.
In Appendix E, we will discuss the possibility to generate a
1/d expansion using this approach.

B. Projection operators

More recently, Collins et al. [15] implemented the hard-
core constraint (12) for the f;, using projection operators
which suppress any matrix element of observables between
states inside and outside the physical Hilbert space. Using
such projection operators, the spin operators S7;, acquire the
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following representation in terms of the triplet operators #;4:
) 4
S8 = S, P Pitiy — t€agy tlytiy), (14)
where P; prevents the creation of more than one triplet
excitation on site i.

In our calculations we shall adopt this procedure and, as in
Ref. [15], we will use the projector

P_I—Zt fiy. (15)

It can then be shown that the Sim (14) obey the standard spin
commutation relations inside the physical Hilbert space. Other
choices of the projector are not advantageous, as explained in
Appendix A.

III. HAMILTONIAN AND PERTURBATION THEORY

In this section, we discuss how to generate the perturbative
expansion in 1/d for coupled-dimer models. We will primarily
deal with the hypercubic-lattice case as in Eq. (2); differences
arising from other lattice geometries will be discussed in
Sec. VL.

A. Real-space bond-operator Hamiltonian

Using the representation (14) of spin operators, the Hamil-
tonian (2) takes the following form:

H = JZ(t t,a——)

+ = Z([LP,‘ Pty + ILP,‘I;O‘PI‘/ + H.c.)
(i)

kK
- D" eapylth, Pithgtiny + Hee) + (i < i')]
(ii"\eaBy

+5 Z (la z’ﬁtlﬁtl o ttatt’atlﬁti’ﬂ)' (16)
(ii"yap

Inserting the projector (15) into Eq. (16) results in a
Hamiltonian with nonlinear couplings up to sixth order,

H =Ho+ Hz+ H3 + Ha + Hs + He, a7

where ‘H, contains n triplet operators. Hy = —%J N is the
energy of the product state |v), with N the number of dimer
sites. The remaining even-n terms read as

K
Ho=J szazm +5 > (htia + 1), +He),  (8)

Z (tIOé l/ﬁtl/sti’“

jot jatlﬂ[’/ﬁ) Y Z (twtttﬁtlﬁtl o

(ii"yap (ll Yo
+ tm ,,ﬂt,,ﬁt, o+ tfa fa fﬁt,,s + tfa fatf,ﬁt,-/ﬁ + H.c.),
(19)
and
T T T
Z Z(tlct lﬂ i'a l tiﬂti’l/
(ii") a.B.y
+ tlatlﬂt;ytlﬁti/yfi/a + H.c.). (20)
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For asymmetric couplings K'' # K?2, the following odd-n
terms occur in addition:

kK Pt ; /
Ha= 2 Z Gaﬂy[(”jatij/ﬁti’y tHe)+(@ < )] Q2D

(ii"YaBy

and

kK . .
Hs = 7 Z Eaﬁy[(ll‘;al‘l-TKl‘iT/ﬂti’yl‘iK +Hc)+ (G < l/)].
(ii"YaByr
(22)

Cubic terms of the form (21) have been discussed in the context
of two-particle decay of triplet excitations at elevated energies
both experimentally [36,37] and theoretically [38,39].

Two remarks concerning the full Hamiltonian are in order:
First, the strength of all nonlinear coupling is set by K . Second,
individual pieces of H violate the constraint (12), and only an
infinite-order treatment will restore the constraint exactly. In
the expansion described below, the constraint is expected to
be obeyed order by order in 1/d.

B. Bilinear part

The free-triplon part (18) of the Hamiltonian takes the
following form in Fourier space:

B;
Ii ko b f
H, = E [A,;tzat,;a + > (t;at_zza + H.c.)i| , (23)
ko
where
Ar=J+B;, Bi=qJly 24

and the structure factor of the interaction
1
= — cosk 25
= ; . (25)

which is normalized such that —1 < y; < 1. The bilinear
Hamiltonian (23) is solved by a standard Bogoliubov trans-
formation

g = UiTi + 0T (26)
which transforms it into
' 3
Hy = Zw,;rgat,;a +3 Z(w,; — Ap) 27
ka k

with mode energies

wp = /A%—B%:J 1 +2y;q (28)

and Bogoliubov coefficients

l Aﬁ
2.2 k
u;’v]; :i:_ + —_—

i
ugp = — ok 29
2 T 2w MEET Ty @9

C. Large-d limit and perturbation theory

The physics of the bilinear Hamiltonian H,, usually
referred to as harmonic approximation, can be used to discuss
the limit of large dimensions d. Due to the anomalous piece,
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pairs of triplets get admixed into the ground state. The wave
function in harmonic approximation can be written as

V-
) ocexp | D0 -Eup il | Iva). (30)
i
The local triplet density evaluates to
1 2
i _ 2 d—>o0 q
(Wl tiy 1) = v ;; Vi = 3 (€20)

(see Appendix B). Similarly, expectation values such as
(tiytjy), with i, j being neighboring sites, vanish as d — oo.
This implies, as announced, that the product state |v) yields
exact ground-state expectation values in the limitd — oo. All
corrections can be systematically evaluated in power series in
1/d; this is the subject of this paper.

Technically, we shall calculate observables for the model
(2) by an expansion in the nonlinear couplings H3z 456 in
(17) using standard diagrammatic perturbation theory. While
there is no small parameter controlling such an expansion
in arbitrary fixed d, it will become clear that, for large d,
perturbative contributions to observables are suppressed by an
increasing number of powers of 1/d with increasing order in
perturbation theory.

The origin of this suppression lies in the momentum
summations for large d which involve powers of the interaction
structure factor y; (25): For a typical 12, ¥; is a sum of
d “random” numbers which tenii to average out, such that
the magnitude of y; for typical k scales as [40] 1/4/d. In a
momentum sum, most k are typical, such that y; can be used
as a formal expansion parameter (see Appendix B). The
nonlocality of the interactions in H then ensures that the
perturbation theory can be truncated. However, the structure
of the expansion is different from that of a loop expansion,
i.e., diagrams with different numbers of loops contribute to
any given order in 1/d.

D. Normal-ordered Hamiltonian

Diagrammatic perturbation theory requires interaction
terms which are normal ordered in the 13, i.e., the oper-
ators which diagonalize the free-particle piece of H. Upon
expressing the nonlinear couplings Hy4 6 in terms of the 7,
normal ordering generates additional bilinear terms. To deal
with those, two different strategies have been employed in the
spin-wave literature: (i) A Bogoliubov transformation is used
to diagonalize the leading-order bilinear terms, i.e., the ones
from H,, and the bilinear terms obtained from normal ordering
of Ha e are treated perturbatively [41,42]. (ii)) A Bogoliubov
transformation is used to diagonalize all bilinear terms (up
to the order calculated) simultaneously; this then leads to
a self-consistent equation for the Bogoliubov coefficients
[15,43]. For our 1/d expansion, in particular at criticality
and in the ordered phase [16], we found it advantageous to
employ strategy (i), because strategy (ii) would imply the
necessity for a 1/d expansion of the ug, vz, and wy involved
in the Bogoliubov transformation, which is ill defined if the
leading-order w; vanishes. (As we show in the following, a

1/d expansion for wl% is well defined instead.)
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Hence, we employ the leading-order Bogoliubov transfor-
mation according to Egs. (26), (29), and (24) to generate
a normal-ordered Hamiltonian in terms of the t;,. This
Hamiltonian takes the form

H = Hy + H5 + Hy + Hy + Hs + Hy, (32)

where the 7, now contain n transformed t operators and can
be obtained by a straightforward but tedious calculation [25].
Here, we include terms up to fourth order in the ¢ operators
(this will be shown to be sufficient to obtain the complete
set of corrections to order 1/d to the mode dispersion) and
use the explicit form of A and Bj in Eq. (24), assuming

R o o R * - 1
up = uz =u_g and v; = v; = v_g. The constant is

1
Hy =3JN 2 + Ry + q(R3 + Ry)
—2g(R1 +4R2)(R3 + R4)
q s 7
-5 > upupRy(k) — " vIR)(k) (33)
7 7

which involves the abbreviations

Rlz%Zu,;v,;, R2=%Zv%,
k k

| | (34)
R3 = ﬁZy,;u,-{*v,;, R4= NZV;U%
k k
and
.
RyK) =+ D Ve v
i
Ry(k") = iz o V3 35)
AWI=N L Vi -kVi-
k

As explicitly shown in Appendix B, the R, _4 are suppressed
in the large-d limit at least as 1/d due to the properties of the
large-d momentum summations over y;.

The bilinear 7 terms can be split as ) = H), + Hj, where

My =Y gl 1, (36)
ka
is the leading-order piece from H,, and

’ Dy &
M,y = Z [C,;rgar,;w + jk(f;z'afi;za + H.c.):| (37

ko

contains the bilinear terms generated from normal-ordering of
‘Hy, with

C; =qJ[2(u? + v3) R} — 4uzvi R — 2y Ri + 8y; Ry)

x (up + vp)? — 4(Rs + Ry)(2u3 + 207 + uzvy) ],
(38)

Dy =g [4uzvp Ry = 2(uf + vp) Ry = Qyi Ry + 8 R2)
x (ug + ) — 2(Rs + Ra)(u? + v7 + 8upvp) . (39)
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Given the behavior of R; 4 in the large-d limit, all terms in
both C; and Dj are of order 1/d or smaller, such that the
contribution of M), is suppressed relative to 7, in this limit.
The quartic term is

1 Pob ot
Hy = N E [814243+4Pa1(Tyo Toy T35 Tap + T1aT20 T3pT4p)
1234

+ 81423 a(ParT], T4, TapTag + ¢43Tfafgﬂf3af4ﬂ)
+ 81+2+3,4<D44(T1Ta‘52TaT3J(ﬁT4ﬂ + 71/373/372&'51&)]9 (40)

where the momenta have been abbreviated according to
ky =1, etc.,, and the vertex functions @4 ... P4y are given
in Appendix C. For d = 2, our expressions (33)—(40) agree
with those given in Ref. [25]. Finally, the cubic term, present
only in the asymmetric case « # 0, reads as

gy = P SN S S
=R €apy [014243P31(T) Top T3y, — T1aT287T3y)
123

+ 51+2—3¢32(Tfafgﬂf3y - r3]Ly T2 T1a)
+ 52+3—1¢33(T3Ty TypTia = Tl T2pT3y)
+ 5172“(1)34(%2[;}/0/3 - Tgﬂ’%/ Tia)l; 41

with its vertex functions ®3; ... P34 listed in Appendix C.

IV. 1/d EXPANSION FOR OBSERVABLES

As announced, we now evaluate important observables,
organizing the perturbative contributions in an expansion in
1/d. Based on the Hamiltonian in Eq. (32), diagrammatics is
done using H), as unperturbed piece and Hj, + Hj + H) +
H5 + Hy as perturbation. The calculation will be limited to
the leading corrections beyond the harmonic approximation.
As will become clear, these corrections will enter at different
orders in 1/d for different observables.

We exclusively consider 7 = 0; this greatly reduces the
number of contributing diagrams as all closed (unidirectional)
loops of t particles vanish in the vacuum state. Evaluating in-
dividual diagrams involving cubic or quartic vertices typically
leads to a large number of terms, most of which turn out to not
contribute to the leading 1/d corrections. In this section, we
will restrict the presentation to quoting the relevant results; a
more detailed exposure of how to extract a 1 /d expansion can
be found in Appendix D for one sample diagram.

A. Ground-state energy

We start with the ground-state energy per dimer. The
harmonic-approximation result follows from H, and H, (27):

Efam 3 3 i 3 34°
—_— _— ‘—A‘ = —— = =—
JIN 42N ;(wk 2 4784
42)
where the last expression involves an expansion to leading

order in 1/d as described in Appendix B; it is identical to an
expansion up to order 1/d of Hj, in Eq. (33).
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<> QD

(a) (b) (c)

FIG. 2. Feynman diagrams for the ground-state energy up to order
1/d*

Higher-order terms involve the perturbative couplings and
can be calculated diagrammatically. Up to order 1/d? there are
two diagrams contributing in the ¥ = 0 case [Figs. 2(a) and
2(b)], and one further diagram involving cubic vertices which
are nonzero only for k # 0 [Fig. 2(c)]. The ground-state energy
is then the sum of all these contributions Ey = H,, + Eé(“) +
Eg(h) + Eg(c) . The diagram in Fig. 2(a), being of second order
in H},, evaluates to

2(a) Dl%
B0 =-3) k. 43)

W

3 k

Given that the Dy vertex (39) is of order 1/d, only those

terms in Eg(a) will contribute to order 1/d?> which are not
further suppressed by the momentum summation. This implies
to approximate wy (28) by its zeroth-order term in yg, wp ~ J,
and leads to

Eg(a) 2 2 3 4*
—— = -3¢ (R3 + Ry = —— = 44
TN q°(R3 + R4) 1642 (44)

to order 1/d>.

Turning to the second-order H diagram, shown in Fig. 2(b),
we notice that this has vertices ®4; of order 1/d°, but will
be suppressed at least down to 1/d? by internal momentum
summations involving y; or v; factors from the vertices.
Hence, the energies of the internal particle lines can again
be approximated by w; ~ J. Enumerating all possible con-
tractions of internal lines and using the explicit form of @4y,
we find to order 1/d?

Eg(b) 3 3q4
JN 84>

Similarly, we find the contribution from the cubic diagram to
order 1/d?:

(45)

EZ(C) 2.2 R
Zo B2 p2) (46)
JN 372 \2d

This is an accidental cancellation, leading to a x-independent
ground-state energy to order 1/d?>. We do not expect such
cancellations at higher orders [see also Eq. (95)].
Finally, we need the expansion of 7, (33) to order
1/d>:
H; 3 3¢ 3¢°

JN 4 8 1642

Collecting all terms gives our result for Ey:

27g%
64d?’

(47)
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The ground-state energy being analytic up to the critical point
is consistent with the mean-field value [17] = 0 for the
specific-heat critical exponent .

B. Triplet density

We continue by calculating additional local static observ-
ables. The local triplet density (tjatia) per site vanishes as
d — 00 as stated above; it also vanishes as ¢ — 0 for any d.
In the harmonic approximation, we have ), (tfat,-a)/ N=R,
(see Appendix B). Perturbative corrections, which can be
calculated based on the t-particle self-energies described in
more detail in the next subsection, start only at order 1/d?,
such that we have

1 + q2 1
5 D ftlatia) = o +O( 5 ) (49)

Notably, obtaining the complete 1/d> contribution would
require self-energies at next-to-leading order (i.e., 1/d?) which
are beyond the scope of this paper.

The expectation value of the bond-pair creation operator
D j>(tjat;a) involves two different sites and hence an addi-

tional factor of y;. As a result, we can obtain the full 1/d?
correction, with the following result for k = 0:

1 , (2> + %) 1
_— Py _ 49 ¥4 Tq9) o= 50
Nd %“’“rw) ad 162 <d3)' (50)

Finally, it is instructive to consider the site-pair creation
operator (tjatifa): this quantity must vanish as a result of
the constraint (12). In the harmonic approximation we have
> (tja tja) /N = Ry, but perturbative corrections start at order
1/d and cancel the harmonic result, such that eventually
ULQE) =0 to order 1/d; we expect this to hold order by

order in the 1/d expansion [44].

C. Triplon dynamics

The leading-order triplon dispersion wj; is from the har-
monic approximation, with the result in Eq. (28). Corrections
from the perturbative couplings can be evaluated via self-
energies which, in the large-d limit, are all suppressed at least
as 1/d. Importantly, we will have both normal and anomalous
T diagrams, such that the Dyson equation takes the following
form:

o+ wp + EN(IQ,—a))

Nk,w) = ol , 51
G" (k,w) Z@.h) (51)
. —Tak,w)
Ak,w) = —227 52
G*(k,w) Z0h) (52)

with
E(w.k) = [0 + op + Sy (k, —o)]lw — o; — Sy k,w)]
+ Zatk,0) Ak, —w). (53)

Consequently, the equation for the renormalized pole energies
Qp is B(2z,k) = 0.
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I A
- O

FIG. 3. Feynman diagrams for the normal t self-energy up to
order 1/d, with vertices from 7, and .

In general, the self-energies Xy 4 entering E(lz ,w) need to
be evaluated at @ = Qg; for the 1/d expansion this means that
the energy argument of Xy 4 itself needs to be expanded in
1/d, according to

Sk, £Q) = Sys 4 (Q — 0p) Shas (54)
with the abbreviations

) AT Nk, o)
Dy = — T (55)

2Nt = EN(%,iw;), P

w:w;

In the following, we calculate €2; up to order 1/d only.
This leads to two simplifications: The self-energies can be
evaluated at the unperturbed oy, X N(l?,:tQ,;) X Yn+, and the
%3, 4 terms in Eq. (53) can be neglected as they are of order
1/d”. These simplifications reduce the (positive-energy) pole
equation to

Qp —wp— Xy =0. (56)

As discussed in Sec. I A, expansions have to be used with care
in the vicinity of the quantum critical point. In particular,
will not have a well-defined 1/d expansion near k = é when
the gap closes. However, Q% can be expected to be analytic

for the same reason as A? o (q. — q)*"% = q. — q is analytic.

Consequently, we shall work with the following dispersion
expression, valid to order 1/d:

Q= 0 + 20 Ty (57)

The diagrams contributing to the normal self-energy in
the symmetric case k =0 and to order 1/d are shown
in Fig. 3. Evaluating the frequency and momentum in-

J

Tk w) =

2uc2q?J? ”,%(1 - )
w—2J 2d

24O (k,w) =

—2k%q*J? U,%(l — %)
w+2J 2d
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tegrals, again approximating the energies of the internal
particle lines by w; ~ J, we find the following contributions

O

(a)

FIG. 4. Feynman diagrams for the contribution of cubic (H})
terms to the normal t self-energy up to order 1/d.

to order 1/d (see Appendix D for a guide):

2 Ok,0) = C;, (58)
23Ok, 0) = ZOKk,0) = —y:¢>J (Rs + Rz + vp)?,
(59)
272
- q-J
23(‘”(k,w) = —— 37 [4y]§(u,; + v/E)ZRz
2u2
+8r(u +MkUk)R%+ 7] (60)
272
oW —q7J
23O (k,w) = 37 [47/;(”,; +v7)*R,
, 2}
+ Sy,;(v]; + ugvp) Rs + 7:| 61)

The ¥ expressions above can be evaluated using the explicit
large-d expressions for the Bogoliubov coefficients and the
R, .4 in Appendix B. Collecting all contributions, we finally
find the 1/d expansion of the triplon dispersion for k = 0:

Q2 1 1
J_’; =1+4+2pq + 3(25]2 -vq’)+ O (d—2> . (62)

We see that interactions generically increase the triplon energy
(for g < 2 which holds everywhere in the disordered phase
treated here); this is of course expected for dominantly
repulsive quartic interactions. While Eq. (62) could in principle
be converted into an expansion for €2/, such a conversion is
well defined only if w;; # 0, i.e., it fails fork = Q at criticality,
as anticipated.

In the asymmetric case « # 0, additional self-energy dia-
grams involving cubic vertices occur; those are shown in Fig. 4.
These diagrams are evaluated using the same prescription as
discussed above for the quartic terms and explained in some
detail in Appendix D. To order 1/d, these diagrams have the
following contributions:

+ 2y (3 + upvp) [R5 (K) — Rl + v ug + vp)*[ Ry — Rgu?)]} : (63)

+ 2y (v2 + ugvp) [RY(K) — R3] + y2(ug + vp)*[Ry — Rg@)]} (64)
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(see Appendix B for R). These self-energy contributions modify the triplon dispersion as follows:

Q2 1 K2q*(1 = yp)(6 + 14yzq + 6774°) 1
k 2 2.3 k k k
— =14+2yq9+-=29" —viq’) + ol—=)- 65
2 v+ 50 = via) Q2yeq — 3d <d2) )
(
This explicitly shows that the 1/d expansion is not simply an yields
expansion in powers of g or y;: The nontrivial denominator 2

in the «?/d correction of Eq. (65) arises as a product of the
denominators in the self-energies (63) and (64), evaluated at
® = wy. (In the symmetric case ¥ = 0, such denominators
were canceled by identical factors in the numerator.)

We note that, to all orders, the momentum dependence
enters via the structure factor y (25) only, but at higher orders
V»i» Yai» €tc., may appear as well. The dispersion results, for
concrete values of d, are illustrated in Fig. 5.

D. Triplon decay

As can be seen from the explicit expressions, the self-
energies are purely real for the relevant frequencies, i.e., there
is no triplon damping. In fact, this result is not restricted to
order 1/d: In the large-d limit, the typical y; is small, such that
the triplon density of states is strongly peaked at w = J. More
precisely, the density of states for @ # J is exponentially small
[40] as d — oo. Consequently, the same applies to the density
of states of multitriplon continua which are responsible for
damping, such that all damping rates (inverse lifetimes) are
exponentially small in 1/d and thus vanish to all orders in a
1/d expansion.

We note that the poles in the self-energies, located at £2.J
and +3J at order 1/d, produce additional spectral weight in
the triplon propagators near these frequencies. This weight
takes the form of poles with strengths of order 1/d, which
mimic the incoherent continuum present at finite d.

E. Gap and phase boundary

The excitation gap of the paramagnetic phase A is simply
given by the minimum of the triplon dispersion A = €25. This

0 R /2 T 0 R /2 T
k=(kk,..)

FIG. 5. (Color online) Triplon dispersion (65) derived from the
1/d expansion for the coupled-dimer model (2), showing results for
d = oo (solid line), d = 3 with ¥ = 0 (dashed line), and d = 3 with
k = 1 (dashed-dotted line), where « is the asymmetry parameter (3).
Left: results for fixed ¢ = Kd/J = 0.45. Right: results at criticality
q = q., where here g, is defined by Q5 = 0 with £; from Eg. (65) at
fixed d; the value of this g, is distinct from the expansion result (68)
evaluated at fixed d.

1 2 3
ﬁ=1—2q+g(2q —q)

2kc2q*(6 — 14q + 6g?) 1
- ol — 66
Cq+3d <d2> ©0

and is graphically shown in Fig. 6. As announced in Sec. [ A,
we find an expansion for A? which is well behaved even at
criticality; this would not apply to A. Near Q we can expand
i -1+ (k, — )2 /(2d). This yields the parametriza-
tion in Eq. (6), with the mode velocity ¢ given by

K3q

C
7_ﬁ+ﬁ_2(2q+3)d

y [(6 — 14¢ + 6¢*)(2q — 3)
2(2q +3)

52 3/2

+ 14q — 12q2]

1
+o<ﬁ>. (67)
The location g, of the boundary to the magnetically ordered
phase can be obtained from the condition A?(g.) = 0. Using

an ansatz g, = 1/2 + q.1/d we can obtain g, and with it the
phase boundary to order 1/d:

1 3 k) 1 1
qc_2+(16+32>d+0<d2>' (68)
For « =0, this reduces to the result announced in the
Introduction, Eq. (5). The gap A vanishes in a square-root
fashion upon approaching g.. Extracting the prefactor of the
square root yields the result (8).
Evaluating the expression (68) for d = 2 and x = 0 yields
a result for the critical coupling of the Heisenberg bilayer
model significantly smaller than the value known from
QMC calculations [19] (see Fig. 1). This indicates sizable
contributions from higher orders in the 1/d expansion; we
leave their explicit evaluation for future work.

Ir
: 0.8 s ]
< [ a2 ]
g 06r NG 1
=) [ \.\\'\\
§ oaf d=eo W ]
o [ ——=- 4=3 AN
& o2f - d=3,x=1 ‘\\;
[ \ ]
0 Il Il | - Il P
0 0.1 0.2 03 0.4 0.5 0.6
q=Kd/J

FIG. 6. (Color online) Triplon gap (66) for d = oo (solid line),
d = 3 withk = 0 (dashed line), andd = 3 withk = 1 (dashed-dotted
line).
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Itis worth noting that solving the equation A%(g.) = O using
the truncated series (66) for finite d yields a value for g, which
is distinct from g, as given by the truncated series (68) for
the same finite d. The reason is simply that A2 from Eq. (66)
evaluated at ¢, from Eq. (68) contains 1/d* terms which do
not vanish (see also Fig. 1).

F. Triplon weight in dynamic susceptibility

To complete the analysis, we determine the weight of the
triplon mode in the dynamic spin susceptibility

oo
Xa(k,w) = —1 / dt ' (T, Sy (k,)Se(—k,0)),  (69)
—00
restricting the analysis to the symmetric case « = 0. In
the coupled-dimer system under consideration, the Fourier-
transformed spin operator S, (k) has two contributions with
different form factors, namely, even (e) and odd (o) ones:

SC = SL+ 82 = —t€apytity. (70)

S =8 —§2=11P+ Pt,, (71)

with P the projector of Eq. (15). To extract the mode weight we
restrict our attention to those contributions to y, (l: ,w) which
correspond to a single-mode response, i.e., we do not consider
the even channel which produces a two-particle continuum
only. We note, however, that the P in SJ influences the
pole weight at order 1/d in a nontrivial fashion and can be
approximated neither by unity nor by (P).

Using the Bogoliubov transformation (26) one can write
the spin susceptibility for S to order 1/d in terms of the T

J

Ko (k,0) = (up +vp)*(1 — 2R, — 8Ry) {

[(1 -2y -2

PHYSICAL REVIEW B 91, 094404 (2015)

Green'’s functions as follows:

Foko) = (uz 4+ vp)*(1 — 2R, — 8RY)[GY (K, )
+ GV, —w) + G k,w) + GAk,—w)].  (72)

Since we are interested in the pole weight, we need to analyze
# in the vicinity of the pole at ;. Expanding the self-energies
in the vicinity of @ = wj; and using the relations (54) and (57)
we can cast the Green’s functions into the following form:

_ / —1
Ny = LN (73)
w — Q,;
N "_ __(1_2;\7_)_]
G (k) = == @ (74)
A Zar + (@ —wpX),
ko) = — , 75
9" (k) (0 — Q,;)(a) + ng) (75)
GAR ) = — AT @ O (76)

(0 Qo+ 2)

valid to order 1/d. Here, we have used the abbreviations Xyt
and X}, of Eq. (55) and similar ones for the anomalous self-
energy, and we have defined

Q= wp(l - 284 )+ Zy-. a7)
Additionally, for the anomalous self-energy, we have ¥4 =

X4 and ¥}, = ¥/ to order 1/d. The susceptibility in the
vicinity of w = wj; becomes

Tar — Ty + szﬁﬁw]

w— Q; + Q];_
Sar —wpX,, — QY
B a4z, -2 + k& A+ % At L (78)
w+ Q- Qp + Q2
k k
[
It is then easy to identify the pole weight corresponding to q>J? 2uzvy
Q; as 0= = [4y,;<u,; + 0l (g Ra + Rs) + %} . (83)
) —q*J? 2upv;
Zp = (ug +vp)? [1 + Xy - % — 2R, — 8R2] L a9 zo="1 [4)//;(1412 + ) (v Ro + Re) + =1 "} , (84)

k

where X and X/ have disappeared, as they characterize the
self-energy away from the pole.

To obtain an explicit expression for the pole weight, we
also need the contributions to the anomalous self-energy, with
the relevant diagrams shown in Fig. 7. Their evaluation can
be done along the lines discussed in the previous subsections,
with the following results:

»"@ = Dy, (80)
27" = <2y TR (uf + uzvy), (81)
579 = =294 J Ry (vF + uzvy), (82)

where the self-energy arguments (Iz,a)) have been omitted.
Inserting the expressions of the self-energies evaluated here
and in Egs. (58)—(61), we obtain for the pole weight

L+ v —2y9 +viq 5)
1+ 2yq '

This expression is seen to be singular at the bare critical point,
ie., g = % and y; = —1. However, this singularity can be
removed by realizing that the physical pole weight will diverge

for Q; — O (instead of w; — 0). Hence, upon casting the
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(d) (e)

FIG. 7. Feynman diagrams for anomalous self-energies con-
tributing to order 1/d.

above expression into the form

J

W, (86)
the prefactor VV; is expected to have a regular 1/d expansion.
Indeed, after a few steps of algebra one finds

2
q 1
which constitutes our final result for the k = 0 susceptibility

pole weight.

V. INTERDIMER PERTURBATION THEORY
FOR ARBITRARY d

In this section, we turn to employing an entirely different
method to calculate observables for the hypercubic coupled-
dimer model (2), namely, a high-order series expansion in
the relative strength of the interdimer coupling k = K/J.
Expansions of this type have been used before for lattices in
d =1 and 2 [45,46]; here we will derive results for arbitrary
spatial dimension d. We note that high-temperature expansions
for Ising and Potts models on the hypercubic lattice have
been performed in Refs. [47,48], but we are not aware of
any such expansions for one-particle dispersions in a quantum
lattice problem. In the following, we shall use the results
as an independent check of our 1/d expansion developed in
this paper. Furthermore, such high-order series expansions for
general d represent an interesting tool to investigate quantum
phase transitions; we will address this aspect in a forthcoming
publication [49].

A. Method

We start by sketching the methodology of the expansion;
for details we refer the reader to Refs. [23,50]. The expansion’s
reference point corresponds to k = 0. Here, the ground state
is given by a product state of singlets on the dimers, and
elementary excitations are local triplets with excitation energy
A = J. After a global energy shift, we can rewrite Hamiltonian
(2) in the form

H="Hy+kV, (88)

PHYSICAL REVIEW B 91, 094404 (2015)

where Hj has an equidistant spectrum bounded from below
counting the number of triplets. Furthermore, the perturbing
part can be written as

V=T,4+T,+To+T +1, (89)

where T, changes the total number of triplets by m €
{£2,41,0}. Note that terms with odd m only appear in the
asymmetric case k # 0, corresponding to cubic terms in the
bond-operator language.

Each operator 7, is a sum over local operators connecting
two nearest-neighbor dimers. One can therefore write

T = tmi, (90)
!

with 7, ; effecting only the two dimers connected by the link
[ on the lattice.

The perturbative continuous unitary transformations
(pCUTs) [23,50] map the original Hamiltonian to an effective
quasiparticle-conserving Hamiltonian of the form

oo
H.(k) = ﬁ0+2k"ZC(m) T, - T, 1)
=
where n reflects the perturbative order. The second sum is
taken over all possible vectors m = (my, ...,m,) with m; €
{£2,£1,0} and dimension dim(m) = n. Each term of this
sum is weighted by the rational coefficient C(m) € Q which
has been calculated model independently up to high orders
[23]. The additional restriction M(m) =Y m; = 0 reflects
the quasiparticle-conserving property of the effective Hamil-
tonian, i.e., the resulting Hamiltonian is block diagonal in the
number of quasiparticles [I:Ieff,ﬂ()] = 0. Each quasiparticle
block can then be investigated separately which represents a
major simplification of the complicated many-body problem.
The operator products f"ml fm appearing in order n
can be interpreted as virtual fluctuations of “length” [ < n
leading to dressed quasiparticles. According to the linked-
cluster theorem, only linked fluctuations can have an overall
contribution to the effective Hamiltonian ﬁeff. Hence, the
properties of interest can be calculated in the thermodynamic
limit by applying the effective Hamiltonian on finite clusters.
Considering all linked fluctuations on the lattice (for
arbitrary d), it becomes clear that the contribution of each
fluctuation only depends on its topology. We can therefore
perform our calculations only on a finite set of topologically
distinct graphs. The contribution on the graphs has then to be
embedded into the lattice in order to extract the properties in
the thermodynamic limit. In the following, this is done for the
ground-state energy and the one-triplon dispersion.

B. Ground-state energy

We now calculate the ground-state energy E, of the
hypercubic-lattice coupled-dimer model for arbitrary d up
to order k’, using pCUTs and a full graph decomposition.
This task is achieved in two steps: (i) extracting the ground-
state energy per dimer on each graph in order seven and
(i1) embedding these graph contributions into the lattice and
summing up their contributions.
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FIG. 8. (Color online) Relevant graphs G; withi € {1,...,11}to
calculate the one-particle dispersion up to order five in k and the
ground-state energy per site up to order seven in k, respectively. Here,
filled circles represent dimers which are connected to their nearest
neighbors by links shown as solid lines.

The first step is conventional and it is part of any linked-
cluster expansion. In order to avoid double counting of
contributions, the reduced contribution € , to Ey of each graph
G, has to be calculated by subtracting the contributions of all
subgraphs.

Up to order n, only graphs up to n links have to be
considered due to the linked-cluster theorem. Now, one has to
check whether the graphs fit onto the lattice and whether each
graph has a finite contribution in the order under consideration.
The latter depends on both the model and the observable. In
the case of the ground-state energy of the hypercubic-lattice
coupled-dimer model, one has a specific selection rule that
each link has to be touched twice by the perturbation as long as
it is not part of a closed loop of links. This property drastically
reduces the total number of graphs which one has to treat. The
relevant graphs for the calculation of the ground-state energy
per dimer up to order seven are Gy, G», G3, Ga, Gs, G7, Gs, and
Gy, which are all illustrated in Fig. 8. Other graphs such as
Gs, G10, and Gy1 do not contribute up to this order due to the
double-touch property.

The embedding factor v, (d) for graph G,,, being the number
of possible embeddings of G, on the lattice, is a function of
the spatial dimension d. The ground-state energy per dimer in
the thermodynamic limit is then given by

L S @en.

JN ©2)

The determination of the embedding factors v, (d) for arbitrary
d is the most challenging part of this calculation.

In order to determine the embedding factors it is necessary
to divide the number of naive embeddings by the symmetry

J

Q 2 VI?Z 2{ ;2
7_1+dy,;k+ [1+(—1+y~k)x]d—7d k™ +

.2
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factor S, of G,. Otherwise, one overcounts contributions since
embeddings connected by a symmetry mapping of the graph
represent exactly the same fluctuation on the lattice in the
thermodynamic limit.

Let us demonstrate the embedding procedure for graph Gs.
Without loss of generality, we can start the embedding from the
dimer site so. Then, the site s; can be embedded in 2d possible
directions; the site s, can be embedded in (2d — 1) possible
directions because one direction is already occupied by .
The site s3 can be embedded in (2d — 1) different directions
because one direction is already occupied by s;. Note that no
possible direction is occupied by sy as the minimal loop in
the hypercubic lattice is of length four. The symmetry factor is
given by S; = 2 originating from a single reflection symmetry.
We therefore end up with v3(d) = 2d(2d — 1)(2d — 1)/2 =
d2d — 1)2d - 1).

Following these principles, we find the following small-k
expansion for the ground-state energy:

Eob 3 3., 3 . (21 9 .\ .
B 1 iy S Uy [ty Gy L
JN 4 38 6 T \s w

57 3 2781 7
—d— —d* |+ - =—d - ——«d
+ <256 64 ) + ( 1024° ~ 256"

273 7 357 1
d2 o 2d2__d3__ 2d3 k6
T Tk 256° ~ 32°
73293 353 53205 899
4 (- _ dic? 2 B2
16384° ~ 1024 8192 1536
8499 97
— =@ — — B+ Ok 93
2006¢ 333 <)k +OGD ©3)

Ford = 1 and k = 0, this formula reduces to the known results
for the two-leg Heisenberg ladder [46]. For the specific case
d =2 and « = 0, we reproduce the numerical results of the
ground-state energy of the square-lattice bilayer [45].

C. Triplon dispersion

In this section, we follow the same line as for the ground-
state energy, but now calculate the one-particle dispersion £2;
up to order k°. The dispersion is calculated by first determining
the reduced one-particle hopping elements tl.(f’) from dimer i to
dimer j on graph G, using pCUTs. The reduced amplitudes can
again be obtained by subtracting all subcluster contributions
of a given graph. Only graphs with up to five links are needed
for the calculation of order five; those are also illustrated in
Fig. 8. The individual hopping amplitudes, embedding factors,
and dispersion contributions are given in Appendix F.

Upon expressing the dispersion in terms of the structure
factor y; (25), we arrive at

3y S
%+§+(—l+y,;)/c2}d

3 1y, 9 3y 3 303
+|:—)/,;—yi+(2y,;2—2y,;)xz]d2+%d3}k3+{[—n——+<—ﬁ+—m>xz+(———m>x4i|d

2

16 16 8 8 4 4
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. [_15116,52 B 1181/,; %Jr (—%7+ 39;,;2 _%)KH <_‘1_‘_§+34i2>,(4]d2
A () G- )
. [;/_k . 351;6/;2 33332/;3 N (81§/1;3 B 458)/; B 9)2’122)K2 N (_ %ﬁz %’f? i %)K“] &3
+ [—5 32/’23 - 3%’24 + (it - y,f);ﬂ} d* + 78&5#} K+ O%). O

The one-triplon gap is simply obtained as A = Q5. Setting
k =0, one recovers for d =1 the known one-triplon gap
of the two-leg Heisenberg ladder [46], while the case d = 2
reproduces the gap of the square-lattice bilayer [45].

D. Double expansion in K/J and 1/d

The large-d expansion and the small-k expansion are
expected to match in the double limit d — oo and ¢ — 0;
this is an important cross-check.

First, we reorganize the results of the above expansion in
k = K /J, done for arbitrary d, in powers of ¢ = Kd/J, and
extract the leading terms in 1/d. For the ground-state energy
we find from Eq. (93)

Ey 3 3 3, 09 )1

N 4 84 16! Tw? )2
20 , 3 5 357 ¢ 1 ,¢\ 1
+<128" ! 2561 TR )P

1
1o <d—4> . 95)
Interestingly, the model-dependent selection rules can be used
to prove [49] that only terms up to order ¢>" contribute to the
1/d™ term in Ey, such that the above expression represents the
complete expansion up to 1/d> of E,.
For the square of the one-triplon energy, we obtain from
Eq. (94)
Q% 1 2 2 2
o =14+2y9+ E{(2y,;;c — 2Kk +2)q
+ (6K2)//;2 _ 6]/];/(2 _ ylzz)q?’

+ (6/(2)//;3 _ 6K2)//;2)614
1
+ @kt —46*7)g’ + 0O} + 0 (ﬁ) )

(96)

Here, each order in 1/d, with the exception of do, generically
receives contributions from all orders in ¢.

Second, we expand the results of the 1/d expansion from
Sec. IV in g. Interestingly, the expression for the ground-state

(

energy (48) already has the structure of a small-g expansion;
this is related to the model-dependent selection rules as
noted above. A comparison of Eq. (48) with Eq. (95) shows
coincidence.

A look at the large-d triplon dispersion in Eq. (65) reveals
that the contribution for nonzero « does require a small-g
expansion. Performing this expansion yields exactly the result
in Eq. (96). Hence, the two expansions are found to be
consistent in their combined regime of validity, providing an
independent check for our 1/d expansion results.

VI. OTHER LATTICES

So far, we demonstrated the 1/d expansion for a simple
coupled-dimer model, namely, dimers on a hypercubic lattice
with nearest-neighbor unfrustrated interactions. More compli-
cated models can be treated, and we give here an incomplete
discussion of aspects arising.

A. Interaction terms

Upon rewriting a general coupled-dimer Heisenberg model
(1) into bond operators, the coefficients of the nonlocal
bilinear, cubic, and quartic terms in the real-space bond-
operator Hamiltonian (16) are related to the K" in Eq. (1)
according to

K, = (Kll +K22 _ K12_ KZI)/Z,

K3 — (Kll _ K22+K12_ Kzl)/z’
K4=(K” +K22+K12+K2])/2.

o7

The bilayer model treated in the main part of the paper
corresponds to K» = K4 = K and K3 = «K.

Equation (97) shows that the prefactor K3 of the cubic piece
vanishes provided that the model remains invariant if in every
dimer the spins 1 and 2 are interchanged (together with all their
couplings). A nonvanishing cubic term occurs if this symmetry
is broken, which applies, in addition to the asymmetric bilayer
model [14], also, e.g., to the staggered dimer model [51,52]
and to the alternating chain model [38,39].
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Equation (97) also shows that frustration, introduced by
antiferromagnetic K'? and K?', can induce large quartic cou-
plings which consequently also produce large 1/d corrections.

For exchange interactions beyond nearest-neighbor dimers,
one needs to define a large-d rescaling scheme for every
interaction such that a nontrivial large-d limit is obtained.
The momentum summations will then involve powers of the
different structure factors for the individual interaction terms,
and the relevant large-d expansions have to be performed
separately for all contributions.

B. Large-d generalizations

If the 1/d expansion is used to access a specific model in
d =2 or 3, then the first step is a generalization of the model
to arbitrary d. Depending on the lattice geometry, this may be
nontrivial, but in any case is not unique.

Hence, a given model generally admits multiple large-
d generalizations which in turn will yield 1/d series for
observables with different coefficients. It is interesting to study
how the different predictions from low-order 1/d expansions
differ in such a situation; this will be the subject of future work.

C. Finite systems

The hypercubic-lattice model with linear size L has N =
L4 dimer sites, and our results have been derived for the
thermodynamic limit where L — oo is taken before d — ooc.
Interestingly, they also apply to systems where the limit
d — oo is taken at finite L, provided that L is even, as
Y7 v; = N/(2d) remains valid.

VII. SUMMARY

We have developed a controlled approach to coupled-dimer
magnets which can cover the entire phase diagram and
smoothly connects the different zero-temperature phases. The
method is formulated using bond operators and utilizes 1/d
as a small parameter, i.e., provides systematic 1/d expansions
for any observable. Phrased differently, we have identified a
small parameter 1/d, which controls the well-known bond-
operator approach and utilizes a systematic improvement of
the frequently used leading-order calculations.

In this paper, we have demonstrated the method for a d-
dimensional hypercubic-lattice generalization of the bilayer
Heisenberg model and determined the ground-state energy,
the one-triplon spectrum and weight, and the phase boundary
to the antiferromagnetic phase.

Contact was made with a perturbative expansion in the
interdimer coupling, performed using continuous unitary
transformation. High-order results of this expansion were used
as a cross-check of the 1/d expansion.

In the companion paper [16], the 1/d expansion is applied
to the antiferromagnetically ordered phase of the hypercubic
coupled-dimer model, where it is shown that both phases can
be smoothly connected order by order in 1/d, as expected on
general grounds.

We envision further applications of the 1/d expansion
developed here to coupled-dimer magnets in a uniform field,
where Bose-Einstein condensation of triplons occurs [3] and
to systems with geometric frustration [53,54], including cases

PHYSICAL REVIEW B 91, 094404 (2015)

with noncollinear and incommensurate order. The harmonic
bond-operator approach has been applied to systems with
quenched disorder [55], and we expect insights into corrections
here as well.
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APPENDIX A: PROJECTORS AND SPIN COMMUTATION
RELATIONS

Here, we discuss the choice of projection operators P; used
to express the spin operators in terms of hard-core triplet
operators as in Eq. (14). Under the assumption that P; is an

arbitrary function of n; = Zy t;y fiy, an explicit computation
yields

_1ym+m’
e

— Pil‘iTal‘iﬂPi — tiTﬁ(Piz — l)tia + Pi[iTﬂl‘iaP,'].
(AD)

[Slqm’Sf}m’]f = leaﬂ}/siym&"m’ +

The first line corresponds to the standard spin commutator,
and the extra terms can be written, using P; = f(n;), as

(tzToztiﬂ - tit‘}tia)[fz(ni -1-1- fz(n,)]

Given the representation (14) of the spin operators, we
have to require f(0) =1 and f(1) = 0, such that any matrix
element of Sy, between physical and unphysical states is
suppressed. With this requirement, the extra terms (A2)
automatically vanish within the physical Hilbert space defined
by n; < 1. Hence, at a formal level, the choice of projection
operator is not unique, i.e., any function with f(0) = 1 and
f(1) = 0 could be chosen.

However, for practical purposes, f(x)=1—x as in
Eq. (15) is most efficient, because a nonlinear function would
lead to a more complicated Hamiltonian with a more involved
normal-ordering procedure.

Nonanalytic choices of f(x) may lead to even more
severe problems: It is illuminating to consider the choice
f(x) = /1 — x which might have appeared suitable based on
similarities to the Holstein-Primakoff representation of spin
operators in the context of spin-wave theory [56]: There,
the Hilbert-space constraint for Holstein-Primakoff bosons
n < 2§ is implemented via square-root projectors ST =
a'y/25 —ata, St = /28 —alaa. An important difference,
however, is that in spin-wave theory (when used as an
asymptotic expansion) the physical Hilbert space is infinite at
the reference point S — oo, such that matrix elements with
unphysical states formally do not appear. In our case, the
physical Hilbert space is finite, such that P; practically has
to be evaluated also with n; > 2 states. Now, P; is defined
via the series expansion of f(n;), and the series of /1 — x

(A2)
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is nonconvergent for x > 1; this renders calculations with
square-root projectors impossible.

APPENDIX B: MOMENTUM SUMS IN LARGE d AND
EXPECTATION VALUES

As already mentioned in Sec. III, the basis for the 1/d
expansion is the observation that the magnitude of y; (25)

scales as 1/+/d for typical k and large d. This implies that,
inside a k summation, y; can be treated as a small parameter,
and a formal 1/d expansion can be generated by expanding

in ;. Direct summations over y;, using fozn dx cos’x =1/2,
etc., yield

1 2n+1
yon =0
k
1 2 1
N;V,; = ﬁ’

(BI)

1 ., 3 3
S N S
N;yk w2 s B

1 Ver_ir
Nzym/mz: T
k

(B3)

The expressions for physical observables arise from the
bilinear Hamiltonian (23) and its perturbations and involve
combinations of the mode energy wj (28) and Bogoliubov
coefficients (29). For the 1/d expansion these need to be
expanded in y;:

PHYSICAL REVIEW B 91, 094404 (2015)

1 9g3 3
Ry =~ ;ygukvk = —4— ez HO@™, ®7

R4=—Z Viv? ——@+O(d 3. (B8)

The R, 4 are related to expectation values of the bilinear
Hamiltonian (23) as follows:

Sl = ok S0 =

i i

D ihtly) = NdsgRy, D (thtis) =

(i) (ij)

NéugRo,

(B9)
NdSusRy.

Note, however, that the full 1/d expansion for these expec-
tation values also involves corrections from the additional
Hamiltonian pieces Hypa,. These corrections ensure that
(t L fa) = 0 order by order in the 1/d expansion, as required
by the hard-core constraint (see Sec. IV B).

Finally, we also need the following higher-order combina-
tion of Bogoliubov coefficients:

pa 1 vid®
Rs(k) = N Zu;,v,gu,;_,gv,;_,g, = =4 (B10)
T

2 2 3 3 4.4
wp via©  viah  Sviq s
Tk deg — _ o).
=l ne -+ g TO007)
2 2 33 4.4
2o i1 Y n 15774 +0(), APPENDIX C: CUBIC AND QUARTIC VERTEX
k 4 2 16 k (B4) FUNCTIONS
M% =1+ v,%, The cubic vertex functions are linearly proportional to the
Yid Vigz q? 3yl§q3 . 5),/_?6]4 4o 5) asymmetry parameter « (3) and read as
upvy = ———~ - 2.
kK 2 2 4 4 Yk @31(123) = —1kqJy243(u1urv3 — v1V2u3), (C1hH)
Frequently needed are the momentum sums defined in Eq. (34).
Using Egs. (B1), (B3), and (B4), their large-d expansion is ©32(123) = —1kqJ yr3(uiuzu3 — v1v203), (€2
found as follows:
7 @33(123) = —1kqJ y243(ViU2v3 — U v2U3), (C3)
lSq
R = — Zu**— ——=+0d™), (BS)
16d D34(123) = —1kqJ ya—3(u1v2v3 — ViUU3). (C4)
R Z z v B9 4 ow) (B6) The quartic vertex functi
= — =— 4+ — °), e quartic vertex functions are
2 % 6442 d
J
Dy1(1234) = — Z (V243U 102U3V4 — Yo i14U1U2V3V4)
o, Ba#p
—-qJ Z(V2M1U2M3U4 + Yau1uau3 vy + V2U10203U4 + V213441 V2U3VY), (C5)
a,p
D4 (1234) = Z (Y24l 102U3V4 + V24V UQV3 U4 — Vo_4U UL U3UL — V24V V2V3V4)
@ Batp
—qJ Z(V2M1U2M3U4 + Y4V1U2V3U4 + Vo 3_4U1V2UZV4 + V1424V U2 V3 U4
a,p
+ Yau u2V3U4 + Y4l 1020304 + Y3U VU3 U4 + VIV V2V3US), (C6)
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E (Ya—3uiuau3uy + Y_3_4U 1 V2U3V4 + V142V U2 V3U4 + V(_4V1V2U3V4

—-qJ E (y3u1usuzug + Y3u1v2U3 V4 + Y1V1U2V3U4 + VIVIV2V3V4 + V234U U2U3U4 + V234U VU3V

+ Y1V1U2U3 U4 + YIVIV2U3V4 + Y3V UUIUS + Y3V V2U3V,), (C7)

D43(1234) =
o, B.a#p
— V2-3U1V2V3U4 — Y3 41 V2V3U4 — V142U V2V3U4 — VI_4U1V2V3U4)
a,p
+ Vi42-4V1U2V3U4 + Y142-4V1 V20304 + V3U 1 UV3U4 + V3U V20304 + VIUUZV3U4 + YIU VU304
qJ
Dy4(1234) = 5 E (Yarau1v2u3lty + V24U 1V2V3V4 + Y1_4U 1 V2U3U4 + V143U 1 V2V3V4

o, B.a#p

— V213U 1U2V3U4 — V24U 1URV3 U4 — V2 4V V2U3V4 — V21 3V1V2U3Vs)

—qJ E (Yau1va2u3uy + 211020304 + Yall1V2U3U4 + Y3UIV2V3V4 + V213 4U 1 V2U3UL + V213 4U 1 V2V3V4

o.p

+ Vit2—4lU1V2U3U4 + V14243U 1020304 + Vol iUU3U4 + V2UU2V3V4 + Va1 V2U3V4 + V3U VU3V,

+ Y3U V203U + VaU 1 V2V3U4 + V2V V2U3US + Y2V V2V3V4). (C8)

APPENDIX D: EVALUATION OF DIAGRAMS IN A 1/d
EXPANSION

Here, we demonstrate the evaluation of Feynman diagrams
in a 1/d expansion, using a sample self-energy diagram
involving two cubic vertices, with the full structure of the
cubic Hamiltonian piece given in Eq. (41). To be explicit,
we focus on a normal self-energy diagram with two &3
vertices which furthermore have t, as external legs with
frequency @ and momentum k (Fig. 9). Its explicit expression
reads as

i ] - = - -
Sr=o / dondon; Y PEF F)on o)
k[kz
x Gon (k2,02)8(e + w1 + 287,714, (D1)

where Gy is the normal t Green’s function for the unperturbed
Hamiltonian

Gov (k,w) = (D2)

w — Wk

and F(lz 1}'1,122) represents the product of vertex functions and
respective permutations of the legs of the cubic vertex cor-
responding to this diagram (k = kl s k = kz,a)k = w0p =
wy), i.e.,

T(k.k1.kz) = Ty (k,K1,kp) + Talk,k1,k2) 4 T3k, Ky k)
(D3)

z

FIG. 9. Sample self-energy diagram with two cubic &3, vertices.

[
with
Ty (k,k1,k2)
= 2( @3 (kk1k2) @31 (kk1kz) — P (ki ko) P (kkaky)
+ D3y (kk ko) D3 (Kakky) — D3 (kK k) D31 (k1)

+ D3y (kk ko) D1 (K1 kak) — D3y (kky k) D3y Kok K)],
(D4)

Ta(k.ky,kz)
= 2[ D3 (kokk) ) D31 (kk k2) — Py (kakky) D3y (kkak) )
+ D3y (kokk) ) D3y (Kakky) — D3y (kokky ) D3y (k1)

@3, (kokky ) D31 (kok 1 K)],
(D5)

+ 3y (kokky) D (K1 kok) —

3(k.ky.k2)
= 2[ D3 (K1 koK) D3 (kk kp) — D3y (ky kok) D3 (kKoK y)
+ D3y (k1 ko) D (Kakky) — D3y (ki kok) D3 (ki kky)

D3 (ki koK) D3 (Kaky K)].
(D6)

+ D3y (k1 ko) D3 (K koK) —

The factors of 2 arise from permutations that yield iden-
tical contributions as the ones that appear above, e.g.,
@3 (kkok1) P31 (kkaki)=P3 (kkiky) P31 (kkikz).

For the purpose of illustration, we will now show the explicit
calculation for I';. We first perform the frequency integral in
(D1). The resulting expression is then

Ty (k.k1.k2)
= — Z 874k, 4% D7)

—w— W — W)
klkz
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The remaining momentum integration is the central element of
the 1/d expansion. We recall that momentum sums of various
powers of y; scale as powers of 1/d [see Egs. (B1) and (B3)].
In particular, a momentum sum of yz”“ is zero and that of ylg"
scales as 1/d" (plus higher-order terms). As a consequence,
any function f(y;) under a momentum integral can be Taylor-
expanded in y; as to generate an expansion in 1/d after the
momentum integration. (Note that our small control parameter
is 1/d, not y;.)

The actual calculation requires the y; expansions of the
mode energy and the Bogoliubov coefficients [Eq. (B4)] as
input. As we restrict our attention to the leading 1/d order
of the self-energy, we can approximate u% ~ 1 and w; ~ J

J

2y:k2K? 1
S o= — Yk R 1

v w+2J N
ki

22 2
[Vk”k”k,v—E %

2 22 .
— VRUTUR, Vi U _j_k, V_jk, T+ 2)/kukvkuI;l VI

20 a2 2
Vi Ve M Ve Vo, T MRVRME, VM, V-

+v uklvk]y;zu
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since since I'y involves factors of y; and v; which will
generate at least one factor of 1/d. (Obtaining higher orders
is straightforward, but tedious, and requires to include higher
orders for u% and wy.) Hence, to order 1/d, Eq. (D7) reduces
to

1
o = —

Fkk,k k
oty EOERR

(1))

Here, we now need to collect those terms which are O(yg),

as Y ylf o« 1/d; these are terms like u%u% UZJZ i etc. This
1 —K—K]

yields

2 2

— 2YRURVRUE, VE U _f V_i_f, ‘H’kv Ve M jk,

21y 2yo Loy - - oy 12 Lo
VEVPUR Vg U_f_f, V_f—f, T WiViVe, Ug, Y —k—ie, V—k—k,

7 kl] (DY)

Using the definitions of R;_s in Egs. (34) and (35), this can be converted into

2VK2K2 /L s /1 s
X, = M—N{ru 2[Ry — RL(K)] + v? 2y Ry — vi R5(k) — R3 + Ry(k)] + ugvr[2y; Ry — 2y R(k) — Rz + Ry(k)1}.
(D10)
A similar calculation for the I'; and I'; combination of vertices results in
= O(1/d%), (D11)
2k2K? ) , ) 1 5
 r, = — 27 V7 ViR3(k) — Vi R3 + — ¥ 2d + yvpupvzl R (k) R3]t . (D12)
[
Summing 4? = ¥, + ¥r, + Zr, finally yields Eq. (64) of ~ summation [14]
the main text. .
The calculation for other diagrams used in this paper . 1 u%u%_,
follows the same strategy as outlined here; typically only Fko)=—-|— Z —r | . (ED)
N~ w—w; — wp_ i

a small fraction of possible vertex contributions of a given
diagram eventually contribute to order O(1/d). For higher
orders, the use of computer algebra is indispensable.

APPENDIX E: BRUECKNER APPROACH

In this Appendix, we discuss the possibility to generate
a 1/d expansion using a different treatment of the hard-
core constraint (12) of the triplet excitations: Instead of the
projectors (15), the infinite onsite repulsion Hy (13) is treated
using the Brueckner approach as proposed in Ref. [14]. This
approximation is known to be controlled in the dilute-gas limit,
and since we know that the triplet density scales as 1/d we
expect that the Brueckner approximation becomes accurate
here as well.

Following Ref. [14], we introduce a renormalized quartic
vertex, resulting from the hard-core repulsion Hy (13) of the
t particles, which is obtained from a self-consistent ladder

Here, all anomalous scattering vertices have been neglected,
which is justified in the small-density limit.

We now proceed to calculate corrections to the triplon
dispersion, both from Hy and from the quartic terms in
the Hamiltonian [note that these are only the terms in the
first line of Eq. (19), while those in the other lines arise
from the projectors and are absent here]. For simplicity, we
restrict ourselves to the symmetric case x = 0. Importantly,
the diagrammatics is done here directly for the ¢ particles,
i.e., the following self-energies and propagators are those of ¢
particles.

To leading order, the normal self-energy from Hy is given
by the sum of Hartree and Fock diagrams:

2V (k.w) = Taalk.0) + Z Sap(k,),

(E2)

Eaﬂ(]_éaa)) Zv ip otﬂ otﬂ(k+q w — wqﬁ)
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Spin indices «, 8 are written here for bookkeeping purposes
only; both the I' vertex and the self-energies do not depend on
o, B in the paramagnetic phase.

Anticipating that U o 1/d, we conclude that the renor-
malized vertex T'" will be of order 1/d°. Restricting our
attention to this leading contribution, we can approximate
u2 =1, v =0, and the mode energy wp = J, such that
Eq. (E1) immediately gives

- 1
I'k,w)=—(w—-2J)+0 <E) . (E3)
The normal self-energy from Eq. (E2) then evaluates to
2
> q“(w—3J)
Vk,w) = ———""= E4
v (k@) 2d (E4)

up to order 1/d, where we have again set the mode energy to J
and used the momentum-summation result (B6). In addition,
there is an anomalous self-energy contribution from the I
vertex [57]. This is expressed as follows:

sV (k,0) = %Zuﬁu;,r(o,oy (E5)
7

J

wZ '+ A; + Ty (k,0)
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Evaluating this in the large-d limit as before, and using
Eq. (BS), we find

- 1 2
B ko) =+ > upup2d = Jg—d. (E6)

p

Finally, we take into account the quartic terms of the triplon
Hamiltonian (not arising from projectors); this is done on the
Hartree-Fock level [14]. Summing all self-energy contribu-
tions we have

q*(w —3J)

yk,w) = — -

+ 2y;J Ry, (E7)

2
Sak,w) = J;]—d — 2y J Rs. (E8)

These self-energies enter the Dyson equation for the ¢
particles from which we want to extract the renormalized mode
energy to order 1/d. One difference to the Dyson equation for
the 7 particles used in the main paper is that the anomalous
self-energy cannot be neglected here, as the ¢ particles display
anomalous propagators already to leading order. The Dyson
equation can be cast in the following form:

Gk, w) =
(0]

where
Xy (k, 2
7 = vko) (E10)
ow =0 2d
. X A(K,
([0 = 2ZAk@) (E11)
w=0

note that an expansion of E(lz,a)) [Eqgs. (E7) and (E8)] around
w = 0 is exact here. The pole of the ¢+ Green’s function (E9)
follows the equation

[Ay 4+ Sy(k,0)1% — [Bi + Ta(k,0)]2

Q= =
‘ Z-2 — 23(k,0)

(E12)

Thus, we obtain the expansion of the dispersion relation to
order 1/d:

2

Q 1
- =l+2a+ 5020 - ),

(E13)
identical to the result (62) derived in the body of the paper.

This indicates that the Brueckner approximation is indeed
controlled in the large-d limit. We note, however, that it cannot
be easily used to systematically generate higher orders of the
1/d expansion, first, because the I" vertex becomes extremely
complicated beyond leading order, and second, because a fully
consistent diagrammatic treatment needs to be formulated in
7 instead of ¢ particles to ensure Wick’s theorem.

2272 = 32(,0)] - [Ag + SyE 0P + [Bi + Zak,0)1

(E9)

(

APPENDIX F: SPECIFIC CONTRIBUTIONS TO THE
INTERDIMER PERTURBATION THEORY

In this appendix, we give more details for the calculation
of the one-triplon dispersion up to order 5 perturbation theory
in k. The dispersion is obtained by Fourier transformation of
the reduced one-triplon hopping amplitudes. The nonvanishing
reduced hopping amplitudes up to order 5, all given in units of
J, read as

0 =1, (F1)
0 = Sk 4+ 1Pk — Ltk (F2)

tho=—3 KK+ 3+ P+ 20+ k- 2K

128 256
(F3)

@ _ 11 .4 _ 8 ;5 1 2,4 139 ,2,5
loo=—"1k =35k —gkk — 35Kk

— 1kt = Lk, (F4)
@ _ 143 _ 5.4 31,5 1,23 5 2.4
g =—16k —gk —spk —3ck — 5«7k

—1 K = LK+ Dk, (F5)
@ _ 1,2 1.3 5.4 5,5, 1,23
lo,=—5k" =gk =gk — sk’ + 31

+ 2k + Bkt + 2kt - Bt (F6)
@ _ 5.4 45,5 137 ,2,5 5 2.4
W= —ahk =556k — 1 KK — g7k

+% Pl ol 1—96 I{4k5, (F7)
() _ 3 15 71 .2.5 1 4.5
tO,l_mk —ka —al(k, (F8)
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thy = 5k + 2h I+ 22 7K — e, (F9)

t(g?»;:1—16k3+1—16k4—Ssﬁk5+%K2k4+§K2k5+£K4k5,
(F10)

() = k' = i+ i, F1)

tho= S k' + 88 — k%t = 36 - LK, (F12)

1) = — Lk B S IS 2,
(F13)
thy == K + 37kt + 7K + 1, (F14)
1) = e K+ 5 1+ LK, (F15)
Y S - T S )
(F16)
103 = — 1033 K — 53 KK, (F17)
téi{ = -2kt = 2+ Lk, (F18)
oy = —g kK = 13 K, (F19)
tﬂ = —% K+ % K2k, (F20)
B =3k (F21)
fhs = sk’ (F22)
s = —1o5 K — 53 KK (F23)

Since the Hamiltonian is Hermitian, the hopping amplitudes
obey tfy’? = t}f’i) which allows us to reduce the numerical effort.

For clarity, we also give the embedding factors for each
hopping element. Let vff? denote the embedding factor of graph

J
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G, associated with the hopping element ti’;). Note that here we

have omitted the obvious dependence on the spatial dimension
d. These factors can be interpreted as the embedding factors of
graph G,, when the part of the graph connecting site i and site j
is already embedded. In general, this leads to a case distinction.
The embedding factors by construction obey vl("J) = v;'fi) and
are given by

Vo0 =1,

v, =24, o =1,

v =2d(2d - 1), v =241,

voa =1, v =d(2d ~1),

ve} =Qd —1)2d —1), v =2d -1,

voa =1, v =(Qd —1)2d ~1),
Vo0 =2d(d —1), v =2(d 1),

voo =1, v§) = @d —1)d —1),
W) =2d -2, o =2d -1,

o3 =2d -2, vy =1,

vy =2(d —1)+ (d —1)2(d - 2),

vi =2d 1), 3 =2d —1)— 1,
vy =1,

Vs =1, vely =2(d —1).

(F24)

Finally, we give the specific contributions to the one-triplon
dispersion after Fourier transformation. Let w, (I;) denote the
contribution of graph G, to the one-particle dispersion ;. The
contributions of the graphs read as

@o = Vol (F25)
W = vé?())t(()}()) + Z vé}ité}f cos(k), (F26)
Re(ky ... £k}
wy = vty + Vi + > Vi to) cos(k) + >N viatss cos(ky + ko), (F27)
k ki k#—k
w3 =Y (2upnts) + Vi) cosk) + Y 2uits) coshy + ko) (F28)
k ky#—ky
+3°0 3 vhuih coshr + ks + k), (F29)
ki k#—k ks#E—k,
_ 1 _ -
4 .4 4) .4 4).(4)
Wy = Vio1sh + Z Vot cos(R) + 5 Z _Z_ vete cos(ky + ky), (F30)
k ki ka#Ek
ws = 221)(()?? tésf cos(k) + Z Z v(()sétésg cos(k; + k»), (F31)
k ki ka#—ky
we = Z Z Z Z viste) cos(ky + ka + ks + ka) (F32)

ky#—k3

ki ko#—ki ks#—k
1 k#—hi kA % by gty g £0
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LOBDNDD

ki ka#—ky ks#—ka

w7 = 221)(()2%2 cos(k)
k

1 7 (7 7 T -
T35 Z Z Z 2v; 415 4 cos(ky + ky + k3)

ki ko#tk, K37k
k3#—k

ki ka#—k

o= 2. > > 2

E[ 122;57];] /23567152 1;4%_’23 ES#_];ﬁt

ky+kp+k3+ky#0 ko +k3+kg+ks#0

w = Z Z Z 2véfi)té}i)cos(121 + ks + k3).

ki ka#—ky ks#—ka

[2\7(()6;lé6§ COS(’El + Ez + E3), if
2

Véf’%fé? costk; + ky + k3), else

[Zﬁfat](?z cos(k + ka),
2

7 (7 7
viyitii cos(k; + k),
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ky = —123 and ];1 75 ];2
(F33)
(F34)
(F35)
if k) #k
1 # k2 36
else
vo.s tos cos(ky + ka + ks + ka4 + ks), (F37)
(F38)

The one-triplon dispersion is just the sum of these contributions Q; =", wn(lz). It is convenient to convert the restricted
momentum summations over cosines into combinations of yg, y,;, etc. This can be done in a straightforward fashion using
trigonometric theorems, yielding » 'z cos k = 2dy;, Z/El 21}2;&—12] cos(k; + kp) = 4(12)/122 — 2d, etc.
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