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Emergent Interacting Spin Islands in a Depleted Strong-Leg Heisenberg Ladder
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Properties of the depleted Heisenberg spin ladder material series (C;H;oN),Cu;_.Zn_Br, have been
studied by the combination of magnetic measurements and neutron spectroscopy. Disorder-induced
degrees of freedom lead to a specific magnetic response, described in terms of emergent strongly
interacting “spin island” objects. The structure and dynamics of the spin islands is studied by high-
resolution inelastic neutron scattering. This allows us to determine their spatial shape and to observe their
mutual interactions, manifested by strong spectral in-gap contributions.
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In the solid state, even weak perturbations may lead to
qualitatively new physics described in terms of entirely new
emergent degrees of freedom and quasiparticles [1]. One
such perturbation, known to open the door to a variety of
novel and competing ground states and rich phase dia-
grams, is structural or chemical disorder [2]. An exciting
example of disorder-induced emergent degrees of freedom
are the magnetic objects that appear upon the introduction
of nonmagnetic impurities in gapped quantum-disordered
antiferromagnets (AFs) [3-10]. These entities may be
understood as spins released from nonmagnetic AF singlets
by removing their partner spins. The short-range correla-
tions in the underlying quantum AFs spread these spin
degrees of freedom over extended regions (“spin islands”)
around each impurity site [3]. The size of the spin islands is
controlled by the correlation length in the parent system,
and may be as large as dozens of nanometers. Because of
their partial overlap, these spin islands interact. The original
quantum AF thus acts as a “medium” that hosts a new
magnetic system of mesoscopic objects and carries inter-
actions between them. Because of these interactions, the
emergent system may have its own unique correlations and
dynamics.

The impurity-induced formation of localized S = 1/2
spin objects has been thoroughly studied in gapped S =1
Haldane spin chains [4,11-15]. Unfortunately, in these
highly one-dimensional chain materials, each impurity
completely severs the host system. The emergent spin
islands located at the chain segment ends merely pair up
into isolated dimers [4], and have no collective dynamics.
This is in contrast to expectations for Heisenberg spin
ladders, which are composed of two neighboring chains
linked by rung interactions J,. Within this topology, the
nonmagnetic impurities have a low chance to disrupt the
continuity of the system and a finite-size segment typically
contains a large number of mutually interacting islands. To
date, the study of nonmagnetic impurities in spin ladders
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was limited to rather complex materials with prohibitively
large energy scales, such as Sr(Cu;_.Zn,),0; [7,16] or
Bi(Cu;_,Zn,),POg¢ [5]. These cases are difficult to describe
theoretically, as they involve additional interactions such as
cyclic exchange, frustration, or 3D coupling. What is
missing is an experimental study of emergent and interact-
ing spin islands in a clean realization of the spin ladder
model, such that could be compared to theoretical calcu-
lations at the quantitative level. Fortunately, in recent years,
a number of new, exceptionally good organic spin ladder
compounds were discovered [17]. Among them,
(C;H(N),CuBr, (DIMPY) [18,19] realizes the rare case
of a strong-leg spin ladder, which is of special interest in the
context of the present study. Its dominant leg interactions
imply a significant correlation length and hence significant
interactions between emerging spin objects, even at low
concentration. In the present Letter we show that DIMPY,
diluted with nonmagnetic zinc, is indeed a perfect proto-
type for testing this physics. By combining thermodynamic
and high-resolution inelastic neutron scattering experi-
ments with numerical simulations, we are able to directly
study the shape and interactions of the spin islands, and to
quantitatively describe the impurity-induced collective
response in the language of these emergent objects.

The parent material DIMPY was shown to be described
by a simple Heisenberg spin-ladder Hamiltonian [20] with
Jy = 1.42(6) meV along the leg and J, = 0.82(2) meV
(see Fig. 1) [19,21-23] and with exceptionally weak
additional interactions [24-26]. We were able to chemically
introduce nonmagnetic impurities by replacing a fraction z
of magnetic § = 1/2 Cu** by nonmagnetic Zn>** ions [27].
The magnetic susceptibility and isothermal magnetization
data are presented in Fig. 2, as measured on a series of
(C7HoN),Cu_,Zn_Br, single crystals with varying impu-
rity concentration z [20]. While the susceptibility of the
z = 0 parent compound is being dominated by a spectral
gap of A = 0.33 meV and exponentially decays to zero at
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FIG. 1. From a real material to the microscopic model and then

to the effective description in terms of emergent objects. (a) The
crystal structure of (C;H;(N),Cu;_.Zn,Br,. (b) Spin ladder
model microscopic description. The random replacement of
magnetic Cu®* by nonmagnetic Zn>* renders some S = 1/2
sites missing. (c) Emerging local spin degrees of freedom (spin
islands), pinned to the impurity position but with a magnetization
profile extending over many unit cells. (d) Effective spin island
Hamiltonian (1) with interactions controlled by the mutual
distances as given by Eq. (2).

low temperatures, the susceptibility of the Zn-diluted
material acquires an additional contribution, progressively
increasing with the impurity concentration. This behavior
becomes even more apparent in the low-temperature mag-
netization [Fig. 2(b)]. The latter remains suppressed by the
gap below the critical field H. = 2.7 T [19] in the clean
material but acquires an impurity-induced contribution in
the Zn-substituted derivatives. Nonetheless, the observed
response is not simply described by the S = 1/2 Brillouin
function, as it would in the case of free magnetic moments
[28], thus proving the importance of interactions between
emergent spin degrees of freedom. While deviations from
the Brillouin function are small at low concentration z, they
become up to 45% at z = 0.06. Qualitatively, this is
explained by the mean impurity distance L,(z) =
(1 =2)/(2z = z?) [29], which is as large as 50 unit cells
for z =0.01 but becomes comparable to the correlation
length of &~ 6.3 unit cell lengths a [20] at z = 0.06. The
probability of finding close and strongly interacting islands
thus rapidly increases with impurity concentration.

As a first step, we compare our measurements to
numerical calculations [20] based on the full parent spin
ladder Hamiltonian [19], depleted with randomly placed
nonmagnetic sites [Fig. 1(b)]. Following Ref. [29], we
calculate the susceptibility and magnetization with quan-
tum Monte Carlo (QMC) simulations [30] of ladder
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FIG. 2. Magnetization experiments on the depleted spin-ladder
series (C7HoN),Cu;_.Zn_Bry. (a) Susceptibility as a function of
temperature. (b) Isothermal magnetization at 7 = 600 mK for the
same samples. Symbols are the experimental data [20]. Numeri-
cal QMC simulations and results from the diagonalization of the
effective model [Eq. (1)] are shown as dashed and solid lines,
respectively. Dotted lines in (b) illustrate the free-spin response
for z =0.01 and z = 0.06. For clarity, data for different z were
vertically shifted as indicated by arrows and the corresponding
shift values.

systems with L = 500 rungs, N = 2Lz randomly placed
nonmagnetic sites, and averaged over 300 random impurity
configurations [31]. Remarkably, the numeric results
(dashed lines in Fig. 2) quantitatively reproduce the
measured data in the entire temperature and field range.
This proves not only that we are able to chemically control
the zinc concentration but also that its introduction does not
lead to significant local distortion effects altering the
superexchange interactions.

Extensive QMC calculations of large depleted systems,
averaged over hundreds of configurations are expensive
and time consuming. An alternative, much simpler
approach is provided by the effective low-energy descrip-
tion in terms of interacting spin islands [Figs. 1(c), 1(d)]
[3,8,29]. The latter are represented by S = 1/2 spins Sy at
random impurity positions I, interacting with distance-
dependent effective interactions JT(L) and described by
the Hamiltonian [29]

Hspin island — Zjeff(l - J)SI ’ SJ - g/"BHZSi’ (1)
LJ I
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with pp and g being the Bohr magneton and the electron ¢
factor. Mutual spin-island interactions are mediated by the
spin correlations in the hosting ladder medium. Since the
latter are short-ranged, effective interactions exponentially
decay with distance. In addition, due to their antiferro-
magnetic nature, Jf(L) are ferro- or antiferromagnetic,
depending on whether the mutual interaction path contains
an odd or even number of sites [3,29], reminiscent of the
oscillatory Ruderman-Kittel-Kasuya-Yosida (RKKY) inter-
action [32]. Being fully controlled by the spin ladder
medium, the effective interactions can be numerically
obtained from a system with two nonmagnetic sites at
distance L in a long ladder system. Following Refs. [3,29]
we have performed matrix product state calculations
[31,33] and confirmed that J°'(L) is described by the
simple law

J(L) = Jo(=1)bxtlytlgmILal/E, (2)

with the energy scale J, = 0.441 meV, the decay length of
& = 6.28 unit cell lengths a for the exchange constants of
DIMPY [20]. By including the numerically calculated
effective interactions, Eq. (1) becomes a parameter-free
description of the emergent spin island system.

The magnetization and susceptibility of the effective
model were determined [20] by exactly diagonalizing (ED)
the Hamiltonian in Eq. (1), for a system of N = 12 sites Sj,
randomly placed on a ladder with L = N/2z rungs and
with the effective interactions given by Eq. (2). The
magnetization, averaged over 5000 random configurations,
is in excellent agreement with measured data [Fig. 2(b)].
Notably, a model described by not more than 12 mutually
interacting spin operators is sufficient to model the entire
thermodynamic response of this complex disordered many-
body quantum system. Nevertheless, the description in
terms of Eq. (1) remains valid only as long as the mutual
interactions controlled by the spin island correlations do not
change. While the latter remain unaffected by temperature
and applied field as long as the spin ladder remains in its
quantum disordered regime, they fundamentally change
once the system crosses the critical field H. = 2.7 T [19] to
the quantum critical Tomonaga-Luttinger spin liquid
(TLSL) state. Above H ., the effective description naturally
fails.

So far, we have successfully described the measured
thermodynamic properties in terms of an effective model of
the emergent spin islands. However, can such objects and
their interactions be observed directly? To answer this
question, we present a series of high-resolution inelastic
neutron scattering experiments enabling us to access the
spectral properties of both the spin ladder medium and the
low-energy spin island system. In Figs. 3(a) and 3(c), we
show the background-subtracted magnetic neutron spec-
trum of (C;DoN),CugosZng4Bry, as measured with the
neutron time-of-flight (TOF) technique (LET spectrometer

[34], ISIS facility, UK) and obtained with the Horace
software [35]. Data were gathered in distinct low- and
high-resolution setups with incident energies E; = 4.2 and
2.2 meV (T =75 mK). Neutron intensity is shown as a
function of energy transfer 7w and momentum transfer
Q) = Q- a along the leg direction. Corresponding data
from the parent compound is shown in Figs. 3(b) and 3(d),
measured under identical experimental conditions [23] and
treated in the same way.

First, we observe that the properties of the spin ladder
medium hosting the spin island system remains nearly
unaffected by the presence of impurities [Figs. 3(a)
and 3(b)]. In both the parent and disordered compound,
identical gapped and dispersive magnon and two-magnon
bound state branches [19] are observed. In contrast, clear
changes are found in the low-energy sector Figs. 3(c)
and 3(d): the magnon gap is slightly shifted from A =
0.33(3) to 0.41(2) meV, reminiscent of the magnon blue-
shift observed in 1D quantum-disordered AFs at finite
temperature [36]. However, as a main feature, we observe a
stripe of enhanced in-gap intensity developing around
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FIG. 3. [Inelastic neutron scattering data on the depleted and
clean spin ladder DIMPY, measured on the LET instrument. (a),
(b) Entire spectrum in the lower resolution mode (incident energy
E; = 4.2 meV). (c),(d) Low-energy sector in the higher resolution
mode (E; = 2.2 meV). Background corrected magnetic neutron
scattering intensity is shown as a function of energy transfer 2w
and momentum transfer along the leg Q). Hatched regions are
contaminated by parasitic nuclear incoherent scattering.
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Q) = 0.5 r.lu. in the disordered compound. This contri-
bution originates in strongly interacting spin islands,
leading to a disorder-induced finite density of states inside
the gap.

It is even more pronounced in the spectrum presented in
Fig. 4(a), measured with a lower incident energy of E; =
1.3 meV and thus better resolution (IN5 instrument [37],
ILL, France). The spin island contribution progressively
increases with decreasing energy fw, as shown in Fig. 4(b).
This is readily explained since at z = 0.04, the probability
of finding spin islands only weakly interacting with others
remains large and there is a vast number of quantum states
at low energies.

As a main characteristic, these in-gap contributions
exhibit an intrinsic Q) linewidth, as shown in Fig. 4(c).
This intrinsic linewidth is a measure of the spin island
real-space magnetization profile. Similar to conventional
magnetic neutron scattering [38], where intensity is
modulated by the magnetic form factor (the Fourier trans-
form of the magnetic ions’unpaired electron density),
scattering by spin islands is modulated by the square of
the spin island form factor F(Q), Q ; )—the Fourier trans-
form of its real space shape. A similar reasoning was
applied to determine the spatial shape of emergent local
objects in the substantially different cases of the charge-
doped or depleted Haldane spin chains Y, ,Ca BaNiOs
[39], Y,BaNi;_ Mg Os [4]. For a spin island with expo-
nentially decaying staggered magnetization on a ladder, the
form factor reads as
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FIG. 4. Inelastic neutron scattering data on the disordered
DIMPY, measured on the IN5 instrument. (a) Background
subtracted spectrum measured with E; = 1.3 meV. Neutron
intensity is shown as a function of energy transfer A and
momentum transfer Q. (b) Neutron intensity as a function of 7
for Q| between 0.45 and 0.55 r.l.u. Data in the hatched area is
contaminated by parasitic nuclear incoherent scattering. (c) Scat-
tering intensity as a function of (), after integrating in
0.1 meV < Aw < 0.3 meV. Instrumental resolution (shaded
area) is shown along with the resolution-convoluted fit (3) [solid
line].

(1 — e=2701) sinh(&71)
cos(2zQ) ) + cosh(&71)

F(Q). Q1) = -1.  (3)

Here, &£ denotes the real space decay length and Q| is the
momentum transfer along the rung [40]. Because of the
dominant AF leg exchange and the, hence, slowly
decaying and alternating magnetization profile, the form
factor is peaked at Q) = 0.5 r.L.u. with an intrinsic width
much smaller than the reciprocal lattice unit. We com-
pared |F(Qy, Q)% averaged over Q), to our exper-
imental data and by convolution with experimental
resolution, we were able to quantify the real space decay
length to be £=5.0(2) unit cell lengths a. The mag-
netization profile thus decays to 10% of its initial value
only after 15 unit cells and the size of an emergent spin
island is of the order of 20 nm. Notably, the determined
decay length is slightly shorter than the numerically
calculated value of &= 6.27 [20]. However, this is not
surprising since in-gap states observed in experiments are
located at a comparatively large energy transfer on the
order of 0.1 meV and thus mainly originate from dimers
or clusters of spin islands close to each other. Influenced
by the nearby spin islands, the magnetization profile thus
deviates from one of an isolated spin island.

In conclusion, by combining thermodynamic and high-
resolution inelastic neutron scattering techniques with
numerical simulations, we were able to quantitatively study
the properties of a system of strongly interacting spin
islands formed in a strong-leg Heisenberg spin ladder
depleted with nonmagnetic impurities. An effective
description in the language of these objects explains and
quantitatively reproduces the measured data. As long as
the spin-ladder medium remains quantum disordered at
H < H,., this effective description is faithful and, in
principle, would not only allow us to describe the thermo-
dynamic response but even to access dynamical quantities
such as time-dependent correlation functions [41]. Beyond
H ., however, the effective description breaks down due to
the quantum phase transition to the TLSL state [42],
rendering the spin-ladder correlation functions fundamen-
tally different. To our knowledge, the problem of non-
magnetic impurities and the fate of spin islands in the TLSL
phase of a spin ladder or their influence on the magnetically
ordered state [19,43] has not been addressed experimen-
tally or theoretically. We hope that our study stimulates
further efforts and experiments towards understanding the
impurity-induced physics in such systems.
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