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We have studied electron spin resonance (ESR) absorption spectra for the nonmagnetically diluted strong-
leg spin ladder magnet (C7H10N)2Cu(1−x)ZnxBr4 (abbreviated as DIMPY) down to 450 mK. Formation of
the clusters with nonzero net magnetization is confirmed; the cluster-cluster interaction is evidenced by the
concentration dependence of ESR absorption. High-temperature spin-relaxation time was found to increase
with nonmagnetic dilution. The ESR linewidth analysis proves that the Dzyaloshinskii-Moriya (DM) interaction
remains the dominant spin-relaxation channel in diluted DIMPY. Experimental data indicate that the dilution
results in the weakening of the effective DM interaction, which can be interpreted as total suppression of DM
interaction in the close vicinity of impurity atom.
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I. INTRODUCTION

Low-dimensional magnetic systems draw attention be-
cause of their rich physics and the possibility to affect their
spin state and excitations spectrum [1]. Spin ladder is the
model magnetic system actively studied in recent decades.
This interest is governed by recent studies, confirming, e.g.,
field-induced transition into the Tomonaga-Luttinger liquid
state [2–4], magnon condensation [5–7], and superconductiv-
ity in Cu-oxide ladders [8–10].

A simple two-leg spin ladder consists of two Heisenberg
spin chains which are connected to each other by the exchange
couplings. These chains form the “legs” of the ladder and
interchain couplings form the “rungs” of the ladder. If the
exchange coupling along the rung of the ladder is nonzero, the
excitation spectrum has a gap between the exited states and
the ground state [11]. The spin ladder does not order down
to T = 0 and demonstrates quantum paramagnetic behavior.
Applied magnetic field closes the gap, which results in the
formation of the Tomonaga-Luttinger liquid phase [2–4]. The
weak interladder coupling could lead to the formation of the
antiferromagnetic ordering at the sufficiently low temperature
under the applied magnetic field [12,13].

In this paper, we present an experimental study of spin-
relaxation processes in the nonmagnetically diluted strong-
leg spin ladder (C7H10N)2Cu(1−x)ZnxBr4 (called DIMPY for
short). This magnet has ladder structure and represents a
unique case of the ladder with dominating coupling along
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the legs of the ladder [14,15]. Consistency of description
of DIMPY by the spin ladder model was proved by the
neutron-scattering measurements; the values of exchange
couplings and the gap were determined from the inelas-
tic neutron-scattering experiment: Jleg = 1.42 meV, Jrung =
0.82 meV, and � = 0.33 meV [16]. Besides the Heisenberg
exchange coupling in pure DIMPY (x = 0%), ESR spec-
troscopy revealed the presence of the uniform Dzyaloshinskii-
Moriya (DM) interaction D = 0.03 meV [17,18].

One of the ways to affect the magnetic properties of
spin ladders is nonmagnetic dilution. This dilution can be
performed through substitution of a magnetic ion by a non-
magnetic ion (site dilution) or through substitution of one
of the surrounding ions mediating the superexchange path
(bond dilution). In general, impurities introduction in low-
dimensional magnets could lead to uncommon effects such
as induced antiferromagnetic ordering or to the formation of
new objects near impurity [9,19–24]. Local antiferromagnetic
correlations in 1D and 2D systems are known to be enhanced
in the vicinity of vacancy [25], leading to the formation of the
antiferromagnetically correlated multispin clusters.

Diluted spin ladders behave differently compared to spin
chains. Nonmagnetic site dilution breaks the spin chain apart,
while the ladder system remains connected. Thus, the di-
luted spin ladder contains randomly distributed clusters of
correlated spins and does not split into the independent finite
size fragments. These clusters interact with each other via
the effective exchange coupling mediated by the spin ladder
matrix. The effective exchange coupling constant exponen-
tially decreases with the intercluster distance, thus a strong-
leg spin ladder (which demonstrates large correlation length
along the ladder) is more suitable for the study of the cluster-
cluster interaction [26]. Therefore, the Zn-diluted strong-leg
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spin ladder (C7H10N)2Cu(1−x)ZnxBr4 is a perfect system to
study the effects of dilution on the low-energy spin dynamics
and to search for the manifestations of the cluster-cluster
interactions.

We have studied ESR response of the Zn-diluted DIMPY
from 0.45 K to 300 K. At low temperatures, the ESR response
is dominated by multispin clusters. Analysis of the ESR
intensity and linewidth concentration dependencies provides
evidence of cluster-cluster interaction. At higher tempera-
tures, the collective gapped excitations dominate the magnetic
response of the Zn-diluted DIMPY. However, the dilution af-
fects the spin-relaxation even in the high-temperature regime:
the ESR linewidth decreases with increasing Zn content.
Analysis of angular dependencies of the ESR linewidth for
different Zn concentrations and temperatures proves that the
DM interaction remains the dominant spin-relaxation channel,
but its effective strength is reduced by the dilution.

II. SAMPLES AND EXPERIMENTAL DETAILS

Single crystals of the Zn-diluted DIMPY are from the same
batch as the samples studied in Ref. [27]. The crystal structure
was confirmed by x-ray diffraction using a BRUKER APEX
II diffractometer, the crystals have the same space group
P2(1)/n as the pure compound, and the lattice parameters are
close to those of pure DIMPY [14], as grown crystals have a
well-developed plane normal to b axis and are elongated along
the a axis.

The unit cell of DIMPY includes four copper ions which
form rungs of two parallel ladders running along the a axis
[14]. Thus, there are two equivalent spin ladders, which are
differently oriented with respect to the crystal. Due to the
g-factor anisotropy, ESR responses of different ladders can
be resolved, maximal separation of the absorption signals
was observed for H ||(X + Y), here X, Y are the unit vectors
parallel to the a and b directions, correspondingly [17].

We have carried out ESR experiments for several Zn
concentrations: 0%, 1%, 2%, 4%, 6%. These are the nominal
concentrations as determined by the amount of Zn salts in the
growth solution. We have not checked the real concentration
of zinc by a chemical analysis, however, successful modeling
of the magnetization in Ref. [27] has shown that the nominal
concentration is very close to the real.

The main ESR experiments were carried out in Kapitza
Institute for Physical Problems with the homemade ESR spec-
trometers equipped with helium-4 and helium-3 cryostats. The
lowest temperature was 450 mK, the magnetic field up to
10 T was supplied by a superconducting cryomagnet, and the
microwave frequencies from 17 to 40 GHz were supplied by
a set of microwave generators.

Additionally, high sensitivity X-band (9.3 GHz) ESR ex-
periments were performed in HLD-EMFL in Dresden at
BRUKER ELEXYS E500 spectrometer equipped with the
helium-4 flow cryostat and the automatic goniometer.

III. RESULTS AND DISCUSSION

A. Reference results for pure DIMPY

ESR in pure DIMPY was reported in detail earlier [17,18].
Examples of ESR absorption spectra are shown in the left

FIG. 1. Temperature dependence (T = 0.45 K – 2 K) of ESR ab-
sorption in DIMPY: left panel—pure DIMPY, f = 34.56 GHz, right
panel—2% Zn diluted sample, f = 27.98 GHz. Sample orientation
corresponds to maximum ESR component splitting [H ‖(X+Y)].
Dashed vertical line on the left panel shows position of DPPH
marker (g = 2.00). Insert: Temperature dependence of scaled ESR
absorption intensity for 4% Zn diluted DIMPY. Blue dashed line—
model of paramagnetic centers, red dotted line—model of 1D spin
gap magnet.

panel of Fig. 1. Two components of the ESR absorption (at
approximately 10.8 kOe and 12 kOe) correspond to the dif-
ferent ladders, which became inequivalent for the chosen field
direction due to the g-factor anisotropy. Intensities of these
components are almost the same, small differences of the
intensities can be ascribed to g-factor anisotropy and different
relative polarizations of microwave field for nonequivalent
ladders. Both absorption components lose intensity on cooling
because of the energy gap and the ESR absorption in pure
DIMPY practically vanishes below 500 mK. Additional split-
ting of the ESR components observed around 1 K is due to
the zero-field splitting of the triplet sublevels, as discussed in
detail in Ref. [17].

Analysis of the high-temperature ESR linewidth in pure
DIMPY [17] proved that the DM interaction is the main
relaxation mechanism in DIMPY. This analysis allowed us
to estimate the DM interaction strength (D � 0.3 K) and the
direction of the DM vector; the DM interaction turns out to be
uniform along the legs and to be forbidden on the rungs of the
ladder.

B. Temperature dependence of ESR absorption
in Zn-diluted DIMPY

Examples of the ESR absorption spectra for the diluted
DIMPY are shown in Fig. 1. Contrary to the pure compound,
the ESR signal in diluted DIMPY is intensive even at 450 mK,
the ESR absorption intensity grows on cooling below 1 K in
a Curie-like fashion. This indicates that some paramagnetic
centers are formed on dilution. Intensity data (see insert
to Fig. 1) enable us to highlight two regimes for diluted
DIMPY: the impurity dominated and the triplet dominated.
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At the impurity-dominated regime (below approximately 2 K)
the ESR absorption intensity increases on cooling, this in-
crease can be phenomenologically fitted by the model of free
spins I ∝ tanh [gμBH/(2T )]. At the triplet-dominated regime
(above approximately 5 K) the ESR absorption intensity in-
creases on heating as the population of the thermally activated
triplets increases; this behavior can be qualitatively described
by a 1D spin-gap magnet model I ∝ 1√

T
e− �

T .
The position of the ESR absorption does not change on

cooling from the impurity-dominated to cluster-dominated
regime and the g-factor value is the same for pure and diluted
DIMPY. This similarity demonstrates that both for the triplet-
dominated and impurity-dominated regimes, the ESR signal
is due to the copper ions and there are no structural distortions
in the magnet.

These facts can be qualitatively interpreted starting from
a strong-rung ladder model. The strong-rung spin ladder
consists of weakly coupled dimers and substitution of one of
the magnetic copper ions by a nonmagnetic zinc leaves one
unpaired spin one-half. This unpaired spin is responsible for
the low-temperature magnetic response of the diluted system.
Exchange coupling along the legs will spread this uncoupled
spin along the ladder (on the scale of correlation length),
leading to the formation of a multispin cluster (or spin island,
as it is called in Ref. [27]) with the nonzero net magnetization.

DIMPY is a strong-leg ladder, hence the magnetic corre-
lation length is quite high (ξ ∼ 6 . . . 7 interatomic distances)
[27]. Consequently, clusters formed around different impurity
ions could interact. This interaction was revealed through the
low-temperature magnetization and the appearance of subgap
states [27]. To check for the effects of cluster interaction, we
have measured temperature dependencies of the ESR absorp-
tion intensities for all available Zn concentrations. The ESR
intensity is proportional to the spin magnetization, this allows
us to scale our data to the known static susceptibility from
Ref. [27]. The resulting dependencies are shown in Fig. 2.
The susceptibility curves obtained in the spin island model
[27] are also shown in this figure. They deviate from our data
below 1 K, which can be naturally ascribed to the saturation
of the paramagnetic moment at low temperature since the ESR
absorption occurs in the magnetic field around 10 kOe, while
the magnetization curves were modeled at 100 Oe.

We fit our scaled data in the model of free spins S = 1/2
by

Iscaled = Mz

H
= xeff

gμBNA

2H
tanh

(
gμBH

2T

)
. (1)

We will call the concentration of free spins xeff determined
from this fit the apparent concentration of paramagnetic cen-
ters. There is a difference between the apparent concentration
of paramagnetic centers and the nominal zinc concentration
(see lower panel in Fig. 2). The apparent concentration has
no-linear dependence from the real zinc concentration. This
nonlinearity with negative curvature highlights the presence of
the effective antiferromagnetic interaction between clusters.

The nonlinearity of the apparent concentration can be
simulated in the following simple model (Fig. 3, lower panel).
We assume that the average spin exponentially decreases
away from the impurity S(l ) = (−1)l S exp(−l/ξ ); here all

FIG. 2. Upper panel: Temperature dependence of ESR absorp-
tion intensity (T = 0.45 K …4.2 K at f = 29.7 GHz) for the left
component of ESR line in Zn diluted DIMPY for all studied
concentrations of Zn (0%, 1%, 2%, 4%, 6%). Sample orientation
corresponds to maximum of ESR component splitting [H ‖(X+Y)].
ESR intensity is scaled to 4 K static susceptibility data of Ref. [27].
Different symbols correspond to listed Zn concentrations. The green
dashed lines are static susceptibility curves calculated within the
“spin islands” model [27]. The brown dashed lines are fits of low-
temperature (below 700 mK) ESR intensity in the model of free para-
magnetic S = 1/2 centers I = A · tanh [gμBH/(2T )]. Lower panel:
Apparent concentration of paramagnetic centers xeff ∝ A for different
nominal Zn concentrations x, dashed-dotted line is model curve
xeff = x

2 [1 + (1 − x)23] (see text).

distances are measured in interatomic distances along the
leg of the spin ladder, ξ = 6 is a correlation length for
DIMPY [27], and factor (−1)l explicitly takes into account
antiferromagnetic spin-spin correlations. Overlapping of these

FIG. 3. Schematic representation of diluted ladders. Circles mark
impurity ion positions. Upper panel: Model for triplet-dominated
regime, rectangles show area of DM interaction suppression around
the impurity ion. Lower panel: Modeling of ESR intensity and ESR
linewidth in impurity-dominated regime, envelopes of spin clusters
are shown by curves, arrows mark direction of the net magnetization
of cluster.

144446-3



YU. V. KRASNIKOVA et al. PHYSICAL REVIEW B 100, 144446 (2019)

FIG. 4. Comparison of linewidth temperature dependencies
(T = 0.45 K …300 K) for both components of ESR absorption
in pure and 4% Zn diluted DIMPY. Left panel: Left component
of ESR absorption, right panel—right component. Open symbols:
Data for pure DIMPY, filled symbols—for 4% Zn diluted sample.
Sample orientation corresponds to maximum of ESR component
splitting [H ‖(X+Y)]. Full temperature range was covered by several
experimental setups operating on different microwave frequencies:
for pure sample f ≈ 17 GHz at T = 2 . . . 25 K and 77 . . . 300 K and
f ≈ 33 GHz at T = 0.45 . . . 3 K and 25 . . . 80 K, for Zn 4% diluted
sample f ≈ 17 GHz at T = 3 . . . 77 . . . 300 K and f ≈ 28 GHz at
T = 0.45 . . . 4 K.

exponential wings of the clusters results in the cluster-cluster
coupling. The effective coupling energy for the clusters placed
on the same leg of the ladder at distance L1 can be estimated as
|Eint| = JlegS2 exp(−L1/ξ ) and for the clusters placed on the
different legs at distance L2 as |Eint| = JrungS2 exp(−L2/ξ ).

Cluster-cluster interaction tends to form coherent patterns
of antiferromagnetic correlations. Depending on the parity of
the distance between depleted rungs of the ladder, this results
in either parallel or antiparallel orientation of the clusters’
spins (see Fig. 3, lower panel, and Ref. [27]). Thus, the effec-
tive cluster-cluster interaction can be ferro- or antiferromag-
netic depending on cluster-cluster distance. Under the applied
magnetic field, clusters tends to align their net magnetization
along the magnetic field; in the case of the antiferromagnetic
effective cluster-cluster coupling, this leads to the competition
between the Zeeman energy and Eint, which finally results in
decrease of apparent concentration of paramagnetic centers.
Energy cost of the “flip” of pair of clusters from Sz = 0
state to Sz = 1 state is EM = gμBH . We take that for the
antiferromagnetic coupling (50% of all cluster pairs); at T →
0, the “flip” occurs if EM > Eint, i.e., the apparent concentra-
tion is less than the real one by a fraction of strongly coupled
closely positioned clusters. The threshold distances can be
determined from the condition Eint(L) = gμBH , which yields
at 10 kOe field L1 = 7 and L2 = 4 for the clusters placed on
the same leg and on different legs, correspondingly.

The probability to find other impurities on the same leg at
a distance less than L1 or on another leg at a distance less than
L2 from the given impurity is

w(L1, L2) = 1 − (1 − x)2L1 · (1 − x)2L2+1. (2)

Thus, for the apparent concentration, we obtain

xeff = x

2
+ x

2
(1 − w(L1, L2))

= x

2
(1 + (1 − x)2L1 · (1 − x)2L2+1)). (3)

For DIMPY parameters xeff = (x/2)[1 + (1 − x)23], the result
of this modeling is shown in the lower panel Fig. 2. The model
curve fits the experimental data without any additional tuning
parameters.

C. Linewidth in triplet-dominated regime and
impurity-dominated regime

Another physical quantity that can be accessed in the ESR
experiment is an ESR linewidth. It is determined by relaxation
processes (essentially, the ESR linewidth is proportional to
the inverse spin-relaxation time) and it is of interest how the
dilution affects spin relaxation both in the impurity-dominated
and the triplet-dominated regimes. The linewidth for pure
DIMPY was discussed in detail in Ref. [17]; this analysis
demonstrated that the DM interaction determines spin-spin
relaxation in pure compound. We have measured the tempera-
ture dependence of the ESR linewidth in diluted DIMPY from
0.45 K to 300 K (Fig. 4). To cover this temperature range,
spectrometers operating at different microwave frequencies
were used. We have checked that the ESR linewidth does not
depend on frequency choice.

Above 100 K, the ESR linewidth increases on heating
presumably due to a spin-lattice relaxation. Between 5 K
and 100 K (in the triplet-dominated regime), the linewidth
temperature dependence for the diluted samples is similar to
that for the pure compound with a maximum around 10 K.
Temperature dependence of the ESR linewidth up to T/J � 6
is not unusual for low-dimensional systems, e.g., it was re-
ported for 2D and 1D systems with DM interaction acting as
a main source of the line broadening [28,29]. Maximum of
the linewidth at 10 K (T ∼ J) is due to crossover between dif-
ferent temperature limits: at higher temperatures, increase of
the linewidth on cooling is due to the formation of short-range
correlations in a paramagnet. At lower temperatures, a gap in
the excitation spectrum (which is about 4 K) begins to affect
excitations population: As temperature goes down, excitations
(S = 1 triplons) freeze out, triplon-triplon interaction loses
efficiency, triplon lifetime increases, and linewidth decreases
on cooling. Microscopic theory of ESR in a strong-leg ladder
[30] also predicts the maximum of the ESR linewidth at
T ∼ �.

We have found (Fig. 4) that the ESR linewidth in diluted
DIMPY in the triplet-dominated regime is smaller than in
the pure compound, i.e., the spin relaxation time increases
on dilution. In the impurity-dominated regime below 2 K,
the ESR linewidth in diluted DIMPY is higher than in the
pure one, which is not surprising since the origin of the ESR
signal in the pure and diluted compound is different in this
temperature range.

To understand the dilution effect on the ESR linewidth,
we have measured the temperature dependencies of the ESR
linewidth for different Zn concentrations (Fig. 5). We have ob-
served systematic narrowing of the ESR absorption line in the
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FIG. 5. Upper panel: Linewidth temperature dependence for the
left component of ESR absorption for all studied concentrations of
Zn (0%, 1%, 2%, 4%, 6%) in DIMPY. Data at T = 0.45 K …4.2 K
are obtained at f = 29.7 GHz, data at 4.2 K …25 K are obtained
at f = 17.4 GHz. Different symbols correspond to listed Zn con-
centrations. Vertical dashed lines show temperatures used to plot
lower panels graphs. Lower panels: Linewidth dependence on con-
centration for both components of ESR absorption line (blue open
symbols—left component, red filled symbols—right component) for
temperatures T = 450 mK (left) and T = 10 K (right). Dashed
curves for T = 450 mK are results of numerical modeling described
in the text. Dashed curves for T = 10 K are fit results, data was fitted
by equation y = a(1 − 2Lx) with L = 3.3.

triplet-dominated regime (above 5 K) with Zn concentration
growth (Fig. 5). It means that the spin relaxation time is the
highest in the most diluted sample from the series (x = 6%).

The spin relaxation is governed by anisotropic spin-spin
interactions. To check that the relaxation mechanism remains
unchanged with dilution, we have measured the angular de-
pendencies of the ESR linewidth for several temperatures
from a wide temperature range (Fig. 6) for all available con-
centrations of zinc (Fig. 7). We have noticed that the angular
dependencies scale for different temperatures from 9.5 K to
77 K (Fig. 6). The scaling of the angular dependencies with
temperature means the presence of one dominant interaction
involved in spin relaxation [31]. Consequently, one dominant
interaction is involved in the relaxation processes for each
measured concentration of Zn for a wide temperature range
from 9.5 K to 77 K. Deviation from this scaling at 2 K and
150 K is not controversial because there are other regimes of
relaxation at these temperatures.

The ESR linewidth angular dependencies at fixed temper-
ature for different zinc concentration (pure DIMPY included)
also scale (Fig. 7). This means that the same main anisotropic
spin-spin interaction is responsible for the ESR linewidth in
the triplet-dominated regime in both pure and diluted DIMPY

FIG. 6. Upper panel: Angular dependencies of normed ESR
linewidth for both components of ESR absorption lines for 2% Zn-
diluted DIMPY at different temperatures, f = 9.3 GHz. All curves
are normed by linewidth value at H ‖ a. Different symbols corre-
spond to different temperatures. Curves are guide to the eye. Lower
panel: ESR linewidth at selected temperatures, f = 9.3 GHz. Open
and filled symbols correspond to different ESR line components, data
for one of the components are translated to compensate for ladder
nonequivalence. Curves are guides to the eye.

FIG. 7. (a) Angular dependencies of normed ESR linewidth for
T = 30 K and different dilution level, f = 9.3GHz. All curves are
normed by linewidth value at H ‖ a. Different symbols correspond
to different Zn concentrations. Curves are guides to the eye. (b) ESR
linewidth for selected Zn concentration, f = 9.3 GHz. Open and
filled symbols correspond to different ESR line components, data
for one of the components are translated to compensate for ladder
nonequivalence. Curves are guides to the eye. (c) Normed linewidth
for T = 10 K, 30 K, 77 K, and different zinc concentrations. Data
are fitted by equation y = a(1 − 2Lx) for each temperature.
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and this interaction is the DM interaction. Moreover, the scal-
ing of the ESR linewidth angular dependencies for different
Zn concentrations proves that the direction of the DM vector
remains unchanged with dilution.

Thus, the linewidth decrease with dilution can be described
as the effective DM vector shortening. The linewidth due to
the DM interaction is proportional to D2/J , here J is some
effective exchange coupling constant [17,32]. The gap in the
excitation spectrum does not change significantly on dilution
[27], thus we expect that the exchange coupling constant
remains unchanged. The linewidth for the 6% diluted sample
amounts at T = 10 K to approximately 60% of the pure
DIMPY linewidth at the same temperature, which means that
the effective length of the DM vector is shortened by approx-
imately 23% in this case: | 	D(x = 6%)| ≈ 0.77| 	D(x = 0%)|.

The effective shortening of the DM vector can be modeled
as total suppression of the DM interaction at the distance
±L from impurity (Fig. 3, upper panel). This results in the
decrease of the linewidth for different temperatures in the
triplet-dominated regime:

�H = �H (HT )
0 (1 − 2Lx). (4)

The suppression length L for T = 10 K, 30 K, 77 K is equal
to 3.3, 2.5, 1.1 interatomic distances correspondingly (Fig. 7).
Growth of the suppression length L on cooling is probably
linked to the increase of the magnetic correlation length. Value
of L = 3.3 is also used to fit the linewidth behavior with
concentration growth at T = 10 K at the higher microwave
frequencies (Fig. 5). This fit uses the only scaling parameter
�H (HT )

0 for the linewidth for the pure compound and well
describes the experimental data.

At temperatures below 2 K, we enter the impurity-
dominated regime. Here concentration of the triplet excita-
tions is negligible and the ESR response of diluted samples is
governed by the multispin clusters (spin islands). Temperature
dependence of ESR linewidth (Fig. 5) reaches saturation
below approx. 1 K. We detected narrowing of the ESR line
with dilution at T < 1 K (Fig. 5), which could be explained
by the presence of the interaction between clusters: At the
low dilution level, the spin relaxation due to some intracluster
mechanism results in a “seed” linewidth of isolated cluster
�H (LT )

0 ; at the higher dilution the effective exchange coupling
between clusters Jeff results in the narrowing of the ESR
line through the exchange narrowing mechanism yielding the
linewidth:

�H =
(
�H (LT )

0

)2

|Jeff |/(gμB)
. (5)

As Zn concentration increases, the average distance between
clusters decreases, the effective coupling grows, and the ESR
linewidth decreases with the dilution.

We calculated the average cluster-cluster coupling for dif-
ferent impurity concentrations by a “brute-force” numerical
simulation of the ladder with randomly distributed defects
for the known exchange integrals and correlation length
of DIMPY (Fig. 3, lower panel). This approach is sim-
ilar to the model used to calculate the apparent concen-
tration of paramagnetic centers in the previous subsection.

The effective exchange integral for the clusters placed on
the same leg of the ladder at a distance l was estimated
as (−1)l Jleg exp(−l/ξ ) and for the clusters placed on dif-
ferent legs as (−1)l+1Jrung exp(−l/ξ ). The absolute values
of these couplings were averaged over randomly distributed
defects. The result of this simulation was later used to fit
the experimentally determined concentration dependence of
the low-temperature (T = 0.45 K) linewidth, the only fitting
parameter is a “seed” linewidth �H (LT )

0 . Fit results are shown
in Fig. 5. Best fit corresponds to the “seed” linewidth of the
isolated cluster approximately equal to 490 Oe and 700 Oe for
two absorption components.

Additionally, we can note here that we have not observed
splitting of the ESR absorption line in diluted DIMPY around
1 K (see Fig. 1) even for the less diluted system. This is not
surprising since the fine structure of the ESR line observed in
the pure DIMPY at low temperatures is the consequence of
zero-field splitting of the triplet excitations sublevels, while
in diluted samples the ESR response of triplet excitations is
overwhelmed by the clusters’ response.

IV. CONCLUSIONS

The ESR response of the diamagnetically diluted strong-
leg spin ladder (C7H10N)2Cu(1−x)ZnxBr4 was studied from
450 mK to 300 K. At low temperatures (below 2 K), the ESR
response is dominated by multispin clusters. The concentra-
tion dependence of the ESR intensity and linewidth provides
evidence of the cluster-cluster interaction in agreement with
Ref. [27]. At higher temperatures (above 5 K), the ESR
response is dominated by the collective triplet excitations.
Analysis of the angular and temperature dependencies of the
ESR linewidth proved that the spin relaxation mechanism is
the same for pure and diluted samples and is governed by
the DM interaction. Dilution does not change the direction
of the DM vector, but shortens its effective length, which can
be explained as the total suppression of DM interaction in the
nearest vicinity (approximately ± 2 interatomic distances) of
the defect.
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