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We report on the real space profile of spin polarons in the quasi-two-dimensional frustrated dimer spin
system SrCu2ðBO3Þ2 doped with 0.16% of Zn. The 11B nuclear magnetic resonance spectrum exhibits 15
additional boron sites near nonmagnetic Zn impurities. With the help of exact diagonalizations of finite
clusters, we have deduced from the boron spectrum, the distribution of local magnetizations at the Cu sites
with fine spatial resolution, providing direct evidence for an extended spin polaron. The results are
confronted with those of other experiments performed on doped and undoped samples of SrCu2ðBO3Þ2.
DOI: 10.1103/PhysRevLett.114.056402 PACS numbers: 71.38.-k, 75.10.Jm, 75.25.-j, 76.60.Pc

Impurities and defects in strongly correlated quantum
systems often produce significant effects over an extended
spatial region, which can be studied by local probes such as
nuclear or electron magnetic resonance (NMR or ESR) [1].
The best example is the edge states in Heisenberg spin
chains. The spin 1=2 edge state in spin 1 Haldane chains is
a direct consequence of the valence-bond-solid ground state
of the pure system. The ESR experiments have played vital
roles in identifying the edge spins [2,3] and their inter-
actions [4]. The edge states are not localized at a single
site but associated with local staggered magnetization due
to the antiferromagnetic interaction of the bulk, and the
spatial extent of such a polaronic structure is given by the
correlation length of the bulk. The real space profile of spin
polarons has been actually observed by NMR experiments
in both spin 1 [5,6] and spin 1=2 [7] Heisenberg chains,
from which the temperature dependence of the correlation
length was deduced.
Although there have been less studies on two-

dimensional (2D) systems, an interesting example is the
frustrated 2D dimer spin system SrCu2ðBO3Þ2 with a
small concentration of Cu2þ ions (spin 1=2) replaced by
nonmagnetic Zn or Mg [8–11]. The magnetic layers
contain orthogonal arrays of Cu dimers described by the
Shastry-Sutherland lattice [12]

H ¼ J
X

n:n:

Si · Sj þ J0
X

n:n:n:

Si · Sj; ð1Þ

where J (J0) is the intradimer (interdimer) Heisenberg
exchange interaction. The ground state of SrCu2ðBO3Þ2 at
zero magnetic field is the dimer singlet state [13,14], which
is known to be the exact ground state of Eq. (1) for
α¼ J0=J not too large [12,15], less than αc≃0.675 [16,17].
SrCu2ðBO3Þ2 exhibits a number of fascinating properties,

most notably, a unique sequence of quantized magnetiza-
tion plateaus in magnetic fields [18–23] which have been a
subject of intense research in the last decade [24,25].
A nonmagnetic impurity creates an unpaired Cu2þ site

in the dimer singlet state, producing a free spin 1=2. The
structure factor of this spin 1=2 measured by inelastic
neutron scattering experiments [10] points to an extended
object. Theories have confirmed this picture and moreover,
predicted the formation of a spin polaron extending over
several sites around the impurity [9,11], clearly calling for
further precise experimental information.
In this Letter, we report the observation of such a

spin polaron in real space by 11B NMR experiments on
Zn-doped SrCu2ðBO3Þ2 performed in a sufficiently high
magnetic field to saturate unpaired spins. With the help of
exact diagonalization results, a nearly complete assignment
of the 15 additional boron sites has been achieved, leading
to the determination of the microscopic structure of a
localized spin polaron with unprecedented accuracy.
Single crystals of SrCu2−xZnxðBO3Þ2 were grown by

the traveling-solvent floating-zone method [26,27]. Two
crystals were used, x ¼ 0.0174 and 0.0032 as determined
by the inductively coupled plasma atomic emission spec-
trometry. The presence of free spins at low temperatures
was confirmed by magnetization measurements (see
Supplemental Material A [28]). The crystals were cut into
a rod (1 × 1 × 5 mm3) for NMR measurements, which
were performed in a magnetic field B of 6.615 T precisely
along the c axis (within ∼0.2 degree).
The NMR spectra were obtained by summing the Fourier

transform of the spin-echo signal obtained at equally
spaced rf frequencies. Figure 1 shows the 11B NMR
spectrum for x ¼ 0.0032 (0.16% of Zn) at 1.6 K. The
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Zeeman energy for the magnetic field of 6.615 T is much
smaller than the zero-field energy gap for the triplet
excitation in the bulk (Δ ¼ 35 K) but large enough to
completely polarize the impurity induced free spins
(see Supplemental Materials A and B [28]). To understand
the 11B NMR spectra, we first recall that one boron site
generates three NMR lines at the frequencies
νr ¼ γðBþ BintÞ þ kνQ, (k ¼ −1, 0, 1), where νQ is the
quadrupole splitting along the c axis, γ ¼ 13.66 MHz=T is
the nuclear gyromagnetic ratio, and Bint is the internal
magnetic field produced by nearby Cu spins. Since the
Zn concentration is extremely dilute, most of Cu spins form
singlet dimers generating Bint ∼ 0 at the majority of B sites.
The NMR lines from these B sites (shown by black arrows)
are very intense, far exceeding the range of display in Fig. 1.
In addition to this reference line, we have been able to

identify 15 weaker lines with nonzero Bint (B1–B15, the thin
lines in Fig. 1) and to determine the values of Bint and νQ
for each of them. The sample with x ¼ 0.0174 gives a
nearly identical NMR spectrum (see Supplemental Material
C [28]), ensuring no interference between impurities.
As we shall demonstrate, it is possible to assign most

of the lines to specific boron sites and to deduce the
polarization of the Cu sites around the impurity as shown in
Fig. 2. To perform this line assignment, it is useful to know
a priori the local magnetization expected in the neighbor-
hood of a Zn impurity. We have thus performed exact
diagonalizations (ED) calculation for finite-size clusters of
the 2D Shastry-Sutherland lattice with 32 sites (31 spins
and one vacancy) and 36 sites (35 spins and one vacancy),
with periodic boundary conditions (see Supplemental
Material D [28]). The ED results of Fig. 3(c) show that
the local magnetization is distributed primarily over five
spins surrounding the defect. A single spin at CuA with a
large positive hSAc i ∼ 0.18–0.30, two spins at CuC with also
a large positive hSCc i ∼ 0.18–0.21, and two spins at CuB
with a large negative hSBc i ∼ −0.1 add up approximately to
the saturated value of 0.5. In addition, eight spins at four

other sites (CuD−G) carry a small and oscillating magneti-
zation less than 0.1 in absolute value. The local magneti-
zation is much smaller for the remaining sites (∼10−3) and
cannot be determined accurately for the cluster sizes of our
calculation. Interestingly, there is a strong dependence on
α. First of all, the polaronic structure collapses very rapidly
when α exceeds 0.68, where the pure system undergoes a
first-order transition from the dimer to the plaquette phase
[16,17,32]. Besides, and more remarkably, the magnetiza-
tion of the unpaired site CuA, hSAc i, strongly depends on α.

FIG. 1 (color online). 11B NMR spectrum at T ¼ 1.6 K and B ¼ 6.615 T. The black arrows mark the position of the reference line
(zero internal field). Fifteen additional lines named B1 to B15 have been resolved. Note that B1 is about twice as intense as B2, and that
B12 (shaded in blue) is also about twice as intense as B11 (shaded in orange).

FIG. 2 (color online). Real space sketch of the spin polaron
formed around a Zn impurity (cross). The up (down) arrows on
the Cu sites represent the spin moments parallel (antiparallel) to
the external field. The length of the arrow is proportional to jhSzij
as calculated on a 36-site cluster with J0=J ¼ 0.67. The numbers
show the assignment of the B sites to the NMR lines of Fig. 1
deduced from the analysis described in the text. Primed numbers
have been used when different sites are assigned to the same line.
The other B sites have very small internal field.
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It decreases steeply with α and becomes smaller than hSCc i
at α ∼ 0.66, an observation that will turn crucial for the
analysis of the experimental spectrum.
To make contact between the local magnetization at

Cu sites and the boron spectrum, we note that the internal
field Bint at a given boron site is given by the sum of
contributions from neighboring Cu sites

Bi
int ¼

X

j

AijhSjci: ð2Þ

Here, Aij is the hyperfine coupling constant from the ith
boron site to the jth Cu site. It is the sum of the dipolar
and transferred hyperfine couplings, Aij ¼ Dij þ Tij, and
depends on the relative position between the boron and
Cu sites. The dominant couplings are illustrated in Fig. 3(a)
and summarized in Table I. The transferred hyperfine
couplings are short ranged and limited to the nearest and
next-nearest neighbors in the same layer, T1 and T2. They
satisfy the condition T1 þ 2T2 ¼ −0.431 T imposed by the
NMR shift data in undoped SrCu2ðBO3Þ2 [14], leaving
only one adjustable parameter, say T1. The analysis of
NMR spectra in the magnetization plateau phases has led
to the estimation −0.71 < T1 < −0.53 T [22]. The dipolar

couplings can be calculated from the crystal parameters.
In addition to the nearest and next neareast neighbors in
the same layer, two neighbors on the adjacent layers have
significant dipolar couplings with different valuesD3 > D4

because of the buckling of the layers. Looking at Table I,
we can anticipate that the boron sites close to the impurity
both in the layer of the impurity and in the two adjacent
layers will have internal fields large enough to give rise to
additional peaks.
The absolute value of Aj is by far the largest for the

nearest neighbor (j ¼ 1). The value of Bint for the B sites in
the layer of the impurity should, therefore, be primarily
determined by hSci of the nearest neighbor Cu site. We then
conclude that B1 and B2, which show large negative Bint
(∼ − 0.14 T, see Fig. 1), must correspond to the boron sites
next to either CuA or CuC in Fig. 2. Likewise, B15, with
its large positive Bint (∼0.07 T), should be next to CuB. The
values of hSAc i and hSCc i can be estimated approximately
as Bint=A1 ∼ 0.2, which is significantly smaller than the
saturated value of 0.5. Thus, the distribution of Bint
provides a direct experimental proof for the polaronic spin
structure near defects.
Interestingly, the integrated intensity of the low fre-

quency satellite line of B1 at 87.12 MHz is twice as large as
that of B2 at 87.24 MHz. Since each Zn impurity creates
one CuA and two CuC sites, B1 (B2) must be assigned to
boron sites next to CuC (CuA). The larger value of jBintj at
B1 then leads us to conclude that hSAc i < hSCc i. Figure 3(c)
shows that this condition is met only in a very narrow range
of α between 0.655 and 0.68.
Thanks to this assignment, we are now in a position to fix

α and T1 by fitting the experimental value of Bint at the B1

and B2 sites using the 36-site cluster results (interpolated
between α ¼ 0.66 and 0.67). This leads to α ¼ 0.665
and T1 ¼ −0.563 T (A1 ¼ −0.724, A2 ¼ −0.009 T), com-
patible with the values in Table I. The full theoretical
histogram of Bint deduced from Eq. (2) is plotted in the
upper panels of Figs. 4(a) and 4(b). The isolated red lines in
Fig. 4(a) represent Bint at the boron sites in the same layer
as the impurity. Each of them is nearest to one of the seven
Cu sites (CuA−G) carrying appreciable magnetization. The
overall agreement between the ED results and experiment
is very good, leading to the assignment of the lines B3, B4,
B13, B14, and B15 (see Fig. 2).
Since other boron sites in the layer of the impurity have

much smaller internal fields, we now turn to the neighbor-
ing layers. They have smaller values of Bint coming from
the interlayer dipolar couplings D3 or D4 as shown in the
upper panel of Fig. 4(b). Again, the agreement with
the experimental results is very good. Let us focus on the
experimental lines B11 and B12. Since B12 is twice as intense
as B11 (see Fig. 1), we must assign B12 to the neighbors of
CuC in the layer above, and B11 to the neighbor of the CuA
in the layer below. Since both couplings are given by D3,
the larger Bint at B12 than B11 provides an independent

FIG. 3 (color online). (a) Main hyperfine couplings between a
Cu spin and the B nuclei in the same layer (A1 and A2) or in the
neighboring layers (A3 or A4). (b) Quadrupolar splitting νQ for
B sites near a Zn impurity. (c) Dependence on α ¼ J0=J of the
local magnetization calculated with exact diagonalizations on a
32-site cluster (open symbols) and 36-site cluster (solid symbols).

TABLE I. Hyperfine coupling constants in Tesla.

j Tj Dj Aj

1 −0.711 ∼ −0.531 −0.161 −0.872 ∼ −0.692
2 0.05 ∼ 0.14 −0.075 −0.025 ∼ 0.065
3 0 0.103 0.103
4 0 0.065 0.065
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confirmation that hSAc i < hSCc i. With its strongly negative
Bint, the line B5 must be attributed to the neighbors of CuB in
the layer above. Discussion on the other lines is given in the
Supplemental Material E [28].
So far, we have assumed that the hyperfine couplings are

not influenced by Zn-doping. However, the small differ-
ence in the ionic radii between Cu2þ and Zn2þ (about 5%
[33]) could produce nonuniform chemical pressure effects,
which may result into a local lattice distortion and a
modification of the hyperfine couplings. To estimate such
effects, the quadrupole splitting νQ is a useful probe since it
is sensitive to changes in local structure and charge density.
The inset (b) of Fig. 3 shows the values of νQ for all the
observedBNMR lines. Remarkably, most sites have exactly
the samevalue νQ ¼ 1.25 MHzas in undoped SrCu2ðBO3Þ2
(solid line). Only the lines B11 and B15 show minor
deviations of about 0.02 MHz, indicating that the effects
of lattice distortion are small and limited to the immediate
vicinity of the Zn impurities. Note that νQ at the boron
sites close to CuA and CuC is unchanged, an indication that
the hyperfine couplings are likely to remain the same.
Furthermore, the dipolar coupling, which varies slowly with
distance as 1=r3, should not be affected by a small lattice
distortion. Therefore, our conclusion hSAc i < hSCc i should
remain valid even allowing for a local distortion around
the impurity.
Finally, let us compare the values of α reported so far

from various measurements. The analysis of susceptibility
and specific heat data of the undoped material by the
Shastry-Sutherland model with an interlayer coupling has

led to the best value α ¼ 0.635 [24], while the recent
determination of the width of the 1=2 plateau in very
high magnetic fields up to 118 T [23] led to α≃ 0.63.
These values are smaller than our estimate α ¼ 0.665
necessary to account for the internal structure of the
polaron. After discarding other possibilities such as
Dzyaloshinsky-Moriya (we checked with ED for the Zn
-doped system that neither the intradimer nor the interdimer
Dzyaloshinsky-Moriya coupling was able to account for
the discrepancy), we came to the conclusion that the most
likely explanation is that the ratio α increases near Zn due
to the local chemical pressure induced by the larger ionic
radius of Zn2þ as compared to Cu2þ. Indeed, a similar
effect has already been observed in undoped samples under
hydrostatic pressure [34]. To actually demonstrate that this
local modification could explain the discrepancy, we have
examined a simple model in which the Cu-Cu bond closest
to Zn; i.e., the CuA-CuB bond Jimp is allowed to change
from the bulk J0 (see Supplemental Material F [28]). We
found that the polaronic structure derived from NMR is
actually compatible with α≃ 0.65 if Jimp is allowed to take
larger values in the range 0.72–0.77. This value of α is
already significantly lower than the estimate 0.665 for the
uniform system, and it sounds plausible that this value can
be further lowered if one allows for additional modifica-
tions of the coupling constants. It would be interesting to
investigate this possibility further with the help of ab initio
investigations of the local exchange couplings of Zn-doped.
This however goes far beyond the scope of the present
Letter.
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