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Abstract

We report the NMR observation of spin superstructure in the % magnetization plateau phase of SrCu,(BOs),, a quasi-
2D dimer singlet spin system, at high magnetic fields near 28 T. The % phase is characterized by crystalization of triplets
in a rhomboid unit cell with oscillating magnetization and separated from uniform phase by a first-order transition.
Comparison between the Cu and B NMR spectra and theoretical calculations on the Shastry—Sutherland model
enabled us to determine the three-dimensional spin superstructure. We also found that subtle structural feature of the
buckling of magnetic layers produces anisotropic interactions, which lead to field-induced staggered magnetization.
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1. Introduction

Exploration of quantum phase transitions in
spin systems induced by strong magnetic field is a
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remarkably fruitful area of recent research in high
magnetic field, see for, e.g. Refs. [1,2]. Special
attention has been paid on a class of materials
which do not order magnetically down to zero
temperature. These materials have a collective
singlet ground state with a finite energy gap to the
lowest excited state.

Heisenberg chains with integer spins, spin-
ladders, and coupled spin dimers are well-known
examples. Low lying excitations in these materials
are S = 1 triplet magnons with energy dispersion
E(q) as a function of momentum ¢q. The minimum
of the dispersion at q = Q defines the spin-gap 4.
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When a magnetic field is applied, the triplets
degeneracy is lifted by the Zeeman splitting. The
gap to the lowest S, =1 triplet branch 4 — gugH
becomes zero at the critical field H, = 4/(gug) and
finite density of S, =1 triplets, i.c. finite magne-
tization, appears above H.. The Bose—Einstein
condensation should then occur at sufficiently low
temperatures, where the order parameter of the
macroscopic condensate {agp ) is equivalent to the
staggered magnetization M, (Q) perpendicular to
the field. Such field-induced antiferromagnetic
order has been indeed observed in a number of
spin-gap systems [3,4] and is well described in the
framework of Bose—FEinstein condensation [5,6].

Upon further increasing the field, the magneti-
zation does not always increase smoothly up to the
saturation. Instead, in some materials, the magne-
tization stays constant at fractional values of the
full saturation for a finite range of magnetic field
[7]. At magnetization plateaus the density of
triplets is kept constant against a change of the
chemical potential (magnetic field), therefore, an
excitation gap should appear again. Oshikawa
et al. [8] developed a topological theory for
magnetization plateaus in one dimension based
on the Lieb-Shultz—Mattis theorem. They showed
that if the total magnetization >, S is a
conserved quantity, an excitation gap exists only
when

m=<S:5, (1

where 7 is the periodicity of the ground state.
When the spin hamiltonian is mapped onto an
interacting boson system, S — m gives the number
of particles per site. Therefore, this is equivalent to
the commensurability condition that the particle
number in a unit cell of the ground state has to be
an integer. This argument was then extended to
arbitrary dimensions [9]. It follows that if a
magnetization plateau at a fractional value S —
m = p/q (p and ¢ are mutually prime) is observed
with ¢ greater than the number of spins in a
crystalline unit cell, the ground state must break
the translational symmetry. Physically, such bro-
ken symmetry should result from localization of
triplets forming a superlattice due to repulsive
interactions. Magnetization plateaus are thus quite
analogous to charge-ordered insulating states

n(S — m) = integer,

often observed in transition metal oxides [10]. In
this paper, we describe the direct observation of a
magnetic superlattice for the magnetization pla-
teau state at % of the full saturation in the quasi-2D
spin-dimer system SrCu,(BOs), by nuclear mag-
netic resonance (NMR) experiments at high
magnetic field up to 28 T [11].

The crystal of SrCu,(BO;3), has a layered
structure as depicted in Fig. 1(a) where the
magnetic CuBO; layers and non-magnetic Sr
layers alternate along the c-axis. The magnetic
layers contain orthogonal dimers formed by pairs
of nearest-neighbour Cu®* ions each carrying spin
%. If we consider isotropic antiferromagnetic
Heisenberg exchange only between the nearest
neighbour (J) and next-nearest neighbour (J')
spins, we obtain the model shown in Fig. 1(b)
proposed by Shastry and Sutherland two decades
ago [12,13] The ground state of this model is
obvious in the two limiting cases. When J/J'> 1, it
reduces to a collection of dimer singlets, while if
J/J' <1, the model is equivalent to an antiferro-
magnet on a square lattice with a Néel order.
Whether there are other phases is still an open
question. It is known that for J/J'<0.68 the
simple product of dimer singlets is the exact
ground state. Various experiments have estab-
lished that SrCu,(BOs3), at zero magnetic field has
the dimer-singlet ground state with the spin-gap
A =35K and appropriate values of the para-
meters are determined as J/J' = 0.64, J = 85 K.

It is also known that frustration between J and
J' of the Shastry—Sutherland model strongly
suppresses the kinetic energies of triplets. Indeed
neutron scattering experiments have demonstrated

Fig. 1. (a) Schematic structure of SrCu,(BOs), viewed along
the c-axis. The box shows a unit cell. (b) The Shastry—
Sutherland spin model.
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that the dispersion of triplet magnons in
SrCu,(BOs3), has an extremely small width [14],
even though the ratio J'/J is close to the critical
value. The most striking property of SrCu,(BOs3),
is the presence of magnetization plateaus at i, %,
and % of the full saturation [15]. According to the
commensurability condition mentioned above, the
ground state at these plateaus should break the
translational symmetry. The hard-core-boson cal-
culation indeed predicted that small kinetic en-
ergies of triplets and their repulsive interactions
lead to localization of the triplets to form stripe
superlattices at § and { plateaus. For the § plateau,
superlattices with either square or rhomboid unit
cell were proposed [18]. However, no definite
conclusion was obtained concerning the stability
of a specific structure [16—18].

2. Spin superstructure in the % magnetization
plateau phase

We have used nuclear magnetic resonance
(NMR) at the Cu and B sites to detect super-
structure at the % plateau phase that occurs in the
field range from 27 to 28.5 T when the field is
applied parallel to the c-axis [11]. Since the local
hyperfine field at the nuclei is determined by the
interaction with neighbouring electron spins,
magnetic superstructure should give rise to distinct
types of nuclei with different hyperfine fields,

resulting in fine structure in the NMR spectra.
NMR experiments were done on a single crystal
grown by the travelling solvent-floating zone
method using a 20 MW resistive magnet at the
Grenoble High Magnetic Field Laboratory.

First, we briefly review the Cu NMR results,
which have been reported in Ref. [11]. We show in
Fig. 2 the Cu NMR spectrum at the magnetic field
of 26 T (below the onset of the %—plateau) and
27.6 T (inside the %—plateau) obtained near
T ~50 mK. The spectrum at 26 T can be repro-
duced as a superposition of six lines coming from
single Cu site, three lines split by quadrupole
interaction for the two isotopes ®Cu and %*Cu, as
indicated by the line in the inset. This confirms
that the magnetization is largely uniform. The
NMR spectrum shows a drastic change when the
field is increased up to 27.6 T. There are many
sharp peaks distributed over a extremely wide
frequency range from 100 to over 400 MHz,
pointing to many distinct Cu sites with different
magnetization. This gives a direct evidence for a
commensurate magnetic superstructure.

In spite of the apparent complexity of the
spectrum, a large number of sharp peaks allowed
us to determine the distribution of hyperfine fields
quite accurately. We found that in order to
reproduce all the peak positions of the spectrum,
at least 11 distinct hyperfine fields have to be
assumed [11]. The distribution of the hyperfine
fields is shown in the middle panel of Fig. 3(b),
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Fig. 2. The Cu NMR spectrum at 26 T (inset) and 27.6 T (main panel). The arrows in the main panel shows the reference NMR

frequency in diamagnetic materials.
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Fig. 3. (a) Calculated magnetization profile. Hatched circles
show the B sites shown for later discussion. Solid (open) circles
indicate the Cu sites with magnetization parallel (antiparallel)
to the external field with the circle size representing the
magnitude. There are eight distinct Cu sites in one layer. The
values of local magnetization are listed below. (b) Histogram of
the hyperfine field distribution. The middle panel shows the
experimental results, while the upper (lower) panel indicates the
calculated results without (with) the transferred hyperfine
coupling. See Ref. [11] for details.

where long (short) lines indicate that the popula-
tion of the site is § (). The NMR spectrum
generated from this distribution is shown by the
thick line in Fig. 2. By symmetry consideration, it
is concluded that only the rhomboid-type unit cell
is compatible with the NMR observation of more
than 11 sites [11]. The middle panel of Fig. 3(b)
shows that two sites have large negative hyperfine
fields, which through a negative hyperfine coupling
means large magnetization along the field. Thus
the triplets must be spatially extended, instead of
being confined on one dimer as envisaged by the
approximate treatment of hard-core-boson model
[16-18]. Note also that some sites have positive
hyperfine field, i.e. local magnetization opposite to
the magnetic field. Therefore, the magnetization
oscillates within a unit cell.

In order to gain insight into the detailed spatial
magnetization profile, the Shastry—Sutherland
model with spin-phonon coupling was solved for
a 16-sites cluster with the periodic boundary
condition appropriate for the rhomboid unit cell
[11,19]. Typical result of the calculated magnetiza-
tion profile is shown in Fig. 3(a). The spin-phonon
coupling was included in order to select a unique

ground state out of the degenerate ground state
manifold [11,19]. This is physically justified since
sizeable spin-phonon coupling was indeed ob-
served by sound velocity measurements [20]. We
found that the magnetization-profile depends only
weakly on the spin-phonon coupling parameters
and the resultant lattice displacements is less than
1%. Therefore, we speculate that the superstruc-
ture will be stable in the thermodynamic limit
without the spin-phonon coupling.

The magnetization profile in Fig. 3(a) demon-
strates that one “triplet” unit basically consists of
three dimers; a central dimer with large parallel
moments and neighbouring dimers on both sides
of the central dimer with antiparallel moments.
The large negative moments next to the central
dimer are due to the unfrustrated exchange field
from the central dimer. Similar calculations show
that this unit will survive in the § and { plateau
phases [19]. The magnetization decays rapidly as
the distance from the central dimer increases.
However, the oscillation persists over the entire
unit cell. This is analogous to Friedel oscillations
around impurities in metals or staggered magne-
tization near impurities in quantum spin chains
[21,22] and two-dimensional superconducting cup-
rates [23]. The distribution of the hyperfine field
obtained from the calculated magnetization-profile
shows good agreement with the experimental
results as shown in Fig. 3(b), in particular, when
the transferred hyperfine interactions with neigh-
bouring sites are considered.

While the Cu NMR spectrum combined with
the theoretical results yielded detailed knowledge
about the magnetization profile within one layer,
the ''B (nuclear spin 3) NMR spectrum turned out
to provide important information about the three-
dimensional stacking pattern. This is because the
hyperfine interactions between B nuclei and
neighbouring Cu®* spins are rather weak and the
dipolar fields from adjacent layers are relatively
important. The B NMR spectra at the field of
27.5T are shown in Fig. 4 at three different
temperatures. The spectrum at 550 mK consists of
three sharp quadrupole-split lines indicating a
uniform hyperfine field. On the other hand, the
spectrum at 150 mK showed a large number of
peaks corresponding to the superstructure in the %
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Fig. 4. The B NMR spectrum for the magnetic field of 27.5 T
along the c-axis at different temperatures.

phase. These two types of spectra coexist at
480 mK. Close inspection of the spectrum at
150 mK allows us to generate the distribution of
the hyperfine field shown in Fig. 5(b), which
faithfully reproduces the observed NMR spectrum
when convoluted with the quadrupole structure.
There are three peaks with large negative
hyperfine fields, in contrast to the case of Cu
NMR where two sites have a large negative
hyperfine field. The difference should be ascribed
to the dipolar fields at the B sites from neighbour-
ing layers. We found that the B NMR spectrum
can be best explained by the stacking pattern
shown in Fig. 5(a). The central dimer of the triplet
units in the adjacent layers are located above and
below the dimer containing sites 7 and 8 shown in
Fig. 3(a). Although the B1 and B2 sites in Fig. 3(a)
are equivalent within one layer, the BI site has a
sizable positive dipolar field from the large
moments on the neighbouring layers while the
dipolar field at the B2 site is very small. Therefore,
the total hyperfine field at the Bl site is much
larger than the field at the B2 site. A similar
situation occurs for the B3 and B4 sites. The

Intensity

-0.2 -0..1 0 0.1
(b) <Hn> (T)

Fig. 5. (a) Three-dimensional stacking pattern of the super-
lattice compatible with the B NMR spectrum. The triplet units
on adjacent layers are distinguished by black and grey circles.
(b) Hyperfine field distribution at the B sites in the % phase.
Convolution of the distribution and the quadrupole structure
reproduces the NMR spectrum at 150 mK. The vertical lines
are the calculated results including the dipolar fields from
neighbouring layers.

difference in dipolar field is apparent in the
calculated hyperfine field distribution shown by
the lines in Fig. 5(b), which is the sum of the
transferred hyperfine fields from the nearest and
next nearest Cu spins and the long-ranged dipolar
fields. The values of the transferred hyperfine fields
are adjusted to best reproduce the experimental
spectrum. This stacking pattern is consistent with
the results of the hard-core boson calculation [19],
which concludes that triplets on adjacent layers
tend to sit as far as possible due to repulsive
interaction.

3. Nature of the phase transition

We discussed the nature of the quantum phase
transition into the % phase in Ref. [11] based on the
evolution of the B NMR spectrum as a function of
magnetic field. The first-order phase transition is
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demonstrated by a discontinuous jump of the
magnetization deduced from the averaged hyper-
fine fields at the Cu sites. The order parameters of
the % phase is given by the spatial variation of the
local magnetization, for which the overall width of
the NMR spectrum provides a good measure. It
was found that the spectral shape does not change
in the % phase at low temperatures when the field is
changed, again consistent with the discontinuous
transition.

The results in Fig. 4 demonstrate that the phase
transition into the % state as a function of
temperature occurs near 500 mK for the field of
27.5T. There is a finite range of temperature
where the uniform phase and the % phase coexist
similar to the case of field-induced transition [11].
The width of the entire spectrum, however,
decreases slightly with increasing temperature as
shown by the arrows in Fig. 4. Thus the order
parameter is reduced with increasing temperature,
in contrast to the case of field-induced transition.

The plots in Fig. 6 show the temperature
dependence of the intensity of the spectrum from
the uniform phase (solid circles) and the § phase
(open circles). The peak height of the centre line is
taken as a measure for the intensity of the uniform
phase and the peak height at 372.5 MHz (at
150 mK) is plotted to present the intensity of the
% phase. These intensities represent the volume
fraction of each phase, which varies continuously
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Fig. 6. Spectrae intensity of the uniform and the %—plateau
phases plotted as a function of temperatures.

over a rather wide temperature range. The overall
width of the spectrum from the é phase, however,
develop discontinuously, implying that the tem-
perature induced transition is also first order.

4. The Dzyaloshinski—-Moriya interaction and the
field-induced staggered magnetization

Although the spin superstructure in the
% plateau phase is basically understood by the
Shastry—Sutherland model, some properties of
SrCu,(BOs3), cannot be explained by an isotropic
Heisenberg model alone. For example, the aniso-
tropic Dzyaloshinski—-Moriya (DM) interaction on
the second nearest neighbour (interdimer) bonds
have to be considered in order to explain the
splitting of the triplet excitation energies observed
by neutron scattering [24] and electron spin
resonance [25,26] experiments.

Another feature is the non-coplanar structure of
the CuBOj; layers. There is a structural phase
transition at 395 K, below which buckling occurs
in the CuBOs; layers and the intradimer J bonds
lose inversion symmetry [27]. This buckling results
in the alternate tilting of the principal axis of the g-
tensor form the c-axis toward four equivalent
{110 directions on the one hand. On the other
hand, it results in the intradimer DM interaction.
Both of these perturbations produce an effective
staggered field in the presence of a uniform
magnetic field. Recently such field-induced stag-
gered magnetization has been indeed observed by
NMR experiments. We found that the orientation
dependence of the B NMR frequency shift at low
field (7 T) shows unusual variation with tempera-
ture. The direction at which the NMR shift is
extremal moves significantly below 20 K [28]. This
indicates rapid growth of the field-induced stag-
gered magnetization at low temperatures, where
the uniform magnetization becomes exponentially
small.

Miyahara et al. [29] have shown that such a
behaviour can be well described by considering
the ground state of an isolated dimer with both
the DM interaction (D-vector perpendicular to the
magnetic field) and the alternating g-tensor. The
key observation is that both interactions mix
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the singlet ground state with the lowest triplet
branch so that staggered magnetization linear in
field appears in the lowest-order perturbation. It
should be noted that the interdimer DM interac-
tion discussed earlier [24] affects the dispersion of
the triplets but does not have matrix elements
between singlet and one triplet states. At suffi-
ciently high fields, the mixing causes finite magne-
tization to appear below H,= 4/(gug) and
anticrossing of the two levels at H., both of which
appear to be relevant to experimental results. It
has been indeed puzzling that the magnetization
rises rather gradually below the expected H, and
there is no indication of Bose condensation of
magnons, instead, the spin-gap persists above H,
[30]. It remains to be seen to what extent the simple
picture derived from these anisotropic interactions
captures the essential physics at high magnetic
fields.

5. Summary

The spin superstructure in magnetization pla-
teaus breaking translational symmetry was experi-
mentally observed for the first time in the % phase
of SrCuy(BOj3),. The three-dimensional spatial
distribution of the magnetization was determined
by combining the NMR spectrum and numerical
calculations. The plateau phase is separated from
the uniform phase by a first-order transition. A
subtle structural feature of this compound brings
anisotropic perturbations not included in the
Shastry—Sutherland model, which lead to field-
induced staggered magnetization.

The work is supported by Grant-in Aid for
Scientific Research on Priority Area (B) on “Field-
induced new quantum phenomena in magnetic
systems” from Ministry of Education, Culture,

Sports, Science , and Technology of Japan and the
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