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High-field behavior of the spin gap compound Sr,Cu(BO3),
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We report magnetization and heat capacity measurements of single crystal samples of the spin gap com-
pound Sr,Cu(BO3),. Low-field data show that the material has a singlet ground state comprising dimers with
intradimer coupling J=100 K. High field data reveal the role of weak interdimer coupling. For fields that are
large compared to the spin gap, triplet excitations are observed for significantly smaller fields than predicted for
isolated dimers, indicating that weak interdimer coupling leads to triplet delocalization. High field magnetiza-
tion behavior at low temperatures suggests additional cooperative effects.
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Recently, the spin gap system SrCu,(BO;), which is a
physical realization of the Shastry—Sutherland model,' has
received a considerable amount of interest.”” Spin frustra-
tion in a network of connected dimers leads to competition
between Neél and singlet dimer ground states, reducing the
spin gap to ~30 K. The excited state magnetization is found
to be a series of fractional magnetic plateaus of the total
magnetization, associated with localized triplet excitations in
structures commensurate with the lattice. In this report, we
present results on the first single crystals of the spin gap
system Sr,Cu(BOs), which although similar in composition
to SrCu,(BOs),, has a very different magnetic lattice and
exhibits novel magnetic properties associated with triplet
delocalization.

Sr,Cu(BO3), exists in two structural phases: here we de-
scribe the first measurements of single crystal samples of the
high temperature -Sr,Cu(BOs), phase. This phase is ther-
modynamically stable above ~800 °C, so samples were
quenched from 860 °C to room temperature during the
growth process. B-Sr,Cu(BO3), has an orthorhombic unit
cell with lattice parameters a=7.612 10\, b=10.854 A, and ¢
=13.503 A.% The structure is two-dimensional, comprising
layers of Cu,B40, containing Cu?* (3¢°,s=1) ions (shown
in Fig. 1), separated by Sr ions.® Each layer comprises dis-
torted octahedral Cu(1)Og units, square planar Cu(2)O,,
units, and triangular B(1,2,3)O; units.

The Cu®* ions are coupled via three different exchange
pathways (shown as J, J', and J” in Fig. 2) via triangular
BO; units. Orthorhombic distortion of the Cu(1)O4 octahe-
dra lifts the e, degeneracy of this ion [apical oxygen atoms
are further from the central Cu(l) atom at 2.49 A and
2.42 A, than the equatorial oxygen atoms, at 1.99 A and
1.92 A (Refs. 6 and 7)], such that the highest energy level is
the antibonding combination of Cu 3d,2_,» and the equatorial
O 2p,, orbitals. Since the Cu(1) 3d° hole resides in the equa-
torial plane, the dominant exchange pathway is therefore J,
through the equatorial oxygen ions of the Cu(1)Og4 octahe-
dra. The equivalent magnetic lattice [Fig. 2(a)] then com-
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prises Cu(1)—Cu(2) dimers coupled by J via B(3)Oj; triangu-
lar units. In this paper, we present high field magnetization
measurements that reveal the effect of weak interdimer cou-
pling J' and J” through B(2)O5 and B(1)O5 groups, respec-
tively.

Single crystals of B-Sr,Cu(BO;), were grown using
LiBO, as a flux.® The polycrystalline precursor was prepared
by a solid state reaction of SrCO;, CuO, and B,0; ground
together in stoichiometric ratios and heated in flowing O, at
900 °C for approximately 72 h with intermediate grindings.
A mixture with 1:1.4 molar ratio of polycrystalline
Sr,Cu(BO3), to LiBO, was heated in a Pt crucible to
925 °C, cooled at approximately 1 °C per h to 860 °C and
the remaining liquid decanted. The crystals were allowed to
cool rapidly in air. The resulting single crystals of
B-Sr,Cu(BO3), were multi-faceted, purple in color, with di-
mensions of up to 5 mm on a side.

-

J

FIG. 1. Cu,B40, layers from B-Sr,Cu(BOs3),. The open circles
represent O, the gray circles Cu, and the black circles B. Dimer
units comprise Cu(1) and Cu(2) atoms linked via B(3)O3 groups. Sr
ions separating the layers are not shown.
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FIG. 2. (a) Magnetic lattice representing the structure of
Cu,B40,, planes in Sr,Cu(BOj3),. Atomic positions of Cu(1l) and
Cu(2) are taken from the real crystal structure. Exchange pathways
are labelled in the legend. (b) In the limit J>J’ and J”, interdimer
terms can be treated perturbatively, and the lattice mapped on to a
distorted square lattice of dimers. Each dimer unit is represented by
a solid circle positioned in the geometric center of the Cu(1) and
Cu(2) atoms.

Magnetization measurements in fields up to 5 T were per-
formed in a Quantum Design SQUID magnetometer. DC
magnetic susceptibility (y=M/H) measured in 5000 Oe with
H aligned along the principal crystal axes is shown in Fig. 3.
From the exponential behavior at low temperatures, it is
clear that the material is a spin gap system. To estimate the
intradimer coupling J, a simple approximation is to fit the
magnetic susceptibility to an isolated dimer model with an
additional Curie term to account for a small isolated impurity
spin concentration
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FIG. 3. Temperature dependence of the magnetic susceptibility
of a single crystal of Sr,Cu(BO3), for a field of 5000 Oe aligned
along the principal crystal axes. Solid lines show fit to isolated
dimer model, described in the main text.
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where N is Avogadro’s number, C the Curie constant due to
noninteracting impurities, and y, a temperature-independent
term. Any renormalization due to interdimer coupling terms
would modify the value of g. For all three orientations, the
magnetic susceptibility per mole of Cu spins as a function of
temperature can be well fit by the isolated dimer model. The
value of J for all three orientations is found from these fits to
be 100+1.5 K in agreement with previous polycrystalline
data.” Values for g are found to be 2.0+0.05 for H aligned
along the b- and c-axes, but 2.2+0.05 for H aligned along
the a-axis, consistent with the orientation of the CuQO, units.
C varies from 0.001 to 0.003 emu K/mol Oe, corresponding
to 0.3-0.8% impurity concentration, assuming impurity spins
with g=2, s=%. The T-independent term ), is small and
positive, likely due to a very small concentration of ferro-
magnetic impurities. Values vary slightly between samples
and with orientation, and for the data shown in Fig. 3 corre-
spond to approximately 10™* uz per formula unit.

Independent measurements of g are necessary to deter-
mine the extent of renormalization of the magnetic suscepti-
bility due to interdimer coupling. Values for g were obtained
via electron spin resonance (ESR) using a Bruker Elexsys
E680X spectrometer at X-band frequency 9.38 GHz at room
temperature. These measurements gave g,=2.230, g,
=2.060 and g.=2.130+£0.004 in good agreement with values
obtained from susceptibility fits within the uncertainty of
these measurements, indicating that any interdimer terms are
not large enough to have a measurable effect at low fields.

An additional confirmation of the value of J in this system
is obtained from heat capacity measurements. The Schottky
anomaly from the large spin gap is too small to be easily
resolved against the large phonon contribution to the heat
capacity. However, the shift in heat capacity due to Zeeman
splitting of the triplet states in a magnetic field can be ob-
served. Measurements were made in zero field and 18 T con-
tinuous field for a single crystal of 3-Sr,Cu(BOs), weighing
7.9 mg. The field was oriented at an arbitrary angle to the
crystal. A calorimeter made of plastic materials and silicon
was used, employing a thermal relaxation time technique.
The difference between these two values, AC,=C,(18 T)
—C,(0 T) is due solely to changes in the magnetic contribu-
tion and can be calculated for an isolated dimer model using
measured values for J and g for this crystal. Figure 4 shows
calculated and measured values for AC, as a function of
temperature. The measured data has a broad maximum with
a peak value of 0.38+0.07 J/mol K centered at 14+1 K,
compared to the model which has a peak value of
0.32 J/mol K centered at 16 K. The data agree within ex-
perimental uncertainty, confirming that the isolated dimer
model with /=100 K is a reasonable first approximation in
small magnetic fields.

We note that additional features are evident in the heat
capacity at high temperatures (inset to Fig. 4), which appear
to be unrelated to the low temperature magnetic properties.
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FIG. 4. Difference in heat capacity AC,=C,(18 T)-C,(0 T) for
a single crystal of Sr,Cu(BOj3),. Solid line shows calculated value
for dimer model with /=100 K and g=2.14. Inset shows total heat
capacity in zero field between 2 K and 300 K. Mol refers to the
formula unit.

Structural refinements performed on a single crystal indicate
no change in symmetry or average atomic positions between
the Low Temperature (LT) (7<230 K), Room Temperature
(RT) (230 K<T<320 K), and High Temperature (HT) (T
>320 K) regions, but a marked change in the thermal pa-
rameters of the B atoms indicates a change in vibrational
properties.

The behavior of Sr,Cu(BOj3), is most interesting in high
magnetic fields, for which gugH~J. In particular, we find
that the magnetization is no longer fit well by the isolated
dimer model, due to the effects of interdimer coupling. Mag-
netization measurements were made in pulsed high magnetic
fields up to 65 T at different temperatures. The data are ob-
tained using a wire-wound sample extraction magnetometer
in which the sample is inserted or removed from the detec-
tion coils in situ. Data were taken for increasing and decreas-
ing fields, and the average value calculated. A collection of
six randomly oriented fragments from a clean single crystal
was used in order to maximize the filling factor of the coil.
Magnetization for this composite sample as a function of
field is shown in Fig. 5. A small linear diamagnetic contri-
bution with negative slope 9X 10™* u,/T, due to the re-
sponse of the source coils, has been subtracted from the data.
The value of magnetization at 50 K in a field of 5 T was
compared with SQuID magnetometer magnetization data in
order to obtain absolute values for the magnetization in units
of ug/Cu.

A feature of the isolated dimer model is a sharp increase
in magnetization to 1 uz when the lowest Zeeman-split trip-
let state crosses the singlet state at 7=0. For J=100 K and
g=2.14 (i.e., average value for the composite sample), this
would occur at an applied magnetic field H.=69 T if there
was no interdimer interaction, with thermal broadening at
finite temperatures (solid lines in Fig. 5). As shown in Fig. 5,
M(H) data correspond very closely to this model for tem-
peratures of 20 K and above, but deviate significantly for
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FIG. 5. (Color online) Magnetization of Sr,Cu(BOj3), as a func-
tion of applied field at different temperatures. Calculated values for
isolated dimer model with /=100 K and g=2.14 shown by solid
lines.

lower temperatures. At 1.5 K, data taken to 65 T clearly
show the swift rise in magnetization due to triplet excita-
tions. This occurs at a magnetic field lower than J. Further-
more, data for temperatures of 5 and 10 K coincide with the
1.5 K data within experimental uncertainty.

The deviation from the isolated dimer model is clearly
revealed in a graph of magnetization as a function of tem-
perature (Fig. 6). In high magnetic fields, the magnetization
does not fall to zero at low temperatures, but is as large as
0.15 wp for temperatures below 10 K. Above 15 K, the M(7T)
curves rise sharply, coinciding with the isolated dimer model
for temperatures above 20 K.

The observed high field magnetization behavior at low
temperatures indicates that Sr,Cu(BO;), is not an isolated
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FIG. 6. Magnetization as a function of temperature for different
magnetic fields. Symbols (connected by dotted lines to guide the
eye) indicate measured magnetization data extracted from Fig. 5,
solid lines indicate isolated dimer model with /=100 K, and g
=2.14.
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dimer system. The upturn in magnetization due to the exci-
tation of singlet into triplet states occurs at a lower magnetic
field H.~56 T than predicted by the isolated dimer model
(67-74 T, for g values between 2.2 and 2.0), indicating that
the interdimer exchange terms J' and J” have a significant
effect. This effect can be estimated if we assume that J' and
J” are much smaller than J and can be treated as a perturba-
tion to the isolated dimer model. These interdimer terms act
on triplet states and enable triplet hopping from first order in
the perturbation solution, resulting in a triplet dispersion re-
lation that reduces H,. from J/gup. This is very different
from the Shastry-Sutherland compound SrCu,(BOs),, for
which triplets are localized up to the fourth order in the per-
turbation solution, due to frustration.* To obtain an estimate
of H, in B-Sr,Cu(BOj3),, the simplifying assumption can be
made that in the vicinity of level crossing, the eigenspace
comprises only the two degenerate singlet (S=0) and lowest
triplet (§°=1) states, which is a reasonable assumption given
the large value of J. These can be mapped on to an effective
site which is empty (S=0) or occupied (S°=1) by a hardcore
boson (equivalent to a pseudo-spin %) The effective sites
form a square lattice linked by J' and J” [Fig. 2(b)]. Follow-
ing the perturbative treatment of interdimer terms on a lattice
of coupled spin % chains®® we obtain guzH,.=J-[(J’'
+J")/2] for the lattice in Fig. 2(b). For the observed range
J/gup—H,.=11-18 T (depending on the value of g), we ob-
tain (J'+J")/2~17-28 K. Experiments are in progress to
directly measure the triplet dispersion and thereby indepen-
dently determine the values of J' and J".

At low temperatures and in high magnetic fields, interac-
tions between the triplets will determine the nature of the
ground state, which is likely a canted antiferromagnet.
Within a picture of delocalized triplets, and neglecting aniso-
tropic terms such as Dzyaloshinskii-Moriya exchange, it is
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natural to consider this as a Bose Einstein Condensate of
hardcore bosons.® The temperature independent finite mag-
netization below 20 K in high magnetic fields (Fig. 6) is
presumably associated with this state, following a similar
temperature dependence to results from numerical studies of
weakly coupled dimer systems!'? and experimental results for
the related material TICuCls.!"'> However, only a small por-
tion of the phase diagram is accessible due to the large value
of the spin gap, and it is therefore difficult to unambiguously
identify the nature of the ground state in high magnetic fields
for this material.

In summary, we have made the first magnetization and
heat capacity measurements on single crystals of the new
spin gap compound S3-Sr,Cu(BOj3),. The material has a sin-
glet ground state comprising dimers with intradimer coupling
J=100 K. High field measurements reveal the presence of
interdimer coupling that results in the reduction of H,. from
J/gup, and a finite low temperature magnetization at high
fields. From these measurements, we estimate weak inter-
dimer coupling (J'+J")/2~17-28 K. For fields above H,,
cooperative effects are expected to lead to an ordered ground
state, the nature of which remains to be determined.
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