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Magnetization of SrCu,(BO3), in Ultrahigh Magnetic Fields up to 118 T
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The magnetization process of the orthogonal-dimer antiferromagnet SrCu,(BO3), is investigated in
high magnetic fields of up to 118 T. A 1/2 plateau is clearly observed in the field range 84 to 108 T in
addition to 1/8, 1/4, and 1/3 plateaus at lower fields. Using a combination of state-of-the-art numerical
simulations, the main features of the high-field magnetization, a 1/2 plateau of width 24 T, a 1/3 plateau
of width 34 T, and no 2/5 plateau, are shown to agree quantitatively with the Shastry-Sutherland model
if the ratio of inter- to intradimer exchange interactions J'/J = 0.63. It is further predicted that the
intermediate phase between the 1/3 and 1/2 plateaus is not uniform but consists of a 1/3 supersolid
followed by a 2/5 supersolid and possibly a domain-wall phase, with a reentrance into the 1/3 supersolid

above the 1/2 plateau.
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Geometrical frustration can induce very interesting
phases in quantum magnets [1]. For instance, the
orthogonal-dimer antiferromagnet SrCu,(BOj;), exhibits
fascinating phenomena due to frustration. The nearest-
neighbor S = 1/2 spins of Cu ions are antiferromagneti-
cally coupled and form singlet dimers through the
exchange interaction J. Since the interdimer exchange
interaction J' between the next-nearest-neighbor Cu ions
is antiferromagnetic as well, the orthogonal configuration
induces geometrical frustration [2]. Quite remarkably, the
crystal lattice is topologically equivalent to the Shastry-
Sutherland lattice that was initially investigated out of pure
theoretical interest [3]. Since its discovery, SrCu,(BO3),
has thus logically been the subject of a vast number of
experimental and theoretical studies [4-6].

Quantum phase transitions have been theoretically
predicted to take place when the ratio J'/J is tuned. It is
clear that the ground state is a product of dimer singlets if
J'/J = 0 and that it supports antiferromagnetic Néel order
when J'/J — +oco. An intermediate gapped plaquette
phase has been predicted to appear [7-10] when 0.675 <
J'/J < 0.77[11,12]. SrCu,(BOs3), is believed to be located
at J'/J = 0.63, and, thus, to have an exact dimer singlet
ground state [4,5].

In addition to the interest raised by the exotic ground
state of the Shastry-Sutherland model, the presence of
several magnetization plateaus in SrCu,(BOs), has
attracted significant attention. Distinct 1/8, 1/4, and 1/3
plateaus have been reported early on in the magnetization
process [2,13]. More recently, additional plateaus between
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1/8 and 1/4 have been observed [14,15], and evidence in
favor of the presence of the long predicted 1/2 plateau has
been provided by magnetostriction measurements [16].
However, the entire 1/2 plateau phase has not been
unveiled in Ref. [16] because of the technical upper limit
of the magnetic field at 100.75 T.

The 1/2 plateau has been predicted to be less stable than
the 1/3 plateau and to disappear for large J'/J [17]. In fact,
according to Ref. [18], the length of the 1/2 plateau is less
than half that of the 1/3 plateau, although the 1/2 plateau
can be expected to be quite stable, considering the checker-
board pattern of the triplet excitation suggested by the
boson picture. Hence, the experimental determination of
the stability range of the 1/2 plateau is of particular interest
in itself and also important for checking the validity of the
theoretical model. Moreover, in addition to the 1/2 pla-
teau, exotic high-field spin states have been predicted, such
as supersolid phases between the 1/3 and 1/2 plateaus and
above the 1/2 plateau [11,17]. The quantum spin state
realized when the density of triplets becomes very high
has not been uncovered yet.

In the present work, we have investigated the spin states of
SrCu,(BO3), by magnetization measurements in high mag-
netic fields up to 118 T. A clear 1/2 magnetization plateau
phase has been observed in the field range from 84 to 108 T,
and at the upper critical field, a sharp magnetization increase
suggests a first-order phase transition. Theoretical calcula-
tions based on the infinite projected entangled-pair state
(iPEPS) tensor-network algorithm [19-23], exact diagonal-
izations, density-matrix renormalization group (DMRG)
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simulations, and series expansions have shown that the 1/2
and 1/3 plateaus can be quantitatively reproduced by the
Shastry-Sutherland model with aratio J'/J = 0.63, and they
predict a variety of exotic phases between the 1/3 and 1/2
plateaus and above the 1/2 plateau, including several types
of supersolid phases, in particular, a first-order transition to a
1/3 supersolid above the upper critical field of the 1/2
plateau.

Experimental  procedure.—A  single crystal of
SrCu,(BO3), was used for the experiment. Pulsed mag-
netic fields of up to 118 T were generated by a destructive
method; the vertical-type single-turn coil technique [24]
was used. The field was applied parallel to the ¢ axis of the
crystal. The magnetization (M) was measured using a
pickup coil that consists of two small coils (1 mm diameter,
1.4 mm length for each). The two coils have different
polarizations and are connected in series. The sample is
inserted into one of the coils. An induction voltage propor-
tional to the time derivative of M (dM/dt) is obtained
when the sample gets magnetized by a pulsed magnetic
field H(t), where £ is the time. The induction voltage due to
dH /dt is almost canceled out between the opposite polar-
ization coils. The detailed experimental setup for the mag-
netization measurement using this vertical-type single-turn
coil method has been described elsewhere [24]. A liquid
helium bath cryostat with the tail part made of plastic has
been used; the sample was immersed in liquid helium, and
a measurement temperature of about 2 K has been reached
by reducing the vapor pressure.

Experimental results.—The pickup coil signal propor-
tional to dM/dt is shown as a function of time in Fig. 1
together with the magnetic field waveform. The obtained
maximum field is 109 T, and we name this experiment
shot A in this Letter. Distinct peak structures denoted by
labels a, b, ¢, ¢/, b/, and a’ are present in dM/d:t.
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FIG. 1 (color online). Pickup coil signal proportional to the
time derivative of the magnetization (dM/dt) plotted as a
function of time. The magnetic field waveform H(r) is also
shown.

They correspond to magnetization jumps at the phase
boundaries of different spin states. Indeed, a stepwise
magnetization increase gives rise to a peak in the dM/dt
curve, and the peak is positive (negative) for increasing
(decreasing) field. The one-to-one correspondence between
a and a’, b and b', and ¢ and ¢’ indicates that stepwise
transitions take place at these magnetic fields for both field-
increasing and decreasing processes without significant
hysteresis.

The magnetization curve is obtained by a numerical
integration of dM/dr; the resulting magnetization M is
normalized by the expected saturation magnetization M.
The magnetic field derivative of the magnetization dM/dH
is obtained from the ratio dM/dt X 1/(dH/d?t).

Figure 2 shows the magnetization process and the
magnetic field dependence of dM/dH at 2.1 K (shot A).
We also show for comparison the magnetization M /Mg up
to 55 T previously reported in Ref. [13], and the agreement
is good. In the present work, we only analyze the result of
the field-increasing process because the magnetic field is
less homogeneous for the field-decreasing process due to
the mechanical deformation of the single-turn coil, and the
resultant background nonlinear offset of the signal disturbs
the precise measurement [24]. The dM/dH curve shows
clear peaks labeled H,,, (n = 1-6): H. o .3 are attributed
to structure a in Fig. 1, H.4 .5 to structure b, and H ¢ to
structure c.

We show the dM/dH curve obtained from another
experiment up to 118 T (shot B) in the inset of Fig. 2.
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FIG. 2 (color online). The magnetization curve at 2.1 K up to
109 T (shot A). Applied fields H are parallel to the ¢ axis of the
crystal. The magnetic field derivative of the magnetization
(dM/dH) curve is displayed as a function of magnetic field H.
The dotted curve is the magnetization curve reported previously
[13]. The dM/dH curve of another measurement up to 118 T
(shot B) is plotted in the inset.
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The upward behavior at high fields over 100 T is due to
the increase of the background noise: the noise becomes
relatively larger near the top of the magnetic field curve
because the dM /dt signal becomes small when dH/dt is
small. Although the background noise makes it difficult to
obtain a very precise magnetization curve by a numerical
integration for shot B, peaks in dM/dH are clearly
observed at nearly identical values as for shot A. The
obtained peak fields are shown in Table I.

The dM /dH peaks at H,,, H,,, and H . are attributed to
the magnetization jumps at fields where the spin state
enters 1/8, 1/4, and 1/3 plateau phases, respectively.
Additional features probably related to extra plateaus
[15] are also present between H,.; and H,, but steady field
measurements are more accurate in that field range, and we
will not attempt to discuss them. While the measurement
temperature 2.1 K seems to be too high to observe the 1/8
plateau [25], the adiabatic cooling owing to the first sweep
speed of the magnetic field leads to an actual temperature
lower than 0.5 K [26]. In the magnetization curve, the 1/3
plateau is observed in the field range from 39 to 73 T for
shot A. Here, note that we calibrate the absolute value of
M /Mg using the magnetization at the 1/3 plateau phase.
The field region for the 1/3 plateau is in good agreement
with the previous reports [13,14].

After the 1/3 plateau, there is a change of slope around
74 T. Above that critical field H,4, there is an almost
smooth increase of the magnetization, followed by the
appearance of the 1/2 plateau at around H. =~ 84 T.
Note, however, that a trapezoid or broad flap-top peak is
expected if the slope increase was monotonic and had no
anomaly. Since a peak structure is clearly observed both in
up and down sweeps between the 1/3 and 1/2 plateau (see,
in particular, feature 5’ in the down sweep), some kind of
transition probably takes place between the 1/3 and 1/2
plateaus.

The 1/2 plateau starts at 84 T and continues up to 108 T.
The starting magnetic field seems to be slightly higher
compared to the previously reported value around 82 T
detected by magnetostriction [16]. This might be partly due
to the different ways of detection (magnetostriction versus
magnetization) and also to the experimental uncertainty in
the present work (the error of the absolute value of the
magnetic field is within 3%). The magnetic field absolute
value of the single-turn coil method contains a few percent
experimental error owing to the technical limit of the
precision [24]. However, even if there is an error bar on

TABLE I. Transition magnetic fields H., obtained from the
dM /dH peaks for shots A and B. The precision of the magnetic
field value is likely to be about =1 T.

HL‘](T) HL‘2(T) H(‘3(T) HC4(T) HCS(T) HCG(T)
Shot A 26 33 39 73 84 108
Shot B 27 33 40 75 83 108

the absolute value of the magnetic field, the relative change
in the field value has a smaller error bar. Hence, it is safe to
conclude that the plateau length of the 1/2 plateau AH =
24 T is considerably shorter than that of the 1/3 plateau
AH =34 T. At higher fields, considering the appearance
of a sharp peak H g, a first-order magnetic phase transition
is expected to occur after the 1/2 plateau at a field of 108 T.

Theory.—A good starting point to describe the magne-
tization process of SrCu,(BO;), is provided by the
spin-1/2 Heisenberg model on the Shastry-Sutherland
lattice defined by

H=UYS8S,+JY 858 —hys: ey
i (i) i

where the (i, j) bonds with coupling J build an array of
orthogonal dimers while the (i, j) bonds with coupling J’
denote interdimer couplings. While a lot of effort has been
devoted in the past to the magnetization curve up to 1/3
[27-29], in the range where a sequence of plateaus has
been reported, comparatively little attention has been paid
so far to the magnetization curve above 1/3. Shortly after
the discovery of plateaus in SrCu,(BOs),, Momoi and
Totsuka [17] have predicted the presence of 1/3 and 1/2
plateaus separated by supersolid phases. This prediction
has been left unchallenged until the recent investigation of
magnetostriction in very high field [16]. These measure-
ments have revealed the presence of an anomaly above the
1/3 plateau that has been interpreted as a 2/5 plateau,
an interpretation backed by a DMRG calculation at J/'/J =
0.62. However, a recent tensor-network calculation based
on a multiscale entanglement renormalization ansatz has
just confirmed the presence of 1/3 and 1/2 plateaus
without any evidence of a 2/5 plateau [11].

Inview of the importance of this issue for the interpretation
of the present results, we have decided to reinvestigate the
high-field magnetization process of the Shastry-Sutherland
model with a variety of state-of-the-art numerical
approaches: exact diagonalizations (ED) of finite-size clus-
ters up to 40 spins, DMRG on clusters of size up to 12 X 10
spins, high-order series expansions, and iPEPS—a tensor-
network method for two-dimensional systems in the thermo-
dynamic limit. The various methods yield a rather consistent
picture (see the Supplemental Material for a detailed com-
parison [30]). The most complete phase diagram, shown in
Fig. 3, has been obtained with iPEPS. Above the 1/3 plateau,
it consists of two additional plateaus at 2/5 and 1/2, three
supersolid phases with the symmetries of the 1/3, 2/5, and
1/2 plateaus, and a phase with domain walls separating
regions of 1/2 plateau structures. Note that we confirm the
presence of a2/5 plateau for J'/J = 0.62, in agreement with
the DMRG results of Ref. [16].

For our present purpose, the most important messages of
this phase diagram are (i) the 1/2 plateau does not extend
beyond a critical value of the order of J'/J = 0.685, in
qualitative agreement with Momoi and Totsuka [17], and
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FIG. 3 (color online). Phase diagram of the Shastry-Sutherland
model in a magnetic field obtained with iPEPS.

(ii) the 2/5 plateau does not extend beyond J'/J = 0.625.
Since the present experimental data do not reveal any
evidence of a 2/5 plateau but show a rather broad 1/2
plateau, J'/J can neither be too large nor too small, and a
comparison of the critical fields of the 1/2 and 1/3 plateaus
with the experimental ones point to a ratio J'/J = 0.63.

A detailed comparison of the experimental magnetization
curve with the theoretical predictions of the various methods
atJ'/J = 0.63 above the 1/4 plateau is shown in Fig. 4. First
of all, the critical fields H.; to H_.q are accurately repro-
duced by iPEPS. The predictions of the other methods are
scattered around the iPEPS values, but altogether they
support the main features of the iPEPS results (for a detailed
comparison as a function of J'/J, see the Supplemental
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FIG. 4 (color online). Comparison between the experimental
magnetization curve and the iPEPS simulation results for J'/J =
0.63. The extent of the 1/3 and 1/2 plateaus predicted by the
other methods is shown on top of the plateaus.

Material [30]). Second, the magnetization jumps at H.
and H,, which point to first-order transitions, are well
accounted for by the theoretical results: at H 3, there is a
first-order transition between the 1/4 and 1/3 plateau, while
at H, there is one between the 1/2 plateau and the 1/3
supersolid. The smoother transitions at H., and H 5 also
correspond to much weaker anomalies in the theoretical
results. For the upper boundary of the 1/3 plateau, series
expansions point to a gap closing when increasing H and
hence to a second-order phase transition, around 65 T, sig-
nificantly below H_4. This is not incompatible with the
broad onset of magnetization around H,., with a slope
that takes off around 65 T in shot A and 70 T in shot B.
Below the lower boundary of the 1/2 plateau at H .5, iPEPS
predicts a series of first-order phase transitions from a 1/3
supersolid to a 2/5 supersolid, then to a phase with domain
walls, and then finally to the 1/2 plateau. In the magneti-
zation curve, these transitions translate into small jumps.
This is presumably related to the peak observed in both shots
around 80 T, i.e., between the 1/3 and 1/2 plateaus, con-
sistent with the prediction that the intermediate-field range
between these plateaus is not a single phase.

Finally, let us comment on the experimental slope of the
1/2 plateau between H,.s and H g, which is anomalously
large as compared, e.g., to that of the 1/3 plateau. This
slope is definitely too large to be due to Dzyaloshinskii-
Moriya interactions, but it might be simply explained as a
temperature effect. Indeed, the difference in energy per
spin between the 1/2 plateau and the competing 1/3 super-
solid state obtained with iPEPS is very small (< 0.004J),
whereas the competing phases are definitely higher in the
middle of the 1/3 plateau.

Conclusion—To summarize, we have performed
ultrahigh-field measurements of the magnetization of
SrCu,(BO;3),, revealing for the first time the extent of the
1/2 plateau. The length of the 1/2 plateau has been found
to be around 70% of that of the 1/3 plateau. We have not
found any indication of the 2/5 plateau that was previously
suggested on the basis of magnetostriction measurements.
As revealed by large-scale numerical simulations, these
results are consistent with the Shastry-Sutherland model,
provided the ratio of inter- to intradimer coupling is neither
too small, in agreement with recent NMR results on Zn
doped samples [31], nor too large, the best agreement
being reached for a ratio of about 0.63. These numerical
simulations further predict that the magnetization between
the 1/3 and 1/2 plateaus and above the 1/2 plateau is not
uniform but that the system is always in a phase that breaks
the translational symmetry, either to form a supersolid or
because of the spontaneous appearance of domain walls in
the 1/2 plateau phase. It would be very interesting to test
this prediction with measurements that can detect a change
of lattice symmetry such as x rays or neutrons or with a
local probe such as NMR. Given the field range of interest,
this is, however, a huge experimental challenge.
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