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We report measurements of the specific heat of the quantum spin liquid systeg{EBDg)y in continuous
magnetic fieldsH of up to 33 T. The specific heat data, when combined with a finite temperature Lanczos
diagonalization of the Shastry-Sutherland Hamiltonian, indicate the presence of a nearest neighbor
Dzyaloshinsky-Moriya(DM) interaction that violates the crystal symmetry. Moreover, the same DM interac-
tion is required to explain the observed electron spin resonance liné$|for
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SrCuw(B0s), is a quasi-two dimensional spin system with  In this report, we show that an interaction which breaks
a singlet dimer ground statdt is the only known realization the known crystal symmetry is required to reproduce the
of the Shastry-Sutherland modeind exhibits a sequence of ESR datd;® and also explains the low temperature specific
magnetization plateaux at high magnetic fields’* The heat[C(T)] for H=18 T. This minimal extension of the
unique behavior of this quantum spin liquid results from themodel Hamiltoniaf! consists of only one additional param-
interplay between two different fascinating aspects ofeter, thez-componentD, (along thec axis) of the nearest-
strongly correlated spin systems: namegometrical frus- neighbor Dzyaloshinsky-Moriya(DM) interaction. This
tration and strong quantum fluctuationsThe spin s=1/2 component mixes each Sing|et dimer state WItthFBO trip-
Cu** ions that are responsible for the magnetism are groupegt component enabling transitions between the ground state
in dimers within planes of the tetragonal SEBOs), unit  andS,=+1 triplet excitations. The structural distortion could
cell, with respective intradimer or nearest neighbmm and  be driven by strong spin-lattice interactions that would be a
interdimer or next nearest neighbonnn separations of relevant ingredient to explain the details of the magnetization
2.9 and 5.1 A. The coupling constants are estimated to bplateaux observed in this system.
J~80 K for nn andJ’'~50 K for nnn®> The geometrical The single crystal sample of SrgBO;), used in this
frustration of the spin lattice leads to very localized tripletstudy was grown by the floating zone technique. Stoichio-
excitations that have a tendency to Crystallize at Hl-lt_‘.;ﬁ'hls metric amounts of CuO, SrQ)Oand &03 were mixed, pre-
occurs when the concentration of triplets reaches certain vagnnealed, and then annealed at 870 °C. Finally, the powder
ues that are commensurate with the underlying lattice, bewas regrinded, pelletized, and annealed ins®veral times.
coming incompressible upon formation of a gapped strucRods were formed by hydrostatic pressing and the growth
ture. The magnetization plateaux ldy; =27 T, H,=35T,  was performed in a Crystal System Optical Furnace at a
andH3=42 T, observed whehl is applied along the crys- growth speed of 0.25 mm/h in ONo additional flux was
tallographic tetragonat axis, are a direct consequence of applied!? The measurements &(T,H) of SrCw(BOj), in
spin superstructures forming at triplet concentrations 1/8gontinuous magnetic fields up to 33 T were performed on
1/4, and 1/3, respectivefy. _ two oriented single crystal pieces of 12.34 and 13.92 mg.

Recent electronic spin resonantESR) experiment§®  Both were measured withl applied along the tetragonal
reveal spin triplet excitation lines of energy3 meV that  axis and within theab planes. A calorimeter made of plastic
split for finite H. The two lower energy branches decreasematerials and silicon was used, employing a thermal relax-
linearly with increasingﬂ lc, and extrapolate to zero_around ation time technique optimized for rapid data acquisifidH:
H=22T. On approaching 22 T, the ESR data deviate fromrhe magnetizatioM,(H) of a piece of sample of approxi-
this linear extrapolation, indicating a level anticrossing be-mgate dimensions 1:80.9x 0.5 mn? was measured using a
tween the first triplet excitation and the ground state. Thesgample-extraction magnetometer in a 400 ms, 45 T pulsed
finite ESR lines are not allowed by the known crystal Sym-magnet provided by the National High Magnetic Field Labo-
metry space groupd2m.i%!1 Moreover, the anticrossing im- ratory at Los Alamo$? The small size of the sample, placed
plies some mixing between two states with different magnein good thermal contact with liquidHe or *He below
tization M, along the tetragonat axis. This observation T=4 K, combined with the relatively slow field sweep of the
cannot be explained by tié(1) invariant model§which are magnet helped minimize magnetocaloric effects so as to
symmetric under rotations around tlseaxis) proposed in  achieve an isothermal experiméfiEor characterization pur-
previous works, for whictM, is a good quantum number.  poses, supplementaril,(T) measurements and(T,H)
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FIG. 1. (Color online Magnetization vs field for STG(BO5),
at different temperatures between 0.6 and 10 K, as indicated, reveal 5% v o
a gradual evolution of the magnetization plateaux. The square point “1. T
. H = 22T, D= (0,0,0)
on the 10 K curve was used to compare with SQUID magnetometer 0.0
data in order to obtain the magnetization units. InsgtMagnetic ' 2 3 4 5678 10 20
susceptibility measured ati=4 T in a SQUID magnetometer T(K)
(circles. The solid line is the susceptibility calculated with the FTL . B .
method. Insetb) Two copper dimers in the CuB{lane where the FIG. 2. (Color onling Measured specific heat divided by
coupling constantd (nn) andJ’ (nnn) are indicated. (symbolg vs T compared with the calculated one for the Hamil-

tonian of Eq.(1) (solid lineg for the magnetic field along theaxis:

. . . =s=H= sH<=
measurements were made at lower fields using a commermgﬂ) O<H<18T and(b) 20<H<33T. The parameters are the
o ; . Same ones used to compute the magnetic susceptibility. The dashed
Quantum Design™ MPM$superconducting quantum intef- .~ _ _
. . . line is the calculated/T for D=0 andH=22 T.
erence devicéSQUID) magnetometdr Meanwhile, numeri-

cal simulations of the Shastry-Sutherland model, with which .
the experimental data are compared, were performed on 9QU!D magnetometry data. In addition to the plateaux al-

20-site square lattice using the finité Lanczos (FTL) _ready_merjtioned, there is asmall_exc_ess contributi(_)lvﬂzto _
methodt7-19 identified in our data over the entire field range. This addi-
To describe the present system, we consider the followin jonal source of magnetization has been observed before in
Heisenberg Hamiltonian on a Shastry-Sutherland lagtice: SQUID magnetometry dafaFor our samples, both SQUID
magnetometry data and low field pulsed magnetic field data
- ) / i . evidence a finite excess susceptibility of approximately
Hs J%Si 5+ <%, S5 +<§>D (5%3) 0.115x 1072 emu/mol Cu, probably due to crystalline de-
' fects. Good agreement with the expected magnetization val-
+ > D' (S X S). 1) ues at the plateaux is obtained by subtracting this value. Bet-
(i—j) ter agreement is obtained by subtracting a scaled Brillouin
. o ) ) function with an initial slope of 0.1% 10~ emu/mol Cu and
Here, i,j) and(i,})’ indicate thati andj are nn and nnn, 5 characteristic temperature of 5(Kee Fig. 1 After either
respectively. The Hamiltonian includes ) and nnn(D’)  of these substractions, there remains a finite valuMpft
DM interactions?>?* The arrows indicate that the corre- yery low temperatures and magnetic fields that increases lin-
sponding bonds have a particular orientatiéAThe quanti- early with H.
zation axisZ is parallel to thec axis. According to the crystal In the inset of Fig. 1 we compare the measured magnetic
symmetry space groug2m, thexy component oD must be  susceptibility x(T) (after subtracting a small constant
perpendicular to the corresponding dimer d@g=0. How-  value of 0.14<10°3 emu/mol Ci and the curve obtained
ever, we find that a nonzemcomponent oD, not allowed with the FTL method that is described below. We
by the space group, can explaimultaneously CT) and the get an excellent agreement forJ=74 K, J'=0.62],
ESR data as a function ¢f. Relaxing the condition on the D=(2.2 K,+2.2 K,5.2 K (the sign is different for each
Xy component alone, on the other hand, is not supported bglimer in the unit ce)l, D’=(0,0,2.2 K. The values of the
experimental data since it does not lead to finite ESR linesactors,g,=2.15 andg, =2.08, have been obtained from a
for Hilc. The nnn DM interactiol is required to account for comparison between our theoretical calculafférisee Fig.
the spliting between the two single triplet excitatidr¥$®24  4) and the ESR spectrz.
From the observed splitting between the two lowest triplet In Fig. 2, we showC(T,H)/T for different values ofH
excitations in an applied fielthlic, D', is estimated to be applied along the axis. The primary feature in the loW
2.1 K. The much smaller splitting observed wheifia, in-  specific heat is a broad anomaly centere@a8.5 K that is
dicates thatD’, and D', can be neglected for all practical gradually depressed by increasiHg This anomaly has been
purposes. attributed® to S,=0 dimer excitations. Here, however, we
Figure 1 showsM,(H) measured as a function &f, in  observe a small shift iT as function ofH indicating the
units of ug/Cu determined upon crosscalibration with involvement of states witls,#0. ForH=12 T, a second
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FIG. 3. (Color online Measured specific heat divided By
(symbols vs T compared with the calculated one for the Hamil-
tonian of Eq.(1) (solid lineg for the magnetic field perpendicular to Lo
thec axis: (8 0<H=18 T and(b) 22<H=<33 T. The parameters Magnetic Field (T)
are the same ones used to compute the magnetic susceptibility. The
dashed line is the calculat&Z T for D=0 andH=25.5T.

20

FIG. 4. (Color onling Contour color plot for the ESR spectrum

for Hllc calculated with the Lanczos method in a 20 sites cluster for
anomaly develops at loweF, which we attribute toS,=1 (& D,=5.2 K and(b) D,=0. The values of the other parameters are
excitations situated 3 meV above the ground state in zer§e same ones used to compute the magnetic susceptibility. The
field. The Zeeman interaction causes this triplet state to movexperimental data points if@) are from Cepast al. (See Ref. &

to lower energies with increasirtd. Figure 3 shows similar For H<18 T, the agreement between theory and experi-
results_ forH Lc. , ment is very good, regardless of the inclusionDyf Finite
_InFigs. 2 and 3, we also compare the experimental result§j;¢ effects are also very small due to the localized nature of
with the results of a numerical simulation©fT,H)/T made  he single-triplet excitation® However, wherH approaches
using the FTL method’'® This method is based on the 22 T for Hiic (or 25 T forH L c), the inclusion of this inter-
Lanczos procedure of exact diagonalization, and uses a ragction explains the measur@T,H)/T at low temperatures.
dom sampling over initial wave functions specially adaptedror H|c, this is explained by the fact tha, and D, are the
for calculation of thermodynamic properties. All the resultsonly interactions that violate the conservation\bf, by mix-
were computed on a tilted square latticeNsf 20 sites. There ing theM,=0 ground state of the Hamiltonid(D =0) with
are many advantages of this method over the conventionahe single-triplet excited state witid,= +1. This mixing be-
Quantum Monte Carl¢QMC) simulations, which are as fol- comes effective only when the energy difference between
lows: first, the minus-sign problem that usually appears irboth levels is comparable tB®|. ForH L c, the same type of
QMC calculations of frustrated spin systems is absent; seanixing is produced by the component oD. In other words,
ond, the method connects the high and low-temperature réhe level crossing that would occur #,=0 is replaced by
gimes in a continuous fashion, enabling the entropy densitjevel anticrossing. This can be seen in Figé)2and 3b)
and specific heafper unit cel) to be computed as expecta- Where we also show the calculaté?/T for D=0 and
tion values (i.e., s=kgIn Z/N+(H)/NT, where Z is the H=22T (H=25.5T) for Hilc (HLc). In absence of the

statistical sumh The specific heat is then given by SOmponenD; the level crossing generates a pealCot at
Cy=T(ds/ dT) =kg((H2)—(H)?)/NT2. The main limitation to T=0 which is not consistent with the experiment. In contrast,

the validity of the results originates from finite-size effects.the level anticrassing moves this peak to higher temperaflres

which occur whenT <T;,. The actual value of;; depends In agreement with the experimental d@ta. Th? antic_rossing
strongly on the particular physical properties of the Systemoccurs for different values dfl in the different field orien-

. ~ tations due to the anisotropy of tigefactor”° At high tem-
For gaplgss system3y; can be defined by way of th? .ther peraturesT> 20 K), the specific heat data deviates from the
modynamic sumZ(T)=Trexd—-(H-Ey)/T], on condition

e theoretical prediction owing to significant phonon contribu-
that Z(T;) =2 >1.® In the present case, this condition can tions. ForT~ 10 K and fieldsH > 20 T, there are small de-
be relaxed(Z" > 1) owing to the existence of a gap in the viations between the experimental curves and the calcula-
excitation spectrum whedl /J<0.7 and to the almost local- tions, which can be attributed to the inter planar
ized nature of the lowest excited states—triplet excitationsantiferromagnetic interactiod”/J~0.21 that becomes rel-
By comparing results obtained on two different systems withevant when the concentration of triplet dimer states in-
N=16 andN=20 sites, we estimaté; <1 K. creases.
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The proposed nonzeid, is further supported by the mea- the applied fieldsee also Ref. 25the low temperature spe-
sured ESR spectrum failic.”® In Fig. 4, we show the ESR  cific heat data foH =18 T, and the temperature dependence
spectrum as a function dfl for D,=5.2 K [Fig. 4@] and  of the susceptibility.

D,=0 K [Fig. 4b)] calculated with the Lanczos meth&l.  |n summary, we have measured the specific heat as a
More specifically, we are computing the dynamical susceptifynction of temperature in continuous magnetic fields up to
bility along the direction perpendicular to the applied field 33 T aAn excellent fit to theC(T,H)/T data for both field
using the method introduced in Ref. 27. As it is pointed out fientations is obtained for a nn exchange conslarit4 K

in Ref. 8, the observed ESR trasitions between the 9r°“”§ ratio J'/J=0.62, a nn Dzyaloshinsky-Moriya interact’ion
state and the single-triplet excitations fbific are not al- constaniD|=6.1 K and a nnn Dzyaloshinsky-Moriya inter-
lowed by the observed space symmetry grcbdﬁm.lo We " action constan{D’|=2.2 K. A nonzero value oD,, that is
show that these ESR_transmons can b_e explaln_ed with 8ot allowed by the observed crystal symmetry, can explain
nonzero value oD,, while the corresponding ESR lines are poth the specific heat data fét=18 T and the observed
not present 'sz,=0 [Fig. 4(b)]. None of the other compo- EgR 9 spectrum forHlic. This suggests that a lattice distor-
nents ofD or D' can reproduce these ESR lines. Based Onjon, that lowers the crystal symmetry is induced at low tem-
these observations, we propose that the crystal symmetry i atures. A more detailed comparison between the calcu-

lowered at low temepratures due to a strong spin-lattice iNpted ESR spectrum and the experiment will be presented
teraction. Since the lattice distortion depends on the applied|sewheres

field, we expectD, to be an increasing function dfl (al-

though we used a constant valDg=5.2 K for our calcula- This work was sponsored by the US DOE under Contract
tion). Ultrasonic experiment8indicate that in this region the No. W-7405-ENG-36. R.S. was supported by the National
lattice is coupled to the magnetic field. High Magnetic Field Laboratory and Estonian Science Foun-

With the exception oD,, all other physical parameters dation Grant No. 4931. J.B. acknowledges the financial sup-
used in the model were determined from previous experiport of Slovene MESS. Work performed at the National High
ments. The values aj, andg, are obtained from the ESR Magnetic Field Laboratory is supported by the National Sci-
spectrd.® By including a finiteD,, however, we are able to ence FoundatiofDMR90-16241, the Department of Energy
account simultaneously for the ESR spectra as a function aind the State of Florida.
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