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We have studied spin excitation spectra in the Shastry-Sutherland model compounB&-guin mag-
netic fields using far-infrared Fourier spectroscopy. The transitions from the ground singlet state to the triplet
state at 24 crit and to several bound triplet states are induced by the electric field component of the far-
infrared light. To explain the light absorption in the spin system we invoke a dynamic Dzyaloshinskii-Moriya
(DM) mechanism where light couples to a phonon mode, allowing the DM interaction. Two optical phonons
couple light to the singlet to triplet transition in SritBO3),. One isa-polarized and creates an intradimer
dynamic DM along the axis. The other i€-polarized and creates an intradimer dynamic DM interaction, it
is in the(ab) plane and perpendicular to the dimer axis. Singlet levels at 21.5 and 28%aticross with the
first triplet as is seen in far-infrared spectra. We used a cluster of two dimers with a periodic boundary
condition to perform a model calculation with scaled intra- and interdimer exchange interactions. Two static
DM interactions are sufficient to describe the observed triplet state spectra. The static interdimer DM in the
c-directiond; =0.7 cm® splits the triplet state sublevels in zero fig@épaset al, Phys. Rev. Lett87, 167205
(2001)]. The static intradimer DM in théab) plane(perpendicular to the dimer ayid,=1.8 cni, allowed by
the buckling of CuBQ planes, couples the triplet state to the 28.6 singlet as is seen from the avoided
crossing.
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I. INTRODUCTION heavy mass of triplet excitations is the consequence of frus-
. ) . _tration originating from the special geometry of the dimer
In spin systems with a ground singlet state and excitedattice in the Shastry-Sutherland model where the bonds on
triplet state the energy gap between the singlet and the triplefeighboring dimers are orthogonal. Later on it has been
can be tuned with an external magnetic field. In SX8®3),  shown that singlets on all dimers is the exact ground state for
it was discovered that in magnetic fields above 22 T, wherg larger range ofa up to the quantum critical pointy,
the spin gap is expected to close, several magnetization pla=0.7. At the quantum critical point the spin gap vanishes
teaus appedrAt magnetization plateaus the triplets form a and a long-range antiferromagnetic order is established. Dif-
pattern which breaks the translational symmetry of the crysferent theoretical approaches have been used to calaylate
tal structure’ The heavy mass of the triplet excitations aris- (see Ref. 5 for reviey It is possible that between the exact
ing from an almost flat dispersion of energy on momeritum singlet ground state and the anti-ferromagnetic state in cer-
favors the build-up of magnetic superstructures. Below theain range ofa other gapped spin states exist!
critical field SrCy(BOs), has a ground state described first  The singlet-triplet gap in SIG(BO5),, At=24 cnT?, has
by Shastry and Sutherlarid. been measured directly by several experimental techniques:
SrCy(BOgy), consists of planes of CuB{and Sr atoms inelastic neutron scatteringi? electron spin resonante
between the planes. €uspins(S=1/2) form Cu-Cu dimers (ESR, Raman scatterind, and far-infrared (FIR)
arranged into orthogonal dimer network. Sp®05), is an  spectroscopy® Additional information besided is needed
experimental realization of a Shastry-Sutherland médel. to determine the exchange parameters of ${®05),. The
the model there is an antiferromagnetic intradimer exchangdispersion of the triplet excitation is not informative because
couplingj; and interdimer coupling, between spins on the of its flatness’ but positions of other excited states or the
nearest-neighbor dimer@ig. 1). In the limit of a=j,/j;  temperature dependence of thermodynamic parameters can
=0 the problem reduces to that of isolated dimers where thiee used for determining the exchange parameters. Miyahara
ground state is the product of singlet states and the first exand Ueda found j;=59 cm* and «=0.635. They added an
cited triplet state is at energyr=j, above the ground state, interlayer coupling;=0.09 to the model to obtain a better
where At is the energy per dimer. Shastry and Sutherlandit of the magnetizatioT-dependence above the critical tem-
showed that for 8 < 0.5 singlets on all dimers is an exact perature kgT>A;. Based on the analysis of excitation
ground state too. The exactness of the ground state and tispectrd” j;=50 cmi' and «=0.603 were proposed. Such
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FIG. 1. Cluster with two dimergl,2) and(3,4). (a) Dimer (3,4
and four nearest-neighbor dimers. The thin dashed line shows the 210~ 1520 25 30
two dimer cluster boundary. Thin solid lines show the distortion of Energy (cm™)

Cu-Cu superexchange bonds due to the buckling of Cu-O-B planes.

Thick solid and dashed lines are the inter- and intradimer superex- FIG. 2. Differential absorption i, L ¢ (two upper curvesand
change constanig andj,; interdimer DM vectorgd,, solid arrow E.llc (lower curveg polarization. Spectra have been offset in the
are in thec direction and intradimer DM vectolgl,, empty arroy ~ Vvertical direction.

in the (ab) plane alonga andb axis. (b) The two dimer model after

the periodic boundary condition has been applied; interdimer intermetry by an optical phonon allows electric dipole active
actions have doubled. singlet-triplet transitior’ that explains FIR polarized ab-

. . . sorption spectra in SrG(BO;),.%®

scattering of parameters could be either due to the incom- Our aim is to find out which additional interactions are
"’}quuired to the Shastry-Sutherland model that add triplet cor-
rections to the ground state. For that we do FIR absorption
measurements with polarized light in magnetic field and
compare the absorption line frequencies and intensities with
for th dol values calculated with a two dimer model including the dy-
proper parameters for the model. namic DM effect. The important information is in the polar-

Int(_aractlons ot_her than inter- and intradimer eXChangﬁzation and magnetic field dependence of the FIR absorption
coupling can spoil the exactness of the ground state. This IBhes and in the avoided crossing effects

important in high magnetic fields where the triplet state be- We studied single crystals of SrgBOs),, Ref. 24. The
comes degenerate with the ground singlet state. At this critifirst sample consisted of two pieces 0 65, mm thick in the
cal field even a weak interaction between the singlet and th _direction with the total area of 12 rT?rmn the (ac) plane
triplet state mixes the two states completely. The singlet an he second sample was 0.6 mm thick in thdirection and

triplet state anticrossing eff.ects were seen in t_he h|gh. fiel ad an area of 11.5 nhin the (ab) plane. The experimental
ESR experiment& A possible antisymmetric interaction . : .
Mdetalls are described in Refs. 16 and 25.

which couples the singlet and the triplet states is the D
interaction. An intradimer DM is allowed by symmetry but

calculations. SrCyBO;), is near to the quantum critical
point . where the energy levels of the spin system are sen
sitive to the choice of; anda. A singlet level in the spin gap
at 21 cm? found in the ESR spectramay help to find

its strength is not known below room temperature. Above Il. RESULTS AND DISCUSSION

room temperaturé,=2.5 cn! has been estimated from the o N

ESR linewidth!® The interdimer DM interaction,d; A. FIR spectra and electric dipole transitions

=1.5 cnT?, perpendicular to the dimer plarfépartially lifts As the result of the polarization sensitive measurement of

the degeneracy of the triplet state but does not couple theIR spectra we have identified that the main resonances in
triplet state to the singlet state. The effect of DM interactionsthe spectra are electric dipole transitions, rather than being
on the magnetic dipole active ESR transitions inmagnetic dipole transitions. In Fig. 2 differential absorption
SrCuy(BOs), was investigated theoretically in Ref. 19. spectra at 4.4 K relative to 15 K, are displayed. The strong
Lattice distortions, static or dynamic, are important inabsorption lines at 52.3 and 53.5 tnwere identified® as
SrCuw(BO3), since they lower the crystal symmetry and al- electric dipole transitions, that are active Flla polariza-
low magnetic interactions which are otherwise forbidden in aion. We see the same for the 43.0 ¢drsinglet andT, and T,
more symmetric environment. SrgBO5), has a structural triplets (see Table )l at 24.2 and 37.5 cM, respectively,
phase transition at 395 WRef. 20 that induces a buckling of which are present in the spectra measured Witla regard-
CuBO; planes in the lowT phase. As the phase transition less ofH; being perpendicular to theaxis or parallel to it.
point is approached from below the Raman-active 62'cm The lines are missing it lc polarization?® instead a new
optical phonon mode softeRSAcoustic phonon modes have line appears at 25.5 ¢ih which is identified as another
spin-phonon coupling at magnetization plate&ust has  component of the tripleT,.
been proposed that a spin superstructure at 1/8 plateau ob- The triplets are split by the magnetic fidhj. Differential
served by nuclear magnetic resonance at 35 mK is stabilizegbsorption spectra iic,lla polarization for one magnetic
by a lattice distortiorf.Instantaneous breaking of lattice sym- field direction,Bylla, measured relative to the zero field, are
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TABLE I. Singlet and triplet excitations observed in the FIR spectra at 4.4 K in the order of increasing
zero field energiesw, (in cm™ units). When a line is visible in twdE, polarizations, both are indicated. The
correspondindd ; polarizations are also indicate8andT label the singlet and triplet states; (—) denotes
levels which energy increasédecreaseswith By and O indicates levels where the energy stays congjgnt;
andg, are theg-factors withBglla and Byl c, respectively. The labeling df levels is shown in Fig. 5. The
zero field intensitiesd, (in cm 2 units) of T, () are described in the text and in Figs. 4—6. High energy
excitations are labeled by their energies.

Label E; Hq Ag fiwg Ja 9

S a c 21.50+0.03

Tom(®) a,c c,a * 22.72+0.05 1.988 2.219
Top,m(0) a,c c,a 24.11+0.05

Top(%) a,c c,a * 25.51+0.05 1.988 2.219
S a,c c,a 28.57+0.03

T,(%) c a 0.3+0.2 37.49+0.03 1.996 2.264
T,(%) a b,c 0.9+0.2 37.51+0.04 2.001 2.23
T,(0) a c 0.9+0.2 37.69+0.09

TagAt) a c 38.74+0.03 2.026

T3g.40) c a 38.70+0.15

T30.4(%) c a 39.08+0.15 2.067 2.29
Si9.7 a ¢ 0.19+0.05 39.71+0.04

Taod*) a c 40.45+0.03 1.97

TaoA%) c a 0.2+0.1 40.67+0.03 2.243
T4040) a,c c,a 0.2+0.1 40.70+0.16

Ta1.40) c a 0.4+0.1 41.11+0.13 2.10

TiA+) a c 0.2+0.1 42.7+0.2 2.25
Sis a b,c 2.6+0.3 43.00+0.16

Tyad*) c a 0.2+0.1 43.54+0.03 2.31
Sz c a 44.7+0.4

Su7.0 c a 47.04+0.04

Tagd*) c a  0.04%0.02 48.21+0.09 2.27
Sos a b,c 86+14 52.24+0.08

Sas a b,c 24+3 53.44+0.07
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FIG. 3. Differential absorption spectra in magnetic fiBlgll a at
4.4 K. Vertical offset equals the magnetic field value in Tesla.

displayed in Fig. 3. We see an anticrossing of fhg(-)
level with the singletS, at 21.5 cm* and an anticrossing of
the Top(+) level with the singletS, at 28.6 cm™. All the
peaks in the measured spectra in different light polarizations
and B, directions were fitted with Lorentzians. The results
are summarized in Table | and displayed in Figs. 4—6. The
states above 38 crhare labeled by their zero field frequen-
cies. The magnetic field independent energy levels are la-
beled as singlets with the exception of those in the middle of
the triplet levelsT().

B. Dynamic Dzyaloshinskii-Moriya mechanism
and optical transitions: Two dimers

The Hamiltonian for a spin pair with exchange coupljng
and DM interactiond on the bond connecting spitsand|
reads
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FIG. 4. (Color onling Mag-
netic field dependence of line po-
sitions and line areas i&4lic po-
larization at 4.4 K;(a), (b) Bglic;
(©), (d) Bplla. Solid lines are the
20f 1 ] results of the calculation based on
15 i the two dimer model: j;

T . } } } } } } } " " Y =24 cmt, 2j,=9.8cnt, 2d,
n.lﬂ k|b, =1.4 Cm_l, and d2:1.8 Cm_l.
E e Hja b i Dashed lines in panel®) and(c)
are fits with parameters given in
Table I.

Energy (om)

d|? 1 V=eQE =eqa' +a)E,, 4
Hea= (i-0)s, 5+ 25-ad -5 +a-[50cs) | QRTedaaf, W
4 2j where e is the effective charge associated with the lattice
. normal coordinate&). Here we assumeHl,||Q and dropped
+OueBo- (Sc+S). @) the time dependence &f. Once the eigenstates @3) are
Here we included Shekhtman correctié®which are qua-  known the optical transition probability between the ground
dratic ind (see also Ref. 25 The last term is the Zeeman state |¢) and the excited staté¢’) is calculated asl
energy of spins in the magnetic fieR} whereg is the elec-  =[(¢'|V|¢)|2.
tron sping-factor andug is the Bohr magneton. To calculate optical transitions in SrgBO5), we use a
The formalism to introduce the spin-phonon coupling istwo dimer model depicted in Fig. 1. In this model intradimer
similar to one used in Refs. 23 and 25. We are interested iand interdimer superexchange interactipnandj, are con-
singlet to triplet transitions. Therefore the relevant term is thesidered. The interdimer static DM vectdy is along thec
antisymmetric DM interactionl(Q) -[S, X S] which couples  axis and alternates from bond to bo_nd. The intradimer static
the singlet to the triplet state. We expand the DM vectorPM vectord, exists due to the buckling of Cu-O-B plans.

d(Q) into a power series of the lattice normal coordin@te The direction of DM vectors is defined by the right-hand rule
where the path is along the Cu-O-Cu baffior d; Cu-O-B-

ad O-Cu) in the direction of increasing spin indgx In the
d(Q)=d(0) + &T? Q+ ..., ) vector produc, X S, the spin with a smaller index is on the
Q=0 left, k<<I. When a periodic boundary condition is applied to
whered(0)=d is the static DM interaction iil). We keep  the two dimer cluster, bounded by a box drawn with a thin
terms linear inQ. The full Hamiltonian for a spin pair in- dashed line in Fig. (&), an effective spin model is obtained

cluding the phonons is where the interdimer interactions are doubled, F{@).1The
T doubling is necessary to conserve the number of next-
HY = HE + hwpa’a+g@ +a)dg - [Scx S], (3 nearest-neighbor bonds, which is four.

The Hamiltonian for the two dimer cluster is the sum of
pairwise interactiong3) where the sum runs over all the

presented in terms of phonon creation and annihilation OPRonds in the cluster. We will use a babiBr), whereA runs
T N . : . )
eratorsa’ anda, Q=q(a’+a), whereq is the transformation e the singles and three triplet componerits, To, andT,

coefficient andw, is the phonon frequency. The spin-phonon o, thej, bond of the dimex1,2) andB over the singlet and
coupling term in(3) is linear ina" and a. Therefore the triplet states of the dime(3,4). n is the number of phonons,
phonon states with the occupation numbersind n” are  Q or 1. The basis has 32 components. Below we consider
coupled wheren’=n+1. We will consider only two phonon andc-axis phonons, shown in Fig. 7, named by the direction
states|0) and|1), which is justified wherkgT < fiwp. of their electric dipole moment.

The normal coordinat® in the dynamic DM singlet to
triplet optical transition mechanism belongs to an optical 1. Energy levels
phonon. Electric dipole coupling between a phonon and light The effect of the dynamic DM interaction on the position
in the long wavelength limit is of energy levels is small because we take,=100 cnt

wheredg= ad/aQ|Q=0. The lattice normal coordinat® is
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FIG. 5. (Color online@ Mag-
netic field dependence of line po-
sitions and line areas ig,lla po-
larization at 4.4 K;(a), (b) Bglic;
(c), (d) Bglla. Solid lines are the
results of the calculation based on
the two dimer model: j;
=24 cm!, 2j,=9.8cm?, 2d;
=1.4cm?!, and d,=1.8 cm™
Dashed lines in panel®) and(c)
are fits with parameters given in
L ) ) (C)) Table I. The solid line in pangb)

; B,lla, k|b is the sum of two theoretical line
; E s Hje areas 05 to Tgn(0) and toTg,(0)
. ) transitions shown by dashed lines.
: s TR e Dashed lines irid) are eye guides
B,lc, kib L O VCALIA (see text The 18 T point a panels
E s Hje W TR (a) and(b) was measured at 1.8 K.
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that is substantially larger than the singlet-triplet gap. We use 2. c-axis phonon

this value since there are no optical phonons with substantial The opticalc-axis phonon bends the Cu-O-Cu bond in the
spectral weight below 100 cth as our transmission mea- c direction. We assume that the bending action of the phonon
surements show. The energy spectrum can be analyzed sepgthe same on both dimers, Fig. 7. As a result the dynamic
rately from the dynamic DM effect because of the high pho-pp  interaction on the dimer (1,2) is 0o =ds.

non energy. The calculated energy levels are the same in ~ds.,0,0) and on the dime(3,4) ds.=(0,ds., 0); the ori-

Figs. 4 and 5. In these figures only the zero phonon levels ofyiation of the Cartesian coordinates is the same as in Fig.
the tripletTo andS; are shown.. The levels W'th one excited 1(b). The calculated and the measured transition probabilities
phonon are offset byiw, to higher energies and are not 55 3 fynction of magnetic field are plotted in Figgh)dand
shown. . . ) 4(d) for two field orientations. In zero field a line at

In a two dimer system two singlets, wo triplets, and a,5 5 cyyijs present. The area of this line is the only scaling

quintet are present. The ground state is a product of single{s, 5 meter between the theory and the experiment. Note that
|S9. The first triplet is a linear combination (8T) and|TS. e transition to the triplet level, which anticrosses vBhis

In the two dimer model the singlet-triplet splitting is Ot g yicaiy active whenBylc. When Bolla there is no anti-
renormalized by the interdimer couplipgand the energy of crossing for the optically active triplet level.

the triplet excitation isEro=j;. The second singlet, a bound ¢ oyerall agreement between the theory and the experi-
state of two triplets, is as =2j;~2(2],). To stress the fact  ent s good. There is a disagreement between the intensities
that in the two dimer model with a periodic boundary con-of the middle and lower triplet components in the theory and
dition the interdimer bonds are effectively doubled, we writej, ihe experiment, Fig. (). In the theory the intensity of the

2j, explicitly. There are two other bound states of two trip- migdle component is approximately three times as strong as
lets, a triplet atEr;=2j;-(2j,) and a quintet aEq=2j;  the Jower component while in the experiment they are equal.
+(2j,). These energies and the ground state wave functiopye tried several changes in our model to make the intensities
are slightly changed by the static DM interactiahsandd,.  of the two triplet components more equal and none of them
The spin stategST) and [T;S) are strongly mixed by the helped. These unfruitful changes were the shift of the phonon
interdimerdl since they are degenerate in any field. frequency, a small Out_of_p|ane Componenmfand an in-

The states are labeled in Fig. 5. The following parametergiane component of the interdimer DM vectby.
were used to fit the energy spectra plotted in Figs. 4 and 5.

The energy of one-triplet sublevely,(0) and To,(0) gives 3. a-axis phonon

us j;=24.0 cm’. To get the single, at 28.6 cm' we use The opticala-axis phonon bends the Cu-O-Cu bond in the
2j,=9.8 cmiL. Triplet levels are split in zero field byd  a-direction and creates a dynamic DM interaction in the
=1.4 cm?. The intradimerd,=1.8 cn* induces an avoided c-direction, Fig. 7. If we choosE,lla the dynamic DM in-
crossing ofTo,(+) and S,. In a simplified picture the one- teraction is created on dimeL,2), q,dq =d3,=(0,0,dz,).
triplet excitation is thgST) (or |TS) state and the excited In general, for an arbitrary orientation &, in the (ab)
singlet is|TT). d, “flips” the singlet to the triplet state on one plane, both dimers will acquire a certaify,. For the time

of the dimers and thus coupldg(+) to S,. being we assumg, |l a.
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5(d) the ByllE, case is shown. Here are optically active the
triplet levels which anticross with the singlet states. In
By L E; field orientation, Fig. 6, the optically active triplet
levels do not anticross with the singlet states. The mutual
orientation ofBy and E, is important becausg,lla creates
ds, on the dimer(1,2) and not on(3,4). Which set of the
twofold degenerate triplet levels is optically active depends
on the relative orientation @, andd, on the dimer where

. . . . . ) ds, # 0. In Fig. 5,B,lld, and in Fig. 6By L d,. An additional

®  mmxm splitting of Tom(%) and Tgy() by 0.6 cmi* seen in Fig. 6 is

F Els Hjc ] becauseB, is out of (ab) plane by 9°.

Energy (om™)

C. Static and dynamic DM in SrCu,(BO3),

Line area (cm™)

We have shown that the first triplet state energy spectra
are well described with two static DM interactiorss, and
d,. The information aboutl; andd, is contained in the po-
sition of energy levels and in the FIR absorption line inten-
sities. The interdimed, determines the magnetic field de-
pendence of intensities and the triplet state level energy

FIG. 6. (Color onling Line positions(a) and line areagb) in  SPlitting. The intradimerd, determines the extent of the
E.lla andByllb configuration at 4.4 K. The lines are results of the avoided crossing witl$, and the magnetic field dependence
calculation based on the two dimer model and dynamic DM inter-Of intensities near the avoided crossing points. Over the mag-
action. The additional splitting of triplet componertsangleg is ~ netic field range of our experiment the intensities of the
caused by the magnetic fieR}, being misaligned by 9° out of the singlet-triplet absorption lines do not depend on the dynamic
(ab) plane (Ref. 26. In panel(b) the line area(triangles up or  part of the DM interaction, because the phonon energies are
triangles dowhis a sum of line areas of split components. large compared to the triplet state energy.

Other inter- and intradimer DM interaction components

In zero magnetic field the transition to the central tripletbesidesd, andd, have been considered to describe experi-
component is observed, Fig. 2. As tBglic field is turned mental datd®?® These are the in-plane component of the
on, Fig. b), the central line, being a sum of two overlap- interdimer DM d,, and the symmetry-forbidden intradimer
ping transitions, conserves its intensity. The experimentallypM d, in the c-direction. We included,, andd, in the two
observed drop in intensity with increasing field i§ &ffect.  dimer model and found that calculations with nonzekg
At 1.8 K (18 T field) the intensity is recovered. Besides the and d, give results contradicting with the experiment. Our
strong central line there are in zero field two sidepeaks teargument, which is independent of whether a particular in-
times weaker at 22.7 and 25.5 thtorresponding to transi- frared transition is allowed or forbidden, relies on the ob-
tions to the twice degenerate stafg,(+) and Top(+). The  served and calculated crossing-anticrossing effects between
dynamic DM interactions due to ttee andc-axis phonons in the triplet and the singlet states.
this B, orientation give zero intensity for the sidepeaks. The If Boylic andd,,# 0 thenTy,(+) would have an avoided
detailed analysis of the mechanism causing these weak tragrossing with S, contradicting the experiment, where
sitions is difficult because in other polarizations and fieldT,,(+) anticrosses with the singl¢Fig. 5a)]. Also d, does
orientations stronger mechanisms are prevailing. The sidenot give any anticrossing betwe& and Ty,(+) or Top(+).
peaks split in the magnetic field and an avoided crossingn high field nonzeral, creates an avoided crossing between
with S; and$; is seen in the experiment. the ground stat&, and the triplet brancfiy,,(-) as observed

When the magnetic field is in theab) plane two cases in the experimenrit while nonzerad,, or d, do not create an
must be consideredollE, and By L Ey. In Figs. §¢) and  avoided crossing betweey and Toy,(-) or To,(-). However,
the two dimer model does not predict the experimentally

B,(D

c-axs ph°n°n2 a-axs phonor; observed* avoided crossing betweek and Tg,(-).
Q. b d, In Bylla field orientation bottd,, andd, add, in addition
d, . i Q to d,, to the avoided crossing of one of the triplet compo-
K, o * nents withS,. The experimental data can be fitted with a
O a single valued,=1.8 cn! in both field orientationsBglla
. R V& i 3 H 4 andBylic. If dy, andd, were comparable in magnitude dg,

then the extent of avoided crossing would be different in

FIG. 7. Intradimer dynamic DM interactions. A lattice distortion Bolla andBlic field orientations. _ .
with the normal coordinat€ (solid arrow creates an intradimer Our conclusion is that the dominant DM interactions are

DM interactionds (empty arrow. The c-axis phonon creates a dy- d1=0.7 cn1* andd,=1.8 cn™. In the magnetization plateau
namic DM interaction on both dimers while tiaeaxis phonon af- ~ state the lattice parameters of S(BO5), may change due
fects the dimex1,2) only. to spin-phonon coupling? Our calculation of energy levels

144417-6



FAR-INFRARED SPECTROSCOPY OF SPIN PHYSICAL REVIEW B 70, 144417(2004)

did not account for static lattice distortions and therefore weT,(—) cannot be explained by the two dimer model. In Sec.
cannot make any conclusions abodit, and d, and the Il C we show that other DM interactions besidisare weak
strength ofd; andd, in high magnetic fields. or absent in SIC(BO;), in the studiedB, range, although

The intensity of the FIR singlet-triplet transitions dependsthey may have proper symmetry to coueand To,(-).
on the strength of the dynamic DM and on the frequency and The energy of the 38.2 cth triplet in the two dimer
the oscillator strength of the phonon. Since the particulaimodel is in the range where triplets are present in
phonons involved in the dynamic DM effect in StBO3),  SrCw,(BOs),. There is a triplet at 37.5 cth labeled asT,
are not known we can give only the relative strength of dy-(Table I). FIR transitions to this state are active Hlla
namic DM interactions. The- andc-polarized singlet-triplet  polarization, Fig. 2. IfE, |l c the transitions are weaké¢Fable
transitions have similar oscillator strengths. These arg). The T,(0) level is FIR active wherB,lic and T;(+) are
2.0 cmi? (E4lla) and 1.7 cm? (Eylic) if we compare the two  active whenB, L c. All this, polarization and magnetic field
lower spectra in Fig. 2 which have been measured on thgependence, is consistent with the dynamic DM mechanism
same sample by changing the direction of the light polarizaof the FIR absorption where the dynamic DM is along the
tion. The ratio of the dynamic DM interactions for the two axis. Thea-axis phonon creates a dynamic DM in the direc-
mechanisms islz,/d3.=V2x2.0/1.7=1.5 if we assume that tion parallel to thec axis. The intradimer dynamic DM in-
a- andc-axis phonons have equal frequencies and oscillatoferactionds,, does not give any transitions to bound states of
strengths. The factor 2 accounts for #i@xis phonon creat- triplets. We considered a possibility that theaxis phonon
ing a dynamic DM only on the dimer with its axis perpen- modulates the static interdimdg. We found that the pattern
dicular toE;. of dynamic interdimer DM vectors with the same symmetry
as d; [Fig. 1(b)] gives selection rules that apply to the
37.5 cm! T, triplet. Transitions to other states are forbidden
in the first order of this dynamic DM interaction. The lattice

The importance of the staggergetensor in S”ICW(BO3),  deformation that creates such a pattern of dynamic DM vec-
was pointed out by Miyaharet al* The staggered-tensor  tors is ofA, symmetry and is not an optical phonon; in the
exists in SrCy(BOs), because of the buckling of Cu-O-B symmetry mode Cu atoms gp bond move along the bond
planes below 395 K. It mixes singlet and triplet states similalin antiphase. We conclude that the two dimer model is not
to the static DM interaction,. The strength of the staggered sufficient to account for transitions to states of bound triplets,
g-tensor interaction can be estimated and we show that itéxcept toS,.
effect on the energy of the spin levels is small compared with  Quintet states were observed by high field ESRheir
the effect ofd,. The Zeeman terni,¢ couples singlet and extrapolated zero field energies are in the range 46—58.cm
triplet states on a single dimer and is proportionagid@gBo,  There are twde, lla singlet excitations at 52.3 and 53.5 ¢m
wheregs=(gx—gzsin ¢ cos¢ (Ref. 30. The anglep~6°is  in this range(Table ). The quintet(S=2) has amg=0 spin
the buckling angle of the Cu-O-B plaA&The components level which has the same magnetic field dependence of en-
grandgz of the Cu iong-tensor are not known but we take ergy as the5=0 state. However, the observed singlets at 52.3
0x~0,=1.998 andg;~Q.=2.219 (Table ) and getgs and 53.5 crm! are not theng=0 components of the quintet.
=0.023. The staggered tery increases linearly with mag- If in one B, field orientation thems=0 level is infrared-
netic field. The largest field where the anticrossing betweenctive then in the 90° rotated field orientation other levels,
To and S, takes place is 5 T. In this field the magnitude of mg=+1 or mg=+2, become active. We studied all possible
the staggered-tensor term in the Hamiltonian is 0.05 ¢l B, E; orientations relative to crystal axes and did not find
which is much smaller than the static intradimer DM termthe splitting of the 52.3 and 53.5 chmexcitations in the
d,=1.8 cnm®. We conclude that the dominant coupling be- magnetic field although they are one to two orders of mag-
tween the singlet and the triplet is due to the static DMnitude more intensive than other magnetic excitations in FIR
interactiond,. spectra.

We assigned the-axis polarized(E;lla) 43.0, 52.3, and
53.5 cmi! singlet excitations to magnetic excitations because
of the magnetic field and temperature dependence of their

. Several states besides the one-triplet excitatiqn arg@nergy and intensifi? Whether they could be phonons acti-
infrared-active(Table ). We showed that the two dimer yated by magnetic interactions needs a further study.

model explains well the energies of the one-triplet states and
transitions to them. In the two dimer model withy
=24 cmt and J,=9.8 cmi! we get several two triplet
states: a singlet, a triplet, and a quintet of two bound triplets In SrCwy(BOj3), the ground state is not exactly a product
at 28.4, 38.2, and 57.8 ¢ respectively. of singlets on dimers as in the Shastry-Sutherland model,
SrCw(B0Os), has two low energy singlet stat€&s andS,  because the intradimer Dzyaloshinskii-Moriya interactign
which both anticross with triplet state levélsigs. 4 and & mixes the ground singlet state with the triplet. From the ob-
In the two dimer model only one singlet of bound triplets is served anticrossing betweeT,(+) and S, we get d,
possible and the anticrossing occurs only viiy(+) states. =1.8 cnt. This is comparable to the interdimer DMy
In the experiment an anticrossing is observed betv®emd  =0.7 cnT!, which determines the triplet state energy level
Top(+), Fig. 5@). The observed anticrossing betwegnand  zero field splitting. Bothd, andd, determine the magnetic

D. Staggeredg-tensor

E. States of bound triplets

IIl. CONCLUSIONS
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field dependence of the absorption line intensities. lines are identified as electric dipole transitions. The two
Although magnetic dipole singlet-triplet transitions are al-dimer cluster is too small to describe these transitions. Also,
lowed by d,, the experimentally observed polarization andwe had to use renormalized valuesjgfandj, to calculate
magnetic field dependencies of absorption line intensities arghe energy levels because the actual spin excitations are de-
not described by this interaction. Instead, singlet-triplet tran{ocalized over a larger cluster. Obviously a bigger cluster is
sitions are allowed by the dynamic DM mechanism whereneeded for proper calculation of magnetic excitations in

the electric field component of FIR light couples to a non-grcy,(B0,),. Nevertheless, the two dimer model gives us a
symmetric phonon, which creates the DM interaction. Theregood description of the one-triplet excitation.

are two dynamic DM mechanisms in St{BOs),. In one
case the FIR light couples to amaxis phonon and in the

other case to &-axis phonon. This is consistent with the
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