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We report Raman-scattering measurements on the quasi-two-dimensional quantum spin system
Sr,_,BaCu,(BO3), (x=0 and 0.} in interlayer polarizations and temperatures betwe& and 450 K. Upon
approaching the structural phase transitiof @ 395 K, a strong anharmonic softening of an interlayer mode
at 62 cm! is observed together with overtone features and a broadening of its linewidth. Moreover, an
additional 3% softening toward low temperatures points to strong spin-phonon coupling of exchange origin.
Our results suggest a significance of spin-phonon interactions, interlayer lattice dynamics, and Dzyaloshinskii-
Moriya interactions to understand the magnetic behavior in this compound that has earlier been discussed in
the framework of the two-dimensional Shastry-Sutherland spin system.
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[. INTRODUCTION frustration-induced singlet dimer phase while enhancing
long-range antiferromagnetic correlatidsA recent crystal
The quasi-two-dimensional quantum antiferromagnefstructure study has revealed a displacive, second-order struc-
SrCw(BOs), has received considerable attention due to itsural phase transition afs=395 K.!® The main structural
relevance for the two-dimension&D) Shastry-Sutherland distortion was observed as a continuous corrugation of the
model2 which is given by the Hamiltoniad = JZ\\S S Cu-BG; layer in a wide temperature range beldy. This
+J'Z\uwSS; where NN (NNN) stands for nearestnext-  corrugation induces a change of the interlayer interaction
nearest neighbor spins. The ground state of the Shastryimost clearly seen as a steplike jump in the magnetic suscep-
Sutherland model is a direct product of dimer singlet statesibility at T=T,.%® Furthermore, the importance of spin-
when the ratiox=J'/J of the next-nearest interdimer cou- phonon interactions is indicated by a substantial softening of
pling J’' to the nearest-neighbor intradimer couplidgis  the sound velocity both as a function of temperature and
smaller than a critical value near G Furthermore, the frus- magnetic field:’ This implies a sensitivity of the dimer sys-
tration betweerd andJ’ prevents a hopping of a triplet state tem to specific ionic displacements. The observation of a
from one dimer to another, leading to a flat triplet brafich. magnetic superstructure by high-field nuclear-magnetic-
Various experiments have confirmed that the orthogonallyesonance measurements at the 1/8-magnetization pfateau
coupled spin dimers in the crystallograplaib layer form a  further supports this evidence. Finally, neutron-scattering ex-
dimer singlet ground state with a spin gap&d£34 K and  periments and electron spin resonafiE8R show multipar-
dispersionless elementary tripléts. Multiparticle bound ticle triplet bound states with an anomaldudependence of
states in both the singlet and triplet sectors as well as plathe structure factdf*°and zero-field splittingf that is not in
teaus at 1/8, 1/4, and 1/3 of the saturation magnetizatioaccordance with a pure 2D Shastry-Sutherland m&fdhe
were observed due to strong interactions between the welbplitting of the triplets may be understood by taking into
localized triplet excitation3-’ In addition, SrCy(BO3), (x  account a Dzyaloshinskii-MoriydDM) interaction which
~0.63-0.68) is proposed to be close to a quantum criticapartially lifts the magnetic frustration and suppresses the spin
point (x.=0.691) which separates a short-range dimer phasgap°
from a long-range ordered ‘Mephasé:® The existence of The above-mentioned results suggest that in order to de-
intermediate phases such as helical order, plaquette-singleeélop a closer understanding of SECBO3), the minimal
order, or weak columnar-dimer order has been discussed fanodel should be extended to a quasi-24’ model includ-
larger x.° Experiments using magnetic susceptibility undering spin-phonon coupling, lattice distortions, and DM inter-
hydrostatic pressure have found evidence for a decrease attion. To our present knowledge these additional terms
the spin gap under pressure, i.e., the dimer ground state cahould lead to the observed close interplay of structure and
at least be weakened experimentafly. magnetism in this system. For further understanding espe-
Despite the success of the 2D Shastry-Sutherland modelally Raman spectroscopy can provide valuable information,
in understanding the ground state and spin gap o#s the involved degrees of freedom can be investigated si-
SrCw(BOs),, a lot of severe deviations show tpAt finite multaneously and with an unprecedented sensitivity and
temperatures the significance of interlayer interactions is eviresolution. In previous Raman experiments a softening of a
dent from the temperature dependence of the magnetiow-frequency optic mode at 62 cm has been observed in
susceptibility!>*® Interlayer coupling destabilizes the a wide temperature interval. Unfortunately, these experi-
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ments were restricted tab-plane polarizations of the inci- @ [ H]
dent and scattered electric-field vectors, neglecting important @ Q@ 2 @ A\ B-4h
aspects of interlayer lattice dynamics. In this paper, we report A Ag @ cusn
to the best of our knowledge the first Raman-scattering data 1 @ @ (2 [ seea
of Sr;_,Ba,Cu,(BO3), (x=0 and 0.} in interlayer polariza-
tions. The previously observed mode shows up as an inter- (4] @ 3 O1-4h
layer mode with a spectral weight that is two orders of mag- 4 32
VAN
nitude larger than that of the in-plane modes. The symmetry @ 2 0 @ O 02-8k
group analysis and doping dependence identify this soft 4 H
mode as an in-phase motion of almost all ions in the primi- b —
tive cell along thez direction. Pronounced overtone features (b) 2 =l ,
and an additional softening by 3% below a temperature scale zA@ @ o o8 4'.
given by the spin gap point to strong anharmonicities and @ e 1A@ @ cus
spin-phonon coupling in SrG@BO3),. Furthermore, we i 1 [] sr2c
substantiate the presence of the DM interaction using an _
analysis of the exact crystal symmetry. @)SA ® O Q-4
(3) @ @ A O 02-8j
Il. EXPERIMENTAL DETAILS @

High quality single CrySt_alS of $L{<BQ<CUZ(B_O3)2 (x FIG. 1. (Color onling (a) Primitive unit cell and site symmetry
=0 and 0.} were grown using a vertlca2I3 traveling solvent ot ihe atoms in the high-temperature phésgace group4/mcn).
floating-zone method from a LiBOflux.™ Samples with () primitive unit cell and site symmetry of the atoms in the low-
typical dimension X5x3 mnt were used for Raman- temperature phas@pace groupa2m) of SrCu(BO,),.

a

scattering measurements. The measurements were done in
continuous helium flow optical cryostat by varying tempera—metryy and O2 atoms posse@Q— (8k-) site symmetny[see

ture fram 5 K to aroom temperature. The high—temperatureFi P :
. . g. X(@)]. A factor group analysis gives the experimentally
measurements from 300 K to 450 K were carried out using dbserved infrared and Raman-active modes as follows:

heating vacuum stage. This vacuum stage is filled with argon

gas in order to avoid a possible oxygen loss as well as a I'yr=5A14+ A+ 6Ay5+5A,,+5B1g+ 4By,
contamination of the Raman signal by rotational modes of

N, and Q. Note that the studied temperature interval reach- +5Byg+ By +6E4+11E,,. 1)
ing up to 177 °C can be achieved without pumping out th
sample space. Furthermore, the studied compound with
melting temperature of- 900 °C is stable in this temperature
range. The experiments were completely reversible. All spe
tra were taken in a quasibackscattering geometry with th«%
excitation linex =514.5 nm of an Af laser and analyzed by L
a DILOR-XY spectrometer and a nitrogen cooled charge- —
coupled device detector. The laser power of 5 mW was folPhase has space groig2m where Sr atoms occuplp -
cused to a 0.1-mm-diameter spot on the interlayer surfacd2C-) Site symmetry, Cu, B, and O1 atoms haug (4i-) site
The averaged laser power density amounts-@Z0 W/cn?. ~ Symmetry, and O2 atoms belong ®- (8-) site symmetry
Since the studied sample is semitransparent, the local ovelS€€ Fig. 1)]. The factor group analysis predicts

heating due to the incident light is expected to be less than

eAccording to this representation one expects 27 Raman-
ctive modes. The space group of the low-temperatiure
Cphase is a maximal nonisomorphic subgroup of the space
roup of high-temperature phase. This group-subgroup rela-
on is one of the prerequisites for the application of the
andau theory for second-order phase transitions. The LT

0.5 K. Thus, heating effects are not taken into account in the Fir=9A;+7A;+6B,+108,+17E. 2
analysis of our results. Subtracting the acoustic mode8,+E) one obtains 56
Raman-active modes. With decreasing temperature through
[ll. RESULTS AND DISCUSSIONS the structural phase transition @t=395 K the expected

evolution of phonon modes follows a subgroup connection
of the space groups between HT and LT phases. In particular,

Before discussing Raman spectra we will present a groupn a second-order phase transition the new structure is a sub-
theoretical analysis as a first step to understand the nature gfoup of the old structure. Thus, there will always be a zone-
the soft mode and its possible effect on the magnetic propeenterA; component of the soft mode beldl regardless of
erties of SrCy(BOs),. Our analysis is based on the result of the symmetry of the soft mode in the higher-symmetry
a recent x-ray study which provides detailed information phase. Furthermore, the HT phase losgsand m, mirror
about the temperature dependence of atomic parameters aplanes, which are generators of fl#gmcmspace group. The
crystal symmetry. translation symmetry remains the same. Th&;9modes of

In the high-temperaturéHT) phase SrCyBOs), has the LT phase are correlated with £§,+4 B;,) modes of
space groud4/mcm where Sr atoms havB,- (2a-) site  the HT phase. Thus, one of the foBg, buckling modes at
symmetry, Cu, B, and O1 atoms ha@g,- (4h-) site sym- the I point of the Brillouin zone is a soft mode in the HT

A. Symmetry analysis of phonon modes
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phase approachin@s. Normal coordinates of these modes  soo s
are given by Q-=1(Uy,—Up,+Ug,—Uy) and QP wol 177 b(cc)-b
= (1/2\/2)(U12+ L.JZZ_ Usz,— U4_z+ Us,tUg,—U7,—Ug,) "7
for the h and k sites, respectively. It should be noted that __ %1 l
these modes are silent and include only the displacements CE 200 n T=293K
the h- andk-site ions along the direction. Such distortions g y 210K
violate them,, m,, andm, symmetry planes and preserve £ g '
the D,q symmetry. According to the x-ray analysis in the LT g w0 180 b(ca)-b

. . B B ] 1
phaseE; some m—phasg superposmonQ%t“, ?w' o £ % oot
andQ.%' normal coordinates becomes frozen-in for tempera-  *%| | 533 Gi’s
tures belowT, [see Fig. ) in Ref. 15. Precisely, this su- 2001 } M A A T=293K |
perposition represents an order parameter of the structure \ T T 410K

phase transition. Note that Sr ions wiksite symmetry do
not participate in this order parameter.
In the LT phase fouB,, silent modes of the HT phase

become Raman-activé; modes. TheQi" A1 andQ;II A nor-
mal coordinates of thé\; mode correspond t@ﬁlu and
QE“‘, respectively(see the Appendjx As it was previously

0. 1 1 ~T T I 1 e T
0 100 200 300 400 500 600 700 800 900 1000 1100 1200
Raman shift (cm™)

FIG. 2. Raman spectra of SrglBO3), for two interlayer po-
larizations at 293 K and 410 K, respectively. The arrows indicate
additional modes which appear for temperatufes T;=395 K.
Note that the intensity of these modeslifica)-b polarization is

mentioned this soft mode involves an in-phase motion ofartly very weak.

almost all ions in the primitive cellexcept Sr ionsalong the

zdirection. The soft mode consists of a motion of atoms with

temperatures. In addition, th&; normal coordinates of
QiI A Q} A andQ}' AL containxy components of a motion

scattering geometries we refer to Refs. 7, 11, and 15. At
room temperature two additional modes at 33 and 117%cm

I&]opear in the ¢c) polarization while five additional modes
Ysee the arrows in Fig.)Zan be seen in thec@) polariza-

tion. Noticeably enough, four modes at 160, 221, 333, and
696 cm ! in the (ca) polarization turn up as a shoulder of

of the ions in the LT phase. Thus, we can expect a mixing ohigh-temperature phonon modes. The appearance of addi-

the xy and z components of the normal coordinates. How-
ever, the x-ray analysis did not show substantial shifts of
Cu, B, and O ions along andy directions in the LT phase,
if compared to the HT phase. This implies that themodes
hold the properties of thB,;,, modes of the HT phase which
consist of motions predominantly along the direction.

tional modes in theda) polarization can be ascribed to a
mixing of weakab-plane motions with a strong modulation
of the susceptibility tensor by a displacement along ¢he
direction. A strong displacement along thedirection will
cause infrared-active modes of the HT phase consisting of an
ab-plane motion to become Raman active in the LT phase.

Therefore, we expect a strong anisotropic Raman scatterings listed in the Appendix, the normal coordinates of the
of the A; modes; that is, the dominant scattering intensitydoubly degeneratel, mode include axy-plane motion of

should be seen imz polarization.

At last, we mention that the &, modes of the LT phase
are correlated with the (8,44 B,,) modes of the HT phase,
the 6 B; modes with the (B,4+A;,) modes, the 1B,
modes with the (8B,4+5A;,) modes, and the 1 modes
with the (6E4+11E,) modes, respectively. Therefore, one
expects transition-induced scattering intensity of theA{4
+B;+4B,+10E) modes in the LT phase among which

the h-site ions while that of thé&; mode contains a motion

of the h-site ions along the direction. Therefore, the ob-
served modes in thec@) polarization can be ascribed to an
enhancement of Raman tensors of iemodes in the LT
phase. Interestingly enough, the obserizgdnode in the LT
phase is energetically very close to the frequency ofEpe
mode in the HT phase. The shoulder structure of the addi-
tional modes with weak intensity indicates that the symmetry

(4 B,+10E) are infrared active in the HT phase. The actualbreaking is rather weak and that the crystal symmetries of the
observability of these modes in interlayer polarizations deHT and LT phases are closely related. In contrast, the 33- and
pends on the evolution of the Raman tensor for each mode17-cm * modes in the ¢c) configuration and the 36-cnd

through the structural phase transition.

B. Interlayer soft mode

Figure 2 displays Raman spectra of Sy(B05), in (cc)
and (ca) polarizations at 293 K and 410 K which lie below

mode in the ¢a) polarization are no longer observable in the
HT phase. Thus, these modes are attributed to a soft mode
that results from the structural phase transition. This is due to
the fact that in a second-order structural phase transition an
optic soft mode is always Raman active in the lower-
symmetry phase but it is not always Raman active in the

and aboveT =395 K, respectively. The corresponding datahigher-symmetry phase. The 33- and 36-¢nmodes in two

of Sry Bay 1C(BO3), (not shown hereshow only tiny fre-

different polarizations have close peak energies, indicating

quency shifts of some phonon modes with respect to théhe same origin. The intensity of the 36-ctnmode in the

undoped sample. Note here that thaxis is perpendicular to

(ca) polarization amounts to 10% of that of the 33-thm

the layer. Thus, these data provide mainly information aboutnode in the ¢c) polarization. The corresponding mode ob-
interlayer lattice dynamics. For Raman spectra in intralayeserved in @a) polarization has negligible intensity com-
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Eiman Shift(e FIG. 4. (a) Temperature dependence of the soft mode. The inset

FIG. 3. (Color onling Softening of a phonon mode inc¢) ~ shows a softening of the soft mode for temperatufesl5 K. (b)
polarization as a function of temperature. Note that an overtone ofémperature dependence of the damping constant which is defined
the 62-cm * mode is present at 124 crh as the full width at half maximum. The solid lines give a fit using

Eq. (3). The full squarglopen triangl¢ denotes the undopgd 0%

L Y . Ba doped sample.
pared to the mode with interlayer polarizatibnThis indi-

cates an extreme anisotropy of the Raman tensor of the soft ] ]
mode and is consistent with the symmetry analysis showin§n$ in this compound by 1096.Most probably, this mode
that the soft mode involves an in-phase motion of almost alModulates the exchange along the alternating chain and its
ions in a primitive cell preferably along theaxis (interlayer ~ €nergy coincides with the zone-boundary energy of the
direction. An x-ray scattering structure analysis of smglet-typlet excitation gapEzg=125 cm* of the spin
SrCw(BO;), shows forT>T, an inversion center and com- systent’ Strong spin-phonon coupling as well as the exis-
pletely flat CuBQ planes. For temperatures beloiw<T,  (€nce of a high-symmetry phase under high pressure has
atomic displacements are directed perpendicular toathe been attr%bzgted to the origin for the anharmonicity of optical
plane leading to a buckling of the plan®sThe in-phase phono_r152. “"In this regard, the overtone feature c_)f the soft
motion also explains why the observed energy of the sofffode in SrCW(BO3), should be ascribed to the existence of
mode in our Raman experiments is so small. In addition, wé high-symmetry phase at elevated temperatures. This relies
observe a slight increase in integrated intensity of almost alP? @n enhancement of anharmonic phonon-phonon interac-
phonon modes upon cooling. This can be ascribed to HONS due to the strain mduced by the buckling distortions of
change of both dipole matrix elements and band energi¢§€ LT phase. Furthermore, in the LT phase, exchange paths
with the structural transition. The origin of the 117-cin @€ strongly susceptible to ionic displacements since they
mode will be discussed further below. will not be mutually compensated due to the lower crystal
The evolution of the low-frequency modes iad) polar- ~ Symmetry. As will bg discus;ed ir] Sec. llIC, special spin
ization is displayed in Fig. 3. Upon approaching the phaséop_;ology together ywth bu.ckllng distortions mdug:es strong
transition the 60-cm® mode afl =5 K increases slightly up spin-phonon coupling. This suggests that the simultaneous
to 62 cm t at T=15 K and finally disappears into the tail of ©ccurrence of anh_arm_onlc phonon interactions and strong
quasielastic scattering aroufid while softening roughly by ~ SPin-phonon coupling in a low-symmetry phase may be a
44 cn L. At the same time, its linewidth broadens strongly, 9€neric feature of low-dimensional spin gap systems.
Interestingly enough, an overtone of the 62-crmode is The temperature dependence of the .frequency_ Sh'.ft and
observed at 124 cit. This implies a strong anharmonicity th? ‘?'amp'”g constant of the sqft mode 1S plotted in Fig. 4.
of the soft mode. The second-order mode undergoes a smdl ithin the experimental resolution we did not detect a dif-
softening by 5 cri’, suggesting that the original soft mode '€rénce between the undoped and the 10% Ba-doped
has a nearly flat dispersion with a large density of states. This2MPIes. This observation strongly confirms that the soft

can be explained as follows. The frequency of the soft mod@.?ﬁ?hdoes nOtt'nCIUdT 'T‘O“é’”;] ct)rf1 the Skr |on_st: cons:jstt?]nt
around the Brillouin center will rapidly fall to zero as the Wi € Symmetry analysis. 5o € peak position and the

transition is approached. In contrast, phonons at the vicinity new'dStrl‘(Chad”gs gﬁorég'yhOVEf[f a |argEi temdperau:jre range bg-
of the zone boundary will remain robust. For first-order scat- Ve an - Such a temperature dependence can be

tering Raman spectroscopy is sensitive to the softening ostcribed to a_nharmonic terms in the vibra}tional poten';ial en-
phonons near the zone center. However, the whole Brillouiﬁ.rgy't.Tak'nt%'nio accoutnt CUC?'C ang quar'u(; ?r?harmclinlc cg:_n—
zone contributes to higher-order Raman scattering. The speH—' utions, e temperature dependence ot the peak position

; 8
tral weight is proportional to the density of states if there ardS 9Iven by?
no interactions. Therefore, the resulting scattering intensity
will be dominated by zone-boundary phonons with large
. . S 2 3 3
spectral weights. Here we draw attention to similar phononw(T):w(o)+A 1+ +Bl 1+ T
anomalies reported in the alternating chain system ef—1 -1 (e/-1)%)°
(VO),P,0,. A strong anharmonic phonon at 123 cthsoft- 3
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0 20 ' 40 ' 60 - 1|0 — “1'00 FIG. 6. (Color onling (a) Displacements of copper ions with
Raman shift (cm™) |T-T.] (K) Q" A1 symmetry on the background of the already existing buckling

distortions.(b) Displacements of copper ions wif' A1 symmetry.
FIG. 5. (a) Low-energy Raman spectra fdt>T; after correct-
ing with the Bose-Einstein thermal factor. The solid line is a fit with fluctuations should be discussed. We notice that the observed
a Lorentzian line(b) The log-log plot of the normalized intensity as behavior is in reasonable agreementTo- T¢|*2 which is
a function of| T—T/. expected within the Landau theory for structural phase tran-

_ sitions which are not proper ferroelastic oRén this case a
wherex=fw(0)/2gT andy=%w(0)/3KgT with (0), A uadratic coupling of the order parametgto a permeability
and B constants. The first term represents the frequency

f d Th d and third ensor leads to only ary* contribution to the order-
soft modes at zero temperature. The second and third termg, .o meter fluctuations in the intensity of the central peak.

originate from the decay of an optic phonon into three- aNGrhys, this suggests that the observed central peak is related
four-phonons due to anharmonicity, respectively. In the hlgh;[0 a fluctuation of the order parameter

temperature limit, the second and third terms varyl and
T2, respectively. The fit of the experimental data to ).
gives w(0)=62cm!, A=-048cm?!, and B=
—0.07 cm 1. The smallness of the rati8/A=0.15, related
to a small contribution of the four-phonon process to the Indimerized spin system spin-phonon interactions play an
softening, guarantees the validity of the fitting. Despite almportant role in determining the magnitude of spin gap and
reasonable agreement between the fitted curve and the e strength of dimerizatiot. Optic- and/or acoustic-phonon
perimental data in the overall temperature range one can s@@omalies can accompany the onset of a dimerized state as
a deviation for temperatures above 350 K as well as at verjeported in CuGe® (Ref. 30 and SrCu(BOj),.*" In
low temperature. The temperature dependence of the linéSrC(BOs), the in-plane elastic constangs shows a pro-
width can also be described using a similar relation as E¢ounced softening of 4.5% for temperatures below 25 K
(3). The fitting values of the linewidth at zero temperature(Refs. 17 and 31 which is attributed to an exchange stric-
I'(0) and the coefficients andB are found to be 2.7, 0.24, tion coupling. Furthermore, under a magnetic field applied
and 0.02 ci?, respectively. This leads to a ratiB/A  along the[100] direction an enormous softening of the in-
=0.08, also suggesting a small contribution of the four-Planec;; andceg elastic constants takes place in the vicinity
phonon process. The origin of the discrepancy in the ratio§f the magnetization plateaus where excited triplets become
with respect to the behavior of frequency and linewidth ishighly mobile!” This highlights a close relation between
not clear. It is certainly related to the strong anharmonicitySPin-phonon coupling and DM interaction which promotes
and/or spin-phonon interaction beyond this modeling. Ashopping of triplets®** One can also expect optic-phonon
shown in Fig. 4b), significant deviations from the semiphe- anomalies around the magnetization plate&uBhis is be-
nomen0|ogica| model can be seen for temperatures abo@use the alteration of intradimer bond |ength5 for each site
310 K. The pronounced discrepancy in the high-temperaturéesults in the alternating magnetization.
limit arises from a stronger broadening of the linewidth than The main aspect of the structural phase transition in
aT? dependence. This points to the necessity of higher-ordeprCl(BO3), is buckling distortions due to strong anharmo-
terms than the four-phonon processes in the model. The offtiCity. These lead to alternating distances between copper
servation of pronounced anharmonicitwo-phonon scatter- i0ns along thez direction. As Fig. €a) displays, in the LT
ing) already demands a more elaborate modeling. phase there are two different interlayer coupling constats
Figure 5 displays low-energy Raman spectra for temperaef longer bonding length and; of shorter bonding length.
tures abovels. Within the accessible low-frequency resolu- At 100 K the relative distance between nearest-neighboring
tion we have not observed a sharp central peak ardund Cu ions along the upward and downward directions ofche
Instead, a relatively broad elastic-scattering maximum is obaxis amounts tos,=1.02 A, that is, 15% of the lattice
served which is fitted well by a Lorentzian profile. The in- constant® ¢ [as sketched in Fig.(8)]. Thus, we can safely
tensity is reasonably described By— TP with the power neglect;. This buckling distortion, changing the bonding
p=0.47 and 0.56 for the undoped and the 10% Ba-dopedngle and distance via spin-lattice interaction, can modify
samples, respectivelsee Fig. B) plotted on a logarithmic  anisotropic magnetic properties as a function of temperature.
scale of T—T{|]. As a possible origin of the central peak the ~ With the special structural topology in mind we will turn
decay of a soft mode into acoustic modes or phonon densitio the anomalous decrease of the optic-phonon frequency

C. Spin-phonon coupling and effect
of buckling distortions in SrCu,(BO3),
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observed in the low-temperature limiT€A=34 K). As ture of theQ" A1 normal mode due to strong anharmonicity.
displayed in the inset of Fig.(d), the peak energy of the soft Furthermore, th&'“1-type displacements can modulate the
mode reaches a maximum around 15 K and then softens kgtradimer and the intralayer exchange interactions. This im-
3% with further lowering temperature. The energy of the softplies that they can shift the quantum critical poiJ’/J
mode 62 cm=89 K is comparable to the nearest-neighborwhile increasing)’ and decreasingand vice versa. Because
intradimer coupling constani=85 K.1® Furthermore, the of the orthogonal and frustrated exchange topology and the
softening is observed for temperatures below the spin gap giredominant motions of the soft mode along thairection,

34 K. Thus, the observed softening should be attributed to &owever, the spin gap and the quantum critical point will
renormalization of phonon energy due to strong spin-phonomindergo only a small change. Rather, the interlayer interac-
coupling. Further evidence for strong spin-phonon couplingions will be strongly modulated. However, the absolute
can be provided by strong quasielastic light scattering instrength of the interlayer interactions is small. All of these
duced by fluctuations of the energy density of the spinexplain why the observed softening of optic-phonon modes
system’ As already shown in the symmetry analysis, the softis weak in spite of the possible contributions of the in-
mode corresponds to motions of almost all ions along theéradimer and the intralayer interactions to spin-phonon
interlayer direction. Consequently, the soft mode mediates attouplings.

possible types of exchange interactions including the inter- Finally, we will discuss another aspect of the structural
layer and the intralayer interactions. Since the soft mode hashase transition related to the magnetic behavior and the
A; symmetry, it suffices to consider spin-phonon coupling inrelevance of antisymmetric interaction. Pronounced buckling
the Q" A1- and Q'*1-symmetry displacements of Cu ions. distortions for temperatures beldi< T, can lead to a modi-
Following Miyaharaet al3? one can derive spin-phonon cou- fication of anisotropic magnetic properties via spin-lattice
pling of the soft mode in an exchange approximation. interactions. The experimental observation of forbidden ESR

First, we focus on the case of tf@"”1 normal mode transitions?’ a splitting of the first triplet excitation into three
which includes motions of Cu, B, and O1 ions along the brancheg? and the unusual field dependence of magnetiza-
axis [see Fig. 6a)]. Spin-phonon interaction of th@'" A1 tion plateau¥’ are not in accordance with a Shastry-
symmetry reads as follows: Sutherland model based on isotropic superexchange. To ex-

plain the anomalous behaviors @2eset al 2° derived the DM
5, 1% interactions from a simplified 2D spin modglorresponding
—Q"A| B0 > S-S+ Y5 J1 > S'S/|, (4 tothe HT phase which lift partially the magnetic frustration
lj NN | NNz as well as the degeneracy of the localized triplets.

However, we highlight that the presence of the bucking
distortions in the LT phase leads to a complicated form of the
DM interactions. In contrast to the assumption ofp@e
et al,?® the LT phase losem,, m,, andm, mirror planes
(see Sec. lll A. Thus, for the purpose of a more complete
ing that the soft mode of th@" A1 symmetry does not description of ani_sotropic interactions we have performed a

symmetry analysis using the exact symmetry of the LT

mediate the intradimer interactions. Moreover, in the HT hase. The exchange tensor of the intradimer interaction be-
phase theQ" A1 type of spin-lattice interaction completely P ' chang .
t\éveen copper ions 1 and 3 yields

disappears because of the absence of buckling distortion

where NNN (NNNz) stands for next-nearest neighboring Cu
ions in theab plane (along thez direction. I, (l)) is the
vector connecting them in thab plane(along thez direc-
tion). B and y denote the exponents of the distance depen
dence ofd’(r) andJj(r), respectively. It is worth mention-

(6,=0) as well as the cancellation of the interlayer contri- XX z DY

bution by each other){ =J%). Assuming tha3=y one sees ) 13 13 13

that the contribution of the interlayer and the intralayer in- b= 13 33 1, (6)
teractions to spin-phonon coupling in the LT phase is com- Y X 2z

parable to each other with =3.48 A, 17=2.81 A and|| 1 B

=5.14 A, J'=0.635), andJ"=0.09.%2 whered;; andD;; denote the component of symmetric and

Another contribution to spin-phonon coupling comesantisymmetric anisotropi¢Dzyaloshinskii-Moriya interac-
from the Q' A1-symmetry uniform displacements of Cu-ions tions, respectively. Here note that in the HT phase only the
which consist of motions of Cu, B, and Ol ions in thg ~ symmetric anisotropic interaction df; is present. An upper

axis[see Fig. 6)]: conventional estimatio is given by d?,=(Ag/g)?J.s
=1.3 K with the deviation of the factor from 2Ag=0.28
|2_|__|_ (Ref. 21 andJ;3=J=85 K.2 The appearance of theandy

Al @ I~ 4 2 ) components of DM interactions should be ascribed to a cor-
-Q™ TJNEN S S B——F5—32>S S/, rugation of theab plane which includes qu)-O,(2)-Cu(3)

I NN and Cu(1)-Q(4)-Cu(3) exchange interaction paths. At 100

®) K the angle between thab plane and the plane including
where NN stands for nearest-neighboring Cu idnis the  exchange paths amounts ¢o=3.5°.*° This allows an esti-
vector connecting the intradimer Cu ions.denotes the ex- mation of the strength of the DM interactioffs:DYy"
ponent of the distance dependencelf). Here note that =sing(Ag/g)J;3=0.63 K. Because of the symmetricity of
this mode participates in the soft-mode motion by an admixD},;=D’; the orientation of the DM vector lies along the
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intradimer bond. The magnitude of the DM vector has atortions and the special topology of SgBO;), lead to the
strong dependence on in-phase motions g2Pand Q(4)  coupling of spin to the soft optical phonon by exchange
ions along thez direction. In addition, under a continuous modulation. Our results show that in a realistic model for
corrugation of the Cu-B@layer the interdimer interactions SrCy,(BQO3), spin-phonon interactions, DM interactions,
will also undergo an appreciable modulation. From the symand interlayer lattice dynamics should be taken into account
metry analysis one obtains the exchange tensor of interdimes understand a variety of physical properties such as the

interactions between copper ions 1 and 2: spin gap, the proximity to a quantum critical point, and
anomalous behavior of the spectroscopic data. As a result,
5 DI, D}, SrCw(BO3),, is closer to a quantum critical point than pre-
i viously predicted.
JL=| -Di, J¥ di,|. (7) yP
_ Dy X zz
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tude was not done due to the presence of complicated ex-

change paths of the interdimer interactions. The analysis of APPENDIX
the interlayer exchange tensors has not been pursued because ) ) .
of their weak strength. Here we list some normal coordinates which are relevant

Our symmetry analysis shows the presence of the Symf_or the analysis of the structural and magnetic properties of
metric anisotropiz component of the intradimer interaction SrC(BO3)».

as well as the antisymmetric anisotrogicomponent of the Low-temperature phase, _
interdimer interaction in the HT phase. The latter is sug- 4i—Ppositions(Cu, B, and O1 ions
gested by the analysis of the 2D spin model byp&set al° A;—irreducible representation,

To our best knowledge, until now the former has not been
considered in the theoretical work. It can remove partially

the frustration because its orientation is directed antiparallel
to the nearest-neighboring dimers. In the LT phase the buck-
ling distortions induce additionally the antisymmetric aniso- 1
tropic x andy components of the intradimer interaction as Q:' M= Z(U;,— Uyt Us,—Uyy),
well as the symmetric anisotropiccomponent of the inter- 2
dimer interaction. The estimated valuem;g~0.6 K at 100

K is not negligible compared t®,=2 K.% Therefore, we
can conclude that a modulation of anisotropic interactions 1

via spin-lattice couplings leads to an enhanced hopping of QAZ: ——(=Uy—Upyt Usy+Usyy),
localized triplets and a mixing of triplet and singlet states. 'o2\2 Y Y Y Y

Thus, SrCy(B0O3), lies closer to the quantum critical point
(to long-range ordgrthan predicted based on pure 2D spin
models.

1
I A _ _
Qi l:_(_ley'f'U2><y+U3><y_U4><y):

22

A,—irreducible representation,

B,—irreducible representation,

1
B
Q= (_U1;y+U2xy+U3;y_U4xy),
IV. CONCLUSIONS 22

We have presented a Raman-scattering study oBz—irreducible representation,
Sr_«Ba,Cu,(BO3), (x=0 and 0.} in interlayer polariza-
tions. With decreasing temperatures through the structural I8, 1 B B
transition, a pronounced interlayer soft mode is observed. A i ﬁ(_ Uy = Uz T Usiy T Uy,
symmetry analysis shows that this soft mode hag asym-
metry corresponding to in-phase motions of almost all ions 1
along the interlayer direction. This explains the extreme an- Q' P2=Z(Uy,+ Uy +Us,+Uy,),
isotropy of the Raman tensor of the soft mode as well as its ' 2
low energy. The doping dependence further confirms this. IrE
addition, a displacement of atomic motions alongzfirec-
tion leads to a small modulation of the intralayer and the 1
interlayer interactions as well as the appearance of additional 'lE, =§(le+ Uoyet Uzt Uy,
symmetric and antisymmetric anisotropic interactions. For
temperatures below the spin gap such a modulation results in
an additional softening of the soft mode by 3%, indicating E_ E
strong spin-phonon coupling. In particular, the buckling dis- 22

—irreducible representation;

(Ugy+ Uzt Uz +Uyy),
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”E— 5 (U1y= Uy +Ugy—Ugy), Blu——(UH Ug,+Ug—Ugy)=Q' ™

“ E Egy—irreducible representation forhdpositions,
- ( le+U2x U3x+U4x)v
B 1 I E
Qlﬁzi(ulz_uzz Us,+Uy)= Q )
n E__(Ulz UZZ_ U32+U42)a
E 1 IInE
QZ’%:E(_Ulz U+ Uz, +Uy,) = Q )

Il
——( Ui,— Uy, +Ug,+Uy,), ) ) ] N
A E,—irreducible representation fortdpositions,

A,;—irreducible representation forj ositions, e
Ql,h = (U1x+ Upt Uzt Uyy)= Q1| )

1A
Q] 1= (ley+U2xy U3xy U4><y 1
Q2h__ (Uly+U2y+U3y+U4y) Q2|1

- U5xy+ U6xy+ U7;y+ Us;y),
1 IlE,
Q;I P Z( - Ul;y-i- U2;y_ USxy+ U4xy th = _(Uly U2y+ U3y U4y) Q!F )
+U5;y_U6;y+U7xy_U8xy)v NE
Qpp'= —( Upct U= Ugt U = Q3
1A
Q = m(Uu+ Uz,—Ug, B,,—irreducible representation fork8positions,
_ _ _ 1
Ug,+Us,+Ug,—Uz,—Ug,), QBlU— 2\/§(U12+U22_U3z
High-temperature phase,
B, ,—irreducible representation forhdpositions, —Uy,+Ug,+Ug,—U7,—Usg,).
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