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X-band ESR determination of Dzyaloshinsky-Moriya interaction
in the two-dimensional SrCu2„BO3…2 system
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X-band ESR measurements on a single crystal of SrCu2(BO3)2 system in a temperature range between 10
K and 580 K are presented. The temperature and angular dependence of rather broad ESR spectra can be
explained by the inclusion of antisymmetric Dzyaloshinsky-Moriya~DM! interaction. However, the well-
accepted picture of only out-of-plane interdimer DM vectors is not sufficient to explain the observed angular
dependence. In order to account for the experimental linewidth anisotropy we additionally include sizable
in-plane components of interdimer as well as intradimer DM interaction. We also emphasize that in addition to
static buckling of crystal planes a recently introduced dynamical mechanism allowing for instantaneous DM
interaction should be important and estimate the ‘‘average’’ size of intradimer DM vectorsD'53.660.5 K.
Moreover, the linewidth at an arbitrary temperature can be divided into two contributions; namely, the first part
arising from spin dynamics governed by the spin Hamiltonian of the system and the second part due to
significant spin-phonon coupling. The nature of the latter mechanism is attributed to phonon-modulation of the
antisymmetric interaction, which is responsible for the observed linear increase of the linewidth at high
temperatures.

DOI: 10.1103/PhysRevB.69.174420 PACS number~s!: 75.30.Gw, 75.50.Mm, 76.30.2v
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I. INTRODUCTION

Low-dimensional quantum spin systems have been in
sively studied over past years, both from the experimenta
well as the theoretical point of view as they provide a rea
variety of physical phenomena. Quantum spin fluctuations
well as magnetic anisotropy often play a crucial role in d
termining the ground state and low-lying magnetic exci
tions of these systems. In this manner a nonmagnetic sin
ground state with a spin gap to the first magnetically exci
state is a result of competing exchange interactions or
nificant frustration present in the system.

Among only a few two-dimensional~2D! spin-gap sys-
tems is recently discovered SrCu2(BO3)2 with a special or-
thogonal network of Cu21 dimers formed out of localized
S5 1

2 spins~see Fig. 1!.1 Most of the magnetic properties o
this system are well described by the Hamiltonian of the
called 2D orthogonal dimer model,2 which takes into accoun
antiferromagnetic exchange interactionJ of each spin with
its nearest neighbor (nn) as well as antiferromagnetic ex
change couplingJ8 to four next-nearest neighbors (nnn),
i.e., Hex5J( ( i j )Si•Sj1J8($ lm%Sl•Sm . Here the sums run
over pairs of spins. Although various sets of exchange
rameters have been reported,2–4 the values4 J585 K andJ8
50.63J reproduce the temperature dependence of the m
netic susceptibility most accurately. At higher temperatu
the interlayer exchange couplingJ950.09J has to be in-
cluded to account for the experimental susceptibility.4

The ground state of the 2D orthogonal dimer model
0163-1829/2004/69~17!/174420~8!/$22.50 69 1744
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fined by Hex is exactly solvable. It is simply a product o
singlets on each dimer up to a critical ratio of exchan
constants (J8/J)c50.68.5 The experimentally determine
values of isotropic exchange constants place SrCu2(BO3)2
compound to the extreme vicinity of the phase bound
between the dimer phase and magnetically ordered ph
The singlet state remains the ground state of the system
when interlayer exchangeJ9 is taken into account.6

Within the orthogonal dimer model the lowest-lying ma

FIG. 1. The 2D network of Cu21 ions with full lines represent-
ing thenn (J) and dashed lines thennn (J8) exchange coupling.
The interdimerD and intradimerD8 DM interactions are also pre
sented with the thin arrows representing the orientation of co
sponding bonds for DM interaction. Thick arrows are thenn DM
vectors.
©2004 The American Physical Society20-1
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netically excited state is a single triplet excitation present
one of the dimers with the spin gap significantly suppres
with respect to the intradimer exchangeJ.2 Experimentally,
the first direct observation of the spin gapD535 K was
made by high-field ESR experiments.7 Since then its exis-
tence has been confirmed by various spectrosco
methods.8–10 So far, the picture of the low-lying magneti
excitations in SrCu2(BO3)2 seems to be rather consisten
There are, however, still missing details. For instance,
observed anisotropic behavior of the single triplet excitat
strongly depending on the direction of applied external m
netic field could not be explained with the oversimplifie
isotropic HamiltonianHex . To explain this fine structure on
needs to include the magnetic anisotropy into the s
Hamiltonian. Ce´paset al.11 introduced anisotropic terms i
the form of antisymmetric Dzyaloshinsky-Moriya~DM! ex-
change interaction. Neglecting a small buckling of t
CuBO3 plane,12 and using symmetry arguments13 the pro-
posed formHDM5($ i j %6D i8ec•Si3Sj takes into accoun
only nnn interactionsD8 with the interdimer Dzyaloshinsky
Moriya vector of a magnitudeD i852.1 K pointing in the
crystalc-direction, i.e., perpendicular to 2D Cu21 plane~Fig.
1!. On the other hand, thenn ~intradimer! DM interactionD
is set to zero due to the center of inversion positioned at
middle of each dimer bond. However, the presence of a
able intradimer DM interaction has been lately suggested
several experiments. Such interaction could explain rec
intriguing findings including unusual NMR shifts on B site
and staggered magnetization,14 the relative intensities o
singlet-triplet transitions observed in recent high-field E
measurements15 as well as the temperature dependence of
specific heat at low temperatures and in high magnetic fie
~above 27 T!.16

Moreover, though thennn DM interaction reproduces th
observed splitting of the single triplet excitation quite nice
and is of the expected amplitude,12 D i8'Dg/g•J8'6 K, it
cannot alone satisfactorily explain the observation of sing
triplet transitions in the high-field ESR7 and far-infrared ab-
sorption experiments.9 These transitions are in principle a
lowed since the interdimer DM interaction mixes a fin
amount of excited states into the ground singlet state. H
ever, due to the symmetry of the system, the abovementio
DM terms still yield vanishing intensities of convention
magnetic dipole transitions between the ground state and
excited states.17 Very recently, a mechanism of electric d
pole transitions between the ground and the low-lying
cited states has been proposed to be responsible for the
servation of these ‘‘forbidden’’ transitions in th
SrCu2(BO3)2 system.17,18 The authors explained the occu
rence of infrared-active modes corresponding to magnon
well as the dependence of the relative intensities on the
ternal magnetic field9 by introducing a novel concept of dy
namical DM interaction. In this picture, phonons induce
stantaneous DM terms, which are otherwise forbidden by
symmetry of the crystal. Nevertheless strong experime
evidence for the dynamic DM interaction including the d
termination of its size is still missing.

In order to determine the major magnetic anisotropy
17442
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teractions in SrCu2(BO3)2 we performed a detailed singl
crystal X-band electron spin resonance~ESR! study in the
temperature range between 10 K and 580 K, focusing
particular on the temperature and angular dependence o
ESR linewidth. We have chosen the ESR technique si
ESR absorption spectra are intimately related to spin ani
ropy present in the system. Conducting the experiment o
single crystal enabled us to determine the direction of
intradimer DM vectors in addition to the interdimer one
For the first time we also present a quantitative estimation
the intradimer DM interaction in low magnetic fields. Ou
results give strong support to the new mechanism of
dynamical DM interaction17,18 as will be discussed in the
following sections and can explain a number of other exp
ments indicating the presence ofnn DM interaction in the
SrCu2(BO3)2 system.

II. EXPERIMENTAL

Experiments were performed on a single crystal
SrCu2(BO3)2 compound of a size 53232 mm3, which was
grown by the traveling solvent floating zone~TSFZ!
method.19 Its purity was verified by bulk susceptibility mea
surements down to 2 K while the orientation of crystal axe
was determined from Laue x-ray back-reflection. X-ba
ESR measurements were performed on the comme
Bruker E580 FT/CW spectrometer at the Larmor frequen
of nL;9.5 GHz. The measurements in the temperature ra
between 10 K and the room temperature were conduc
using an Oxford-cryogenics liquid-helium-flow cryost
while measurements at temperatures between the room
perature and 580 K required a use of a high-tempera
controller with preheated-nitrogen-flow cryostat. High-fie
ESR spectra on a powdered sample of SrCu2(BO3)2 at the
frequency ofnL593.2 GHz were recorded on a home bui
spectrometer working in a transition mode. The same hi
purity polycrystalline sample was used for this measurem
as in our previous X-band ESR report.20

III. THEORETICAL BACKGROUND

In the case of a large isotropic exchange interaction
can divide the Hamiltonian of a spin system in an exter
magnetic field into two partsH5H01H8, whereH0 con-
tains only the Zeeman interactionHZ and isotropic exchange
coupling Hex , while all the spin anisotropy terms are co
tained inH8 and can be treated as a perturbation. In gene
at temperatures well above the characteristic Zeeman s
ting (kBT@gmBB0) the ESR absorption profile is formall
given by the Fourier transform of the relaxation functio
w(t)5^M̃ 1(t)M 2(0)&/^M 1M 2&, reflecting fluctuations of
transverse magnetization operatorM 15gmB( iSi

1 in inter-
action representation averaged over ensemble.21 At high tem-
peratures (T@J) the Kubo-Tomita approach21 to magnetic
resonance is justified and well established. When the iso
pic exchange interaction, which determines typical spin c
relation timetc;\/kBJ, is large compared to the observe
ESR peak-to-peak linewidthDBpp(kBJ@gmBDBpp) and
spin diffusion is ineffective, the ESR absorption spectru
0-2



pe

of
ur
n
n-
p
n

e

a
n
o

nc

in
a
a

io

t-
le
ro

ot

in
n

ove
ar
e

tive
it
a-
de-
the
to
e

ne-

K
tal

thal
t

qua-
r
th

ned

ed.
or
f
y

ong
ew
ex-

he
us

ar
so-

an

pre-

X-BAND ESR DETERMINATION OF DZYALOSHINSKY- . . . PHYSICAL REVIEW B 69, 174420 ~2004!
has a Lorentzian profile with a peak-to-peak linewidth22

DBpp'C
kB

gmB
S M2

3

M4
D 1/2

. ~1!

The second and the fourth moment of the resonance s
trum are given by expressions

M25^@H8,S1#@S2,H8#&/^S1S2&,
~2!

M45^@H2HZ ,@H8,S1##@H2HZ ,@H8,S2##&/^S1S2&.

The constantC appearing in Eq.~1!, however, is not rigor-
ously determined. Since the second and forth moments
pure Lorentzian line diverge, one is forced to carry out f
ther approximations. The usually considered cut-off Lore
zian with a cut-off field at an arbitrary position yields a co
stantC5p/3. On the other hand, a more realistic linesha
given by the Lorentzian function multiplied by the expone
tial function of the form22 exp@2uB2B0ugmB /kBJ# produces a
constant ofC52p/A6. It has to be emphasized that th
exchange coupling in the SrCu2(BO3)2 system is few orders
of magnitude larger than the corresponding external m
netic field in X-band ESR experiments, which means that
deviations from Lorentzian lineshape are expected to be
servable despite the multiplication with the exponential fu
tion.

On the other hand, spin diffusion may be important
low-dimensional systems at higher temperatures. In this c
significant deviations from Lorentzian profiles and addition
line broadening are observed.23

IV. RESULTS

Lorentzian shape of very broad X-Band ESR absorpt
lines measured in a single crystal of SrCu2(BO3)2 has al-
ready been reported earlier.24 The lineshape remains Loren
zian even at 580 K, proving that spin diffusion is negligib
The temperature dependence of the linewidth shows a b
minimum around room temperature~RT! for external mag-
netic fieldB0 parallel and perpendicular to the crystal anis
ropy c-axis as shown in Fig. 2.

The increase of the linewidth below RT is significant
both directions and reflects the evolution of spin correlatio

FIG. 2. Temperature dependence of the linewidth of the X-b
ESR spectra of SrCu2(BO3)2 single crystal forB0ic ~circles! and
B0'c ~diamonds!. Inset shows the high-T linearly increasing be-
havior.
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present in the investigated system. On the other hand, ab
RT the linewidth exhibits at first site rather surprising line
behavior with a slope almost independent on the anglu
between the external fieldB0 and crystalc-axis, i.e., the
slope equals 0.35560.01 G/K for u50° and 0.325
60.01 G/K foru590° ~inset to Fig. 2!. The unusual high-T
increase has already been discussed on the qualita
grounds.24 Its origin was proposed to arise from spin-orb
coupling giving rise to an additional line-broadening mech
nism. However, in the present paper also a quantitative
scription is given on the basis of a phonon modulation of
Dzyaloshinsky-Moriya interaction. We shall come back
this linear contribution to the ESR linewidth later. For th
moment, let us subtract this part from the measured li
widths and focus on the angular dependence.

Angular dependence of the linewidth at 295 K and 525
is shown in the inset to Fig. 3. It is significant in the crys
ac-plane ~dependence on the polar angleu! while there is
almost no angular dependence with respect to the azimu
angle f (ab-plane!. The u-dependence of the linewidth a
both temperatures can be qualitatively described by an e
tion of the formA1B(11cos2 u). We use such a form rathe
than A81B8 cos2 u because of the characteristic linewid
anisotropy expected for thennn DM interaction as it will be
revealed in the next section. The experimentally determi
values of the parameters areA537865 G, B521865 G for
T5295 K and A536265 G, B522065 G for T5525 K
when the high-temperature linear contribution is subtract
As the high-T increasing part of the linewidth has more
less the same slope foru50° andu590° the same set o
parametersA andB corresponds to the linewidth anisotrop
for temperatures above approximately 340 K~see inset to
Fig. 2!.

Due to the large exchange coupling one expects a str
exchange narrowing of the ESR line. Therefore, only f
spin-anisotropy interactions are expected to account for
perimental linewidths. Major anisotropy contributions to t
linewidth have already been evaluated in our previo
report,24 where the DM interaction was shown to play by f
the biggest role. In fact, among the major magnetic ani

d FIG. 3. X-band ESR anisotropy of SrCu2(BO3)2 single crystal
at 525 K~diamonds! and 295 K~circles! with the high-T linear part
subtracted. The solid lines correspond to angular dependence
dicted by Eq.~4! with D i852.4 K andD'54.0 K. The inset shows
‘‘raw’’ linewidth anisotropy in the crystalac-plane~open symbols!
at 525 K~diamonds! and 295 K~circles! and in theab-plane at 295
K ~full circles!.
0-3
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tropy interactions expected for a spinS5 1
2 system, namely,

the dipolar interaction, the hyperfine coupling, the symme
anisotropic exchange and the antisymmetric DM interacti
the latter interaction is the only one giving linewidths of t
correct order of magnitude.

V. ANALYSIS AND DISCUSSION

A. Linewidth anisotropy

Exploring the originally proposed picture of only inte
dimer DM interactions with corresponding DM vectors pa
allel to crystalc-axis proposed by Ce´paset al.,11 the angular
dependence of the linewidth is expected to be of the fo
~see the Appendix!

DBpp'
2p

A6

kB

gmB

D i8
2

A6~3J213J8222JJ8!
~11cos2 u!.

~3!

The above equation possesses nof-dependence, which is in
excellent agreement with the experiment~Fig. 3!. On the
other hand, theu-dependence of the formB(11cos2 u) is
predicted. However, the experimental results presente
Fig. 3 differ from this prediction in one important deta
Namely, there is an additional constant parameterA, which
has to be included to yield a satisfactory fit, even though
high-temperature linearly increasing part is subtracted fr
the ‘‘raw’’ data. We emphasize once again that the param
A is of the same order of magnitude as parameterB. There-
fore, the magnetic anisotropy introducing the additionalA
term should be substantial and cannot be simply igno
This raises a fundamental question about the origin of
supplementary contribution to the linewidth. Symmetric a
isotropy interaction, which should give the second larg
contribution to the linewidth, can be safely dismissed fro
th
a
th
ig

ly
e

re
n-
m
e
er

e
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the possible causes of the observed discrepancy for at
two reasons. It is more than an order of magnitude too sm
and it yet again yields angular dependence of the form
1cos2 u).24

We have already proposed in our initial report24 that the
observed angular dependence of the linewidth origina
from additional magnetic-anisotropy terms
Dzyaloshinsky-Moriya type that should be included in t
spin Hamiltonian. As already emphasized, when treating
CuBO3 crystal planesas ideally planar only the interdim
DM interactions with vectors perpendicular to this plane a
allowed for symmetry reasons.11 On the other hand, a finite
buckling of these planes has been reported below the dis
cive, second order structural phase transition occurring
Ts5395 K.12 Bending of neighboring CuO4 plaquettes al-
lows for finite in-plane components of interdimer DM inte
action D'8 as well as for in-plane intradimer couplingD' .
Moreover, the direction of DM vectors of the latter intera
tion is well defined, due to the fact that a mirror plane p
pendicular to crystalab-plane containing a dimer still exists
Thenn DM vectors thus have to point perpendicularly to t
direction of the dimer~Fig. 1!. The interdimerD'8 coupling
has recently been proposed to be responsible for the
structure of the single triplet excitation at wave vectorQ
5(1.5,0,0) observed in high-resolution inelastic neutr
scattering experiments.25 It has been estimated to be of th
order of 35% ofD i8 in the J850 limit. Since the ESR line-
width is proportional to the square of the amplitude of D
vector, the in-plane component of thennn DM interaction
yields smaller corrections to the linewidth. For this reason
can be neglected in the first approximation.

Taking into account the additional intradimer DM intera
tion D' , the angular dependence of the ESR linewidth
given by the following expression~see the Appendix!,
DBpp'
2p

A6

kB

gmB
S ~8D i8

213D'
2 1~8D i8

22D'
2 !cos2 u!3

96~32D i8
2J1

213D'
2 J2

21~32D i8
2J1

22D'
2 J2

2!cos2 u!
D 1/2

, ~4!
f

is

tic

r-
a

with J1
253J213J8222JJ8 andJ2

2513J216J82. Due to the
fact that dimers form an orthogonal network, the linewid
remainsf-independent, which is, as already stressed, in
cordance with the experiment. The derived equation fits
observed linewidth anisotropy rather well, as shown in F
3. The parameters obtained for 525 K areD i852.460.1 K
and D'54.060.1 K. At 295 K the parameters are on
slightly bigger, i.e., by approximately 0.1 K. Moreover, th
high-T parameters seem to be valid for all temperatu
above approximately 340 K as the linewidth simply i
creases with similar slope for all directions above this te
perature. TheD i852.4 K term is in good agreement with th
previous estimation of the interdimer DM interaction det
mining the fine splitting of triplet excitations.11

We stress that the inclusion of a finite in-plane interdim
c-
e
.

s

-

-

r

DM interaction D'8 ~Fig. 1! slightly modifies the value of
D' . If the DM interaction betweennnn spins 1 and 3 is of
the formD135(Dj8 ,Dh8 ,D i8), the four symmetry operators o

the SrCu2(BO3)2 space group (I4̄2m) below Ts5395 K,
namely, the mirror planes (m1 x,x,z andm2 x,x̄,z) and the

fourfold rotoinversion axes (42̄0,1/2,z;0,1/2,1/4 and
4̄11/2,0,z;1/2,0,1/4), determine all the remainingnnn DM
vectors as indicated in Fig. 1. The resulting linewidth
qualitatively unchanged as well as the size ofD i8 term. How-
ever, the in-plane components ofnn andnnn DM interaction
are coupled. Taking the latter from high-resolution inelas
neutron scattering results25 to amount forDj8

21Dh8
25D'8

2

'0.1D i8
2, our fit gives a smaller value of the former inte

action at 525 K, i.e.,D'53.6 K. However, since there is
0-4
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certain ambiguity about the size ofD'8 as it has been esti
mated only in theJ850 limit, at this stage we can only mak
an estimation that the intradimer DM interaction is of t
order ofD'53.660.5 K.

B. Nature of the in-plane DM interaction

The value of thenn DM interactionD'53.6 K seems to
be unexpectedly high at first glance. This interaction h
been disregarded until very recently,14–16 although it should
be considerable due to finite buckling of CuBO3 planes.
At room temperature where the bending angle12 of CuO4
plaquettes with respect toc-axis isa54° it is of the order of
D'5& sina(Dg/g)J'1 K.26 We note, however, that this in
teraction is expected to vanish at temperatures aboveTs
5395 K, i.e., at temperatures where the buckling disappe
Surprisingly, the ESR linewidth anisotropy is not affected
this structural phase transition at all.

A credible explanation of this puzzle is obtained if d
namical effects are taken into account.17,18 In this picture
lattice vibrations instantaneously break local symmetry,
lowing for additional in-plane terms of DM interaction
However, there are requirements to be fulfilled before incl
ing this mechanism into the interpretation of our X-ba
ESR results. First of all, dynamical effects can be obser
when the characteristic phonon frequency is small compa
to characteristic exchange frequencyve;kBJ/\ determining
the spin correlation timetc . Since optical phonons ar
needed to produce required lattice distortions, signific
softening of a particular normal mode should be prese
Second, the mean square displacements of ions, particip
in the aforementioned lattice motion, from their equilibriu
positions should be large enough to break the local symm
significantly. It seems that both conditions are fulfilled in t
SrCu2(BO3)2 system.

Of our particular interest is the observation of a soft mo
detected by the Raman scattering experiment.26 The Raman
shift of this optical mode amounts to 62 cm21 ~89 K! at T
515 K and progressively softens by 44 cm21 just belowTs
5395 K. It causes in-phase motion of almost all ions with
the primitive cell~with the exception of Sr21 ions!, prefer-
ably along the crystalc-direction. The symmetry of this sof
mode is also consistent with the observed anomalous an
monicity of lattice properties, namely, a flattening of the
cal potentials of ions and a significant enhancement of t
mean square displacements in the crystalc-direction, both
phenomena progressively getting larger when approac
the transition to high-T phase.12 For instance, theU33 prin-
cipal components of the displacement tensor of Cu ions
O1 ions connecting them yield enhanced vibration am
tudes in the crystalc-direction in the high-T phase, which are
virtually the same as static displacements~0.25 Å for Cu ions
and 0.33 Å for O1 ions! of these ions at 100 K.12 Such lattice
vibrations break the local symmetry in a very similar way
it is broken in the low-T phase by finite buckling since th
distortions are quasi-static on the time-scale of spin corr
tion time tc . Therefore, it is not surprising that the ES
linewidth anisotropy does not change qualitatively above
despite crossing the structural phase transition. We prop
17442
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that the origin ofnn DM interactionD'53.6 K is a combi-
nation of static, i.e., buckling of CuBO3 planes, and dynami-
cal mechanism and evolves progressively into a dynam
source with increasing temperature. The obtained param
is thus an ‘‘averaged’’ value since the displacements are t
dependent. Our experimental findings strongly support
new picture of dynamical DM interaction.17,18

By introducing additional anisotropic terms of DM type
the spin Hamiltonian of the system, one has to consider c
fully whether the observed fine structure of triplet excitatio
can be theoretically reproduced. In fact, it has been sho
using the finite temperature Lanczos~FTL! method on a
finite-size Shastry-Sutherland lattice that the splitting
mains primarily given by the out-of-plane interdimer DM
interaction.27

C. High-temperature linewidth behavior

Next we focus on the high-T linearly increasing part of
the ESR linewidth. For a pure spin Hamiltonian ESR lin
widths are normally expected to approach a constant va
for temperaturesT@J. However, several mechanisms ca
lead to a temperature dependent ESR linewidth at such t
peratures including spin diffusion, static spin correlatio
and spin-phonon coupling. Although the spin diffusio
mechanism may become significant at higher temperatu
the measured Lorentzian ESR lineshape speaks stro
against it.24 Second, the effect of static spin correlations~i.e.,
short-range order! on the linewidth can be observed in low
dimensional magnetic systems even up to temperature
the order ofT;10J.28 Following the original paper of Soo
et al.,29 the temperature-dependent second moment du
the DM interaction can be calculated

M2
DM5

S~S11!

3N H (( i j )
~~Di j

x !21~Di j
y !212~Di j

z !2!~12Ci j !

1 (
( i j )

kÞ i , j

~Di j
x Dik

x 1Di j
y Dik

y 12Di j
z Dik

z !Cjk

1(
( i j )

(
(kl)

k,lÞ i , j

~Di j
x Dkl

x 1Di j
y Dkl

y 12Di j
z Dkl

z !

3~CikCjl 2Cil Cjk!J xC

x~T!
. ~5!

The temperature dependence due to static spin correlatio
hidden in the ratio between Curie susceptibilityxc and the
measured susceptibilityx(T) as well as in functionsCi j re-
flecting two-site static spin correlation between spins at s
i and j . Each of the three sums in Eq.~5! yields its own
characteristic temperature behavior, with the first one
proaching the infinite-temperature second moment and
last two going to zero when increasing the temperature.
highly unlikely that the two-site correlation functionCi j
would evolve with temperature in such a way to produ
angular-independent line broadening as observed in cur
investigation. Another reason allowing us to dismiss sta
0-5
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spin correlations as the origin of the observed broadenin
almost ideal linear dependence in a rather broad tempera
range, i.e., between 3.5J and 7J. In such a broad region on
would expect significant bending of the linewidth curves
wards the infinite temperature value if the broadening w
due to short-range order effects.28

Therefore, the spin-phonon coupling should be the m
broadening mechanism at high temperatures. The sig
cance of such coupling has been highlighted from the d
matic softening of elastic constants both with temperat
and applied magnetic field.30 Spin-phonon interaction cause
lifetime broadening effects. As the increase of the linewid
is linear, normal direct phonon processes should be involv
In particular, the observed line broadening can be either
to the usual spin-lattice relaxation between Zeeman s
low-lying excited states or a reflection of transitions betwe
the ground state and these states induced by a phonon m
lation of antisymmetric Dzyaloshinsky-Moriya interaction.31

For the former mechanism a strong field-dependent beha
is typical while no field dependence is expected in the la
case.31 In the inset to Fig. 4 a high-field spectrum of a pow
dered sample, recorded at a frequency of 93.2 GHz at R
shown. As it can be seen, it is nicely fitted with a Lorentzi
function for powder spectra yielding anisotropic linewidt
of DBpp

a 5DBpp
b 5699610 G andDBpp

c 5890610 G. These
parameters are virtually the same as the single-cry
X-band values DBpp

u590°569065 G and DBpp
u50°5907

65 G. Since the linear contribution to the linewidth at RT
of the order of 100 G and is the same at two resonance fi
differing by almost a factor of 10, we propose that the sp
lattice contribution to the linewidth is due to fluctuating D
interaction.

Making a rather crude approximation while neglecti
correlation effects between a pair of interacting spins a
their neighbors, the linewidth is determined by phono
induced transitions between a singlet state and triplet st
of a two spin system. SinceJ is two orders of magnitude
larger than characteristic Zeeman energy and the pho
density scales asv2 in the Debye approximation, it is no
surprising for the modulated-DM interaction effect to dom

FIG. 4. Log-to-log plot of the linewidth of X-band ESR spect
from SrCu2(BO3)2 single crystal with the high-T contribution sub-
tracted forB0ic ~circles! andB0'c ~diamonds!. Full lines represent
fits to an equation of the formDB5A/(T2T* )p. The inset shows
a high-field ESR spectrum of powdered SrCu2(BO3)2 sample at RT
~circles! and a fit to anisotropic Lorentzian powder distribution~full
line!.
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nate over phonon-induced Zeeman transition withinS51
multiplet. In a simple picture of uncorrelated dimers t
finite-lifetime contribution to the linewidth is given by th
equation22

DBpp
lin'

8z

9)

kB
4

gmB

~lR!2D2J2

r\3 K 1

ct
5 1

2

3

1

cl
5 L

V

kBT. ~6!

Taking the number of independent pairs asz51, lR510
with the nearest-neighbor distanceR and dJ/dr 52lJ,32 r
54.1 kg/dm3,33 an approximate average velocity30 c
54600 m/s in place of the complicated angular average
the above estimated intradimer DM interactionD5D'

53.6 K, we can calculate the slope of the linearly increas
part to be of the order of 0.14 G/K. This result is in a re
sonable agreement with the experimentally observed s
0.34 G/K, bearing in mind that the mean velocity, which
burdened with the biggest uncertainty, is taken to the po
of 5. Moreover, Eq.~6! is strictly valid only in a crude ap-
proximation of independent dimers. Since interactions w
other neighbors in general shorten the lifetime of a spin i
certain energy level, the slope is expected to be larger in
real system than the value our estimation produces. The
agreement of this line-broadening mechanism with the
periment once again justifies the introduction of intradim
DM interaction.

D. Low-temperature linewidth behavior

At the end let us give a brief discussion on the tempe
ture dependence of the ESR linewidth below RT. Figure
shows a log-log plot of the linewidth without the high
temperature linear part. The spin-phonon contribution to
linewidth at low temperatures becomes insignificant, wh
justifies the subtraction of the linear term instead of a te
proportional to the actual number of phonons.

The evolution of the low-temperature part of the linewid
with temperature yields a linear dependence in the log-
plot to a reasonably good approximation in a rather bro
temperature range between 15 K and 150 K. Solid lines c
respond to a fit to the functionDB5A/(T2T* )p, character-
istic of critical broadening effects. The obtained values
the exponent arep50.4160.01 for u50° and p50.47
60.01 foru590°, while the value of the characteristic tem
peratureT* is within the experimental error very close t
zero. We have reported similar observations on the linewi
behavior in powder samples.20 Such critical behavior typi-
cally occurs near phase-transition temperatures with indu
long-range order in the low-temperature phase. In the cas
the investigated system it is probably due to critical enhan
ment of antiferromagnetic fluctuations and thus a fingerp
of the importance of quantum criticality effects in th
SrCu2(BO3)2 system, as the system is believed to be situa
in the extreme vicinity of the quantum borderline betwe
the nonmagnetic and magnetically ordered ground st
However, the observed temperature interval~15 K to 150 K!,
in which this theory seems to be consistent, is surprisin
broad. In this respect, the results of our investigation call
a comprehensive theoretical evaluation of the tempera
0-6
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evolution of the ESR spectra in the SrCu2(BO3)2 system at
lower temperatures. Such theory would also have to acco
for the observed small deviations from ‘‘linear’’ dependen
below 15 K.

VI. CONCLUSIONS

In summary, a comprehensive X-band ESR study o
single crystal of a highly frustrated SrCu2(BO3)2 system has
been given in a broad temperature range between 10 K
580 K. The anisotropy of the rather broad linewidth sh
some important additional light on the spin anisotropy of
investigated systems. Previously proposed out-of-plane in
dimer DM interaction as the dominant anisotropic contrib
tion cannot adequately account for the experimental ang
dependence. In addition to this interactionD i852.460.1 K
one has to incorporate also sizable in-plane DM compone
Taking the value of the in-planennn DM vector D'8
'0.35D i8 , as suggested by recent inelastic neutron sca
ing experiments, allowed us to evaluate for the first time a
the intradimer DM interaction,D'53.660.5 K, which is
believed to be partially responsible for many anomalo
findings including staggered magnetization, high-field ES
active transitions, and temperature dependence of the
cific heat. Moreover, as in the high-T phase~above 395 K!
the in-plane components of DM interaction are prohibited
symmetry; an explanation of the nature of these terms ba
on a novel dynamical DM interaction has been given. Tak
into account the presence of a soft mode with a particu
symmetry we emphasized that lattice distortions are qu
static on the time-scale of the spin correlation time and t
dominant ion displacements take place along cry
c-direction. Second, the observed anisotropic linewi
shows a peculiar temperature dependence, which can be
composed into two contributions. The high-temperature
ear contribution is arising from the interplay between s
and lattice degrees of freedom and has been attributed to
induced transitions between energy levels due to phon
modulation of thenn Dzyaloshinsky-Moriya interaction. On
the other hand, the low-temperature part exhibits critic
broadening-like behavior, which could be a consequenc
enhanced antiferromagnetic correlations.
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APPENDIX

In low-dimensional spin systems with significantg-shifts
and large isotropic exchange coupling the antisymme
Dzyaloshinsky-Moriya interaction is often the dominant sp
anisotropy contribution. In this case the second and the fo
moments of the absorption line are given in the hig
temperature limit~neglecting static spin correlations! by
components of DM vectors in the laboratory frame as22

M2
DM5

S~S11!

3N (
( i j )

„~Di j
x !21~Di j

y !212~Di j
z !2

…,

~A1!

M4
DM5

S2~S11!2

N H 2

3 (
( i j )

Ji j
2
„~Di j

x !21~Di j
y !212~Di j

z !2
…

1
1

18 (
( i jk )

„~Fi jk
x !21~Fi jk

y !212~Fi jk
z !21~F jki

x !2

1~F jki
y !212~F jki

z !21~Fki j
x !21~Fki j

y !212~Fki j
z !2

…J ,

where the three-site term sums over functionsFi jk
a 5Ji j (Dik

a

2D jk
a )1Jik(Di j

a 1D jk
a ). The expected ESR linewidth aniso

ropy is then obtained by transforming the DM vectors fro
the laboratory frame to the crystal frame

Di j
x 5Di j

a cosu cosw1Di j
b cosu sinw2Di j

c sinu,

Di j
y 52Di j

a sinw1Di j
b cosw, ~A2!

Di j
x 5Di j

a sinu cosw1Di j
b sinu sinw1Di j

c cosu.

We denote an arbitrary orientation of applied constant m
netic field (z-direction in the laboratory frame! with the polar
angle u and the azimuthal anglef in the crystal frame of
SrCu2(BO3)2 system withc-axis as the polar axis. Using th
equations~1!, ~A1! and ~A2! with the DM-vectors pattern
shown in Fig. 1 we derive the expression for the angu
dependence of the ESR linewidth in the SrCu2(BO3)2 sys-
tem for the case when only out-of-planennn DM interaction
D8 is present and the case which also takes into accoun
in-planenn DM coupling D:
~1! D85(0,0,D i8),D50:

DBpp'
2p

A6

kB

gmB

D i8
2

A6~3J213J8222JJ8!
~11cos2 u!, ~A3!

~2! D85(0,0,D i8),D5(D',0,0) or D5(0,D',0):

DBpp'
2p

A6

kB

gmB
S ~8D i8

213D'
2 1~8D i8

22D'
2 !cos2 u!3

96~32D i8
2J1

213D'
2 J2

21~32D i8
2J1

22D'
2 J2

2!cos2 u!
D 1/2

, ~A4!

whereJ1
253J213J8222JJ8 andJ2

2513J216J82.
0-7
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