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Near critical behavior in the two-dimensional spin-gap system SrCu2„BO3…2
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The temperature dependence of the powderedX-band ESR spectra has been measured in a two-dimensional
spin-gap system SrCu2~BO3!2 in the temperature range between 5 and 300 K. The spectra are composed of two
overlapping components corresponding to isolated triplet excitations and correlated pairs of triplet excitations,
respectively. The pairs of triplet excitations can propagate through the crystal resulting in the absence of any
fine structure in the broad Lorentzian component contrary to the isolated triplet excitations which are almost
completely localized. The temperature dependence of the broad Lorentzian linewidth indicates the importance
of the antiferromagnetic correlations between the triplet excitations.
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I. INTRODUCTION

Two-dimensional~2D! systems that exhibit a spin ga
have only recently received a lot of attention. The motivat
has stemmed from the observations of a spin gap in highTC

cuprates and the proposal of its potential importance for
occurrence of superconductivity in these materials. T
types of 2D spin gap systems were discussed so far. The
type are ladder systems, which represent an intermediate
from one-dimensional to two-dimensional spin systems.1,2,3

The ground state of a ladder depends on the number o
legs. Systems with even number of legs~e.g., two-leg system
SrCu2O3! have a spin-singlet ground state, while odd-num
systems ~e.g., three-leg system Sr4Cu6O10! exhibit long-
range order at low temperatures.4 The singlet ground state
proved to be extremely robust against the ladder-ladder
teraction even when the interladder exchange interactionJC8
become sizeable up toJC8 /J50.11.5

The second type are dimer systems which exhibit sp
singlet ground state in 2D. A realization of this type
SrCu2~BO3!2 system discovered recently.6 In this system
pairs of Cu21 (S5 1

2 ) ions are strongly antiferromagnetical
coupled ~J52100 K has been estimated from the hig
temperature magnetic susceptibility behavior! and favor
dimer spin-singlet states. However, each Cu21 ion is also
coupled to four next nearest~NN! Cu21 sites. The NN cou-
pling is very strong, i.e.,J850.68J.7 The result is an inter-
esting 2D network of Cu dimers, where each dimer
coupled to four neighboring dimers as shown in Fig. 1~a!.8

The unusual temperature dependence of the susceptib
@Fig. 1~b!# with a broad maximum at 20 K cannot be e
plained by simple dimer model.6 A theoretical investigation
of the two-dimensional Heisenberg model for SrCu2~BO3!2
system was first conducted by Miyaharaet al.7 and several
others followed later on.9 They have found that this system
topologically equivalent to the one considered earlier
Shastry and Sutherland10 which has the singlet state as a
exact eigenstate. However, there exists a critical dimer-di
exchange interaction (J/J)C50.69,7 above which the 2D
0163-1829/2001/65~2!/024417~6!/$20.00 65 0244
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dimer systems undergo a quantum phase transition fro
spin-liquid singlet ground state to long-range ordered N´el
state with increasingJ8/J—a situation very reminiscent o
the ladder systems.5 The SrCu2~BO3!2 system appears to b
extremely close to this borderJ8/J50.68(2).7 The almost
localized nature of the triplet excitations explains the appe
ance of1

4 and 1
8 of the full Cu moment plateaus in the mag

netization study.6

To our surprise the placement of SrCu2~BO3!2 on the
phase diagram~J8/J vs T! very near the border between th
spin-liquid phase and long-range antiferromagnetically
dered state has not been discussed in detail. To address
problem it would be extremely interesting to investigate t
temperature dependence of the spin correlation function
more detail. The electron spin resonance~ESR! proved to be
very powerful technique for the detection of triplet excit
tions in low-dimensional solids.11 It is expected that in
SrCu2~BO3!2 transitions within individual triplet excitations
will be observed inX-band ESR, i.e., at the Larmor fre

FIG. 1. ~a! An illustration of the Cu21 spin structure in
SrCu2~BO3!2, viewed down the@001# direction. Solid lines repre-
sent the nearest-neighbor bonds~J! and broken lines the coupling to
four next-nearest neighbors (J8). The corresponding intradimer an
interdimer distances are given in Å.~b! The temperature depen
dence of the zero-field cooled dc susceptibility for a SrCu2~BO3!2

polycrystalline compound in a field of 1.0 T. Inset: shows a mag
fication of the low-temperature regime.
©2001 The American Physical Society17-1
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quency of 9.38 GHz. Here we should mention that in a rec
high-field ESR experiments~the resonant frequencies we
varied between 95 and 788 GHz! Nojiri et al. already ob-
served and identified direct singlet-triplet transitions.12 Mea-
suring theX-band ESR signal of powdered SrCu2~BO3!2 be-
tween room temperature and 5 K we observed two different
signals: a narrow one corresponding to about 3% of the t
ESR signal and an intense broad one which we attribut
the two-dimensional network of dimers. The increase of
corresponding ESR linewidth with decreasing temperatur
attributed to the proximity of the system to the quantu
border between the spin-liquid phase and the antiferrom
netically long-range ordered phase.

II. EXPERIMENT

The fine blue SrCu2~BO3!2 polycrystalline material was
obtained by a solid state reaction of stoichiometric amou
of high-purity Sr~NO3!2, CuO, and B2O3 powders. The start-
ing reagents were ground and mixed thoroughly, presse
four tones into pellets and heated up in air at a rate of 5
min to 450 °C for 12 h, then at elevated temperature
850 °C for additional 12 h, followed by slow cooling to roo
temperature. After this initial stage the samples were grou
repelletized and fired in air at 850 °C for a period two wee
with three intermediate regrindings. Phase purity of
samples was confirmed by power x-ray diffraction using
Rikagu D/MAX-2000H rotating anode~12 kW! diffracto-
meter equipped with a secondary graphite-crystal monoc
mator. dc magnetic susceptibility measurements between
and 400 K were carried out using a commercial Oxford
struments MaglabExa susceptometer. The ESR experim
was performed on the conventional Bruker E580 FT/C
spectrometer in theX band at the resonant frequencynL
59.38 GHz. The spin susceptibility and the linewidth we
measured in the temperature region between 5 and 300
continuous-wave operation. The temperature stability w
better than60.1 K. The peak-to peak line width data we
obtained from CW derivative spectra while the temperat
dependence of the ESR intensity, which is proportional to
spin susceptibilityxs , was deduced by a double integratio
of the measured derivative spectra. The corresponding v
of molar spin susceptibility~in units emu/Cu mol! at room
temperature was evaluated from the known mass of
SrCu2~BO3!2 samplems53.5 mg and the ESR intensity o
the reference sample CuSO4•5H2O with a mass of 3.0 mg
The exact value of the molar spin susceptibility of the ref
ence sample was calculated from the well-known Curie l

III. RESULTS

A complex broadX-band ESR signal~Fig. 2! was ob-
served in pure SrCu2~BO3!2 powder sample between room
temperature and 5 K. The signal was deconvoluted into
overlapping components: a broad Lorentzian and a nar
Gaussian component. The total intensity of the ESR sig
corresponds to a spin susceptibility of 0.831023 emu/
Cu mol, e.g., similar to the value we obtained from the
susceptibility measurements@Fig. 1~b!#. The narrow compo-
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nent represents only 3% of the total ESR intensity. In w
follows we describe the temperature evolution of both co
ponents.

Let us first discuss the narrow nearly Gaussian com
nent. The temperature dependence of the intensity of the
row component is shown in Fig. 3~a!. The spin susceptibility
gradually increases on cooling and reaches a maximum a
K. Below this temperature the signal rapidly decreases.
temperature dependence of the narrow component susc
bility could be fitted satisfactory using anS5 1

2 isolated an-
tiferromagnetically coupled dimer model13 with a spin sus-
ceptibility

xS
dimer5

Ng2mB
2

kBT

1

31exp@22J/kBT#
, ~1!

whereN is the number of spins,mB the Bohr magneton, and
J is the intradimer exchange coupling constant. The mag
tude of the spin susceptibility corresponds to only 3% of
total number of Cu spins. Nevertheless it can give us imp
tant information regarding the strength of exchange inter
tion within the dimer as well as the expected linewidth for
isolated pair. The obtained exchange constantJ5283
60.6 K is in the range between the originally reported va
J52100 K and J85268 K derived from susceptibility
data.6 On the other hand we note that the refined ser

FIG. 2. A collection of CW derivative ESR spectra~open
circles! for SrCu2~BO3!2 with the amplitudes normalized to theT
5300 K value. The smooth lines represent fits consisting of t
components—a broad Lorentzian and a narrow Gaussian cont
tions.
7-2
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NEAR CRITICAL BEHAVIOR IN THE TWO-DIMENSIONAL . . . PHYSICAL REVIEW B 65 024417
expansion9 methods gaveJ5282 K, a value which is strik-
ingly close to our observation. The linewidth of the narro
component is about 220 G and is nearly temperature in
pendent@Fig. 3~b!# between 30 and 300 K. However, belo
30 K the line suddenly starts to narrow. The observed l
reveals some internal structure at low temperatures, wh
could be due to the dipolar splitting of the localized trip
excitation.

The broad Lorentzian component constitutes the ma
part of the ESR signal. The value ofg factor as measured b
ESR at room temperature isg52.11 which is the same a
measured previously.9 The temperature dependence of t
ESR susceptibility of the Lorentzian component@Fig. 4~a!#
mimics our dc susceptibility data@shown in Fig. 1~b!# as well
as the one published earlier6 with a very broad maximum a
around 20 K and a rapid disappearance of the signal be
this temperature. The room temperature ESR spin susc
bility value isxS50.831023 emu/Cu mol and is close to th
value derived from dc susceptibility curve@Fig. 1~b!#. Analy-
sis of the high-temperature ESR data in the range betw
100 and 300 K, using a Curie-Weiss dependencexS}C/(T
2u8), gives a Curie-Weiss temperature of about2100 K
which is comparable withu85292.5 K published earlier.6,7

Below 50 K the susceptibility obeys an activated behav
xS}C8e2D/T, which has already been observed and d
cussed previously.6

The temperature dependence of the linewidth of the br
Lorentzian line is shown in Fig. 4~b!. First we note, that the
line is rather broad, i.e., at room temperature the linewidt

FIG. 3. ~a! Temperature dependence of the intensity of the n
row Gaussian component of the SrCu2~BO3!2 ESR spectra in the
temperature range between 17 and 300 K. Solid line is a fit to
antiferromagnetically coupled dimer model@Eq. ~1!#, giving an ex-
change constantJ528360.6 K. ~b! Peak-to-peak line width of the
Gaussian component in the same temperature interval.
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75763 G. This is nearly by the factor of 3 larger than th
linewidth of the narrow component. This linewidth is als
much broader than the ESR line of triplet excitations in t
spin-Peierls system CuGeO3.

11At lower temperatures the ob
served ESR line broadens even more and the linew
reaches a value of 2750 G atT55 K.

IV. DISCUSSION

In recent inelastic neutron scattering14 and high-field ESR
~Ref. 12! investigations basically two types of excitation
were found at very low temperatures~i.e., at 1.6 K in ESR
experiment!. The first one has an energy gap of 3 meV,
almost dispersionless and corresponds to isolated triplet
citations. Interestingly, the second excitation lays only m
ginally higher, i.e., at 5 meV, and has been assigned to
related pairs of triplet excitations with a much mo
pronounced dispersive behavior. Inelastic neutron scatte
experiments found an additional excitation at 9 meV, wh
could be the excitation of more than two coupled trip
states. It is reasonable to discuss the origin of our ESR li
in terms of the above excitations. Although it is always po
sible that the narrow line with very small intensity corr
sponds to defects, the temperature dependence of the su
tibility and the magnitude of the extracted exchange cons
J points to the suggestion that the observed line is in fact
isolated triplet excitation of the SrCu2~BO3!2 2D spin system.
On the other hand, the broad line most probably correspo

r-

n

FIG. 4. ~a! Temperature dependence of the intensity of the bro
Lorentzian component of the SrCu2~BO3!2 ESR spectra in the tem
perature range between 5 and 300 K. Solid line is a Curie-Weis
with a Curie-Weiss temperatureu852100 K. ~b! Peak-to-peak
linewidth of the Lorentzian component in the same temperat
interval. The inset shows a log-log plot~circles!, revealing a power-
law behavior, given by Eq.~6! and a critical exponentp50.51
~solid line!.
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to the correlated pairs of triplet excitations. In view to t
fact that we measured the ESR at high temperatures and
each dimer has four nearest neighbor dimers, the possib
of finding two triplets together is quite substantial. T
physical properties of the correlated triplets are hidden in
temperature dependence of the ESR linewidth.

To understand better the temperature dependence o
ESR linewidth, we first estimate the linewidth expected fo
triplet state. There are only two important broadening con
butions to the linewidth of a purely dimer system. More sp
cifically, the contribution of the hyperfine interactions a
that of the dipolar interactions between the excited trip
states. The hyperfine interaction between the unpaired e
tronic spinS and the Cu nuclear spinsI i (I 5 3

2 ) is

Hhf5(
i

IW i•Ai•SW , ~2!

whereAi is the hyperfine coupling tensor. The hyperfine co
tribution to the total ESR linewidth for exchange coupl
electronic spins has been calculated15 in a high-temperature
approximation for a one-dimensional antiferromagnet. T
main result is that the hyperfine broadening of the ESR
is reduced when the antiferromagnetic exchange interact
are active—the process is called exchange narrowing. T
cal values for components of the Cu hyperfine tensorAi are
Ai5210 G andA'530 G.15 Thus whether or not the Cu hy
perfine interactions are exchange averaged, their maxim
contribution to the ESR linewidth is of the order of 200 G

It is expected that in powdered SrCu2~BO3!2 the dipolar
interactions would strongly affect the ESR linewidth. To e
timate the order of magnitude of the dipolar broadening
performed a calculation of the second moment using a s
dard formula for powdered samples16

M25
3

5
ge

4\2S~S11!(
j ,k

r j ,k
26. ~3!

We assume that the most important interaction is the dip
interaction between the excited triplet states~it has been
shown that the intradimer dipolar interaction in the stro
exchange limit leads to the effective zero field splitting te
of the triplet state!.17 So in the first approximation we re
placed each dimer withS51 placed at the center of th
dimers. Using the published lattice constants8 we calculated
the distances between the centers of the dimersr jk . Consid-
ering up to nine nearest neighbors we estimated that with
dimers being in the triplet stateS51 the dipolar contribution
to the linewidth would be of the order ofDHdd'1000 G.
However, it is known that the true ground state is the sing
state with an energy gap between the ground state and
excited triplet state. Therefore, the system is in fact magn
cally diluted and in this case the expected linewidth is ev
smaller than the above value. In such a case, the calcu
linewidth must be multiplied with the spin concentrationf,
i.e., DHdiluted5 f DHdd. At room temperature we estimate
f 5e2D/kT/(11e2D/kT)50.53 so the dipolar contribution to
the linewidth is of the order of 500 G.
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Similarly as for the hyperfine interactions the antiferr
magnetic exchange coupling between triplets would lead
exchange narrowing so the true contribution of the dipo
interactions to the total ESR linewidth should be ev
smaller than the above value. It is expected that at low te
peratures the effect of exchange narrowing becomes less
portant due to reduced number of triplet excitations and a
result the dipolar contribution to the broadening should
crease with decreasing temperature. We thus have two ‘‘c
peting’’ effects both arising from the temperature depende
of the number of triplet excitations: on one hand narrowi
of the ESR line as the dipolar interactions become sma
and on the other broadening of the ESR line due to wea
exchange narrowing. However, the dipolar broadening is
the order of few hundred G as estimated above. We t
conclude that the hyperfine and the interdimer dipolar bro
ening mechanisms are not sufficient to explain the magnit
and the temperature dependence of the observed linewid
the broad component, but they can explain the linewidth
the narrow component of the isolated triplet excitations. T
difference between the two excitations lays in the fact t
the triplet excitations assigned to the broad line are coup
together. We suggest that the magnetic broadening is res
sible for the observed temperature dependence of the b
component.

Spin frustration in SrCu2~BO3!2 system is highly impor-
tant as suggested already in the original report.6 In an attempt
to rationalize further the above-mentioned behavior, one
examine the role of at least three possible mechanisms
cluding: critical broadening, stable magnetic point defe
and anisotropy in the exchange interactions.

We note here that the temperature dependence of the
width of the broad ESR component is somewhat reminisc
of the one found in the two-dimensional triangular latti
antiferromagnets HCrO2 and LiCrO2.

18 There the inherent
frustration effect causes a phase transition which is driven
the dissociation of the characteristic point-defects known
Z2 vortices.18,19 Z2 vortices form bound pairs at low tem
peratures and begin to dissociate at a certain critical temp
ture TKM . ESR linewidth aboveTKM is expected to vary as

DH}exp~EV /kBT!, ~4!

whereEV is the activation energy of the freeZ2 vortex. In
the course of the analysis with this model, we did not s
ceed to obtain an accurate fit@Eq. ~4!# of the temperature
dependence of the linewidth of the broad ESR componen
a large temperature interval. Due to possible similarit
though, in the type of interactions between the intriguing
Cu21 sublattice in the borate and that of the 2D triangu
antiferromagnets, we can not at present disregard the
sumption thatZ2 or similar vortices may play a role, since a
exact theoretical description of the problem lacks for t
SrCu2~BO3!2 chemical system.

Let us now analyze the ESR data in terms of the ordin
critical broadening mechanism. The ESR linewidth, f
strong antiferromagnetic fluctuations atq0 , is given by20
7-4
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DH}
^Sq0

Z S2q0

Z &2

Gq0

j2, ~5!

wherej is the inverse correlation length andGq0
is the damp-

ing constant of̂ Sq0

Z (t)S2q0

Z &. For two-dimensional antifer-

romagnetsGq0
}j and ^Sq

Z(t)S2q
Z &}j22. It is thus reason-

able to analyze the temperature dependence of the linew
in terms of the reduced temperature«5(T2TN)/TN , where
TN is a Néel temperature at which the sample would unde
a long-range antiferromagnetic ordering. The linewidth
thus expected to follow a power law

DH}«2p. ~6!

In the inset of Fig. 4~b!, the dependence of the ESR lin
width is shown as a function of the« on a log-log scale. The
data is reasonably fitted over a wide temperature ra
(20 K<T<100 K) with TN52.3(2) K and critical exponen
p50.51(1). Thefact that the power law fails to fit the dat
at lower temperatures~i.e., atT,20 K! might be related to
the significantly reduced number of triplet excitations at te
peratures smaller than the spin gap, i.e., where the cor
tion length is expected to ‘‘shrink.’’ We note here, that t
value of the critical exponent is close to the one found
MnTiO3 over a narrower temperature region, i.e., for«
,0.1.21 Although this analysis leads to a physically acce
able value for the critical exponentp, it is hard to believe that
the critical region would extend up to«'20. However, as
noted earlier, the SrCu2~BO3!2 is situated extremely close t
border between the spin-liquid state and long-ranged m
netically ordered state asJ8/J50.68 is just marginally
smaller than (J8/J)C50.69.7 In that case the strong antife
romagnetic fluctuations and the tendency towards the
Néel ordering of triplets can be present over a broader te
perature range.

Finally we would like to mention that the anisotropic e
change coupling could ultimately lead to broadening of
ESR line similar to the one caused by the dipolar inter
tions. As discussed above for the case of dipolar broaden
a very complicated temperature dependence of the ESR
width is expected on cooling due to the temperature dep
dence of the number of triplet excitations. The same con
sion holds also for the antisymmetric Dzyaloshinsky-Mori
interaction, which has been suggested to be responsible
the direct singlet-triplet transitions observed by high-fie
ESR.12 It has been argued that this is a likely reason for
broadening of the ESR line in the spin-Peierls syst
CuGeO3 just below the transition temperature.11 Thus, to ex-
plain the rather large linewidth of the observed broad E
component, one must consider also the role of anisotro
exchange interactions. However, the analysis of the temp
ture dependence of their contribution to the ESR linewidth
SrCu2~BO3!2 requires additional theoretical work.
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At the end we would like to comment briefly on the o
served line shape of the correlated pairs of triplet excitatio
For the localized triplet excitation it is expected that the E
line would be split due to the electron-electron dipo
interactions.17 However, the absence of any dipolar fin
structure of the broad ESR line and its Lorentzian shape
be explained in terms of motional averaging due to
propagation of pairs of triplet.22

In view of the fascinating theories for unusual quantu
liquids involving doped chains, the example of the intrigui
robustness23 of the spin-liquid ground state in even-leg la
der compounds upon chemical substitution, prompts us
search for possible similarities in the ground state of
analogous quasi-2D SrCu2~BO3!2 system. Although more ex
periments are needed to realize conducting borate comp
tions, when we attempted to dope SrCu2~BO3!2 system so
that aliovalent La31 cations substitute for Sr21 or isovalent
Mg21 for the Cu21 sites neither an established supercondu
ing state nor a suppressed spin-gap was observed.24

V. CONCLUSIONS

In conclusion we have measured theX-band ESR in a
polycrystalline sample of the two-dimensional SrCu2~BO3!2
spin system. Two distinct ESR signals have been identifie
narrow one which was assigned to theisolatedtriplets, and a
broad one which corresponds to thecorrelatedpairs of triplet
excitations. The linewidth of the broad component show
peculiar temperature dependence, which cannot be expla
entirely in terms of hyperfine and dipolar broadening mec
nisms influenced by the exchange narrowing. To underst
the temperature dependence of the linewidth, one must c
sider also the effect of antiferromagnetic fluctuations b
tween triplet excitations either in terms of critical broade
ing, or the presence of exchange anisotropy or in terms
new type of bounded vortices similar to those found in t
angular lattice antiferromagnets. Pairs of triplet excitatio
are strongly coupled together and the temperature de
dence of the ESR linewidth suggests the importance of a
ferromagnetic fluctuations and the tendency towards the N´el
ordered state of triplet excitations. The absence of any
structure in the broad ESR line can be explained in terms
propagation of pairs of triplet excitations. In further theore
ical analysis two and more correlated triplet excitatio
should be considered both in terms of the interaction
tween pairs of triplet excitations as well as in terms of th
~de!localization.
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