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The temperature dependence of the structure fattor of the instantaneous magnetic fluctuations in
copper formate tetradeuterate has been investigated using neutron scattering techniques. Our data extend
to unprecedently high temperatures  J) compared to the 2D exchange coupling. The correlation
length ¢ and amplitudeS, are in good agreement with the predictions for a 2= 1/2 Heisenberg
antiferromagnet on a square lattice. [S0031-9007(98)07991-5]
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The study of quantum magnets remains at the forefrontneyer [4] with the result that
of condensed matter physics. Their importance stems e he
mainly from the fact that spin models continue to be a gcnn = ry
productive arena in which to develop many-body methods s
that have far ranging applicability. In addition there is the % [ 1 T ( T ) } 1)

specific need to understand the role played by magnetism 1= 9 27 ps
in determining th? basic physical properties of VaNoUSrye siructure factor has an almost Lorentzian line shape
classes of materials, such as the cuprate based high- ; :
. ith an amplitude given by [5]
temperature superconductors. The magnetism of these
particular materials is characterized by strongly fluctuating So = 13.50 X NZ&> ) )
antiferromagnetically coupled quantur§ € 1/2) spins Q2mps)?
on a (almost) square 2D lattice, and for this reason the At higher temperatures, the QMIM exhibits a cross-
study of the corresponding theoretical model has attainedver to the so-called quantum critical (QC) region, where
a patrticularly significant status. (For a comprehensiveahe proximity to the QC pointg = g. dominates the
review, see [1].) Here we present experimental data obehavior [6]. For the square lattice= 1/2 system the
the correlation lengtly and amplitudes, of the magnetic crossover is predicted to be aroufid~ J /2. Deep within
fluctuations measured to unprecedently high temperaturéghe QC region,& becomes linear in/T. Approaching
in copper formate tetradeuterate (CFTD), a 83= 1/2  the crossover, only the lowest order correction has been
magnet. evaluated to giveé = 0.962%c[T — 0.3098(27ps)] .
Though no exact solution has been found, there isHowever, this result is not expected to be valid down to
now a general consensus that the ground state of the 2fbe region where the crossover is expected. One important
S = 1/2 Heisenberg antiferromagnet on a square latticeuestion is whether the mapping of the 2DQHAFSL onto
(2DQHAFSL) has long-range order (LRO). Using a spin-the QNLoM is still valid at the temperatures where the
wave approximation the ground state properties have bedatter exhibits the crossover to QC behavior.

2mps

2

calculated as staggered magnetizatdn= 0.307, spin- Several other theoretical and computational methods
wave stiffnespg = 0.181J, and spin-wave velocity =  have been applied to the 2DQHAFSL, including high-

1.18+/2 Ja, whereJ is the exchange coupling andis the  temperature expansion (HTE) [7], quantum Monte Carlo
lattice constant [2]. (QMC) [8—10], and the pure quantum self-consistent har-

The understanding of the system at firiltevas greatly monic approximation (PQSCHA) [11]. An HTE series
advanced by the work of Chakravarty, Halperin, and Neldor S(k) has been generated up to the 14th ordef Affr.
son (CHN) [3]. ForT <« J, the behavior of the system The series is believed to give reliable results for tem-
was investigated by mapping it onto the quantum nonperatures down t@ ~ 0.4J. QMC calculations have
linear sigma model (QN&M). Depending on the coupling been performed using several different algorithms [8—10].
parameteg, which expresses the strength of the quantunThe joint data cover//12 < T < 4J, corresponding to
fluctuations, the QNi&M will show LRO at7T = 0 for 352000 > ¢ > 0.289. PQSCHA [11] has been found to
g < g.. Asthe 2DQHAFSL is believed to have LRO at perform well even inthé = 1/2 case down t@ ~ 0.4J.
T = 0, it must correspond tg < g.. For low tempera- The correlation length and structure factor amplitude
tures CHN found that the only effect of the quantum fluc-from these three different approaches are compared with
tuations is to renormalize the coupling constants. In thisach other, and with the predictions of CHN in Fig. 1.
renormalized classicalegion the correlation lengtéi has It can been seen that the results from the HTE, QMC,
been calculated to 3-loop order by Hasenfratz and Niedeland PQSCHA studies are in good mutual agreement. It
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2D S=1/2 HAF dering which occurs in any real 2D system, and the up-

per limit is determined by the signal-to-noise ratio as the

signal weakens at higher temperatures. Over the tem-

perature rang®.21J < T < 0.39J in SL,CuChO, (J =

125 meV, Ty = 256.5 K), Grevenet al. obtained excel-

lent agreement with RC predictions fér but found that

their data forS, were proportional t&? rather thané?72

as given in Eqg. (2). Two other systems have been stud-

ied using neutron scattering, with results that are in broad

agreement with the RC results for temperatures up to

=0.5J. These are LZCuQ, (J = 135 meV, Ty = 325 K)

[13] and CYDCOO), - 4D,0 (CFTD) (/ = 6.3 meV and

Ty = 16.5 K) [14—-17]. We note that in none of these

experiments was it possible to follow the scattering up to

temperatures where the QC regime could be probed. To

our knowledge the only experiments that have probed the

QC regime are the NMR experiments of In&tial. [18]

on LaCuQ,. The inverse relaxation rate'T, was found

to saturate forT > 600 K, which was interpreted as a

o= crossover to the QC region. The correlation length was

02 04 06 08 12 also extracted fronT,; measurements [19] and found to
Temperature [J] be inversely proportional to temperature above 600 K in

FIG. 1. Theoretical and numerical predictions forand S. accordance with the predicted behavior of the QC region.

Lines are CHN [4] (solid), HTE [7] (dashed), and PQSCHA However, subsequent attempts to reproduce these latter re-
[11] (dot-dashed). The points are results of QMC: triangles [8],Sults were unsuccessful [20].
squares [9], and circles [10]. To address the questions raised We chose to reinvestigate CFTD to obtain dataand
in the text, we plot the ratio betweefi and the renormalized g, to much higher temperatures. CFTD has certain advan-
classicalécun and the ratiaS/¢°. tages over the cuprate compounds in that the energy scale
of the interactions are better matched to the energy scale
is also apparent that there is a systematic trend for CHNf neutrons from a thermal or cold source at a reactor, and
to overestimateé at temperatures less thah and to large single crystals are available. CFTD crystalizes in
underestimate it fof' = J. Indeed it has been argued by a monoclinic structure [15] which below an antiferroelec-
Beardet al. [10] that the mapping is only strictly valid for tric transition at 236 K has th€2,/n space group sym-
& > 10° and that the apparent agreement for higfiéds  metry with lattice parameters = 8.113 A, b = 8.119 A,
perhaps coincidental. c = 1245 A, and 8 = 101.28°. The almost square-b
While the theoretical behavior of the 2DQHAFSL has planes contain face centerdd= 1/2 Cu ions separated
been comprehensively investigated over a large temperdy formate groups and with an in-plane distance of 5.74 A,
ture range, relatively little is known from an experimentalwhile the distance between the Cu ions in adjacent planes
point of view of how the system behaves at temperatureseparated by the crystal bound water is 6.23 A.
comparable to or greater thah For example, neutron The magnetic interactions in CFTD are dominated by
scattering experiments that directly probeand S, have  an isotropic coupling/ = 6.3 meV in the a-b plane,
been restricted t& = J/2 as we describe below. Another which has been determined by inelastic neutron scattering
outstanding issue is the behavior of the rafijg£2, which  measurements of the spin-wave dispersion [16] and by bulk
for CHN scales withi'?, while experimental indications of magnetization measurements [17]. It should be noted that
a constant ratio have been reported [12]. In Fig. 1(b) itdue to the strong quantum fluctuations even in the ordered
can be seen that the numerical data only follBwat low  phase, the zone boundary energyiis,;g = 1.18 X 4SJ.
T, but the ratio does not saturate. If the first order correcThe same experiments estimate the interplanar coupling
tion to the CHN result is included as a fitting parameter,J’ ~ 5 X 107°J, and a Dzyaloshinsky-Moriya interaction
the agreement between CHN and QMC can be extendeth = 0.46 meV = J/14. Thus CFTD is close to the
uptoT < 1.3J. ideal 2D Heisenberg antiferromagnet, but due to the weak
To date probably the best direct experimental data otinterplanar coupling it orders three dimensionally'at=
the temperature dependence &fand Sy are from the 16.5 K. The sublattice magnetization reaches only 48%
neutron scattering experiments of Grevenal. [12] on  of its classical value [15], reflecting the importance of
SrLCuChLO,. Obviously, to compare the data with the quantum fluctuations.
theoretical predictions it is desirable to measure the scat- The neutron scattering experiments were performed at
tering over as wide a temperature range as possible. THeisg National Laboratory using the RITA spectrometer
lower temperature limitTy is set by the 3D Néel or- [21], which incorporates several novel features that make
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it particularly suitable for the study of fluctuations in x10°
low-dimensional systems. These include a largfe X 18K, 15
12 c?) position sensitive detector and a neutron veloc- 2% &=31.9:5.8 }
ity selector. The former allowed us to optimize effec-
tively the signal-to-noise ratio during the data analysis, and ""®°
the latter to check the validity of the energy integration £
at any desired incident energy without the need to Worryf,
about A/2 contamination. A single crystal of dimen- £
sions12 X 12 X 4 mm?® prepared by slow dehydration of ‘E;’GOOO
CwCO;(0D), - D,0O in a solution ofd,-formic acid in 8
D, O was mounted in a helium flow cryostat with the recip- 5500}
rocal axesh™ andc® in the scattering plane. We estimate i
that the sample was deuterated to approximately 98%.

The spectrometer was configured in a 2-axis mode with 08 09 1
the wave vector of the outgoing neutron perpendicular to k [ru]
the 2D magnetic sheets. This is the standard configuratioRIG. 2. Typical data illustrating how different spectrometer
for the study of 2D magnets, agd ensures that the mee%gnlgguftﬁti&ljs g(?;/g/ COH.SiSttent Valuesé“?f (la) ?g;aDtikin kat

R [P H i Wi an collimation, respectively. ata taken

sured |nte_nS|ty IS F’F°p°rt'°”a' tﬁ—w Stk,w)dw = S(k) at 40 K with 60’ collimation with andri/vithoutyan elastic filter.
whereE; is the incident energy [22]. Most of our data
were taken withE; = 10 meV ~ 4/3J, but the energy in-
tegration was checked experimentally by varyifygup to In the case of the elastic filter data an extra correction
19 meV. (For comparison, the experiments on@a0, to the extracted parameters had to be made to allow for
and SsCuChLO, used incident energies up #[13] and the fact that with the filter we do not measure the full
J /3 [12], respectively.) energy integrated structure factsik) = [S(k, w)dw

At higher temperaturesT(> 0.6J) the signal became but ratherSy(k) = [S(k, w)T(w)dw. Estimates of the
too weak relative to the elastic incoherent backgroundorrection factor were obtained by numerically integrating
from the residual hydrogen in the sample, and a secondoth a low-temperature form af(k, w) [23] and one
configuration had to be employed. A set of graphitethat has been proposed to hold in the QC region [24].
crystals was inserted after the sample in order to reflecAt intermediate temperaturegl0 K < T < 70 K), the
out of the exit beam those neutrons which were elasticallgorrection factors agreed within 12%. The correction
scattered by the sample including the unwanted incoherefféctor by which the experimentally determinegd was
background. This elastic filter had a transmission givermultiplied ranged between 1.08 and 0.64 in the interval
by T(w) =09 — 0.85 X exp(—w?/20%) where ¢ =  between 40 and 90 K. Once the correction factor had been
0.665 meV. This approach is justified in part by the applied to&, good agreement between the data taken with
fact that the fluctuations are spread out in energy, whiland without the filter was found, as shown in Fig. 2(b).
the incoherent scattering is elastic and confined to zer@he correction factor for the amplitude was found to be
energy transfer. Moreover the characteristic energy of théarger, varying between 1.31 and 1.83 with temperature.
fluctuations increases withi, so that at highef” the use The main results of this Letter are shown in Fig. 3 where
of a filter has less influence. As will be explained later,we plot ¢ (inverse Lorentzian half-width) as a function of
considerable care was taken to ensure that the data také&n The first thing to note is that the data féitaken with
with and without the filter could be included in an overall and without the elastic filter are in excellent agreement
comparison with theory. in the temperature range in which they overlas &

Representative data sets recorded by scanning the neli-= 55 K). The results cover a large temperature range
tron wave vector transfer through the 2D rods are showi.2/J < T < 1.25J, and are generally consistent with the
in Fig. 2. To extract andS, from the data we assumed a CHN prediction. In view of the difference between the
Lorentzian line shape which was convoluted with the full CHN and the QMC-HTE results, we show in the inset of
experimental resolution function using an adaptive intefig. 3 our data normalized to the CHN result together with
gration procedure to ensure convergence. As illustrated ithe QMC data. Our data are indeed consistent with the
Fig. 2(a) the data taken with the standard 2-axis setup wet@MC deviation from CHN, albeit with unsatisfactory large
well described by Lorentzians. The experimental statisticgrror bars below” ~ 0.4J.
were insufficient to distinguish between different possible In Fig. 4 we show the data faf, normalized to each
line shapes. A representative data set taken with the elasther in the regions of overlap and compared to the
tic filter is shown in the lower panel of Fig. 2(b), where predictions by theory and calculations. The data which
it is compared to data taken at the same temperature usimgver almost 3 orders of magnitude are in relatively good
the standard configuration. It is evident that the use of thagreement with the theoretical curves.
filter has improved the signal-to-noise ratio from approxi- The CHN prediction foS, has recently been questioned
mately /20 to 1. on the basis of data from S2uCLO, [12]. To address this
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FIG. 3. The measured in CFTD compared to the predictions
by CHN [4] (solid) and the QMC [9] (dashed) results.
The symbols indicate the collimatiom = 15’ (triangles),30’

between our data and the CHN result is consistent with the
QMC result, and we therefore conclude that no sign of the
crossover has been observed in CFTD. Combined with
the findings by Bearet al. [10], this leads us to believe
that the mapping of the 2DQHAFSL onto the Q&M be-
comes invalid before the latter exhibits a crossover to the
QC region.

In summary we have performed neutron scattering ex-
periments on CFTD which is an excellent realization of the
S = 1/2 2D Heisenberg antiferromagnet on a square lat-
tice. By utilizing a better optimized spectrometer we have
been able to cover a large temperature range Up 1o J.
Over the full temperature range, we observe generally good
agreement with the predictions for thenormalized clas-
sical region for both the correlation lengthand the am-
plitude Sy. For the correlation length, our data do deviate
slightly from the CHN result in a way that is consistent
with the QMC, HTE, and PQSCHA calculations.
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