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Ultrasonic investigation of the magnetic ordering in the quasi-one-dimensional
= antiferromagnet BaCu,Si,O-,
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Magnetic ordering in the quasi-one-dimensional antiferromagnet B&igy, is investigated with ultrasonic
waves propagating along the chain axis. Transverse waves are found to couple most strongly with the magnetic
properties. This is observed through an important velocity softening below 140 K and a sharp stiffening in the
ordered state afy=9.2 K. We have mapped the-T phase diagram by studying the stiffening anomaly in
magnetic field oriented along the three crystal axes for values up to 8.5 T. THeddegeraturd decreases
the most with increasing magnetic field oriented along the easy @xisr this configuration two exotic
spin-flop states could be identified at 2.1 and 4.7 T. Alonghtlais, T\ decreases less with increasing field
and a new phase transition is observed around 7.8 T. No field effeclg on additional transitions could be
detected along tha axis. These transitions are discussed in relation with previously reported scenarios con-
cerning the magnetic order.
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I. INTRODUCTION The ordered state of low-dimensional magnetic systems
can also be investigated by ultrasonic waves. Indeed, acous-
The structural diversity of copper-oxide compounds maketic phonons generally couple easily with spin degrees of free-
these materials very useful as model systems for fundamemtom. This magneto-elastic coupling yields well-defined
tal studies of low-dimensional magnetism. Among these sysanomalies on the ultrasonic velodity! and a magnetic
tems the quasi-one-dimension@uasi-1D S=3 antiferro-  phase diagram is obtained by studying these anomalies in a
magnet BaCySi,O; appears as an almost ideal material for,magnetic field. We report in this paper such a study of the
on the one hand, studying exotic spin dynamics in weaklymagnetic structure of a Bag8i,0O; crystal. The most effi-
interacting quantum spin chaiiié and, on the other hand, to cient coupling is obtained for transverse ultrasonic waves
investigate the ordered state in a magnetic fiél@his sili-  propagating along the easy axis. The elastic anomalies in the
cate crystallizes in an orthorhombic crystal structure withordered state have been studied for a magnetic field applied
space groufPnma’ The C#* spins are strongly coupled along the the three crystal axes. Besides the two-stage spin-
antiferromagnetically along the crystallograplsi@xis by a  flop transitions already reported alomg we observed an-
strong superexchange interaction via th& Qons® Weak  other magnetic transition along theaxis. These transitions
interactions between the chains result in long-range antiferare discussed in relation with the most recent magnetic struc-
romagnetic ordering afy=9.2 K, as observed in bulk sus- ture reported in the literature.
ceptibility and specific heat measuremehfshe magnetic
susceptibility shows a broad maximum around 150 K and a Il. EXPERIMENT
Bonner-Fishet temperature profile with an intrachain cou-
pling constant’=24.1 meV. In the ordered state the spins The BaCySi,O; single crystal was grown from the melt
are parallel to the magnetic easy axis When nearest- Dby a floating zone method associated with an image furnace.
neighbor spins along theandc axes are aligned antiparallel The crystal was cut into a rectangle with dimensions of
relative to each other, nearest neighbors are ferromagnetl-46x1.76x1.27 mn¥, respectively, along the crystal axes
cally aligned alonga.}® Recently, it was shown that a mag- @ b, andc as confirmed by an x-ray Laue backscattering
netic field applied along the easy axis induces a spin-flogxperiment. We used a pulsed acoustic interferometer to
transition at 2.0 T followed by a second transition at 49 T. measure the velocity of transmitted ultrasonic waves along
These exotic two-stage spin-flop transitions were interpretethe easy axis with a sensitivity better than 1 ppm. Both
as resulting from a competition between Dzyaloshinskii-longitudinal and transverse waves were generated at 30 MHz
Moriya (DM) off-diagonal exchange interactions in the spinand odd overtones with LiNb{Opiezoelectric transducers. A
chains and isotropic exchange coupling between the chaingiagnetic field up to 8.5 T could be applied along the three
More recently, Zheludeet al® have determined the mag- crystal axes. From the measurement of the ultrasonic veloc-
netic structure of the various spin-flop phases; their resultiy V, specific elastic constants are obtained through the
are inconsistent with the previously proposed model and theelation pV2=C, wherep is the density. Along the axis,
actual mechanism of the exotic two-stage spin-flop transifongitudinal waves yieldC33 and transverse wavesSgg and
tions still remains a mystery. C,4 for polarization alonga andb, respectively.
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FIG. 2. Square root of the relative variation of the transverse
velocity as a function of temperature bel@y : data(symbols and
best fit(line).

FIG. 1. Relative variation of the velocity as a function of tem-
perature: longitudinal modg@eft) and transverse modeight).

lll. RESULTS AND DISCUSSION tent with both ferromagnetic and antiferromagnetic compo-

The absolute values of the longitudinal and transvers@ents of the magnetic structute.
waves propagating along the easy axis are 4200 m/sec and The sharp stiffening anomaly observed belGypresents
2900 m/sec, respectively. We could not detect any measuf temperature profile that can be associated with an order
able anisotropy effects for the two transverse waves. W@arameter. Indeed, such an elastic anomaly can be accounted
present in Fig. 1 the relative velocity variation as a functionfor by a simple free energy Landau thetfrysing a biqua-
of temperature in the range 2—200 K. For both acoustigratic coupling termF; between the elastic deformatian
modes, the velocity stiffens as the temperature is decreaseud the order parametst, F.=he’M?2. This term leads to a
below 200 K as expected for a typical solid. At low tempera-stiffening of the elastic consta@= C,+2hM?, whereh is
tures, however, the temperature profile presents a prdhe coupling constant an@, the elastic constant propor-
nounced softening before entering the antiferromagnetitional to the square of the sound velocity. Using such a
Neel state at 9.2 K where a sharp stiffening is obtained. Fomodel, the square root of the velocity variation beldyy
longitudinal waves, both the softening and stiffening anomashould be proportional to the order paraméierThese data
lies are weak: when the softening which increases with frefor the transverse waves are presented in Fig. 2. In the vicin-
quency, as shown in Fig. 1, is around 0.1-0.3%, the stiffenity of Ty the data are best fitted to a power law (1
ing is not frequency dependent at 0.01%. Although a—T/Ty)? with Ty=9.14+0.02 K and 8=0.40+0.02, a
maximum is observed around 30-40 K, frequency effectyvalue in better agreement with a 3D antiferromagnet than the
seem to extend up to 140 K at the highest frequency. Irone determined in neutron scattering experiménts.
comparison, the relative transverse velocity variation is not The nature of the magnetic structure can be further inves-
dependent on frequency. It shows a maximum around 140 Kigated by the application of a magnetic field along the crys-
and dramatically softens below 40 K by almost 9%; thetalline axes. The results presented below were obtained with
sharp stiffening belowTy is a little larger than 0.5%. In the transverse waves because of a better sensitiétger
summary, we observed elastic anomalies that are abowicoustic anomaligsbut identical ones were obtained with
30-50 times larger for the transverse waves and for whicliongitudinal waves. In Fig. 3 we present the relative variation
there are no frequency effects. Moreover the softening of thef the velocityAV/V as a function of temperature, below 12
velocity is accentuated below 40 K on both acoustic modesK, at different magnetic field values applied along the three

Magnetic susceptibility measuremenssiowed deviations ~ crystal directions over the range 0—8 T. Several field behav-
from the Bonner-Fisher curves below 120 K, which wereiors can be deduced from these data of Fig. 3 and they will
explained by the onset of three-dimensional spin correlationbe discussed separately below.
in this temperature regime. The softening of the ultrasonic First, we notice that a magnetic field shifts down theeNe
velocity could likely be explained by a coupling to spin cor- temperaturd y if it is aligned alongb andc, the largest shift
relations which are extending up to 140 K, although the largbeing observed along the easy agig-or the third axis &),
est softening rate is obtained below 40 K in agreement witmo shift could be detected up to 8.5 T. Such a downward shift
susceptibility data that show deviations from the Bonner-of Ty over this field range could be an indication of addi-
Fisher fit over this temperature rang@he time scale of tional magnetic phases in the ordered state. Alongbthgis
these correlations seems, however, shorter atdhgn along  (lower panel of Fig. B the field modifies markedly the tem-
the ab plane since frequency effects are observed on th@erature profile ofAV/V between 7 and 8 T, indicating a
longitudinal velocity in the 100 MHz range. This suggestscrossing of a phase boundary. Along the easy exiwiddle
that the spin correlation dynamics is anisotropic, and thigpanel of Fig. 3, although the ordering temperature is shifted
unexpected existence of two spin dynamics could be consistown by 0.2 K at 2 T, the overall stiffening anomaly is only
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T(K) the anomalies.

FIG. 3. Relative variation of the transverse velocity as a func-
tion of temperature, below,, for a magnetic field applied along

the three crystalline axes clear hysteresi$0.05 T) is observed on both anomalies for

increasing and decreasing fields. These anomalies have to be

associated with the two stage spin-flop transitions observed
weakly shifted upward with field in comparison with the onein magnetization and neutron diffraction experimerftsif
observed along tha axis (upper pangl at the same field. the spin-flop transition atl., presents a field behavior of the
This could again indicate the proximity of a phase boundaryvelocity that is frequently observed in low-dimensional mag-
These new phases can be revealed more easily by examinimgtic system3®!*i.e., a sharp softening at the spin-flop field,
the field dependence at fixed temperatures. the H¢,; transition differs markedly, since an abrupt slope

For the three crystalline directiond,V/V increases gen- variation is rather obtained.

erally quasi-quadratically with field abovig, and, to empha- Along the b axis (lower panel of Fig. #at 5 K, AV/V
size this dependence, the relative velocity data will be preincreases also quasiquadratically with field up to 4 T where
sented as a function dfi2. This is exemplified in Fig. 4, the growth rate starts to decrease. At higher field values, an
along the easy axis, where a near quadratic field depen-intense dip is obtained aH.;=7.7 T. This additional
dence is clearly observed at 9.5(Kpper panglup to 8.5 T. anomaly has to be considered as another phase transition: it
This dependence could result from a reduction of the spiris present for all temperatures beldy and it possesses also
correlations by a magnetic field leading to a reduction ofthe character of a spin-flop transition, being first orters-
velocity softening. Below the N temperature T=5 K), teresi$, showing an intense softening peak of the velocity at
although an overall quadratic dependence seems to emergeaaspin-flop field that is almost constant with temperature.
the highest field values, two discontinuities are obtained: as In Fig. 5 we present the field and angular dependences of
the field is first raised from zero, the velocity variation in- AV/V at 5 K; the curves have been shifted vertically for a
creases very weakly, being almost constant upHg clearer recognition of the angular dependence. These data
=2.1 T where an abrupt slope variation is obtained. Fomere obtained by turning the sample in the magnetic field
higher field valuesAV/V increases quasiquadratically with from the easy axi€ (H|c) to theb axis (H|/b). The three
field up toH,,=4.7 T where a weak but sharp downward anomaliegiindicated by arrowsare highly affected by a ro-
anomaly is observed. When the field is further increased, th&ation of the field from the crystal directions: although their
qguadratic dependence is recovered. These two field anoméeld positions are strictly constant, the anomalies are rapidly
lies are present at all temperatures beldy, being less smeared and they completely disappear for angles between
intense and smeared when the eNegemperature is ap- 10-20° from one or the other axis. This is again a behavior
proached. The two transitions seem to be first order since tnat is generally observed with spin-flop transitidfs.
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0012 Fig. 6 merging at the critical pointH.=8.35 T andT,
’ =8.75 K. Two similar critical points should exist alory
0,010 and their existence can be guessed from changes of curvature
in the shift of Ty ; the anomalies are, however, too weak to
0,008 permit their exact localization in thid-T plane.
The H-T phase diagram appears coherent with the recent
E 0.006 magnetic structure reported by Zheludeval.® who have
< distinguished three phases labeled I, II, and Ill when the field
0.004 is oriented along the easy axis. Phase | is characterized by
spins parallel to the axis, with nearest neighbor spins anti-
0.002 parallel alongb andc, and parallel along. With increasing
field the ordered momemh, is growing weakly with a tilt
0.000 anglea, which stays practically zero until near 2 T where it

S grows rapidly to 90°. In Fig. 4upper pane] this magnetic
character is translated into an almost constant velocity varia-
tion up toH.; where a sudden slope variation is observed,

FIG. 5. Magnetic field dependence of the relative variation ofindicating that the moments have flopped along itirec-
the transverse velocity at 5 K: magnetic field oriented with angledion. AboveH, the magnetic structure of phase Il is a slight
0°, 10°, 20°, 40°, 80°, and 90° from theaxis. distortion of a collinear one, all spins being parallel to the

axis but with a canting anglé relative to thea axis and the

We have mapped out am-T phase diagram for same relative alignment of spins in adjacent chais=Q).
BaCwSi,O; by using the temperature and magnetic fieldWhen the field is increased froid; to H,, although the
profiles obtained for different orientations of the magneticordered momenin, is increasing weakly, the canting angle
field. This diagram is shown in Fig. 6. Along the easy axis Vvaries almost linearly from 60° to 9(°At H,, all the spins
the presence of the two spin-flop transitiongdaj=2.1 and  that were aligned along flop along thea axis. Our ultra-
H.,=4.7 T produces the largest reductionTgfin compari- ~ Sonic data of Fig. 4 are again consistent with this scenario for
son with thea axis where not a single field effect is ob- phase II: the velocity variation is increasing monotonically
served. Both spin-flop transition lines have a small positivewith field, up toH¢,, where a sharp decrease is obtained
slope as a function of temperature. These lines are in agre#hen the spins flop along thee axis. AboveH,, the mag-
ment with the magnetization dataVhen the field is oriented netic structure is a collinear one, with all spins pointing
alongb, another type of spin-flop transition is foundtt;  along thea axis and the same relative alignment of spins in
=7.7 T with a small positive temperature slope. This tran-adjacent chainsH{=0). In phase Ill the near-quadratic de-
sition produces also a downward shift of théeNeempera- pendence of the velocity is progressively recovelféid. 4).
ture. Since the elastic anomaly revealing this transition is The new phase transition observed for a magnetic field
quite strong(Fig. 4), it has been possible to approach moreoriented along thé axis is more unusual, since it involves,
precisely the temperature and field ranges where the differefike the transition aH,, a spin rotation in the plane perpen-

transition lines cross. We can see the curvature of the lines iglicular to the magnetic field, but it can be reconciled with the
magnetic structure of Zheludest al® In the lower panel of

9 Fig. 4, we observe a quadratic dependence of the velocity
E variation as the field is increased, indicating a canting of the
spins, away from the axis, by the external field. Following
such a canting of the spins in tle plane, the free energy,
including anisotropy effects together with interchain ex-
° Hila "o change coupling, is likely minimized by a spin rotation in the
o Hib . plane perpendicular to the field. Because of the large am-
* Hie . . - mee plitude of the acoustic anomaly and the high value of the
- field, we propose that the spins flop along thaxis atH .3
=7.8 T from phase | to phase Ill, which ensures minimiza-
oo tion of the free energy for this field configuration. When the
. . . . field is oriented along tha axis, minimum free energy is
obtained by keeping the spins in phase | and no field effects
« could be obtained on the velocity, except for the reduction of
the spin correlations giving rise to the quasiquadratic field
O e e e e e e e dependence.
Finally, if we examine carefully the data of Fig. 3, we
notice that, although a magnetic field shifts down theeNe
FIG. 6. H-T phase diagram of BaG8i,O, for field oriented  temperature for thb andc directions, the stiffening anomaly
along the three crystalline directions and values up to 8.5 T. amplitude relative to the value a, seems to increase qua-
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siquadratically with field. Any conclusion about the field de- phase diagram along the crystal axes by following the ther-
pendence of the order parameter is, however, difficult tanal and magnetic profiles of the elastic anomalies. The two
make since a near-quadratic field dependence is observedsthge spin-flop transitions along the easy axis have been

all temperatures below and abovg. identified and a third transition of a spin-flop type has been
revealed along thb axis. Our data appear consistent with the
IV. CONCLUSION magnetic structures of the various phases labeled I, II, and IlI

) ) ) and presented in a recent neutron diffraction p&per.
We have investigated the magnetic structure of the

guasi-1D antiferromagnet Bagsi,O; with an ultrasonic ve-
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