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The unusual two-stage spin-flop transition in the quasi-one-dimensi@al/2 antiferromagnet
BaCuSi,O; is studied by single-crystal neutron diffraction. The staggered magnetization in the system,
aligned along the (0,0,1) direction in zero field, rotates towards the (0,1,0) directlég, a2 T. A second
reorientation occurs a .,~4.8 T, when the staggered magnetization aligns itself along (1,0,0). The relative
orientations of adjacent spins remain more or less unchanged in the various spin-flop phases. This behavior is
inconsistent with the previously proposed theoretical explanation of the two-stage transition.
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[. INTRODUCTION neighbors along are ferromagnetically aligned® The spin
structure is visualized in Fig. 1. The phase transitions that are
The quasi-one-dimensiondtjuasi-1D S=1/2 antiferro- the subject of this work occur at relatively low fieldH;;
magnet BaCySi,O; was shown to be a useful model mate- =2.0 T andH,,=4.9 T, applied along the easy axis, and
rial for studying exotic spin dynamics in weakly interacting Produce characteristic jumps in the magnetization ctite.
guantum spin chainsin a series of papefs* we have dem- date, to our best knowledge, the spin structure in the high-
onstrated that in this compound it is possible to observe #€ld phases has not been determined. However, in Ref. 5 it
separation between single-particle spin-wave excitationd/@s suggested that upon going through the first transition,
characteristic of a classical system with long-range magnetiéqe spins “flop” into the @,b) crystallographic plane. The
order, and a gapped continuum of states that is a property _cond transition was then desc_nbed asan un_uxual ro-
the quantum 1D Heisenberg model. Quite recently howevefalion within the plane perpendicular to the figldnd is

: ; domewhat similar to that recently found in¥;Og.”
another aspect of the physics of BgSiyO; attracted atten- ; s~e
tion. It WaSF]:OUHd that iFr)1 t)t/we ordered s?ate7 of BaSkO,, an Based on an analysis of the high-field magnetization data,

apolication of a maanetic field along the direction of theit was conjecturetithat the unusual second spin reorientation
pplicali gnetic i 9 recti in BaCuSi,O; is a result of competition between

ordered moment leads tavo consecutive spin reorientation Dzyaloshinskii-Moriya(DM) off-diagonal exchange interac-
transitions> This phenomenon is in contrast with the typical tion in the spin chains and isotropic exchange coupling be-
behavior of a conventional antiferromagnet in a field, whergyeen the chains. In the present work we report the results of
only a single “spin-flop” transition occurs. magnetic neutron-diffraction studies of the various spin-flop
By far, the largest energy scale of magnetic interactions instates in BaCy8i,0,. We find the results to bmconsistent
BaCwSi,O; is that of antiferromagnetic nearest-neighborwith the previously proposed modédt appears that inter-
coupling within the spin chains that run along thexis of
the orthorhombic crystal structurespace groupPnma a
=6.862(2) A, b=13.178(1) A, andc=6.897(1) A (Ref.
6]. The in-chain exchange constantlis 24.1 meV, as pre-
viously determined from inelastic neutron-scattering experi-
ments and bulk susceptibility measuremeéntsExchange
coupling between the chains is much weaker, and can be
described by an effective spin Hamiltonian with =
—0.46 meV andJ,=0.20 meV, for nearest neighbors
along thea and b axes, respectively, and;=0.15 meV
along the (110) diagondFig. 1).3 The spin-wave spectrum
shows a small gap of about 0.3 meV, attributed to two-ion
easye-axis anisotropy. Long-range magnetic ordering oc-
curs at a low Nel temperature oTy~9.2 K! The ordered
magnetic moment is rather smath,=0.15u5 per C#" .23
In the ordered state the spins are parallel to the magnetic FIG. 1. A schematic view of the zero-field magnetic structure of
easy axis. Nearest-neighbor spins alonglitendc axes are  BaCuy,Si,0,. TheS=1/2 Cf* ions form slightly zigzag antiferro-
aligned antiparallel relative to each other, while nearestnagnetic chains.
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chain coupling dominates over DM interactions, and that the TABLE I. Measured magnetic intensitiestdt=0 in comparison
series of spin reorientation transitions cannot result from 4o those calculated for theaxis collinear state visualized in Fig. 1.
competition between the two effects alone. AlternativeNone of the zero intensities in thg,. column represent systematic
mechanisms for the two-stage spin-flop transition inabsencey?=2.8.

BaCuySi,O; are discussed.

h K l I calc Lobs T obs lobs™ I caic! Tobs
Il. EXPERIMENT -2 0 0 0.000 3.193 1.897 1.683
A5x5x4 mnt sample was mounted in a 6-T cryomag- -2 1 0 10223 10.306 1.264 0.066
net on the D23 lifting counter diffractometer at Institut Laue — -1 0 10223 9102 1829  —0.613
Langevin. The (0,0,1) axis was aligned parallel to the field 4 1 0 19980 19116 1.010 —0.855
direction. With eight magnetic Gli per unit cell, in the 1 0 19980 20973 1.111 0.894
ordered state all magnetic reflections coincide with nuclear ¢ 4 0 0527 2109 1.352 1.170
ones. In addition, the ordered magnetic moment in 0 —6 0 0797 1565 1.191 0.644
BaCu,Si,0; is small, and detecting the magnetic contribu- 1 -1 -1 188 2468 1.173 0.496
tions to Bragg intensities is rather difficult. The measure-—-1 -1 -1 1886 3.357 0.856 1.719
ments were therefore performed in differential mode At —1 1 -1 1789 4262 1.260 1.963
=0 T, 4 T(belowH.,,) and 5 T(aboveH,,) the diffrac- -1 -2 -1 0.000 0.149 0.942 0.158
tometer was consecutively positioned on each accessible-1 2 -1 0.000 2.889 1.163 2.484
Bragg reflection. Without moving any instrument motors, the -3 -2 -1 0.002 1.162 1.660 0.699
peak intensity was measured first at 2 K and then again at 10-3 2 —1 0.002 0951 0.973 0.975
K. This measurement yielded the ratio of nuclear and mag- 0 -3 -1 38.129 35631 1.080 —2.313
netic scattering intensities. The absolute values of nuclear— 1 3 -1 2434 2.066 0.588 —0.625
intensities were separately measured at 10 K in standard-1 -3 -1 2547 3574 0.605 1.697
rocking scans. The rocking curves also provided an estimate 1 —3 -1 2547 4.038 1.015 1.469
of the background around each Bragg position. The mea- » _4 _1 0058 0306 2.009 0.123
.sured.integr.ated nuclear intensities, packgrqunds, and peak, _4 _1 0058 7.373 2227 3284
intensity ratios were then used to estimate integrated mag-_, 4 -1 0057 1714 2106 0.787
netigiitens@ In an%r experiment, the peak intensities 5 | 33509 39198 1.277 4.689
of (411), (031, and (05) reflections were monitoredasa 3 _—5 —1 1.073 0014 0349 —3.034
function of applied field in the range 0-5.5T. Peak intensi- _3 _5 _1 1073 3024 1.804 1.081
ties measured in this fashion were assumed to be propor-_ 5 5 -1 1.053 2.096 1.854 0.562
tional to integrated intensities, with the normalization factor _, 6 —1 0093 0741 1.114 0.582
determined aH =0, as described above. 1 -7 1 1421 0974 1341 02333
-1 -7 -1 1.421 1.277 2.166 —0.066
Il RESULTS 2 -7 -1 15898 16.154 2.626 0.098

Due to the strong in-chain coupling, any canting of neigh-

boring spins away from a perfect antiferromagnetic align- . . ) .
ment within each chain will be small. Indeed. in a fisdd  consistent with the structure previously reported in Ref. 3.

—5 T the in-chain spin canting angle will be of the order of 1he spins are parallel to the axis, with nearest-neighbor
gugH/J~0.7°. Such a small noncollinearity would clearly SPiNS alor!g the andb axes antlparallel to_each other, and a
be undetectable with the accuracy of a neutron-diffractiorParallel alignment of nearest-neighbor spins alongetheis,

experiment. In analyzing the data, we could therefore safel{S Shown in Fig. 1. This type of spin arrangement minimizes
rely on an approximation in which within each chain all all interchain interaction energies that were independently

spins are collinear. Interchain coupling is considerably_meaS‘%r,ed using inelastic neutron Scat.te?il\lgagnetic Bragg
weaker than the in-chain one, and is comparable in strengt‘l‘i‘tens'“es calculated for this-axis collinear stat¢20 inde-
to the Zeeman energy associated with experimental field®endent reflectionsare in good agreement with those mea-

For this reason the relative orientation of staggered momengred atH=0 in the present work. This comparison is made
in neighboring chains could not be considered fixed, as ith Table I.

may actually vary with field. Since there are four chains
within each unit cell of BaC48i,0;, solving the magnetic B. Spin structure at H=4 T: Phase Il
structure at each field was reduced to determining the orien-
tations of four spins, one from each chain, labele&as,
in Fig. 1.

The magnetic structure di=4 T was solved using a
reverse Monte Carlo analysis, which unambiguously pointed
to a planar state with all spins in the,p) plane and a
canting by an angleb~80°, as shown in Fig. 2 on the left.
This structure is a slight distortion of a collinear one, with all
As a first step, we have verified that our dé2® Bragg spins parallel to thé axis, and the same relative alignment
reflections excluding Friedel pajreollected atH=0 are of spins in adjacent chains as Ht=0. For 20 magnetic

A. Spin structure at zero applied field: Phase |
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Phase I

FIG. 2. A model for the spin arrangement in BgSiO; in
magnetic fields applied along theaxis: Phase Il for 2 FH;
<H<H.,=4.7 T and phase Ill foH>H,. The spins are largely

Phase Il

confined to the 4,b) crystallographic plane.

reflections excluding Friedel paifé5 sets of reflections that
are inequivalent within the model usea least-squares re-

PHYSICAL REVIEW & 174416

TABLE lll. Measured magnetic intensities Bt=5 T in com-
parison to those calculated for tlaeaxis collinear state visualized
in Fig. 2 (right). x?=4.5; my=0.17(2)usg.

h k | l calc Lobs Tobs  lobs™ !l caie! Tobs
-4 1 0 0.845 0.110 0.890 —0.826
-1 -1 -1 3.460 3.342 0.498 —-0.237
-1 1 -1 3.460 5.706 0.876 2.562
-4 -1 -1 1.562 2.030 1.200 0.390
-4 1 -1 1.562 4570 1.470 2.046

0 -3 -1 68598 61640 2.690 —2.587
-1 -3 -1 3.655 2.268 0.408 —3.396

1 -3 -1 3.655 2.200 0.725 —2.008

0 -5 —1 49258 54301 1.672 3.016
-1 -6 -1 0.003 0.377 0.445 0.838

C. Spin structure at H=5 T: Phase Il

finement of the canting angle and the ordered moment then Only nine magnetic reflections were measured Hat

yielded ¢=78(3)°, my=0.18(2)ug, with a residualy?

=5 T (see Table lll. The best agreement with the data was

=2.4. A comparison between measured and calculated magbtained assuming a collinear structure with all spins point-

netic intensities is given in Table II. Assuming=90°

ing along thea axis (Fig. 2, righy, and the same relative

(b-axis collinear state one can still get a reasonably good @lignment of spins in adjacent chains asiat 0. Introducing

agreement with experiment, witly?=2.8. Note that the
magnetic structure of phase Il proposed in Refall spins
parallel or antiparallel to the axis) is totally inconsistent
with the present experiment, correspondingyfo=64, even

whenmy is optimized to best fit the data.

TABLE II. Measured magnetic intensities Bt=4 T in com-
parison to those calculated for the canted state visualized in Fig.

(left). x?>=2.4; my=0.18(2)ug. ¢=78(3)°.

h k l I calc lobs T obs lobs™ I caic! Tabs
-2 0 0 0.000 3.560 1.930 1.845
-2 1 0 6.126 10.760 1.750 2.648
-4 1 0 14048 13.239 0.635 —1.273

4 1 0 14.048 15.720 0.990 1.689

0 -6 0 0.000 0.170 1.210 0.140
-1 -1 -1 3.828 4.330 1.180 0.426
-1 1 -1 3.828 8.850 1.300 3.863
-4 -1 -1 21.136 20.890 1.340 —0.183
-4 1 -1 21136 22.660 1.560 0.977
-3 -2 -1 0.447 0.710 1.620 0.163

0 -3 -1 16.846 13950 1.480 —1.957

1 -3 -1 1.487 0.850 1.010 —0.631
-1 -3 -1 1.487 0.730 0.800 —0.946

0O -5 -1 5.341 4,140 1.730 —0.694
-3 -5 -1 0.761 1.510 1.730 0.433
-3 5 -1 0.761 2.710 1.860 1.048
-1 -6 -1 1.417 1.390 0.760 —0.036

2 -6 -1 0.087 0.310 0.870 0.256
-1 -7 -1 0.185 2.260 2.100 0.988

2 -7 -1 4.127 1.300 2.540 —-1.113

any canting angles as additional parameters does not lead to
an improvement iny?. The refined value for the ordered
moment ismy=0.17(2)ug, and for this modely?=4.5
(with six groups of reflections that are independent within
the model used Again we note that the spin arrangement
proposed in Ref. 5 for the high-field pha&al spins along

the b axis and nearest-neighbor spins in thedirection
aligned parallel to each others totally inconsistent with

experiment, corresponding = 158.
2

IV. FIELD DEPENDENCE

The measured field dependencies alﬁ, (031, and

(05]) reflections are shown in Fig. 3. The data for phases Il
and Il were analyzed using the established models. The
value of magnetic momemh,, as well as the canting angle

¢ for phase Il were refined to best fit the three intensities at
each field. The results of the fit are shown as solid lines in
Fig. 3, and the field dependence of the fit parameters is plot-
ted in Fig. 4.

To obtain a good fit to the field dependencies measured in
phase I, an additional parameter had to be introduced to ac-
count for the large change in intensities just below the phase
transition atH ;. By trial and error, it was found that the best
way to reproduce this effect is to assume that the spin struc-
ture, as a whole, tilts towards the axis (Fig. 5). In this
model, when the direction of the staggered moment passes

through the (03)Ldirection, the corresponding Bragg inten-
sity shows a characteristic dfarrow in Fig. 3a)]. This be-
havior is a result of the magnetic neutron cross section van-
ishing for scattering vectors that are parallel to the ordered
magnetic momerit.By varying m, and the tilt anglea, a
good fit to the data collected at<CH<H.; could be ob-
tained. The result of the fit is shown as solid lines in Fig. 3,
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FIG. 5. Tilting of the spin structure in BaG8i,0; in magnetic
fieldsH<H. =2 T, applied along the axis (phase ). The spins
are largely confined to theb(c) crystallographic plane.

Magnetic Bragg intensity (a

rapidly increases to 90°. The negative values obtained in the
fit are an artifact of using only three measured intensities in

the analysis. For smatl the experiment is fairly insensitive

to this parameter, the neutron-scattering cross section being
proportional to co&y,? and the fact that all data were col-

5 ©) : H H lected close to the (001) reciprocal-space plane. However, as
0 T — —2 a approaches 90°, the sensitivity is greatly enhanced.
0 1 2 3 4 5
H(T) V. DISCUSSION

FIG. 3. Measured field dependencies of several magnetic Bragg The data analysis described above was based on the
reflections in BaCy5i,0; (symbolg. The solid lines are a fit to the known room-temperature crystal structure. The use of room-
data at each field using the models described in the text. The arrowg mserature structure factors to determine spin orientations
indicate intensity dips just below the phase transitiokl gl at low temperatures may lead to systematic errors. Additional

. . . _errors may be associated with measuring magnetic intensities
apd the field dependence O_f the fit parameter; is plotted Th the temperature-differential mode. Nevertheless, the re-
Flg. 4. Note that th_e angle is shown as negative at small sults allow us to establish the main features of the three
fields. In fact, the tilta probably remains close to zero and phasesii) Nearest-neighbor spins within each chain remain
positive, except immediately before the transition, where it imost antiparallel to each other at all timésii) The rela-

tive alignment of adjacent spins from neighboring chains

0.25 ! does not deviate significantly from thatldt=0, with ferro-
magnetic spin alignment alorgand antiferromagnetic spin
alignment alondb. Even in phase Il the canting is not very
dramatic and vanishes just before the transitiofl gt. (iii)
The spins are oriented roughly along theb, anda axes in
, ! phases I, I, and lll, respectivelgiv) The ordered moment is
0.054 only slightly field dependent and remains close to @.45
(a) 5 g In weakly coupled quantum spin chains the ordered mo-
0.00 - F——— ; mentm, is proportional toy[J, [/J, wherel, is the effective
mean-field interchain coupling strengttt H=0 the struc-
() © M ture is such thatd, |=J,+2J3+]J,].> The fact thatm, re-

J mains practically constant when going through the phase
transitions means that in phases Il and Ul, does not
change much and nearest-neighbor spins remain close to be-
ing parallel to one another along tlaeaxis and antiparallel
along theb andc directions. This can be seen as an important
: self-consistency check for our determination of the spin ori-
A entations in the three phases. The overall gradual increase of
3 4 the ordered moment as a functiontéfseen in Fig. 4a) is to
be expected, and is due to the suppression of 1D quantum
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HD spin fluctuations by the symmetry-breaking external field.
FIG. 4. Symbols: Measured field dependence of ordered moThe slight suppression ofi; observed in phase [Fig. 4@)]
ment(a), tilt angle & in phase I(b), and canting angle in phase Il is a result of the canted geometry, in whigch | is reduced
(c). The solid lines are a guide for the eye. compared to that in phase I. In the presence of cantifig (
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<90°) the effective interchain coupling is given By, |  (roughly along thea axis), which practically eliminates the
=235— (J,+|J,])cos(2p). In particular, just above.;, ¢ Dzyalo.shinskii.energy altogether, and_ th.e fe_rrgmagnetic in-
—60°, and the drop im, expected on going through the first terchain coupling energy along tleaxis is. m|n|m|zed. In
phase transition due to the abrupt changddin| is about phase Il the m_odel pred|cts t_hat the f:ombmatlpn of DM an_d
23%. This value is in reasonable agreement with the obZeeman energies wins over mtercham_mteractlons:.the spins
served~ 15% effect. rotate to be almost parallel to the axis and cant in the
Given the available data, the spin reorientatiokiat can direction of the applied field to minimize both energies. At

. . . he same time, nearest-neighbors along dhaxis become
be described as a more or less conventional spin-flop tran { 9 g

tion that one expects for a classical antiferromagnet in ag:ggzggnnparallel, despite a ferromagnetic coupling in this

magnetic- field.applied along th_e easy qxis. In zero field,.the The results presented above clearly demonstrate that the
easye-axis qmsotropy energy is minimized when all spins _ o spin arrangements in Ba®i,0, in phases Il and Il

are perpendicular to thea(b) plane. To take advantage of 5re totally different from those previously conjectured. In
the Zeeman energy in applied fields, the spins have t_O_a|lgﬁef_ 5 it was emphasized that the Dzyaloshinskii vectors not
themselves perpendicular épto allow a canting of the rigid  peing strictly parallel to the axis, and additional interchain
antiferromagnetic  structure in the direction oH. nteractions along the (0,1,0) and (1,1,0) directions being
Dzyaloshinskii-Moriya interactions and interchain coupling present, the critical field and the details of the spin structures
may modify the transition field and produce the small cant-may deviate from those predicted by the simplified model.
ing found in phase I, but do not affect the basic physics ofHowever, even in the more general case, ifkthg transition

the effect. The fact that the transition appears to have a prén BaCu,Si,O; was indeed driven by a competition between
cursor, the spin structure tilting by an angleat H<H_;, DM interactions and isotropic interchain coupling, the en-
may have several explanations. One possibility is that thigrgy of the latter would have to change abruptly upon going
phenomenon is a result of an imperfect alignment of thehrough the transition. The present data clearly show that this
external magnetic field relative to theeaxis of the crystal. is not the case, since dtl., the spin structure rotates as a
Alternatively, it can be an intrinsic effect, due to the presencevhole, and the relative spin orientations, and with them the
of Dzyaloshinskii-Moriya interaction, or to the existing interchain exchange energies, remain practically unchanged.
structural canting of the local anisotropy axes ofCuela- It appears that interchain coupling dominates over DM inter-
tive to thec axis. To fully resolve this problem, a careful actions in all three phases. Because of the canting in phase I,
determination of the magnetic structure just below and justhe energy of interchain interactions is actually better mini-

aboveH.; will be required. mized in phase lll, rather than phase Il. This sequence is
The second phase transition is much more unusual, sinagpposite to that emerging from the model proposed in Ref. 5.
it involves a spin rotation in the plane perpendiculatitolt We believe that at the present stage it is unwise to attempt

is clear that such behavior requires the presence of offa quantitative explanation of the phase transitions in
diagonal exchange interactions in the system. As recentlBaCu,Si,O; based on some specific spin Hamiltonian. Too
observed in KV30g, for example, a spin rotation around the many parameters are involved to make such an analysis un-
field direction can be caused by a competition between DMambiguous. The energy scales of interchain interactions and
interactions and magnetic anisotrdpyhis type of behavior c-axis anisotropy are indeed similar to that defined by tran-
is known since earlier studies of hematitd=or BaCySi,O;  sition fields. However, the Hamiltonian is expected to have
though, a totally different explanation was proposed in Refother terms on the same energy scale, and tbaseot be
5, and the transition was attributed to a competition betweedismissed In particular, measurements of the spin-wave
DM coupling in the chains and isotropic interchain interac-spectrum contain evidence of an in-plane anisotropy of the
tions, a mechanism similar to that previously discussed irmagnitude~0.15 meV. This anisotropy is most likely due
relevance to the anomalous spin-flop behavior ofiz0,.**  to the so-called Kaplan—Schekhtman Entin-Wohlman—
The key argument of Ref. 5 is that the main componentsAharony (KSEA) interactions:?> The KSEA term is a com-
of the Dzyaloshinskii vector for the nearest-neighbor bondpanion to DM interactions, and is an easy axis parallel to the
within the chains lie in thed,b) plane, and alternate sign Dzyaloshinskii vector. KSEA interactions are believed to be
from one bond to the next. In this case, DM interactionsthe driving force in the spin reorientation transition in
produce a weak-ferromagnetic canting of the spins withinrK,V30g.” The similarity of the behavior of the latter com-
each chain even in zero applied field. In the presence of apound with that found in BaG%i,O; may indicate that an-
external field, additional canting is due to Zeeman energyisotropy effects, and KSEA interactions in particular, could
The free energy of the system is minimized when the twdbe responsible for thie ., transition in the silicate as well. In
canting effects are in the same direction. For this to be thany case, the above discussion is entirely based on the chain-
case, nearest-neighbor spins along ahexis have to be al- mean-field model for weakly couple®=1/2 chains’ In this
mostantiparallel to each other, since Dzyaloshinskii vectors approach the quantum-mechanical nature of the spins in-
in the adjacent chains aemtiparallel as well. This preferred volved is “hidden” in the bare susceptibility function of in-
antiparallel orientation is in competition witlerromagnetic  dividual chains. Further theoretical work will be required to
interchain coupling along tha axis. In the model proposed fully understand the extent to which the spin-flop behavior
in Ref. 5, the frustration is resolved in phase Il by having allderived from such a simplified picture can be applied to a
spins aligned almost parallel to the Dzyaloshinskii vectorreal quantum spin system.
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