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Square-lattice spiral magnet BaCuGe,O- in an in-plane magnetic field
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The magnetic structure of B&uGeO; is investigated by neutron diffraction in magnetic fields applied
along several directions in the(b) plane of the crystal. In relatively weak fieldd<0.5 T, the propagation
vector of the spin spiral rotates to form a finite angle with the field direction. This angle depends on the
orientation ofH itself. The rotation of the propagation vector is accompanied by a reorientation of the plane of
spin rotation in the spiral. The observed behavior is well described by a continuous-limit form of a free-energy
functional that includes exchange and Dzyaloshinskii-Moriya interactions, as well as the Zeeman energy and
an empirical anisotropy terniS0163-18207)00245-7

[. INTRODUCTION vectors, although in several special cases of high-symmetry
crystal structures this is not so. In FeGe, for example, the
Incommensurate magnetic structures in insulators are asiateractions of each spin with its neighbors are characterized
rule caused by a competition between two or more magnetiby Dzyaloshinskii vectors pointing in all three equivalent
interactions. In the classic description of a spiral spin strucerthogonal directions. In this situation applying a very small
ture in MnO, Yoshimori attributed the spiral spin arrange- magnetic field always leads to a reorientation of the spin
ment to a competition between two distinct antiferromag-rotation plane normal to the field direction, and, conse-
netic (AF) Heisenberg exchange interactions in the crystal. quently, the propagation vector becomes aligned along the
We shall refer to this kind of spiral state as “exchange spi-field. The length of the magnetic propagation vector is to a
ral.” An alternative mechanism is realized in a few systemsgood approximation field independent.
with noncentric crystal structures. Isotropic exchange terms In materials of lower crystal symmetry, as, for example,
in the Hamiltonian compete with Dzyaloshinskii-Moriya in hexagonal CsCuGl(Refs. 13—1%and RbMnBg,'"*8 or
(DM) interactions’ The former are proportional t&&(-S,),  tetragonal BaCuGeO,, the spin rotation plane cannot be
i.e., the scalar product of interacting spins, and thus favor &eely re-oriented without affecting the Dzyaloshinskii en-
collinear state. The DM term is given by\eector product ergy. As a result, the magnetic structure undergoes drastic
and is usually written asld-[ S; X S,]), whereD is the so- changes for certain field geometries, and the length of the
called Dzyaloshinskii vector that characterizes the orienteghropagation vector becomes strongly field dependent. An ex-
bond between spinS; andS,. DM interactions favor a rela- treme example of this behavior is the commensurate-
tive angle of 90° between spins. Unlike isotropic exchangeincommensurate transition that we have recently observed
DM coupling is of relativistic origin, i.e., is a result of spin- and theoretically analyzed for BauGe0,.''? As a mag-
orbit interactions, and ties the spin system to the underlyingnetic field is applied along the uniqeeaxis of the tetragonal
crystal lattice via orbital degrees of freedom. The best knowrstructure, the initially uniform sinusoidal spin spiral is dis-
examples of real compounds where this second scenariorted. In a non-zero field it may be viewed as a soliton
(“relativistic spiral”) is realized are the MnSiRefs. 4—7  lattice, a regular arrangement of antiphase domain wall
and FeGé&:° Recently we have observed an incommensuratéoundaries separating regions of commensurate antiferro-
spiral spin structure in BEuGe0, and explained it within  magnetic spin-flop phase. As the field is increased, the period
this framework!%-12 of the structure, given by the distance between solitons, in-
While the ground states in both modétexchange” and creases and diverges at some critical field=2.1 T, above
“relativistic” ) may be similar, under certain conditions they which a commensurate spin-flop state is observed.
behave very differently in applied magnetic fields. If only In this work we address the field dependence of the mag-
isotropic exchange interactions are present, the direction afetic structure of BECuGe 0O, in a magnetic fieldH applied
magnetic field is irrelevant to the spin structure: the spinin the (a,b)-tetragonal plane. We show that the square-
space may be freely rotated without a change in interactiofattice spin arrangement in this geometry allows an almost
energy and the spins are not tied to any particular direction iminhindered reorientation of the spin plane with only a very
the crystal. For “relativistic” spiral magnets the spin struc- small change in the period of the structure, much like in
ture in an external fieltH in general may be strongly depen- cubic FeGe. The principal difference between FeGe and
dent on the relative orientation &f and the Dzyaloshinskii BaCuGeO; is that in the former material the propagation
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vector rotates towards the direction of applied field. We find Ill. EXPERIMENTAL RESULTS
that for BgCuGeO; the propagation vector tends to form a .
finite ang?é witk?zH,7 thatpdege?]ds on the orientation Hf . The crys.tal and .mggneUc strugtures of2339@07 are
itself. The rotation of the propagation vector with increasingd'Sc_l"sseo?lzIn detail in our previous PUbI'Cat'OnS on the
field is continuous. The observed behavior is found to be ins_“blectL and only the most essential features are re-
very good agreement with theoretical predictions based on §éwed here. The magnetic €t ions form a square lattice
two-dimensional generalization of the simple Ginzburg-in the (@,b) tetragonal plane of the crystal. The principal
Landau energy functional that we have previously employedxes of this square lattice, hereafter referred to ax tvedy
to describe the Dzyaloshinskii transition in BauGeO;. axis, are along the110] and[110] directions, respectively.
To complete the coordinate system we shall choosezthe
axis to run along[001]. In the ordered phasé¢below
Tn=3.2 K) the spins lie in the (% 1,0) plane and the mag-
A single crystal of BaCuGeO;, the same sample that netic propagation vector is @.Z,,0), where/=0.027. The
was used in our previous work, was studied in a neutrormagnetic structure is a distortion of a &lepin arrangement:
diffraction experiment at the High Flux Isotope Reactor aty {ansiation along ¥,1,0) induces a spin rotation by an

Oak Ridge National Laboratory, on the HB-3 triple-axis anglea= 7/ {~8.6° (relative to an exact antiparallel align-
spectrometer. The sample, roughly 4x 4 mm? in volume, 9 ' iy 9

was mounted in a small aluminum container where it wadne€n? in the (1,-1,0) plane. Along the[110] direction
secured with compressed Al foil. The container was in turn’€arest-neighbor spins are perfectly antiparallel. Nearest-
mounted on a precision microgoniometer, that was used t§ighPor spins from adjacent Cu planes are aligned parallel
align the @,b) crystallographic plane in the scattering plane {0 €ach other.

of the spectrometer, prior to setting up the sample in the Obviously, —domains —with  propagation  vectors
cryomagnet. (1+¢,%¢Z,0) are equivalent and always equally represented

The magnetic field was produced by using a split—coil'n a zero-field-cooled sample. Thls_can be seen in Fig. 1
horizontal-fieldsuperconducting solenoid. The constructionWhich shows a contour plot of elastic intensities measured at
of the magnet provides two pairs of windows for the incident! = 1-8 K on a mesh of points around the (1,0,0) position in
and outgoing neutron beams. The larger pair of windows,zero_f'eld- We clearly see four magnetic reflections sym-
each window being: 30° wide, is oriented perpendicular to metrically grouped around the AF zone center. The two pairs
the field direction. An additional narrower pair of windows ©f Peaks, (1¢,+£,0) and (1=, ¢,0), correspond to the
(+15°) is positioned around the direction of magnetic field. WO magnetic domains. The propagation veapmeasured
Within the cryomagnet the sample could be manually rotated€!ative to the AF zone center, is strictly along {H1eL0] (or
around the vertical axig situ. We estimate the uncertainty [110]) direction. The weak feature around (1,0,0) is an ar-
in the initial alignment of the sample relative to the field tifact that is temperature independent and was previously
direction to be of the order of 1°. After this initial setting the identified as a multiple scattering pe&kCooling the sample
relative rotation of the sample in the magnet was done withn & very weak magnetic field~<10 mT) always produces a
much higher accuracy=0.1°, as it could be directly fol- Single-domain structure.
lowed by monitoring the in-plane Bragg reflections. Mea- When a magnetic field is applied along te00] direc-
surements were done for several values of the agghe-  tion the diffraction pattern begins to change. The propagation
tween the magnetic field and tfi@ 10] direction, namely, Vectorq starts to rotate in reciprocal space towards the di-
for ¢=45.0°, 50.0°, 52.9°, 57.5°, 60.2°, 61.7°, 61.9°, rection of applied fieldFig. 1(b)], eventually becoming per-
71.5°, and 75.2°, the field always being applied in tagoj  fectly aligned with itf Fig. 1(c)]. Note that all this happens in
plane of the crystal. Although the magnet is capable of muctiather small fields, less than 0.3 T. This is to be compared
higher field strengths, stray fields are a serious problem, andith the field along the axis,H.~2.1 T, that is required to
all the measurements were doneHre2 T. The temperature induce the CI transition studied previously. Since
of the sample was controlled by a standard He-flow cryostatdc#es=|Dl, we can conclude that for a horizontally applied
allowing us to perform measurements in the temperaturé€ld the rotation ofq occurs in fields that are an order of
range 1.8-10 K. As we will discuss in detail below, the magnitude smaller than the Dzyaloshinskii energy.
magnetic structure changes in applied fields, but this effect In the following discussion it is convenient to introduce
shows a very strong field hysteresis. To avoid this complicanotations for some angles in our experiméhtg. 2. We
tion all the measurements were done using field cooling. Thehall denote by) the angle between the magnetic fieldand
sample was first warmed up T=6 K, well above the tem- the[110] direction in the crystale will stand for the angle
perature of magnetic orderingy=3.2 K the desired between[110] andq. Using[110] as a reference is very
strength and direction of the magnetic field were set, angonvenient since)i¢p=0 for H=0 and ij the principal axes
only then was the sample brought down to base temperatur€f the square-lattice arrangement of the magnetic Cu sites in
T=1.8 K, where most of the measurements were performeda,CuGg0O; are along[110] and[110], respectively. In

At all times the measurements were done in three-axishese terms, fogy= /4, asH is increased continuously
mode to reduce the signal to background ratio.increases from O ter/4.

60’ —40' — 40— 120 collimations were used with pyrolitic For several directions of the magnetic field we have per-
graphite(PG) (002 reflections for monochromator and ana- formed careful measurements ¢{H). The results are sum-
lyzer, with 14.7 meV neutron energy and a PG filter posi-marized in Fig. 3. Measurements with<61° were done on
tioned in front of the sample. the magnetic satellites around the (1,0,0) AF zone center,

Il. EXPERIMENTAL PROCEDURES
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0.06 FIG. 2. Experimental geometry: The magnetic fields applied
in the (a,b) crystallographic plane at an angle to the [110]
0.04+ direction. The propagation vectgrand the normal to the plane of
’;-‘ 0.024 spin rotations form angleg and » with the[110] direction, re-
- spectively.
= 0.00
- -0.02- intensity completely shifts over into th&,{,<0 domain,
returning us to the situation whe# is effectively greater
-0.041 20 coun"t';l/ (sec contour) than 77'./4. This fact has_ been verified. experimentally. _
-0.06 ; - . An important experimental result is that for all directions
0.95 1.00 1.05 and of the applied magnetic field the length of the magnetic
propagation vectofq| is only weakly field dependent. This
0.06 can be seen in Fig. 5 that shows the trajectory traced by the
(c) propagation vector in reciprocal space as the magnetic field
0.041 is increased. Fo= /4 this trajectory is an almost perfect
0.024 circular arc that starts out @=0 and continues all the way
to ¢=w/4 [Fig. 5a@)]. For arbitrary s we see thatq| is
0.001 indeed slightly field-dependent and the trajectory has a char-
-0.024 acteristicS shape. This, however, is a weak effect, barely
detectable with the precision of our experiment, limited by
-0.04+ the Q resolution of the spectrometer.
0.06 40 counts/ (sec Con‘tour) . Having discussed the field dependence of the propagation
0.95 1.00 1.05 vector, we now turn to that of the spin orientation. Typically
hrl u) to solve the magnetic structure one has to measure the inten-

sities of several Bragg peaks. In the present experiment,

FIG. 1. Contour plots of elastic neutron scattering intensity mealowever, we did not have this luxury. The severe geometri-

sured in BaCuGeO;, around the(1,0,0) antiferromagnetic zone-
center for three values of magnetic field applied along[theQ]

direction. Plot(a) was measured for a zero-field-cooled sample, and

field cooling was used for plotd) and(c).

and those around (2,1,0) were used for higher valueg. of

This was necessary to work around the geometrical con-
straints set by the cryostat windows. As mentioned, for

= 7r/4 the propagation vector starts outét0 for H=0
and rotates all the way towards the field direction
(¢p=y=ml4), as in the case of FeGe. For arbitrary field
direction though, whilep levels off aboveH~0.5 T, it does
so at a smaller value, i.e., befogereaches the direction of
applied field. If we plot$ measured at a relatively high field,
H=2 T, we find that the saturation value far is always
72— (Fig. 4). Thus at high fields the (1,0,0) vector al-
ways bisects the angle formed by the magnetic flélénd
the propagation vectog. Note that in all cases we have
Y= x/4. If the magnetic field forms a smaller angle with the

[110] direction, the magnetic domain with propagation vec-

tor (1+¢h,Lk,0), £h¢ >0 is destroyed, and the diffraction
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FIG. 3. Field dependence of the direction of magnetic propaga-
tion vector measured in BEuGeO; for several directions of mag-
netic field applied in the d,b) crystallographic plane. The solid
lines represent a theoretical fit to the data, described in the text.



56 SQUARE-LATTICE SPIRAL MAGNET BaCuGegO; IN ... 14 009
45 0.04
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FIG. 4. ¢, the direction of magnetic propagation vector, mea- =52.0°
sured in BaCuGeO; as a function ofy, the direction of the exter- v :
nal magnetic field foH=2 T. The dashed line shows the theoret-
ical result. 0.03 - (b)
-
cal constraints imposed by the narrow cryostat windows 3
eliminate simultaneous access to several magnetic peaks. .= 0.021
Many of these could be observed by rotating the sample =<
within the magnet, however, in this case the direction of the "
magnetic field relative to the sample is changed. Only in the 0.014
case ofy= /4, thanks to the presence of two orthogonal
pairs of windows, could we simultaneously observe more
than one set of magnetic satellites, namely those around 0,001 ]
(1,0,0) and (0,1,0). The intensities of these reflections are ~0.00 1 02 003 004
plotted againsH in Fig. 6 for ¢y= 7/4. These data are not
sufficient to independently determine the magnetic structure (h-D) (1 w) H
for each value of applied field. We can however assume that 0.04
for all cases, just as fad =0, the spin arrangement is a flat =71 5°
magnetic spiral, with the normal to the spin rotation plane '
confined in the &,b) plane of the crystal. The assumption is 0.03{
. : . . : < (c)
quite reasonable if we consider that in our experiméhis2
T and ugH=<0.1 meV, so the Zeeman energy is at least an
order of magnitude smaller than the exchange energy 0.02.
(4JS~1 meV). A slight conical distortion of the planar spi- '
ral structure is of course inevitable in finite magnetic fields,
but the tilt towards the direction ¢ will remain very small.
If we denote byz the angle betweefil 10] andn, the nor- 0.0
mal to the spin rotation planepE= #/2 for H=0), the inten-
sities of magnetic satellites around (1,0,0) and (0,1,0) are .
determined by the spin polarization factors in the neutron 0.004< PR .
diffraction cross section: 0.00 o oo 0.03 0.04
\\

| (100)“1"‘ COSZ( n— 77/4),
I(Olo)oc]_—i—sinz(y]— l4). (1) FIG. 5. Measured trajectories traced by the magnetic propaga-
tion vector in BaCuGeO; as a magnetic field is applied in the
From Fig. 6 we see that at high fieldg,og) increases by (a,b) plane of the crystal. The solid lines are guides for the eye.
roughly a third of its original value, whilg,o) decreases by

roughly the same amount. This observation is consistent witfield studied, this rule was found to be consistent with the
n=l/4 at high fields, as could be expected: a sufficientlyobserved intensity increase in the satellites around (1,0,0) or
strong magnetic field will always align the spin rotation (2,1,0) that occurs upon increasing the magnetic field from
plane perpendicular to itself, independent of the field direcH=0 toH=2 T.

tion. For arbitraryy we therefore expecy= ¢ in sufficiently As will be discussed in detail in the next section, theory
high fields. Experimentally, for all directions of magnetic predicts that forarbitrary values ofH one has
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25 The simplest form of the free energy that fae=0 gives

a planar spin spiral with propagation vector alongnd the

(14¢,.£,,0) spins rotating in the  X,2) plane, is

3 F=pg2fdxdy(d,m—a/A g,xm)?, wherep=JS’ is the
temperature dependent spin stiffnésee Refs. 11 and 12
A=al\2 (a being the lattice constanis the nearest neigh-
bor Cu-Cu distance, and is the angle by which spins are

2.0

Bragg intensity (arb. units)

% B < rotated at one step of the spiral. For the “relativistic” spiral
(L, 1+5,0) in Ba,CuGe0;, a=—arctaD|/J~10°. Of course, on a
square lattice the spiral can equally well propagate in the
05 direction of the symmetrically equivalegtaxis [with spins

rotating in the §,z) pland, and a similar term wherg is
| Ba,CuGe 0, interchanged wittx has to be added to the free energy func-
O'Ovo ' o ' AR tional. The purely ferromagnetic interactions between the Cu

H (T) layers in BaCuGeO; (Ref. 10 can be accounted for by

including the ternpgy/2fdxdy (d,m)?, wherey is the spin

FIG. 6. Measured intensities of magnetic satellites around thetiffness anisotropy factory~0.03 for BgCuGeO;,. Fi-
(1,0,0) and (0,1,0) antiferromagnetic zone centers isB& &0, nally, the interaction with external magnetic field is given by

plof[te(_j as a function of mggnetic fiel_d applied alongdhexis. The _the Zeeman term E,=—fdxdy [(x, _X”)(H>< r?l)2/2

solid lines are the theoretically predicted dependences, as descrlquX”Hz/z] (for details see Refs. 11 and )12n this last

in the text. expressiony|| and y, are the longitudinal and transverse
local staggered susceptibilities of the almost AF spin struc-

¢=ml2= 7. @ ture, respectively. For the classical spin modeTat0 one

Since$(H) is directly measured in our experiments, we candets x. = (9ug)*/(8JA%) and yj=0. Combining all of the

plot the expected field dependencied @hg, and! o) Using above terms gives us thg S|mplgst expression for f[he free

Egs.(1) and(2). These are shown in solid lines in Fig. 6 and €nergy per Cu plane, that is consistent with symmetric prop-

are reasonably consistent with experimental data. erties of the system and gives the “right answer” fér=0:

We can now summarize all the experimental results in a

short list of “rules:” (i) As the magnetic field is increasegl, Ps o« R
sz dxd > (axm—xeyxm

2

rotates in reciprocal space for smal| but slows down and
eventually stops foH=0.5 T; (ii) |q| is only weakly field

dependentgiii) at high fields thé¢ 100] direction bisect§ the o« )2 Ll = xp(HX m)2

angle formed by the vectois andq; (iv) at high fieldsn is +| dym=exm| +y(dm) }_ 5

pointing along the direction of applied field; artd) it ap-

pears that for arbitrarid the[100] direction always bisects X||H2

the angle formed by the vectogsandn. _T] &)
IV. THEORY

B. Zero magnetic field
We shall now demonstrate that the observed behavior can
be well understood using a generalization of the approache
that we have previously employed to quantitatively analyz
the Dzyaloshinskii transition in B&€uGeO,. While in our
previous studies the direction of the propagation vector re

mained constant, which enabled us to use an effectively On%’ropagation vectory’ perpendicular to<’ in (x,y) plane,

dimensional model, in the present experimemotates in the andz’' =z. The derivatives and unit vectors are changed ac-
(a,b) plane, and we have to extend our expression for th%ording to

free energy of the spin structure to work in two dimensions.

Let us first consider the system in the absence of a mag-
tic field. We want to find a solution forgeneraldirection

f the propagation vector in thex(y) plane. For the case
wheng forms the anglep with the x axis it is convenient to
change the coordinate system 19 fy’,z’) with x’ along the

d,=CO0ShJ, —Singda,r, 4
A. The continuous limit X Shx b y (4)

In general, any almost-antiferromagnetic spin structure

can be described in terms of the unit vecto¢r) of local
staggered magnetization. This is the continuous limit, when

dy=C0Spdy +SiNddys,

nearest-neighbor spins are almost antiparallel and, in conse- &= Cospe, — singey, ®)
guence, the magnetic propagation vector is close to that of a
Neel structure. For a “relativistic” spiral, such as the one in & = COSpe, +singe, .

Ba,CuGe0O,, the continuous approximation is expected to
work well when|D|, ugH<J, a condition well satisfied in With these expressions E¢3) after some algebra can be
our experiments. rewritten as



56 SQUARE-LATTICE SPIRAL MAGNET BaCuGeO; IN ... 14011

Ps - - N 2a . A A
sz dxdy = (3 m)?+(dyrm)?+ y(d,m 2—T(cosz¢>ey,+sm2¢ex,)-(9x,m><m

2a ) - . a? -
—T(cos2¢a(,+sm2¢>ey,)~ay,mxm+P(1+I§,) —(xL—xpP(HXxm)2/2— x H?/2|. (6)

ForH=0, since we have selected to be the direction of E,=—A;cos(47)—A,cos(8y) ... . It is also convenient to
the propagation vectog, m#0, while ay,rﬁ: d,m=0. It rewrite the Zeeman energy in terms ap and ¢:
is stralghtforwarAd to verify that the above expression is mInI-EZ.:. __(_XJ- —x)(HX m)2/2: —(x. —X||)H2C0§_(7I— W)I2.
mized when(i) m(r) is periodic with the period 2/a and  Minimizing E;+ E, with respect ton we obtain
(i) along its vector of propagatiom uniformly rotates in a . )
plane that is perpendicular to cog, +sin2ge, H2— _ 8A1SiN4n+ 16A;sin8n + - - - )
=cospe, +singe,, i.e., the “bisection rule”’ »=m/2— ¢ (xL—xpsinAn—y¢)
formulated in the previous section is satisfied. In zero exter- L
nal field all spiral structures that conform with this bisection O+ Substitutingy=m/2— ¢,
rule are degenerate, i.e., they have shenefree energy.

_ 8A;sind¢+ 16A;sin8¢p + - - -
C (—xsin2 ¢+ )

This expression gives us the direction of the propagation

It is now easy to understand what happens in the casgacior and the orientation of the spin rotation plane for arbi-
H>0. From all the possible spiral structures, energetlcallwraryH_

degenerate atl =0, the system will pick the one that takes

the most advantage of the Zeeman energyHXxm)?,
namely that which has its spin plane normal to the field
direction. Independent of the value Bff (always assuming ~ We can now verify that the analytical results obtained in
ugH<J), instead of two equivalent domains seerHat 0 the previous section are consistent with our experiments on
one gets a single domain with=7/2— ¢ and »=¢. The B&CuGeO;. To begin with, all the approximations that
particular case oH||(e +e,) is of special interest. In this Were made in the a_bove calculations are justified. Indeed_, the
case the propagation vector is also directed alogg-¢,) ~ 2nisotropy energy in BE£uGgO, corresponds to magnetic
and one has a “screw-type” spiral with all spins perpendicu-f'e|ds of sgveral tenths of a T, fields in which the propagation
lar to the propagation axis. Such a “screw-type” structure isVector actively rotates. The energy of Dzyalosh|n§k|| inter-
realized in MnSi and FeGe for arbitrary direction @f actions, as prew_ously mentioned, corresp_onds to fields _of the
While the above result accounts for the experimentallyorder of 2 T, while the exchange energy is roughly 10 times
observed behavior fdi=0.5 T, we still have to explain why S large. . _ .
the rotations of the spin plane and the propagation vector are Equation(8) can be directly used to fit the experimentally
continuous and in small fields some intermediate structure i§'€asureds(H). The solid lines in Fig. 3 are the result of a
realized. Obviously this is due to some anisotropy effectglobal fit of this expression to all our data collected_at dif-
that pick the propagation vector alopyy10] (or [1101) and ferenty. Trle only adjustable parameter was the anisotropy
the normal to the spin plane alofg10] (or [110]) for ~ coefficient A;=A;/(x.—x|), while we assumedi,=A;
H=0 in the first place. The most likely source of anisotropy =---=0. The refined value foA, is 1.95(0.13)< 10 3 T2
is spin-orbital interaction. For the present discussion howThe accuracy of the single-parameter fit is quite remarkable.
ever, the actual origin of magnetic anisotropy is of little im- It is interesting to note that our theory predicts qualita-
portance: we can take it into account by introducing a phetively different behaviors for the cases af=m/4 and
nomenological term into Eq(3). This is done under the > /4, which is particularly easy to understand in the case
assumption that the anisotropy energy, as well as the A,=A;=---=0. For ¢==/4, Eq. (8 turns into
Zeeman energi,, are much smaller than the energy scalesl-|2=8Alsin4¢/(XL—X”)sin27;= 16A;sin2¢/(x, — x). We see
of Dzyaloshinskii or exchange interactions. Neither magneti¢hat ¢(H) changes continuously for?< 16A1/(x.— X)),
field, nor anisotropy can distort any of the planar spiral struchas a kink at this value and remains consi@ojual tow/4)
tures in this limit. Their only effect is to pick the one that above this threshold. On the other hand, fior 7/4 the ¢
gives the greatest gain in Zeeman and anisotropy energieapproachesr/2— ¢ asymptotically in high fields¢(H) is a
E, can now be written as a function af or ¢, which is in ~ smooth function and there is no threshold field. Precisely this
essence the same thing, since for all the structures we akénd of behavior is observed in experimgikig. 3).
dealing with = m/2— ¢. Since atH=0 we know from ex- The limited data that we have for the orientation of the
periment thaty= 7/2,1° the anisotropy term must be a mini- spin plane are also totally consistent with theory. The only
mum at this point. It must also comply with the fourfold effect that our theoretical model fails to account for is the
symmetry of the crystal, i.e., it must be invariant underobserved slight variation dfj|. This phenomenon may be a
n—n+m/2. In the most general case it is written asresult of corrections to the continuous-limit approximation

H2

®

C. Nonzero in-plane field

D. Comparison with experiment



14 012 A. ZHELUDEV et al. 56

that we have ignored. Alternatively, it may be a purely quan-properties of the square-lattice Dzyaloshinskii-Moriya anti-

tum effect, related to the small valu&< 1/2) of spins in- ferromagnet BsCuGeO,. Much remains to be learned in

volved and the quasi-two-dimensional nature of the systemthe study of magnetic critical behavior, as well as the dy-
namical properties of the soliton lattice, realized in finite

V. CONCLUDING REMARKS fields applied along the axis.

Again we emphasize the key difference between FeGe
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