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We report an observation of a commensurate-incommensurate phase transition in the Dzyaloshinskii-Moriya
spiral antiferromagnet BE£uGe0O,. The transition is induced by an external magnetic field applied along the
¢ axis of the tetragonal structure, i.e., in the plane of spin rotation. Bulk magnetic measurements and neutron-
diffraction experiments show that the transition occurs in a critical figlet 2.1 T. Experimental results for the
period of the magnetic structure and magnetization as functions of magnetic field are in quantitative agreement
with our exact analytical solution for Dzyaloshinskii's model of commensurate-incommensurate transitions in
spiral magnets[S0163-18208)03206-9

l. INTRODUCTION discussed in detail in our previous warkand only the es-
sential features are reviewed here. The magnedie 1/2)
Among relatively unusual and exotic magnetic interac-Cu?* ions are arranged on a square lattice in thg]) plane

tions in solids is the Dzyaloshinskii-MoriydM) asymmet-  f the tetragonal structurgspace grougP42,m (No. 113,
ric exchange interactiolt.® Unlike the conventional Heisen- lattice constanta=8.466 A,c=5.445 A. The in-plane in-

berg exche_mge cqupling_, it is p_roportiopal to thector teractions between spins are established through Getta-
product of interacting spins, and is permitted by Symmetryhedra that, together with the &t ions, form distinct Cu-

only in noncentric crystal structures. It results from relativ- . : .

o ; . ; , Ge-O layers. These layers are well isolated by interstitial

istic spin-orbit correctionsto the ordinary superexchange . : . .
nonmagnetic planes of Ba ions. Only nearest-neighbor in-

mechanisthand therefore is usually weak compared to anti- ) . ; ; .
ferromagnetic symmetric exchange. This is why only feyPlane antiferromagnetic exchange interactions are important
(J=~0.48 meV. Interplane coupling is ferromagnetic and

materials in which DM interactions play an important role )
have been found so far. The best known examples are cubRibstantially weaker); ~0.013 meV. In the ordered phase
FeGe (Refs. 5,6 and MnSi’™® where DM terms in the the spins lie in the (1,D) plane and the propagation vector
Hamiltonian cause an instability of ferromagnetic order to-for the spiral is (& ¢,{,0) where{=0.027[Fig. 1(a)]. The
wards the formation of an incommensurate spiral structure.magnetic structure is a distortion of a &lepin arrangement:
This paper deals with the properties of BauGeO;, a  a translation along the (1,1,0) directi@mereafter referred to
newly investigated system in which DM coupling plays aas thex axig) induces a rotation of the spins by an angle
key role. Originally the magnetic properties of this quasi-zzwlgngo in the (1,10) plane(relative to an exact an-

two-dimensional(2D) antiferromagnet(AF) were investi- lel all | h directi .
gated as part of the ongoing search for singlet ground—staﬁ%’ara € alignment Along t e (1,10) direction .(y axis) .
the spins are perfectly antiparallel. Nearest-neighbor spins

compounds, triggered by the discovery of a spin-Peierls tranf- di | lianed el h oth
sition and other extraordinary magnetic properties ofi'om adjiacent Cu planes are aligned parallel to each other.

CuGeQ %! While some materials related to CuGg.g., h The rr:echanism_by which DM iqlteractiogs can stabilize
CaCuGeOy (Refs. 12,13 and BaCuSjO,,** have dimer- the spiral structure in BECuGeOy is illustrated in Fig. 1b).

ized ground states and energy gaps in their spin-excitation'® DM energy for tn/%mteracnr}(l;z?pu& ands, may be
spectra, BaCuGeO, undergoes a transition to a magneti- Witten as §,X ;) - D™, whereD>is the so-called Dzy-
cally ordered phase beloWy~3.2 K and the magnetic ex- aloshlr}sku vector attributed to the oriented bond petwe_en _the
citations are gapless spin wav@Even though the magnetic WO SPINs andx denotes a vector product. For spins lying in
properties of BaCuGe0, can be adequately described in the (1,1,0) plane the only relevant component of the vector
terms of classical spins, they are rather intriguing: the magD is Dy. The symmetry of the structure is such that for two
netic structure is an incommensurate spin spiral. By performsubsequent Cu paird,2) and (2,3 along the(1,1,0 direc-
ing detailed measurements of the spin-wave dispersion weon D{*?=D{¥ [Fig. 1(b)]. A finite value forD energeti-
have previously demonstrated that this spiral ordering magally favors a 90° angle between subsequent spins. Since AF
not be caused by competing exchange interactior@ince  exchange favors an angle of 180°, the total energy is mini-
Ba,CuGe0; has a noncentric crystal structure, we have sugmized at some intermediate angle that is defined by the ratio
gested that the incommensurate magnetic phase is a resultaff exchange and DM interactions strengths.
Dzyaloshinskii-Moriya interactions. How can the mechanism described above be verified ex-
The crystal structure of B&LuGe0-, as well as the spiral perimentally? If one could force the spins into the (0,0,1)
spin arrangement in the magnetically ordered phase, wenglane for exampleD, would become inactive, due to the
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skii’'s model. For the particular case of BauGe0O; theoret-
ical predictions are in quantitative agreement with experi-
mental data. A short preliminary report on this work is
published elsewher¥.

II. EXPERIMENTAL PROCEDURES

Transparent, slightly yellowish single-crystal samples
were prepared using the floating-zone method. Magnetiza-
tion measurements were performed with a conventional dc
superconducting quantum interference device magnetometer
in the temperature range 2—300 K. Two sets of neutron-
scattering experiments were carried out on the Hiirmal
beam and H9 (cold beam three-axis spectrometers at the
High Flux Beam Reactor at Brookhaven National Laboratory
on an irregularly shaped=4x4x4 mn? single-crystal
sample with a mosaic spread ef25'. In the first set of
measurements on H4Nexperiment )| the H-T phase dia-
gram was determined using neutrons of incident en&gy
=14.7 meV with a (20—40" —20'—40') collimation setup
and two PG filters. The second set of measurements was
done on H9experiment I} and the field dependence of the
magnetic propagation vector was studied using’ (690’
—60' —sample-15'—80") collimations, anE;=4.6 meV
neutron beam, and a Be filter in front of the sample. In both
experiments the use of a pumpéHe cryomagnet allowed
us to work in the temperature range 1.3-5 K and magnetic

Y » (1,0,0) fields up to 6.5 T. The sample was always mounted with the
(h,k,0) zone in the scatteringnorizonta) plane and the field
was applied along the vertical direction éxis of the crys-

FIG. 1. (a) Magnetic structure of BECuGeO, (Ref. 15. (b) tal).

DM interactions in the Cu planes of B&uGgO,. The (1~ 1,0) The sample we used in preliminary experiments shattered
component of the Dzyaloshinskii vect@ (solid arrow$ is the  when it was cooled down in the cryomagnet for the second
same for all oriented Cu-Cu bonttashed arrowalong the (1,1,0)  time. We therefore tried to mount the new crystal as strain
direction. Thez component is sign alternating. free as possible. The new sample was wrapped in aluminum
foil that was attached to a thin Al plate. This technique has
ne serious drawback. As will be explained below, a good
alignment of the crystallographic axis with the magnetic
o . ) Yield is crucial. Unfortunately, the described mounting pro-
shown in Fig. 1b), for D,, unlike forDy, symmetry d|c(t?';()as cedure does not allow us to maintain an alignment of better
a chanzg?(? of sigrfrom one Cu-Cu bond to the nexz" than ~1°. Before the sample is put into the cryostat, an
=-D{*. As aresult, DM interactions would tend to distort aimost perfect alignment is achieved. It is upon cooling to
the Neel spin arrangement towards a weak-ferromagnepase temperature that the undesirable misalignment occurs.
(canted structure, that isommensuratevith the crystal lat- | experiment | the (% 1,0) and (1,1,0) crystallographic
tice. In practice forcing spins into thea(b) plane can be gjrections formed angles of 1.5° and 1° with the horizontal
achieved by applying an external magnetic field alongathe plane, respectively, as measuriedsitu at low temperature.

axis of the crystal. Indeed, in a structure with zero net magtn experiment Il these angles were 1° and less than 0.3°,
netic moment spins tend to align perpendicular to the exterrespectively.

nal field, which in the simplest case leads to spin-flop tran-

sitions in conventional antiferromagnets. In other words, if

the proposed model for DM interactions in BauGeO; is ll. EXPERIMENTAL RESULTS
correct, we expect a field-induced commensurate-
incommensurate magnetic transitig@l) in this material.

In the present paper we report an experimental observa- The first evidence of a field-induced magnetic phase tran-
tion of such a phase transition in BauGeO; by means of  sition in Ba,CuGgO; was found in bulk magnetic measure-
bulk magnetization and neutron-diffraction measurementsments. The longitudinal magnetization data collectedr at
We find that the phase transition is of rather unusual charac=2 K is plotted against magnetic field applied along the
ter and is the first “clean” realization of Dzyaloshinskii's or ¢ crystallographic axes in the inset in Fig. 2. Féf{a no
model for ClI transitions in spiral magnets induced by a maganomalies are observed. In contrast, when the field is applied
netic field appliedin the plane of spin rotatioh® We also  alongc, M(H) has a broad steplike feature aroude-2 T.
present an exact continuous-limit solution to Dzyaloshin-The anomaly is best seen in the pjatH) that was obtained

nature of the vector product, and the incommensurate spir
would disappear. The component ofD, i.e., the (0,0,1)
projection, on the other hand, would become relevant. A

A. Magnetization
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FIG. 2. Inset: Magnetization of single crystal BauGeO; mea- -%«;
sured as a function of magnetic field applied along thand a %

crystallographic axes. Main panel: Field dependence of magnetic =
susceptibility y=dM/dH deduced from magnetization curves ™
shown in the inset. The solid line represents a fit to the data, as
described in the text.

by numerically differentiating the experimental magnetiza-
tion curve(Fig. 2, main panel

B. Neutron diffraction

The phase transition is best observed in neutron-

diffraction experiments. Figure 3experiment I} shows 0.0 0.5 1.0 1.5 2.0 2.5
some elastic scans along theH%,{,0) direction measured H (T)

in Ba,CuGe0O; at T=1.4 K. The different scans correspond

to different values of magnetic field applied along thaxis. FIG. 3. (a)—(c) Elastic scans measured along the+(,Z,0)

In zero field[Fig. 3(a)] the magnetic peak is positioned at direction atT=1.4 K for several values of magnetic field applied
£=0.027% The incommensurability parametérdecreases along thec axis of the crystal(d) Field dependence of the intensity
gradually with increasingi. AroundH=1.8 T an additional in the (1,0,0) Nel peak(solid symbol$ and the (- ¢,¢,0) satel-
peak appears at the Blepoint (1,0,0). At the same time the lite (open circles

@ntensity of the satellite. at (1£,£,0) sta_lrts .to dgcr_ease "aP~ could determine that it is the domain for which the plane of
idly and the rate at whiclg changes with field is increased e gpiral forms a larger angle with the applied field that is
[Fig. 3(b)]. On further increasing the field the central peakgiapjlized. This behavior can easily be explained. If the plane
gains intensity and the satellite eventually vanishes at somg \hich the spins are confined is not parallel to the external
critical field Hc~2.3 T[Fig. 3(c)]. At higher fields only the  field, the system can gain some Zeeman energy without sac-
Neel (commensurajepeak is seen, all the way up to the rificing much DM or exchange energy: all spins may tilt
highest field available experimentally. The intensities of theslightly in the direction of the field component normal to the
(1+¢,¢,0) satellite and the (1,0,0) peak are plotted againsgpin plane, producing a cone structure with practically no
temperature in Fig. @). Measured/(T) is shown in solid change in the angles between neighboring spins. The domain
circles in Fig. 4. for which the spin plane forms a larger angle with the ap-
plied field is thus energetically more favorable. Note that in
the commensuratéhigh-field structure there are also two

i . . possible domain types, with spins in the (10X or (1,1,0)
The field-dependent behaviorextremelysensitive to the lanes.

alignment of the crystallographic axis with the applied ~ The data shown in Fig. 3 were collected on a field-cooled
field. The limitations of the sample-mounting technique em-sample and the satellites correspond to the more misaligned
ployed, together with technical impossibility of adjusting the (1+ ¢,£,0) domain(domain A,~1° tilt). No satellites were
alignmentin situ at low temperature, are therefore a seriouspbserved in the (% Z,— £,0) domain(domain B,<0.3° tilt)
experimental complication. This problem is closely linked toin any fields in field-cooling experiments. When the mea-
the issue of magnetic domains. In the tetragonal symmetrgurements aff=1.4 K were done on a zero-field-cooled
two spiral structures with propagation vectors+4,¢,0) sample, we observed that scattering intensities originating
and (1+¢,—¢,0) are allowed. Zero-field cooling produces from both domains remain comparable in fields uptt.7
domains of equal volume. If the sample is cooled inthn  T. At higher fields the Nel peak appears and domain B is
=1 T field, that is removed only at low temperature, only rapidly destroyed. Applying a sufficiently large field thus
one domain is present. Since we are able to exactly measubgings us back to the situation where the entire crystal is a
(but not adjust the orientation of the sampli situ, we  single magnetic domain.

C. Domains and sample alignment
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0.030 In the high-field phase the structure is commensurate,
Ba,CuGe, O, with a propagation vector (1,0,0). This may be the signature
0.025 of Neel order or(see introductiopa canted “weak ferromag-
netic” structure. In the low-field region the structure is in-
0.020 commensurate with a propagation vector+,,0). Only
_ one domain is present since, as mentioned, field cooling was
3 00154 used. Note that except for the incommensurability of the
— ° low-field phase, the phase diagram strongly resembles that of
S 0010 . an easy-axis Heisenberg antiferromagnet in external field ap-
' e Domain A (T=14 K) plied along the easy axis. . .
0  Domain B (T=2.4 K) ~In the 1I-O-IV region the Nel peak coexists with the
0.005 1 Theory incommensurate satellite. It would seem that in the mis-
1 H=213T aligned domain the field-induced transition is of first order
0.000 . T . T . — r . and that the I1I-O-1V region corresponds to a mixed-phase
00 05 10 L3 20 23 state. Indeed, af=1.4 K we have observed some field hys-
H (T) teresis: on sweeping the external field down frehs=4 T

, , _the Neel component vanishes and the satellite appears at
FIG. 4. Mea_sured field dependence of the magnetic propagatlognghﬂy lower fields, than in the case when tHes gradually
vector £ in the incommensurate phase of £aGeO;. The data  j,~eaqed from zero. We believe that in a perfectly aligned

Shown by solid circles Co.rrespond to a domain m'sa"gnedbw. sample the transition must be of second order, in which case
with respect to the applied field, and were collected on a field-

cooled sample af=1.4 K. Open circles are data points measuredthe II-O-IV region is replaced by a single line.
at T=2.4 K in an almost perfectly aligned domain, obtained by

zero-field-cooling the sample fromi=5 K. The solid line is a fit E. Measurements of{(H)
with a theoretical curve described in the Theory section. Accurate measurements Of the fleld dependeng"ev@re
. performed in experiment Il where one domain was tilted by
D. Phase diagram ~1° (domain A and the other almost perfectly alignéb-

The experimentaH-T phase diagram for BEuGe0O; is main B). Measurements for domain A could easily be done
shown in Fig. 5. The I-O-Il line corresponds to the appear-8t base temperatufé.4 K) in a field-cooled samplé-ig. 4,
ance of the magnetic reflection at the commensurate (1,0, olid circleg. Additional data for domain A were collected at
position. The I1-O-IV line shows where the satellite peaks T =2-4 K. At this temperaturg(H) was found to follow the
disappear. Both the O-Il and the O-IV lines were measured@me curve as at=1.4 K to within experimental error.

in a field-cooled sample and the misalignment of the corre- For domain B, experiments in the interesting field region,
sponding domain was-1.5° (experiment ). where ¢ starts to decrease rapidly with increasidg could

not be performed at low temperature: the domain itself is

destroyed in fields higher thars 1.7 T (see above Never-

5 Ba.CuGe O I theless,{(H) for domain B could be measured in a zero-
2 277 field-cooled sample af=2.4 K, i.e., just at the temperature

of the critical point O in the phase diagram. At this tempera-

ture the B domain survives up to the critical field and the

4 . Neel component does not appear before the-¢1—¢,0)
Spin-flop (commensurate) peak vanishes. Apparently even at 2.4 K domain-wall pin-
Neel or weak FM ning is sufficiently strong and kinetics sufficiently slow to

make the energetically less favoraletter alignegidomain
metastable even in high fields. This does not happen at low
temperature: the commensurate structure emerges in a first-
order transition and presumably the thermodynamic force
that destroys the better aligned domain is larger. Some typi-
cal scans for domain B §t=2.4 K are shown in Fig. 6. The
dashed line shows experiment@l resolution. The (3¢,
—¢,0) satellite is resolution-limited & <1.95 T[Fig. 6(a)]
and starts to gradually broaden at higher fidlig. 6(b,0)].
Incommensurate The experimental(H) is plotted in open circles in Fig. 4.
We clearly see the sensitivity of the system to even a minor
tilt of the applied field relative to the axis. While at low
i fields {(H) for domains A and B coincide, there is a sub-

' stantial discrepancy near the transition point.

(spiral or soliton lattice)

0 . , . ;

0 1 2 3 4
T (K) F. Critical indexes
FIG. 5. Measured magnetic phase diagram o§®aGeO,. The In our previous work we have reported measurements of

field is applied along the axis of the crystal. the order-parameter critical expone@t=0.145(0.005) for
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FIG. 7. Measured Bragg intensity of the (1,0,@pen circles,
H=3.66 T, Ty=3.5 K) and (1+¢,{,0) (solid circles,H=0, Ty
1504 H=2.06T (b) =3.2 K) magnetic Bragg reflections. The solid lines are power-law
E fits to the data. The dashed line is an aid to the discussion in the
E text.
g 1007 E Although the experimentally determined critical indexes are
5 ? :;&— rather close to each other, in our data we clearly see that
s E': ] B=0.145 is incompatible with 4 T measuremenFig. 7,
- i dashed ling
50 )
C A
s | L2 IV. THEORY
E ,‘ ‘\ X
0 oo T0TLToo T/ N D:n:c:nnn: In the introduction section we have qualitatively shown
0.00 ' 0.01 | 0.02 0.03 how DM interactions stabilize the magnetic spiral in
Ba,CuGeO; and why applying a field along theaxis of the
80 crystal should result in a commensurate structure. We shall
H=2.15T (c) now develop a quantitative description of a DM spin spiral in
] } an external magnetic field. The general expression for the
604 E free energy of such a system was obtained by
) Dzyaloshinskiit® who also predicted the CI transition and
E E}C obtained analytical expressions for the critical propefftis
S 404 ; E (H.—H)/H<1]. In the present work we extend Dzyaloshin-
s } oy skii's approach and derive analytical expressions for the pe-
= [ E riod and the uniform magnetization of the spiral valid
! 3 throughout the phase diagram. We start by considering a
201 (23 % simple, yet illustrative, case of a classical spin chairT at
] Tz % =0.
%EE% /', \\\ %E%ﬁnﬁiﬁg
00,00 0.01 0.02 ' 0.03 A. Classical spin chain with DM interactions
{(r.lu) Let us consider the 1D case: a uniform chain of classical

. o spins with isotropic (Heisenbery antiferromagnetic ex-
FIG. 6. Elastic scans measured along the-¢1—¢,0) direction  change. In addition, we include a Dzyaloshinskii energy term
in Ba,CuGgO; at T=2.4 K for several values of magnetic field \yith the D vector pointing along the arbitrary chosgraxis.
applied along the axis of the crystal. For this domain the (1,0,0) The system is then characterized by the following Hamil-
component does not appear before the critical field is reached. tonian (energy functional

the zero-field transition from paramagnetieM) to spiral
states. Having discovered the commensurate phase, we have H=23D SS:1+D> (S1XShsq)y. (1)
in addition determine@ for the PM— commensurate tran- n n Y

sition atH=3.66 T. The intensity of the (1,0,0) magnetic
reflection is plotted againsfTg—T)/Ty in a log-log plot in  Itis straightforward to show that to take full advantage of the

Fig. 7 (open circles Fitting the data with a power-law de- Dzyaloshinskii term, the spins have to be confined to the
pendence we obtai,_,+=0.185(0.005). The previously (X,z) plane. The total interaction energy of a pair of spins is
measured temperature dependence of the (1.0273,0.0273,given by £=2JScosp+DFsing=S\/4J°+ D?cos(p—a),
Bragg intensity aH =0 is shown in solid symbols in Fig. 7. where ¢ is the angle between the spins, and
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=arctaD/2J< 1, providedJ>D. The classical ground state From Eq.(5) we obtain the extremal condition that should be
is therefore an AF spiral, where the angle between subsesatisfied in an energy minimum:
qguent spins is equal ta+ «.

Physically interesting behavior occurs when an external d?e H2
magnetic field is applied perpendicular to the Dzyaloshinskii anz @5'”2& (6)

vectorD, e.g., along the axis. In this case one has to take
into account the Zeeman energyHgug,S,, whereg is ~
the gyromagnetic ratio andg is the Bohr magneton. Denot- 9= — i_,sin@. )
ing by ¢,, the angle thath spinS, forms with thez axis, we
can rewrite the energy functional as
The first of these equations is the famous sine-Gordon

equation, which allows for exact soliton solutions. The trivial

H:; [Jcos pn+1— dn—a)—Hcospy], (2 “no-soliton” solution to Egs. (6,7 is ©(n)=m/2, and
_ _ 9(n)=—H/4J. This is precisely the spin-flop phase, real-
whereJ =$?\/43%+D? andH=HgugS. ized in a strong enough magnetic field. Less trivial is the

In Eq. (2) we clearly see the competing terms that driveone-soliton solution;
the ClI transition. The term favors an incommensuraepi-

ral) structure, where the phases of subsequent spins differ 0(n)=_2arctafexpnH/2J)]— /2,
by 7+ «. The effect of the magnetic field is more subtle. For
H>7J the spins tend to align parallel to the field. Fdr 9(n)= — F/43tanh(nF/2T), (8)

<J however, the system still can gain some Zeeman energy , . . _

without sacrificing much of its exchange energy. This is %TEZ) has/z boundary  conditionsd(—)=—m/2 and
achieved in a spin-flop state, where all spins are roughl;‘9 For 76 the enerav of the one-soliton state will be al-
perpendicular to the magnetic field and are slightly tilted in hTY her than th tgyf th liton vacuispin-f tate

its direction. The external field thus favors a commensuratd/@ys nigher than that ot the soliton vacuuspin-tlop sta

spin-flop structure, but it can only be realized by sacrificing" € general case, substituting E8) into the energy func-
some Dzyaloshinskii energy. Indeed, the energy differencdonal (4), we find the energy difference between the one-
between the spin-flop configuration and the spiral state i§oliton and soliton-free staté; — Eo=H-TJma. We see that

J(1—cosw)—H¥8J. The spin-flop state becomes energeti-for H<H., where

cally favorable in fielddi>H_.~2a7J. This is the simplified ~ ~ y o~
physical picture already discussed in the introduction sec- He=maJ=27°(J,
tion. The above crude argument does not take into account

the distortion of the spiral by the applied field. The exact Ho=472¢ JS 9)
result for our modelH .= mJ « is derived below. gus’
_ _ o the energy of a single soliton is negative and solitons spon-
B. Exact ground state in the continuous limit taneously “condense.” This process will eventually saturate,
It is convenient to change angle variables so that due to the mutual repulsion of solitons, and the ground state
will be a periodic “soliton lattice.”
dp=mNn+0,. 3 At the non-negligible soliton density the interaction starts
_ o _ to change the shape of individual solitons and has to be taken
The energy functional in this notation becomes into account explicitly. Fortunately the general solution of

the sine-Gordon equation is known:
H=2, [~Tcos 41— by~ a)—(—1)"Heosd,]. (4)
n

em  pdx  nH 10
The advantage of the new set of variables is that assuming o 1-pZ%si’x 27
a=27m{<1 andH<7, the phase differencé,  ;— 6,— _
> . A . H
<£, SO we can safelyzreplace the first term in . with Om=am n—— 3|, (11)
—J+J(6h11— 0,— a)/2. 2B

The ground state satisfies the extremal conditions

dHI96,=0, which gives us the following set of equations: A g r( g )
¥(n)=——=sin®(n)=———=sn n Bl, (12
A 4] 4]
— Nej

Oni1t bn-a 20”_3( 1)"sinGy ® where amg, 8) and snk,8) are Jacobi elliptic functions of
modulus 8. Substituting this solution into the energy func-

These equations can be solved in the continuous limit. Wé&onal (4) we obtain the interaction energy per spin:
shall look for a solution in the form#,=0O(n)+ 5
(—1)"3(n), where both®(n) and J(n) are functions that o= (gueH) _ 1 n 2E(B) _ 2H
only slowly change on the scale of a single lattice spacing. 160 EZ B’K(B) BHK(B)|’

(13
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FIG. 8. Theoretical field dependence of the magnetic propaga- FIG. 9. Theoretically predicted Bragg intensity of the third Fou-
tion vector{, obtained from an exact solution of a classical one-rier harmonic of the soliton lattice plotted as a function of
dimensional antiferromagnet with Dzyaloshinskii-Moriya interac- /(H)/£(0).
tions in the continuous limit. Inset: schematic representation of the

commensurate statiH). third harmonic, for example, one gets

whereK andE are the complete elliptic integrals of the first ls(H)  g%(1—q2+q%

and second kind, respectively. L) I+ r 2 17
Equation(13), as well as the expression fét; [Eq. (9)] 1 ara

were derived in Ref. 16. In the present work we go one step 20 3/0a 312, 3 302

further and determine which of the solutions given by Egs. la(H) _ 27a*(1-9%) "+ q"/(1+0°)°] (18)

(11,12 indeed correspond to the ground state at any particu- 1,(0) B°K(B)* '
lar H<H_.. Unlike that in Ref. 16, our treatment is not lim-
ited to the narrow critical regionH.—H)/H.<1. Taking

the partial derivative of the energy function@d3) with re- 2
spect toB, and substituting identities for derivatives of ellip- q=exp< — WK(%B)B))

tic integrals®® after some algebra we get
This ratio of intensities is plotted againgtH)/¢(0) in Fig.

where

i: i (14 9. Except very close téi;, all harmonics are much weaker
He E(B) than the first one.
) As we derived a parametric expression f§H), so we
= (gugH) i (15  can also obtain an exact parametric form for the uniform
161 B°° magnetizationM = — 3&/dH. From Egs. (14,19, and the

. . . . identities for derivatives of elliptic integrafSone gets
Equation(14) is to be solved with respect {® for any given P g g

H/H;. ¢(H) can then be expressed in termsgf (gus)®H 1 E(B)
M=o — 1 —=) 19
L(H) H 2 2 8J Bz< K(B)) ( )
{(0)  Hc4BK(B) 4E(BK(B) (16) The magnetization curve is continuous at the critical field.

On the other hand, its derivative with respectHdthe field-
dependent susceptibilitydiverges wherH, is approached
from below.

Equations(14) and(16) provide us with{(H) in a paramet-
ric form. The ratiof(H)/(0) is plotted againdtl/H in Fig.
8. The inset schematically shows the spin structureHor
=0, O<KH<H., andH>H,.

At low density soliton repulsion is exponentially small
and the system close to the transition point is extremely sen-
sitive to any perturbations of the original Hamiltonian, which  The results obtained in the previous chapter can be easily
will tend to pin down the soliton lattice in one of the meta- generalized to the cases of higher system dimensionality and
stable configurations. All—H.— 0, the soliton density de- finite temperatures. We follow the approach developed by
creases as [lW(H.—H)|, i.e., very rapidlyt® The transition is Dzyaloshinskii in Ref. 16 and introduce the expression for
thus almost first ordefthe critical exponent=0 in {(H) the free energy of a general almost antiferromagnetic spiral

C. Generalization to finite temperatures
and higher dimensions

~(H.—H)?]. in an external magnetic field. We generalize the results de-
The soliton lattice atH+#0, unlike the pure sinusoidal rived for the 1D chain in the previous section to obtain ana-
spiral atH=0, has higher Fourier harmonics &,,,= lytical expressions for the period and the magnetization of

+(2n+1)¢(H). The knowledge of the exact ground state the structure valid not only in the critical region, but through-
enables us to calculate these harmonics analytically. For theut the phase diagram.
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Since the period of the spiral is long, nearest-neighbor / Ps
magnetic moments are almost opposite to each other. This He=m2£(0) Y OAZ (23
enables us to approximately describe the structure in terms of (e =xp)
position-dependent staggered magnetizatign). To take For a fourth-nearest-neighbor AF like BauGeO; at T
full advantage of the DM interactior, (r) must be perpen- =0 we can usey, =(gug)’/16JA?, =0, andps=JapS".
dicular to the DM vector, and therefore be confined to theSubstituting these expressions into E2@) we obtain

x-z plane. We further assume that the magnit{ldg)| does

not depend orr. This simplification is justified since the H =4\/§§w2£ (24)
Zeeman energy, which &l is of order of DM interaction ¢ gug’

energy, is much smaller than the energy of isotropic ex- i
change. The local magnetic structure is thus fully defined by factor ofy2, compared to the 1D cafEq. (9)]. This factor

the angled(r), thatL(r) forms with thez axis. The total Is due to the fact that in two dimensions each spin is antifer-

“elastic” free energy per single Cu plane, associated Withromagnetlcally coupled to four, ra.ther. than two nearest
spin-spin interactions, can then be written as neighbors, and the overall structure is stiffer. Unlike antifer-

romagnetic in-plane interactionfgrromagneticcoupling be-
1 ao(r)  a\? [a6(r)\? tween adjacent Cu planes in BauGeO, does not change
FelastZEPs(T)f dXdY{( ) +( 7y ) X, or the expression for the critical field.
(ae(r))z
+vy .

oX A

stood within the mean-fieldMF) approximation. In this
(200 framework x, is T independenty; decreases witfT—T

and y, =y at T=Ty. The effective strength of exchange
Equation(20) is given in the form suitable for describing a coupling, represented byS* in Eq. (23) goes as the square
single Cu plane in BECuGeO;. py(T) is the so-called spin of the order parameter, i.e., aby—T (the MF order-
stiffness at given temperature=A,, is the in-plane parameter critical exponert=0.5). Substituting these val-
nearest-neighbor Cu-Cu distance, ands the spin stiffness ues in Eq(23), we find that within the MF approximatia
anisotropy factor, defined ag(A /A ap)2=|J¢//|Janl=1/37 s independent of temperature. This result is the same as for
in Ba,CuGegO;,. Coordinates, y, andz run along(1,1,0, the spin-flop field in a conventional easy-axis Heisenberg

(1,1,0), and (0,0,1) directions, respectively. The spin stiff- antiferromagnet.

The temperature dependencetdf can be easily under-
Jz

ness at zero temperature is given py0)=2JS2° As T Finally, we can generalize the expressi@®) for the
approachedT the spin stiffness decreases [agr)|? and ~ magnetization. With new parameters in the sine-Gordon
vanishes precisely &ty . equation we get

In taking into account the external magnetic field, it is
convenient to introduce the quantitigg(T) and x, (T), the 1— iﬁ))
magnetic susceptibilities of the system with respect to a field K(B))'
that rotates along with the spiral structure and is always P&, H<H. For H>H. one hasM = x,H. The field-
allel or perpendicular to the local staggered magnetizationd c c Lo
respectively. As in a usual antiferromagnet, these suscepti-

H
M:XHH—F(XL_XH)E (25

ependent susceptibility(H) =dM/dH is given by

bilities do not diverge aTy . In the paramagnetic phasat (XL_XH)/ E(B)3 2E(B)

T>Ty), x(T)=x.(T). At zero temperature the classical ~ x(H)=x+ > \1 (1-BOK(B)?  K(B) )

result isx, (0)= (gg)2/(8dJA?), and x;(0)=0. BIK(B B

The full expression for the free-energy density in the pres- (26)
ence of magnetic fielth applied along the direction is At H=0 this expression giveg(0)=(x, + x|)/2: the struc-
26ir? ) ture is a uniform spiral, which effectively averages out the
FF X HTsimo(r) + xH cos'6(r) susceptibility for all directions in the spin plane. The suscep-
elastic 2 tibility diverges atH, as 1/H.—H)In?(H.—H).1® Above H,

it has a constant value equal %9 .

_ps<ﬁ6(r) a)2 (<9¢9(r))2 (aau))z
T2 A T\ TN 5z

X A V. DISCUSSION

_(XJ__XH)HZ
2 We have shown that the spiral spin arrangement in

At T=0 andd=1 Eq.(21) coincides with the expression for B&CUG&0O; is due to the in-plane componeb, of the
the energy of a spin chain derived in the previous section. DZyaloshinskii vectoD for nearest-neighbor Cd ions. It

The equilibrium configuration of(r) minimizes the free 1S rather difficult to experlmentally determlne whethe_r or not
energy and therefore satisfies a generalized form of(@q. the out-of-plane component, is also active. In the spin-flop

phase the predicted canted weak-ferromagnetic structure dif-

%0 (XJ._XH)Hz _ 1 fers from a Nel state only in that it gives rise to additional
2 sinfcosy= — --»8iN26,  (22)  magnetic peaks coincident with nuclear Bragg reflections.
The latter are much stronger than any magnetic scattering
where I'=[ps/H?(x, — x|)1¥2 The critical field is now intensities, and make measurements of the ferromagnetic
given by component all but impossible. In the spiral phase however, if

SirP(r) — XII:Z_ 21) A. DM interactions in Ba ,CuGe,0,

Ps
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D,#0, satellites of typel{+ {,k+ £,I) should be observable gram. In most other Cl systems one knows only that the
aroundferromagneticzone centers, in addition to the princi- potential energy is a periodic function with a given period,
pal magnetic peaks positioned around the AF zone centerdetermined by the underlying lattice, while its exact func-
In preliminary experiments a&t=1.5 K we have indeed ob- tional form remains undetermined. Quantitative comparison
served extremely weak elastic features at reciprocal-spaaef experiment and theory in this case is restricted to the
positions (2+¢,£,0) and (1+ £,1+£,0). So far we have not narrow critical region close to the transition point.
investigated the possibility of these features being artifacts It is important to note here that while field-induced CI
due to nuclear-magnetic double scattedfigVe plan to re- transitions have been previously observed in a number of
solve this uncertainty in future experiments. magnetic insulators with incommensurate structfré®éfor
various reasons none of them is well described by Dzy-
aloshinskii's model. In FeG&Ref. 6 the problem is that in
the high-symmetry cubic structure applying even a very
Studies of CI phase transitions have a long history, datingmall magnetic field rearranges the spins so that the spin-
back to pioneering works of Frenkel and KontorBvand  rotation plane is perpendicular to the field direction, in vio-
Frank and van der Mernw®.Since then ClI transitions were lation of Dzyaloshinskii’'s requirement. Instead of a second-
discovered and studied experimentally in a number of suclrder Dzyaloshinskii transition one gets a first-order spin-flip
seemingly unrelated systems as noble-gas monolayers attansition from the incommensurate phase directly into the
sorbed on graphite surfaé®, charge-density-wave paramagnetic state. Although this does not happen in com-
materials?® ferroelectrics> and rare-earth magnet®.(For  pounds like RbMnBg (Refs. 28,29 and CsFeCJ,* the
comprehensive reviews see, for example, Ref) 88.a rule, phase behavior there is seriously complicated by the quan-
Cl transitions result from a competition between two distincttum effects and frustration in the triangular spin latfite.
terms in the Hamiltonian that have different “built-in” spa- In the following paragraphs we shall demonstrate that the
tial periodicities and are often referred to as potential andexperimental data on the CI transition in FuGeO,
elastic energy, respectively. The potential energy by definiagrees with our solution to Dzyaloshinskii's model at the
tion favors a structure commensurate with the crystal latticequantitative level. BaCuGeQ- thus appears to be the first
Such is the interaction between gas atoms and the graphitgstem that exhibits a Dzyaloshinskii-type transition in its
matrix in intercalated and adsorbed systems. The elastic tergriginal form.
is intrinsic to the system where the transition occurs, and has
a different “natural” built-in period. For adatoms on graph-
ite this term represents their mutual interaction. In our case

of a Heisenberg AF with DM interactions it is thécosg, The appeal of the theory presented above is that it allows
term in Eq.(2) that plays the role of an effective potential, for an exact solution. Its major limitation of course is that it
forcing the spins in the plane, thus favoring a commensuratés based on a classical, rather than quantum-spin model. Nev-
structure. The competing elastic termJsos(@,..;— ¢,—a), ertheless, our _theoretlcal pred|ct|on§ seem to be in excell_ent
and the “natural” periodicity is set by the angte. agreement with what is e>_<pe_r|mentally obsefved_ in

In many known realizations of Cl transitions, such as ad-B&CuG&0O;, even at the quantitative level. To begin with,
sorbed gas monolayers, it is the period set by the elastic tenff® Model gives the correct value for the critical fidd .
that can be varied in an experiment to drive the transition "€ in-plane exchange parameter0.48 meV was previ-
whereas both the strength and the period of the potentigUsly determined by measuring the spin-wave dispersion
remain constant. In other systems, among them rare-eargpectrum® The exchange energy per bond is thén
magnets, both the elastic terfexchange coupling between =2JS*~0.24 meV. Theg values were measured in ESR
sping and the potential(magnetic anisotropy can be experiments:g,=2.044 and g.=2.474%2 By substituting
changed, but only indirectly, by varying the temperature. In{(0)=0.027 into Eq(24) we immediately obtaitd,=3.3 T,
both cases one typically observes a “devil’s staircase” phas¢hat should be compared to the experimental vddye-2.1
diagram(for a review see, for example, Ref.)2the incom-  T. Considering that for the theoretical estimate we used pre-
mensurate structure tends to lock onto rational fractions oflictions forT=0 and ignored quantum effects, a 30% con-
the period of the potential. Instead of continuous CI transi-sistency is quite acceptable.
tions one gets a series of commensurate-commensurate tran-
sitions between different lock-in states.

The interest of Dzyaloshinskii’'s model for CI transitions
is that it is driven by a changing strength of the potential The most intriguing prediction of our theory for CI tran-
alone, with both built-in periods remaining constant. The ex-sition in Ba,CuGeO0; is that the spin structure close to the
perimentalist has a convenient handle on the potential termhase transition is no longer an ideal spiral, but rather should
that he can vary by simply adjusting the external field. Sincebe viewed as a lattice of solitons, i.e., domain walls separat-
the “built-in” periods do not change, the transition is con- ing regions of Nel-like spin arrangement. The soliton lattice
tinuous with no “devil’s staircase” behavior. is a distinguishing characteristic of all Cl systems. Several

The other advantage of the present realization of Cl traneomprehensive reviews on the subject exist, among them pa-
sitions lies in the fact that the potential energy has a purg@ers by Bak’ and Pokrovskyet al3® The basic physical
sinusoidal form as a function of the angl¢x). The model mechanism is quite simple. When the potential term is suf-
can be exactly solved and a quantitative comparison oficiently large, but still smaller than the critical value, it is
theory and experiment are possible for the entire phase didavorable for the system to have large “commensurate” re-

B. The commensurate-incommensurate transition

C. Estimates for the critical field

D. The soliton lattice
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gions. The elastic energy from the “incommensurate” term E. System dimensionality

in the Hamiltoniqn is partially released by forming doma_in We finally comment on our measurements of critical ex-
walls or phase slips that separate “commensurate” domaingonents. In our previous work we have shown that there are
From the experimental point of view the soliton lattice seyeral hints, including the temperature dependence of mag-
concept has three important consequences. The first is thaktic susceptibility, to that BACuGe0, should primarily be
the incommensurability parametéris field dependent, and considered a two-dimensional antiferromagnet. This is fur-
{—0 continuouslyasH—H, (Fig. 8). Moreover, the transi- ther confirmed by the measured order-parameter critical ex-
tion itself is very unusual: continuous, yet logarithmically ponent3=0.184 for the PM~ commensurate transition, i.e.,
steep atH.. The experimental(H) data collected for the substantially smaller than in standard 3D models, whgre
well-aligned domain(Fig. 4, open circlescan be nicely fit >0.3 for HeisenbergXY and even Ising systems. One could
by the theoretical curve shown in Fig. 8, treatitigD) and  naively expect that at high external fields the critical index
H. as adjustable parameters. A very good agreement is olvould besmallerthan atH=0, since the symmetry of the
tained withZ(0)=0.027(1) andH.=2.13(2) T atT=2.4 K  corresponding Hamiltonian is smaller. Exactly the opposite
(solid line in Fig. 4. All the way up toZ(H)/£(0)~2/3 the IS observed experimentally. The only suggestion that we can
theoretical curve follows the experimental points closely. Inmake at this point is that BE£uGeO, falls into a com-
the very proximity ofH. however, a deviation is apparent. pletely different universality class than conventional mag-

This is to be expected: the soliton lattice becomes infinitely €S- Considering the nature of the spiral phase and DM in-

soft at the transition point and pinning to structural defectderactions, we may be dealing with one of the chiral

leads to a saturation @f(H) at H— H, and effective broad- universality classe¥. To obtain further insight into the criti-

. . e cal properties of BaCuGeO; further field-dependent mea-
ening of magnetic Bragg reflectior(&ig. 6). The almost- e :
i o ) o surements of the g8 and other critical indexes are required.
first-order transition is very fragile. A small misalignment of

. . L . No matter what the observed critical exponents are, the
the field produces what we see in the misaligned domain as P

) " : . . Igng-range magnetic ordering is still a purely three-
first-order transition with a mixed-phase region and a SUb'dimensionaI phenomenon. For a Cl occurring at finite tem-
stantially different form of¢(H) in the vicinity of H...

YR perature dimensionality is known to play a key role. In a

. In.herently relateq to the unusu.al Ioganthm!g phase transipyrely 1D system at nonzero temperature the ground state
tion is an anomaly in the magnetic susceptibility-at. We |l be destroyed, since the energy required to create a soli-
have used the theoretical expressi@3) to fit the experi-  ton is finite while the entropy gain proportional toLlris
mental y(H) shown in Fig. 2. Since we cannot explicitly infinite in the thermodynamic limit. Solitons will be sponta-
take into account the quantum and thermal spin fluctuationsyeously created at any temperature and no sharp transition
we have treateq|, x, , andH. as independent fitting pa- will occur. In two dimensions, the effect of thermak quan-
rameters. In addition, we allowed for a linear terhl in tum) fluctuations is more subtle. For a general case Pok-
x(H) that is present in both thel||a and H||c data. This rovskii, Talapov, and Bak have demonstrated that the effec-
term empirically accounts for intrinsic nonlinearities in mag-tive soliton-soliton interaction is altered by fluctuatiois.
netization curves in the quantufmuas) two-dimensional AF ~ The short-range exponential repulsion expf) is replaced
Heisenberg mode{Ref. 34, especially Fig.)s that in our by a long-range term ¢2. This modifies the behavior close
case effectively modify the local susceptibilitigs and x| at to the transition point, making the phase transition the usual

high fields. The fit is shown in a solid line in Fig. 2. The Second-order-type witfi(H)~ (H.—H)*2 Only in three di-
values of the fitting parameters angj=0.89x 10 5 emu/g, Mensions should the results that we have derived for the

¥, =3.4310°5 emulg, v=1.72<10 % emulg, andH, ground state remain valid at finite temperatures. The transi-

=1.88 T. This value foH. obtained from magnetization at :[jon in this case is of almost first order, with logarithmic
T=2 K is slightly lower thanH,=2.13(2) T obtained from corrections” near the transition point making it continuous.
neutron diffraction af =2.4 K.

Finally, an important feature of the magnetic structure at F. Ideas for future experiments

finite fields is that it no longer is an ideal sinusoidal spiral.  Ba,CuGeO; is a very interesting system, yet it is rela-
As discussed above, this distortion is characterized byively easy to investigate experimentally. The Heisenberg ex-
higher-order Bragg harmonics, which should be observablehange constants are small, so the magnon-dispersion rela-
in neutron-diffraction experiments. Although we have spentions could be measured in the entire Brillouin zone. DM
some time looking for the third-order magnetic satellite dur-interactions are relatively strong and the incommensurability
ing experiment Il, atT=2.4 K and for several values of parametei/(0) is sufficiently large to be easily measurable.
applied field, we were so far unable to find it. The reason iH,~2 T is also readily accessible in most types of experi-
probably the lack of intensity. As can be seen from Fig. 9,ment, even those that require the use of diffraction-adapted
the relative intensity of the third harmonic is very small ex- horizontal-field magnets. The work on BauGeO; is far

cept in the immediate proximity dfi,, where the first sat- from being completed. The first priority is to find the higher-
ellite itself is broadened and weakened. We would like toorder harmonics of the incommensurate magnetic peaks and
emphasize here that the form 6fH) and the existence of study the temperature dependence of their intensities. One
higher-order harmonics aiie essence one and the same ef-should also look for satellites around ferromagnetic zone
fect Since theory agrees so well with experiment as far asenters to see if there is a weak-ferromagnet distortion of the
{(H) is concerned, we are confident in that satellites arespiral structure. The effect of a magnetic field applied in the
present and will be observed in future experimental efforts.(a,b) plane is worth investigating. The critical behavior is
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not fully understood and accurate field-dependent measurgy Dzyaloshinskii, and we have now found that,BaGeO,
ments of all critical indexes are highly desirable. Finally, it exhibits it in its original form. In addition, we have extended
would be interesting to look at dynamical properties of thepzyaloshinskii's theoretical treatment to derive exact para-
soliton lattice. Near the critical field the soliton-soliton inter- metric equations for the field dependence of magnetization
action is extremely weak, which gives rise to spin wavesand incommensurability vector.
with very low velocity.
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