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New neutron diffraction and inelastic neutron scattering experiments eGUWg2e 0, suggest that
the previously suggested model for the magnetism of this material (an ideal sinusoidal spin spiral,
stabilized by isotropic exchange and Dzyaloshinskii-Moriya interactions) needs to be refined. Both new
and previously published experimental results can be quantitatively explained by taking into account
the Kaplan-Shekhtman-Entin-Wohlman-Aharony term, a special anisotropy term that was predicted to
always accompany Dzyaloshinskii-Moriya interactions in insulators. [S0031-9007(98)07926-5]

PACS numbers: 75.30.Et, 75.10.Hk, 75.30.Ds, 75.30.Gw

Among the more exotic magnetic interactions in solidsapproximation be written a§17 (S1D)(S,D), whereJ is
is the so-called asymmetric exchange, first predictedhe Heisenberg (isotropic) component of superexchange
theoretically by Dzyaloshinskii [1]. Unlike conventional coupling. Often referred to as “hidden symmetry,” the
Heisenberg exchange coupling that is proportional to th&SEA term restoresthe O(3) invariance of the Hamil-
scalar product §; - S, of interacting spins, asymmetric tonian, at least locally. Originally, the KSEA term was
exchange is proportional to the correspondimgctor invoked to explain the spin anisotropy in the orthorhom-
product. In the spin Hamiltonian it is usually written bic phase of LaCuQ, [8—10]. It was later realized that
as D(S; X S»), where D is the Dzyaloshinskii vector this term alone cannot account for all of the observed
associated with the bond between the two interactingffects, particularly for the magnetic anisotropy seen in
magnetic ions. A microscopic model for asymmentricthe tetragonal phase [11-13]. To our knowledge, to date
exchange interactions was first proposed by Moriya [2]there has been no “clean” experimental evidence unam-
and is essentially an extension of the Anderson superexiguously pointing to the presence of KSEA interactions.
change mechanism [3] that allows for spin-flip hoppingln the present paper we present such experimental data for
of electrons. While forbidden by symmetry in cen- the helimagnetic insulator BEuGeO;. We demonstrate
trosymmetric crystal structures, Dzyaloshinskii-Moriyathat only by taking into account the KSEA term can one
(DM) interactions were found to be active in a number ofobtain qualitatively and quantitatively correct predictions
noncentric compounds, where they lead to either a weafor the magnetic structure and spin wave spectrum.
ferromagnetic or helimagnetic distortion of the collinear As was shown in a series of recent publications
magnetic state [4—6]. The inclusion of the DM term [14—17], BaCuGeO; is a particularly useful model sys-
breaks theO(3) invariance of the originally isotropic tem for studying DM interactions. The magnetism of this
Heisenberg spin Hamiltonian, reducing the symmetry taccompound is due to Cii ions that form a square lattice
0(2): To take full advantage of the cross product termin the (a, b) tetragonal plane of the crystal. The prin-
the interacting spins must be perpendicular to the vectotipal axes of this square lattice, hereafter referred to as
D. Dzyalashinskii-Moriya interactions thus play the role the x andy axes, run along thg110] and[110] crystal-
of an effective two-ion easy-plane anisotropy, with thelographic directions, respectively. To complete the co-
easy plane normal to the vectbr. ordinate system we choose theaxis along the[001]

Only relatively recently have Kaplan [7] and, inde- direction. In the magnetically ordered phase (below
pendently, Schekhtman, Entin-Wohiman, and Aharonyl’y = 3.2 K) all spins lie in the(110) plane (see inset of
[8,9] realized that there imoreto Moriya’'s mechanism Fig. 1). The magnetic propagation vectofis+ ¢, ,0),
than just the vector-product term. For very funda-where/ = 0.0273, and(1,0,0) is the antiferromagnetic
mental reasons the DM cross product must always beone center. The magnetic structure is a distortion of
accompanied by a two-ion easy-axis anisotropy ternma Néel spin arrangement: A translation alo@g %,0)
that exactly compensates the easy-plane effect of thimduces a spin rotation by an anglg = 27 = 9.8°
vector product. The additional Kaplan—Shekhtman—relative to an exact antiparallel alignment) in tHel, 0)
Entin-Wohlman—Aharony (KSEA) term can to a good plane. Along thg110] direction, nearest-neighbor spins
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12 regularly spaced antiferromagnetic domain walls. In the
Ba,CuGe,0, soliton phase, in addition to the principal magnetic Bragg

DMonly T=24K peaks at(l1 = £, +£,0), characteristic of an ideal spi-

ral, one expects to see all odd magnetic Bragg har-

pinning effects monics at(1 * 37,+3Z,0), (1 £ 57,+57,0), etc. By

3 comparing the experimental field dependencieg @nd

100 - - —O-

0.8

the higher-order Bragg peaks to theoretical predictions for
the “DM-only” (Refs. [16,17]) and “DM+ KSEA” mod-

els, we can hope to obtain direct evidence for KSEA in-
teractions in BaCuGeO;.

We can make the above discussion quantitative by in-
cluding the KSEA term into the phenomenological energy
functional that was previously used to describe the be-
havior of BaCuGeO5 in the framework of the DM-only
00 02 o4 o6 o8 10 12 model [16,17]. This procedure is rather straightforward

s and the principal conclusion is that all previously obtained

FIG. 1 Field d q the | bl DM-only results can be recycled, by replaciagin all
. 1. Field dependence of the incommensurability parame i ivefi

ter , as previously measured in BauGeO; (Refs. [16,17]). equations by theffectivefield
The solid and dashed lines are theoretical predictions that do H'T = JH? + 24ps/(x1 — x1)- (1)
(this paper) or do not (Ref. [16]) take into account the KSEA 5

interactions, respectively. Inset: A schematic of the spiral sp,r{-lere ps = JS* is the spin stiffnessy, and y, are the
arrangement in BELuGegO;. local transverse and logitudinal susceptibilities, respec-

tively, and the KSEA term is represented by= a?/2 ~
D?/2J%. The parameter is defined by tam = D/J,

are perfectly antiparallel. Spins in adjacent Cu plane@nd is equal to the spin rotation angiein the DM-only

are aligned parallel to each other. Only nearest- ne|ghbdpodel According to our continuous-limit calculatlons in
in-plane isotropic superexchange antiferromagnetic interthe DM + KSEA modela = arctariD/.J) = 3

actions are important/(= 0.96 meV, as determined by  Let us consider the field dependence of the incommen-
the measured spin wave bandwidth [14]). The helicasurability parametef that, for the DM+ KSEA model
state is stabilized by DM interactions. In the currentcan be obtained by replacing by H*" in Egs. (4) and
model Dzyaloshinskii vectors for nearest-neighbor Cu-CU7) in Ref. [16]. In Fig. 1 we replot th¢(H) data from
pairs lie in the(x,y) plane and are oriented perpendicu- Ref. [16] in reduced coordinates. The solid and dashed
lar to their corresponding bond® || y for an x bond lines are the theoretical curves plotted with and without
andD || x for y bonds, respectively (Fig. 1 in Ref. [16]). taking into account the KSEA interactions, respectively.
The corresponding energy scaldis~ 0.17 meV. Inthe We see that the inclusion of the KSEA term hardly af-
discussion below we shall use the numerical values/for fects theshapeof the {(H) curve. However, the theo-
and/ quoted above as given, and perform all calculationgetical prediction forH. is substantially different in the

S 0.6

04

without using any adjustable parameters. DM-only and DM + KSEA models. Combining Eq. (1)
In BaaCuGe0;, KSEA easy axes that correspond to from above with Eq. (5) in Ref. [16], one readily obtains

the y Cu-Cu bonds are parallel to theaxis, i.e., liein Jr? — 4 0y

the plane of spin rotation Regions of the slowly ro- H. = «a ) \/ — ) (2)

tating spin spiral where the local staggered magnetiza- XL Xl

tion I is almost parallel toc become more energetically For the low-temperature limit in B&€uGeO; we can
favorable than those wheleis almost parallel tq (crys- use the classical expressions, = JS* = 0.24 meV,
tallographicc axis). The KSEA anisotropy must there- x| = 0, and y, = (gcus)*/8J, whereg. = 2.47 is the
fore lead to a distortion of the ideal sinusoidal spiral, andc-axis gyromagnetic ratio for Cti in Ba,CuGeO; [18].
modify the period of the structure. The KSEA term is Substitutinga = 27 ; { = 0.177, we get the estimate
expected to produce exactly the same distortion as a magpr the critical field H. = 2.05 T. This value is much
netic field H applied along the axis: The latter also has closer to the experimental valug. = 2.15 T than our
the effect of forcing the local staggered magnetization int@revious estimateH, = 2.6 T [19], obtained without
the (x,y) plane. The role of g-axis field is rather dra- taking into account the KSEA term.

matic and has been studied in detail [16,17]. The period As mentioned, KSEA interactions have a substantial
of the spiral increases with increasitfyand diverges at influence on the intensity of higher-order Bragg harmon-
H. = 2.15 T, resulting in a commensurate spin-flop an-ics. In the DM-only model in zero field, the higher-
tiferromagnetic state al > H.. For0 < H < H. the order Bragg reflections are totally absent. For the BM
spin structure is described as a “soliton lattice,” whereKSEA model, combining our expression fafe with
regions of the commensurate phase are interrupted kiqgs. (17) and (18) in Ref. [17], for the relative intensities
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of the first and third harmonics, in the small field limit dashed lines in Fig. 2(c) represent the predictions of
(weakly distorted spiral)p — a| < ¢ we get the DM + KSEA [Eg. (3)] and DM-only (Ref. [16,17])

2 272 models, respectively. For these theoretical curves we
L_|L + (77— — i><£> (3)  used the experimental numerical val nd no adjustabl
7, T P 16)\&. . p umerical values, a o0 adjustable
In zero field this giveds/I; = 1/256 = 4 X 1073,

parameters. An almost perfect agreement between
the DM + KSEA model and the experimental data is
To verify the relation (3) we performed new magnetic apparent, and so is the failure of the DM-only model.
neutron scattering experiments on,BaGeO; single It is clear that the KSEA anisotropy term will also
crystal samples. The measurements were done in twaffect the spin wave spectrum. For an ideal spin spiral
experimental runs, on the IN-14 3-axis spectrometer atDM-only model) the classical spin wave dispersion
the Institut Laue Langevein (ILL) in Grenoble, and therelations can easily be obtained analytically by using the
SPINS spectrometer at the Cold Neutron Research Facilitilolstein-Primakov formalism, as shown in Fig. 3(a) for
at the National Institute of Standards and TechnologyBaCuGeO;. Two acoustic branches (hereafter referred
(NIST). The samples were similar to those used into as thet{ modes) emerge from the two magnetic Bragg
previous studies [17]. In each experiment the crystalpeaks at(1 = £,,0). A third branch (the 0 mode) has
were mounted with theic axes vertical, makingh, k, 0) a gap at the antiferromagnetic zone center, equdD to
wave vectors accessible for measurements. The dafEhis branch almost exactly passes through the intersection
were collected at temperatures in the range 0.35-5 Kpoint of the =/ modes. The actual dispersion curves in
Neutrons of energies 3.5 or 2.5 meV were used in mosBaCuGeO; were measured in constag@tinelastic scans
cases. In Figs. 2(a) and 2(b) we show some typicalising the experimental setups described above in the
elastic scans along thél + €,¢€,0) reciprocal-space fixed-incident-energy mode. Incoherent scattering and
line measured in BELuGeO; at low temperatures in Bragg “tails” prevented us from collecting reliable data
zero andH = 1T applied fields. Even in the zero-field for energy transfers of less than0.17 meV. A typical
data, in addition to the first-order principal magneticinelastic scan (raw data) is shown in Fig. 4. Combined
reflection, one clearly sees the third order harmonic. Thelata from the two series of experiments are summarized
measured field dependencelgfI; (ratio of Q-integrated in the experimental dispersion relations in Fig. 3(b) (sym-
intensities) is shown in Fig. 2(c). In our measurementgols). The two*{ modes do not intersect at the Néel
we have taken special care to verify that the relativepoint. Instead, aQ = (1,0,0) there is a clear repulsion
intensities of the two peaks are totally independent obetween these two branches. This repulsion is again
the T — H history of the sample (zero-field cooling manifesta) = (1 + 2£,2¢{,0) and is seen as a disconti-
vs. cooling in a 3 T magnetic field). The solid and nuity in the+¢ branch. We also note that the 0 mode lies
visibly lower than the extrapolated point of intersection
of the =¢ branches (dashed lines). Obviously, the DM-
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FIG. 2. Typical elastic scans along tl&, 1,0) direction in
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the vicinity of the antiferromagnetic zone-centér0, 0), mea-

sured in BaCuGeO; atT = 0.35 K in zero field (a) and ina FIG. 3.
H = 1.6 T magnetic field (b) applied along theaxis. (c) The

(a) Classical spin wave dispersion relations calculated
for BaCuGeO; without taking into account the KSEA

square root of the measured ratio of the intensities ofinteractions. (b) Solid lines: same as (a), with the SEA term

the (1 + 3£,3£,0) and (1 + £,Z,0) peaks plotted against

included. Symbols: experimental dispersion curves measured

the square of the applied field. The lines are guides for the eyiln Ba,CuGeO; at T = 0.35 K and T = 1.5 K with inelastic

in () and (b) and theoretical curves in (c), as in Fig. 1.
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Ba.CaGe.0. (N-14 f[ure. In any case, the issue th_at we tr_ied to_ address above
T=215K2H;0 is not whether or not KSEA' interactiorexist If one
Bragg tail Q=(i 05.0.05.0) b_elleves Anderson’s and Moriya’'s superexchange mecha-
R nisms, one is forced to accept the presence of the KSEA
term as well. Rather, we have demonstrated that KSEA
interactions can result in very interesting effects, and that
no additional anisotropy is needed to reproduce the be-
havior observed in B&LuGeO;.
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