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Spin waves and the origin of commensurate magnetism in B&€0Ge,O,
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The square-lattice antiferromagnet BaGegO; is studied by means of neutron diffraction and inelastic
scattering. This material is isostructural to the well-known Dzyaloshinskii-Moriya helimagnéus O, but
exhibits commensurate long-rangéellerder at low temperatures. Measurements of the spin wave dispersion
relation reveal strong in-plane anisotropy that is the likely reason for the suppression of helimagnetism.
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[. INTRODUCTION interaction is the antiferromagneti&F) couplingJ between
nearest-neighbofNN) sites along the (1,1,0) direction. In
Several years ago, the square-lattice helimagnethex=0 compound, the helimagnetic distortion is caused by
Ba,CuGeO,; was recognized as an extremely interestingthe in-plane componerd,, of the Dzyaloshinskii vectoD
material for studying Dzyaloshinskii-MoriyaDM) off-  associated with the same Cu-Cu bofidsThis component
diagonal exchange interactions. Thanks to its lggtrago- retains its direction from one bond to the next and thus,
nal) crystal symmetry and convenient magnetic energyfavors a spin spiral stafé.In contrast, the out-of-plane com-
scales, it is prototype for experimental studies of several phgponent D, is sign-alternating and stabilizes a weak-
nomena, not accessible in such well-known cubic helimagferromagnetic structure. The-axis component oD was
nets as FeGeand MnSi? In particular, BaCuGeO, sports  never detected in BEuGeO;, where it was assumed to be
a unique field-induced incommensurate-to-commensurateeak. In Ref. 17, it was tentatively suggested that the out-
(IC) transition®~® and an interesting field dependence of theof-plane component is dominant in the Co-basedl mate-
spiral spin structuré This material also enabled the first di- rial and stabilizes a commensurate magnetic structure. To
rect observation of a new type of magnetic interactionsyerify this hypothesis and better understand the underlying
namely, the so-called Kaplan anisotropy, that in most cases hysics, a detailed knowledge of magnetic interactions not
a companion to DM interactior’s 1> Additional theoretical only in BaCuGeO,(x=0), but also in BaCoGeO; (x
work shed light on the nature of the complex “intermediate=1) is required. Small amount of relevant information is
phase.™ A general theoretical description of noncentrosym-presently known about the properties of the Co-based
metric tetragonal antiferromagnéts recently placed system'’ In the present paper, we report the results of a
Ba,CuGeg0; in one category with another new and very preliminary magnetic neutron-diffraction study that confirms
interesting material, namely, the weak-ferromagnethe previously hypothesized commensurate nature of the or-
K,V304.1° dered state. A subsequent detailed measurement of the spin-
A recent study indicated that an IC transition in wave dispersion relation yields the relevant energy scales of
Ba,CuGe0O; can be induced not only by applying an magnetic interactions and helps us to explain the observed
external magnetic field, but also by a partial chemicalcommensurability of the ground state in BoGeO,, as
substitution of the spin-carrying &t ions by C38%.1”  well as the mechanism of the doping-induced IC transition in
For all Co-concentrations x, the solid solution Ba(Co,Cuy;_,)Ge0;.
Ba,(CoCy,_,)Ge,0; orders magnetically at temperatures
betweenTy=3.2 K (x=0) andTy=6.7 K (x=1). Magne- 1. EXPERIMENT
tization data suggest that the helimagnetic state realized at
x=0 gives way to a canted weak-ferromagnetic structure at To date, the exact crystal structure of ,BaGgO; has
some critical concentratiox, , estimated to be between 0.05 not been determined. However, powder dafadicate that
and 0.1. The mechanism of this transition or crossover i¢he material is very similar to its Cu-based counterpart
poorly understood. One possible explanation was proposeahd is characterized by théP42,m crystallographic
in Ref. 17. The structure of B&Co,Cu, _,)Ge&,0; is tetrag-  space group. The lattice parameters forbGaGe O, are a
onal, theS=1/2 C¥" or S=3/2 C&" ions forming a square =b=8.410 A andc=5.537 A, as measured @t=10 K. In
lattice within the @,b) crystallographic plane. The dominant each crystallographic unit cell, the magnetic?Cdons are
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located at (0,0,0) and (0.5,0.5,0) positions. The NN Co-Co x10°
distance is thus along the (1,1,0) direction and equal to
a/\2~5.9 A. For the present study, we utilized two single-

crystal samples prepared using the floating-zone technique. 210° -
Both crystals were cylindrical, roughly 5 mm diameter
X 50 mm long, with a mosaic spread of about 0.4°.

The first series of experiments was carried out at the HB1
3-axis spectrometer installed at the High Flux Isotope reactor
at Oak Ridge National Laboratofgetup ). Its main purpose
was to determine the spin arrangement in the magnetically
ordered state. The sample was mounted withitlaeis ver- 0 :
tical making (,0)) reflections accessible for measurements. 0 2 4 6 8 10 12
Neutrons with a fixed incident energy of 13.5 meV were used T(K)
in combination with a pyrolytic graphit¢éPG monochro-
mator and analyzer, 3640'-20'-120 collimation, and a PG FIG. 1. Measured temperature dependence of the (1,0,0) mag-
higher-order filter. Sample environment was a closed-cycl@€tic Bragg peak intensity in BE0G&O; (symbols. The solid
refrigerator that allowed measurements at temperatures dovi€ iS @ guide to the eye. Left inset: transverse scansking
to 3.5 K. To isolate the magnetic contribution, integratedSUrve3 across the (1,0,0) Bragg reflection measured belopen
intensities were measured in a series of rocking curves at ?;\2izs?gja??nc;\éi:;’;dsggg;itge Ze;lf t:g:ﬁ;g%i”;% 'iz] ';n q
=3.5 K<Ty andT=10 K>Ty. While using setup 1, it be- N

. L ue to multiple scattering. Right inset: the proposed model for the
came apparent that the study of magnetic excitations coul bin structure of B&CoGeO,. All spins are within the &,b) crys-
be much better carried out using a cold neutron i”Str”me”Eallographic plane. ! '
the relevant energy scale for B2oGeO; being about 2
meV. These measurements, which are a central part of thes gescribed in the preceding section, does not get rid of the
present study, were performed at the TASP 3-axis spectromsrgplem entirely: multiple scattering involvingnagnetic
eter installed at the SINQ spallation source at Paul Scherrgs aqq reflections remains. As a result, the data quality is
Institut (setup 1). Neutrons with a fixed final energy of 5.5 |imited by systematic errors. An accurate determination of
meV were used with PG monochromator and analyzer, and ge spin structure calls for future experiments using dedi-
PG filter after the sample. The beam collimation wascated diffraction instruments and much smaller sample. Even
(guide)-80-80'-(open). The sample was mounted with the 4t the present stage, however, some important conclusions
axis vertical, making momentum transfers in thek,0)  regarding the overall geometry of the spin arrangement in
rempropal-spgce plane accessible for measurement. SthZCoGQ@ can be drawn from our preliminary data.
wave dispersion curves were measured alongth@,Q) and It is well known that integrated Bragg intensities mea-
(h,h,0) directions using consta- scans in the energy syred using a 3-axis spectrometer should be treated with
range 0—4 meV. The sample environment was a standarghme cautiod? In general, one cannot use conventional ex-
“ILL Orange” He-4 flow cryostat, and most of the data were pressions for the Lorenz factor to extract the structure factors
taken atT=2 K. from the measured intensitiéInstead, one has to utilize
the full four-dimensional resolution function of a 3-axis
spectrometer that can be calculated, for example, using the
lll. RESULTS Cooper-Natharfé?® or Popovict® approximations. By the
A. An approximate model for the magnetic structure very definition of the resolution function, it follows that the
peak(not integrateylintensity | (%3 measured at the Bragg
positiong= gy =ha* +kb* +Ic* is given by

q=(1,0,0)

counts/25s

1x10° 4

k(r.l.u)
T

In Ba,CuGeO,, magnetic ordering gives rise to incom-
mensurate peaks surrounding the inteder k, and |
reciprocal-space po!n?sln contrast, in BaCoGeO; mag- | {PeR%s |1/ Vit (1)
netic Bragg scattering was detected beldy=6.7 K at . .
strictly commensurate positionts k and I-integer. Due to  Wherely=|0nX FrkX Gnil? is the absolute value of the
their location, the magnetic reflections, except those on th@rojection of the magnetic structure factor perpendicular to
(h,0,0) and (,0) reciprocal-space rods, coincide with the scattering vector and,y, is the four-dimensional volume
nuclear ones. Figure 1 shows the measured temperature d@- the resolution ellipsoid at|=qyy. The mosaic of the
pendence of the (1,0,0) peak intensigetup 1). The inset sample, in a Gaussian approximation, is usually explicitly
shows rocking curves measured above and below the ordet@ken into account in the resolution calculation. Neverthe-
ing temperature. less, in practice, for increased accuracy, one measures a rock-

The appreciable residual intensity seenTat Ty at the ing curve for each Bragg peak and determinesititegrated
(1,0,0) forbidden nuclear peak position is due to multiple intensitiesI{). An estimate for the peak intensity is then
scattering. In fact, multiple scattering and extinction effectsobtained assuminghs2%<1{%)/W, , whereW,, is the mea-
are rather severe in our large samples, that were prepared feured width of the peak in the rocking scan.
inelastic studies, rather than for diffraction work. Performing  In the present study, we applied this method to analyze 19
differential measurements at low temperature and al@ve nonequivalent magnetic Bragg intensities measured as de-
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TABLE |. Magnetic Bragg intensities measured in,BaGe0O,
at T=3.5K, after subtracting the background measuredTat 200 4 q=(1,0.3125,0)
=10 K, in comparison to those calculated for the proposed ap-
proximate collinear antiferromagnetic structure.
100 -
h k l I calc I obs Oobs lobs— | calc
Oobs
. Rhadmies
-1 0 0 9031 8226 186 —43 00 05 10 15 20 25 30 35 40
-2 0 0 0 100 129 0.8 .
-3 0 0 5577 5702 84 15 £
€ =
-4 0 o 0 1405 4013 0.4 < 200 9=(1,0.5,0)
-5 0 0 2340 3954 212 7.6 g
0 0 1 0 —-22 1323 -0.0 3
-1 0 1 13294 12187 230 —48 \‘i 100
-2 0 1 0 -59 223 -0.3 =
[ A
- i 8 i 58080 28275) ]?.f)io B 4007 *g 0 % IEE’:%@%‘}(;'}(;ZImﬁ%’u‘fé‘}’.ﬂiﬁo’dﬂ,’nﬂ5’2,914
: - 00 05 10 15 20 25 30 35 40
i
-2 0 2 0 70 243 0.3 g=(1.125,0.125,0)
-3 0 2 5018 8775 242 15.5 200
-4 0 2 0 —150 325 =05
0 0 3 0 689 3308 0.2 100 4
-1 0 3 5400 5081 1897 -0.2 e
_ - 7 OO

00 05 10 15 20 25 30 35 40
i (meV)

scribed in the previous section. The resolution function was g, 2. Typical constan® scans measured in BaoGeO; at
calculated in the Cooper-Nathans approximation. Ther—2 k. The solid lines are Gaussian fits to the data. Shaded areas
resolution-corrected magnetic intensitiég, are listed in  represent the background level.

Table 1. While signs of weak ferromagnetism are clearly ] ]

manifest in the bulk susceptibility curves of Ref. 17, theSince the crystallographic data needed to bring the measured
quality of the present diffraction dataset is not sufficient toMagnetic intensities to an absolute scale is not currently
analyze the subtle canting of the spin structure typically re@vailable for BaCoGeO;.

sponsible for this effect. Instead, we choose to analyze the
observed intensity pattern using anpriori oversimplified
collinear model. The actual spin arrangement in We now turn to discussing the main results of this work,
Ba,CoGegO; is likely to be a canted version of this structure. namely, the measured dispersion of spin-wave excitations in
Note that in BaCoGeO-, the magnetic sites are located in Ba,CoGe O, that we find to be quite different from the one
high-symmetry positions. As a result, for the proposed modepreviously seen in B&ZuGeO,.”® Figure 2 shows typical
the magnetic unit-cell structure factors can be calculated exconstanty scans measured in the Co-compound using setup
actly, without knowing the details of the crystal structure.ll at T=2 K. Two distinct sharp excitations are observed.
Given all the assumptions and the systematic experiment@ne branch is acoustic in origin, with excitation energy lin-
errors involved, a reasonably good agreement with experiearly going to zero at the AF zone center (1,1,0). The second
ment can be obtained assuming all spins confined to théoptical” branch is barely dispersive and is always seen
(a,b) plane and nearest-neighbor spins aligned antiparalledround 2 meV energy transfer. The two spin-wave branches
with each other. The alignment of nearest-neighbor spingonverge at the AF zone boundary (0.5,0.5,0). In all cases,
along thec direction is “ferromagnetic.” Such a spin struc- the observed energy width of spin-wave peaks is resolution
ture is identical to the one in the commensurate spin-flogimited. The apparent variation of peak width seen in Fig. 2
phase of BaCuGeO; stabilized by an external magnetic is due to instrumental “focusing” effects. The data were ana-
field applied along the axis*° Magnetic Bragg intensities lyzed using Gaussian fitssolid line in Fig. 2. The back-
calculated from this model are listed in Table | for direct ground(shaded areasvas assumed to be constant with an
comparison with experiment. Due to the possibility of anti-additional Gaussian component at zero-energy transfer to
ferromagnetic domains, the spin orientatiwithin the (a,b) model incoherent elastic scattering. The dispersion relations
plane could not be determined unambiguously. Neither dicilong the (1,1,0) and (1,0,0) reciprocal-space directions de-
we measure the actual magnitude of the ordered momentluced from these fits are plotted as symbols in Fig. 3.

B. Spin waves
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Here,m andn label the spins on the two antiferromagnetic
square sublattices with origins at (0,0,0) and (0.5,0.5,0),

25L
[ W AW
[ g O~

20 CoGe O respectively, an& stands for summation over nearest neigh-
1 277 bors. It is important to emphasize thit andJ, are intro-
15 ~ T=2K duced as phenomenological coupling constants between ef-
%‘ N fective spin operators and their microscopic meaning
= ] N remains hidden. Nevertheless, it is these constants that define
:g 1.0 q=(1’0’(()))r+(h'0’0) the behavior of the system at low energies, as described by
¢=(1,0,0)+(0,n,0) \ thg effective spin modc_al. Note that interactions along ¢he
0.5 ™ v axis are not included in Eq2). They were not measured
| \ directly in this work, and are likely to be ferromagnetic, due
00— : . : . : ' : ' to the valye of the magnetic ord_ering vector. The correspond-
00 0.2 04 0.6 0.8 1.0 ing coupling constant was previously found to be extremely
25 weak in BaCuGeO,> and was assumed to also be small in
L the Co system. The-axis coupling should thus have no con-
¢eo-2 o e siderable effect on spin-wave dispersion in thiek(0)
20+ reciprocal-space plane.
The low-energy excitation spectrum of the effective spin
1.5 - model can be derived from the effective Hamiltoni@j in
é =(1,0,0)+(h,h,0) the framework of conventional spin-wave theory. The corre-
104 sponding dispersion relation can be obtained, for example,
3 through a linearized Holstein-Primakoff transformation of ef-
fective spin operators in Eq2). The resulting spin-wave
0.5 Hamiltonian is diagonalized by a Fourier-Bogolyubov trans-
; formation. This straightforward yet tedious calculation for
00— . . : . : . : . our particular case yields two spin-wave branches with the
0.0 0.2 04 06 0.8 1.0 following dispersion relations:

hr.l.u) [hw(1?=(49%2J,7J,Cy)(23, J,Cy, (3

FIG. 3. Dispersion of spin waves along the (1,0,0) and (1,1,0)Where
reciprocal-space directions measured in,BaGeO,; at T=2 K
symbols. The solid and dashed lines represent the two spin-wave _
Lr);nches')s in the model defined by Eg), WFi)th dispersion relaptions Cq=cos{ mh+ k) + cod wh = k). @
given by Eq.(3), and parameters chosen to best fit the data. Excellent fits to the data are obtained with effective sin
=1/2 and assuming the effective coupling constants to be
C. Data analysis J,=0.496(5) meV andJ,=0.192(3) meV. Dispersion

Compared to its Cu-based counterpart, where the magurves calculated using these parameters are shown in
netic C¢* are reasonably well described as te1/2 ions dashed and solid lines in Fig. 3. The main conclusion of this

the magnetism of BELoGe0; can be very complicated due analysis is that the low-energy physics of ,BaGeO; is
to the involvement of C& . This S=3/2 ion is often char- Vvery well described by aighly anisotropiceffective spin
acterized by strong spin-orbit interactions, and the entire séf'°del

of spin and orbital degrees of freedom should, in principle,

be considered, and may give rise to a complex crystal-field IV. DISCUSSION

level scheme. Fortunately, as follows from our measurements
of the magnetic excitations in B&@oGe0O;, the low-energy
physics(at least up to 4 meV energy transferan be de-
scribed in terms oéffective spins S 1/2, associated with the
lowest-energy Kramers doublets of the’Cdons. Given the

The effective spin model allows us to discuss the mag-
netic structure, phase transitions, and low-energy spin dy-
namics in BaCoGeO;, using the same convenient “spin”
terminology as for the Cu-based compound. In particular, all
2y ) : .~ the symmetry-permitted terms in the spin Hamiltonian of
structural similarity with BaCuGeO,, the effective spin Ba,CuGeO,, such as Dzyaloshinskii-Moriya interactions,

Hamiltonianfor Ba,CoG&0; should also include dominant will have its analogs in the effective spin Hamiltonian of

magnetic interactions between nearest-neighbor sites in t L
(a,b) plane. However, unlike in the BEUGeO, case, }EaZCoGQOT Unlike in Ba,CuGe0O,, however, the strong

given the nature of the effective spin variables foranlsotropy effects in the Co material will push @dffective

Ba,CoGeO,, these interactions can be highly anisotropic.SpInS into the &,b) crystallographic plane. This effect is

‘ . ) . . . - T “"similar to that of a magnetic field applied along tbexis
This anisotropy is reflected in the effective spin Hamﬂtoman.that favors an &,b)-planar state in BCuGeO,."® Since

the helimagnet-forming uniform components of the Dzy-

F{= 1.S@5@ 4 3 sP0sM 4+ 3, SWSWT. (2 aloshinskii vectorD,, is itself in the @,b) plane, forcing
% ; SwS7H SIS SIS () them makes the corresponding triple-prod@gt (S, x S,)
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vanish. Only the non-helimagnet-forming sign-alternatingx~2%, in reasonable agreement with bulk magnetization
z-axis component oD remains relevant. As a result, the data of Ref. 17.
magnetic structure may be slightly cantedeak ferromag-

netisn), but is, nevertheless, commensurate. In this

Ba,CoGeO; greatly resembles another square-lattice weak

ferromagnet, namely, f/;0g systent® To summarize, the magnetism of B20Ge 0, can be de-

It is important to stress that easy-plane anisotropy wascribed in terms of an effective spin model with strong easy-
previously detected in B&€uGegO; as well. However, in  plane anisotropy. Such behavior is manifest in the measured
this material the effect is entirely due to Kaplan spin-wave excitation spectrum and compatible with prelimi-
interactions;® which are very weak and have an energy scalenary diffraction measurements. The commensurate nature of
of D?2/J~3x 10 2J. On a square lattice Kaplan interactions the ground state, now directly confirmed experimentally, is
happen to be just strong enough to distort the helical strugerimarily due to the strong anisotropy effect, and not to a
ture, but not to fully destroy incommensurabilltyn con-  dominant staggered component of the Dzyaloshinskii inter-
trast, as follows from the present study, easy-plane effectivactions. As a result, the destruction of helimagnetism in
spin anisotropy in BECoGe 0O, is much strongerof the or-  Bay(Co,Cu,_,)Ge,0; occurs very rapidly with increasing
der of the effectivel itself. Its magnitude is well beyond the Co concentration, as soon as the mean distance between im-
critical value needed to destroy the incommensurate helipurities becomes comparable to the period of the spin spiral.
magnetic state.

The results discussed above allows us to speculate about
the IC transition in Bg(Co,Cu, _,)Ge,0; that occurs with
increasing Co-concentratior. Each Co-impuritystrongly This work was partially performed at the spallation neu-
“pins” the original spiral at the impurity site, firmly confin- tron source SINQ, Paul Scherrer Institut, Villigen, Switzer-
ing the correspondingdeffective spin to the @,b) plane. land. This work was supported in part by the Grant-in-Aid
Helimagnetic correlations are totally destroyed when thedor COE Research “SCP coupled system” of the Ministry of
characteristic distance between such strong-pinning locatiortsducation, Culture, Sports, Science and Technology, Japan.
becomes comparable with the period of the unperturbed spWork at ORNL and BNL was carried out under U.S. DOE
ral, which in BgCuGeO; is roughly 40 nearest-neighbor Contracts Nos. DE-AC05-000R22725 and DE-ACO02-
bonds® This suggests a critical concentration of about98CH10886, respectively.

V. CONCLUSION
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