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The formation of three-dimensional magnetic ordering has been studied on a quasi-one-dimensional magnet
CoNb,Og by mean-field calculations as well as neutron scattering measurements downi1t® K under
magnetic fields up tdd,.~600 Oe. Measurements of a deviation of the magnetic Bragg scattering function
from the delta function in the ordered state reveal a surprisingly rich variety of the magnetic formation arising
from an isosceles triangular arrangement of the magnetic chain with competing interchain interactions in the
a-b plane. The competing interactions result in quasidegenerate ground states with different propagation wave
numbers along thb* direction in the sinusoidally amplitude-modulated incommensurate magh@tiphase.

Our mean-field calculations qualitatively reproduce the complicktgdT magnetic phase diagram and give
evidence for a high degeneracy of ground states by calculating & dependence of the free energy curve

in the propagation wave number space. In addition, a partial cancellation of the exchange field at the apex site
from the base sites on the isosceles triangular lattice leads to a quasi-long-range ordering adoagjshe

both IC and antiferromagnetic states where the correlation length aloragatkis depends on the propagation

wave number along thke* direction.[S0163-18209)11121-4

. INTRODUCTION octahedral Co@sites, there exist two different easy axes
with a canting angle oft 6, (~31° from the c axis. As
Since in quasi-one-dimensional magnets weak interchaifhdicated by the metamagnetism of this compoundTat
interactions extending in two directions lead the system to a1 4k 2 the system exhibits a pronounced Ising character at
th_ree—dimensiona(ISD) magnetic ordered state, spegific Situ- |ow temperatures. Since, as we will show latirandJ, on

. trically frustrated due t tai tial imilar magnitude, the system can be regarded as a triangular
IS geometrically Trustrated due fo a certain spatia grrangel-sing antiferromagnet where the triangular geometrical frus-
ment of magnetic chains with competing interchain interac-

tions, the system would exhibit diverse features such as int_ration grisi'ng frgm the nearest-neighbor gntiferromagnetic
commensurate magnetic structure, complicated magnetf@teracuon |spart|al_ly relgased along thb axis.
phase diagram, and a high degeneracy of ground st&as. Early neutronl diffraction mea;qrements in zero flalet
ticularly, if the geometrical frustration is partially released Ve@led successive phase transitionsTat-3.0K and T,
because of some distortion of competing interactions, therg 1-9K:  the incommensurate-magneti€) ordering afT,
exists the possibility for appearing an unusual magnetic orWith the temperature-dependent propagation wave vector
der absent in both frustrated and unfrustrated magnets.  Gpropa= (00 0) and the noncollinear antiferromagnet&r)
Columbite CoNBOg may be an example of such a mag- ordering at T, with ¢pps=(0 1/20). Recently, Hanawa
netic system. As shown in Fig.(d, Cc’" ions form 1D et al. proposed an interestirtd, .- T magnetic phase diagram
ferromagnetic zigzag chains along the orthorhombiaxis ~ where a field-induced spin-flop phase transition from the AF
through 90°-C8"-0? -Co?*" superexchange interactidly.  phase to the ferrimagnetitFR) phase occurs below,.*
Because Co' ions arrange in aisosceles triangular geom- They suggested that the FR structure has an up-up-down spin
etry in thea-b plane, the magnetic chains can be consideredtructure and revealed a low-dimensional magnetic character
to form the two-dimensional isosceles triangular lattice withas well as the presence of competing exchange interactions
the nearest-neighbor effective interchain exchange interadgn this compound.
tion J; and next-nearest-neighbor effective interchain ex- Recently, we performed neutron scattering measurements
change interactiod, in thea-b plane as shown in Fig.(f). in zero field® as well as under magnetic fields Bt 1.5 K
Corresponding to the two crystallographically nonequivalentRef. 7) and found that the magnetic Bragg scattering func-
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teractions. The competing interchain interactions result in a
large number of quasidegenerate ground states with different
propagation wave numbers along th® direction in the IC
phase. Approaching the triple point where the AF, IC, and
FR phases meet together, the degeneracy of ground states
increases in the IC phase. In addition, owing to a partial
cancellation of the exchange field at the apex site from the
base sites on the isosceles triangular lattice, the system ex-
hibits a quasi-long-range order along thexis in both AF
and IC phases where the magnetic correlations alon@gthe
axis are controlled by the difference in the magnitude of the
base site spins. These results including our previous neutron
(b) (c) R scattering _studié§7 are fully discussed.
k O : Nuclear peak position In addition to the results for CoNBg, we also present
- - results of single-crystal neutron scattering measurements on

isomorphous compound NiNOg where a weak Ising char-
acter of Nf™ and exchange parameters different from those
of CoNb,Og may provide an interesting magnetic order. In
recent powder neutron diffraction measureménigid et al.
observed antiferromagnetic ordering beldy~5.9K and
proposed that noncollinear AF structures with magnetic unit

FIG. 1. (@ Schematic drawing of the ferromagnetic zigzag cell doubling of the chemical unit cell along bothand b
chains running along the axis through the intrachain interaction gxes coexist with the noncollinear AF structure Wm;}opa
Jo. The hatched arrows represent the two different easy axés. Co — (0 1/20). However, no single-crystal neutron scattering
ions occupy the 4q) site in the space groupbcn(No. 60 inthe  measurements in view of the deviation of the magnetic
chemical unit cell: (1) (0y,1/4), (2) (0—Y03/4), (3) (212  Bragg scattering function from the delta function have been
+Yo1/4), and(4) (1/21/2-y,3/4) with yo=0.165(Ref. 8. (b)  made although an exact cancellation of the exchange field at
Iso§celes tnangul_ar lattice with interchain antlferroma_gnetlc inter-hq apex site from antiparallel spins on the base sites implies
actionsJ; andJ, in the a-b plane.(c) Schematic drawing of the the appearance of a pronounced 2D character as was ob-

reciprocal lattice in the l{k0) zone in the ordered state. The . . .
dashed arrows represent transverse scan directions. The peak poSS|e—rV(3(j in the AF phase in CobiD. In this paper, neutron

tions schematically shown by large circles yield large intensity. scatterm_g resu_lts on single crystals of Nl are also dis-
cussed in detail.
tion in thea* andb* directions perpendicular to the chain ~ The rest of this paper is organized as follows. In Sec. II,
direction is not the delta function in both AF and IC phasesWe briefly describe experimental details. In Sec. lll, which
We observed a pronounced 2D character in the AF phase &9nsists of five subsectionSecs. Il A-IIIE), we present
the anisotropic broadening of the Lorentzian scattering funcheutron scattering results as well as mean-field calculations
tion in thea* direction and directly demonstrated that this ©0h CONBOs. First, in Sec. IlIA, we confirm the one-
results from an exact cancellation of the exchange field at théimensional character above,. We then determine the
apex site from the base sites throudh on the isosceles Hjc-T magnetic phase diagram in Sec. Il1 B and elucidate the
triangular lattice. In addition, in the field-induced AF-FR quasi-3D magnetic behavior in the ordered state through
phase transition, a quite broad magnetic response with fielgcattering profile analysis in Sec. llIC. In Sec. llID, the
dependent incommensurate propagation wave numbers beesults of the mean-field calculations for the isosceles trian-
tween 1/3 and 1/2 along th#* direction was observed. Cor- gular lattice model are given. In Sec. Il E, the pronounced
respondingly, an enhancement of the imaginary part in a@D character found in the AF phase as well as the origin of
susceptibility was detected, which implies the existence ofhe propagation wave number dependence of the correlation
many metastable states, reflecting competing interchain ifength along thea axis in the IC phase is discussed. In Sec.
teractions on the isosceles triangular lattice. IV, we present the neutron scattering results on NDgand
After these works were completed, we learned of anothegompare these results with those of Ce@p Finally, in
neutron diffraction study under magnetic fields by HeidSec. V, we summarize our conclusions.
et al® They proposed & .-T magnetic phase diagram and
indicated that the IC structure beloW in zero field is a
sinusoidally amplitude-modulated structure. Nevertheless,
the anomalous broadening of the scattering profile found in  The neutron scattering experiments on Ce®§ were
our studies was not studied in detail. performed at JRR-3M, in the Japan Atomic Energy Research
In this paper, we present results of further single-crystalnstitute (JAERI) at Tokai, Japan, mainly using the ftriple-
neutron scattering measurements under magnetic fields axis spectrometef4G) in a two-axis mode. Second-order
CoNb,Og as well as results of mean-field calculations for thecontamination was eliminated by a pyrolytic-graphiRG)
isosceles triangular lattice model willy, J;, andJ,. These filter. The collimation with 40-40-40-open and
results reveal a surprisingly rich variety of magnetic forma-40'-20'-20'-open from reactor to detector was employed.
tion in CoNbOg arising from the isosceles triangular ar- Incident neutrons with wave numbers 3.825 and 2.57 A
rangement of magnetic chains with competing interchain inwere used. The single crystal, to which we refer as sample

II. EXPERIMENT
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Aco, With dimensions X 3x 7 mnt was prepared by a flux ‘g 10000 - ' '

growth techniqué® The lattice parameters for the ortho- 2 9000 (a) along a*
rhombic unit cell were determined to be=14.17A, b S I o o o |
=5.71A, andc=5.04A Dby neutron scattering measure- £ 000 |

ments atT=1.5K. The sample was mounted in a pumped s} 5 .°:°° ...'.°.-o'...-'...-.....,,....
“He cryostat with thelf k0) or the (0k |) scattering plane. 27000 ooyttt *%
For the measurements under magnetic fields, we selected the 8

(h k0) scattering plane with vertical external magnetic fields = 6000 ' ' '

: . -0.4 0.2 0 . 02 04
along thec axis up to 613 Oe. Part of the neutron scattering 2nh/a (AM
measurements in zero field presented in Sec. Ill E 3 was per- g 800 - . .
formed on single-crystal sampkg, with dimensions X5 S (b) along b*
X 10 mn?, grown by a flux growth technique in a batch dif- ~ 600F l 1
ferent from that for samplé.,. We also performed magne- g 100 b R o |
tization measurements along tleeaxis down toT=1.7K ) B IR °
using a commercial dc superconducting quantum interfer- g 200 | )
ence devicéSQUID) magnetometer at Science University of §
Tokyo (Noda campus =0 : : :

The neutron scattering experiments on isomorphous 04 06 ) kofb A ! 12
NiNb,Og were carried out on the hig®-resolution triple- 3 500 N ," . (, ), i
axis spectrometefT1-1) in a two-axis mode, installed at é’ 150 | (C) . along c* |
JRR-3M. A PG filter was used to reduce second-order con- S & ( chain )
taminant neutrons. The collimation from reactor to detector g 400+ .
was open-60open, and the wave number of neutrons was S 350 | |
2.59 A", We used two single crystals with the same batch 2
prepared by a flux growth technique: samplg with di- g 300 1
mensions X 2x12mn? and sampleBy; with dimensions = 250 e
1x2x8 mn?. Both samples were aligned with thi k0) 04 -03 02 01 0 01 02 03 04

lane horizontal and mounted in a pumpéde cryostat. Zrlle (A
p pump Yy

From x-ray measurements using the powder specimen of r5 o piffuse scattering alonga) a*, (b) b*, and (c) c*
crushed single crystals, the lattice parameters were detefjrections around théd 0.620 IC peak position aff~T, (solid
mined to be a=14.02(0)A, b=567(8)A, and c arrow). The open and solid circles represent the intensityT at
=5.01(9) A, being in good agreement with the powder neu--4.0 and 8.0 K, respectively. The solid lines through the data at
tron diffraction datd. T=4.0K show the least-squares fits to the Lorentzian with a cor-
rection for the background and magnetic form factors. Because of

the direct neutron beam, a large background was observed at a
Ill. RESULTS AND DISCUSSION FOR CoNb ,04 lower scattering angle.

A. One-dimensional magnetic character abovd . . .
g ! b* direction, clearly showing the planar character of the

The one-dimensional magnetic character in C#D  magnetic scattering abov&;. Quantitatively, the least-
aboveT is provided by the strong interchain superexchangesquares fittings give the correlation length et 4.0K as
interaction along the orthorhombic axis and by much ¢ ~26A, £=3-6A, andé.~26.3A along the, b, andc
weaker interchain interactions extending perpendicular to th@irections, respectively. The anisotropy in the correlation
chain. In neutron scattering measurements, the one dimefength indicates a quasi-1D magnetic character abbye
sionality of the chain can be directly confirmed by observingpeing consistent with the low-dimensional character sug-

the formation of magnetic Bragg planes perpendicular to thgjested by the magnetic specific heat abdye'
chain direction above the 3D ordering temperature. The lo-

cation of the magnetic Bragg planes in the reciprocal lattice
space reflects the type of magnetic chain: ferromagnetic or
antiferromagnetic. Since as shown in Figa)lthere exist Recently, Hanawaet al. proposed aH;.-T magnetic
Co*" ions at bothz=1/4 and 3/4 in the chemical unit cell phase diagram shown in Fig(a3 (solid line).* The magnetic
and the magnetic structure in the ordered state indicates festructure in the AF phase is noncollinear antiferromagnetic
romagnetic interchain coupliwe can expect the forma- structure shown in Fig.(®),2 while that in the FR phase has
tion of magnetic Bragg planes bt even integer. the up-up-down spin structure of Fig(d3.*’ Quite recently,

In order to elucidate a planar character of magnetic scatHeid et al® proposed aH,.-T magnetic phase diagram of
tering aboveT,, we performed scans along th&, b*, and  Fig. 3(@) (dotted ling and suggested that the magnetic struc-
c* directions aboveT; around the(00.620 IC peak posi- ture in the IC phase is the sinusoidally amplitude-modulated
tion at T~T;. As shown in Figs. @)—-2(c), in contrast structure shown in Fig. (8); hereafter, we simply call this
to no appreciable magnetic scattering dt=8.0K  structuresinusoidal structureHowever, there exist several
(~2.7T1),magnetic diffuse scattering was clearly observeddiscrepancies between the phase boundaries determined.
at T=4.0K(~1.4T,). The scattering profile along the* To determine the phase boundary, we investigated the
direction is very sharp compared with that along #feor =~ magnetic-field dependence of the scattering profile of the

B. H.-T magnetic phase diagram
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FIG. 3. (8 H,.-T magnetic phase diagram of Cojy. The solid and dashed lines represent phase boundaries determined from Refs. 4
and 8, respectively. The shaded area shows the IC region determined from the presdopeorircles The question-marked area shows
the region where a very complicated historical dependence on the metamagnetic behavior was detected ifip)Redndollinear AF
structure(c) AF?* domain structure which coexists with the AF struct(8ec. Ill E 3. The AP~ domain is produced by reversing the spins
shown by open circles. The dotted lines shown in the AF ané"Adtructures represent the interchain interactlgmhich shows uponly
in the AF phase(d) Up-up-down FR structure an@) sinusoidal structure in the IC phase.

(2k0) transverse scafFig. 1(c)] at several temperatures C. Quasi-three-dimensional behavior in ordered state

below T;. In the temperature rang&,<T<T,, the IC We now pay attention to a deviation of the magnetic
Bragg peak appears in zero field as shown in Fig@-4(d).  Bragg scattering function from delta function in the ordered
With increasing magnetic field, the IC Bragg peak continu-phase. In Fig. 5, we show the scattering profiles in thé (
ously shifts toward the FR position &f=2/3 and finally the  —q0) transverse scan @t=1.5K for each ordered state. As
first-order IC-FR phase transition occurs with a coexistencghown in Figs. 4 and (8), over the entire FR phase, the
of both types of ordering. Below,, in addition, the AF  magnetic Bragg peak in bota* and b* directions is
Bragg peak appears in a lower-field region as shown in Figsesolution-limited Gaussian, showinigie 3D long-range or-
4(e) and 4f). Defining a critical field as the field where the dering in the FR phase. However, in both AF and IC phases,
integrated intensities of the successive phases are equal, w8 anomalous broadening of the scattering profile was de-
determined critical fields as shown in FigaB(open circles tected. While in the IC phase the scattering profile along the
At lower temperatures, our data agree well with the results of™ direction is sharp Lorentzian with a finite inverse corre-
Hanawaet al* where the IC region surrounded by both lation length as shown in Fig.(B), that along theb* direc-
AF-IC and IC-FR phase boundaries becomes narrower witHon anisotropically broadens at low temperatures. On the
decreasing temperature and these boundaries merge at a s@foer hand, in the AF phase the magnetic Bragg peak in the
ficiently low temperature, forming a triple point where the p* d_lrectlon is close to resplutlon-llmlted Gausglan as s.hown
AF, IC, and FR phases meet together. On the other hand, §t Figs. 4 and 4f), while that in thea® direction is

higher temperatures, a distinct increase of the IC-FR critical-0réntzian as shown in Fig(§. Particularly, when the sys-

field was observed, being consistent with the neutron diffractem is cooled rapidly from the higher-temperature IC state

tion resulté rather than the bulk results by Hanawaal® aboveT,, we observed a broad Lorentzian scattering profile

. o ; .
These features were also confirmed quite recently by our a%lolrr;g é?de:r t?)lrzf:ggzr:?lﬁ‘r(l)ra tlﬁ;/v gs\i;tihoer:gz:' the maanetic
susceptibility measuremeftsand were qualitatively repro- 9

(€Y

duced by our mean-field calculations for the isosceles trian-Bragg scattering function from théfuncuoq in the ordered .
gular lattice model withJy, J;, andJ, as will be shortly state q.uant|tat|vgly, we .performed resolution-convoluted fits
discussed in Sec. 111 D. assuming the anisotropic functional form of

We here note the magnetic structure in the IC phase. ) ’
Based on the powder resgﬁswe confirmed that the sinu- S(q)= 2K 2ex;{—ln2<&> ex;{—lnz(&)
soidal structure well explains the observed intensity of our k“+Q; b W,
single-crystal neutron diffraction results at=2.84 K(q
=0.385). At this temperature, no observable higher compoas the magnetic Bragg scattering function instead of the delta
nents were detected. When the temperature decreases, fugction 5(q). Hereq=(0g,dy q) is a reciprocal lattice vec-
found that higher harmonic peaks are gradually developedor measured from the magnetic Bragg point. Fitting width
Though an accurate magnetic structure at this temperatuggarametersc, W,,, andW, are the half width at half maxi-
cannot be determined, the appearance of higher harmonicsum (HWHM) in the a*, b*, andc* directions, respec-
obviously suggests a deviation from the sinusoidal structurévely. For the Gaussian FR peak in tla direction, the
at lower temperature. Lorentzian term in Eqg. (1) is replaced by
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FIG. 4. Magnetic-field dependence of the scattering profile of tHeqRtransverse scan &) T=2.9K, (b) T=2.6 K, (c) T=2.3K, (d)
T=1.98K, (e) T=1.8K, and(f) T=1.5K. To clearly show the broadening of the scattering profile in the IC phase, the IC peaks are shaded.

exd —In 2(q,/W,)?] with a HWHM of W, . Since both lon- netic Bragg scattering function in tte&* andb* directions
gitudinal and vertical resolutions are much wider than eactperpendicular to the chain is not tidfunction. Bothx and
width parameter,W, and W, were obtained from least- W, are_quite small,_but finite, indicating that the system isin
squares fits to experimental data wBtq) convoluted with & quasi-3D magnetic ordered statds shown in Figs. &)
the transverse Gaussian resolution functienwhich repre- and b), «' in the IC phase increases monotonically ap-
sents an inverse correlation length in units of{a), was  Proaching the AF-IC phase boundary. Particularly, compar-
obtained from 3D resolution-convoluted fits fixing/,  ind theH .- T dependence of'® with that ofq shown in Fig.
(=0.0) andW,. The resolution function around the mag- 6(8), ' seems to depend ap In addition, approaching the
netic Bragg points was determined by extrapolation fromiriple point in the IC phaseWy~ anomalously increases as
several nuclear Bragg peaks near the magnetic Bragg pointshown in Fig. €c) and the width parameters become strongly
In Figs. Ga)—6(c), we show contour plots of the propaga- anisotropic in the vicinity of the triple pointWic~2.6
tion wave numben and the width parametessandW, on X 10 %b* and «'°~1.8x10 %a* at T=1.5K and H,
the H,.-T plane. To present the temperature dependence of 306 Oe.
the width parameters in zero field more clearly, it is also In contrast, in the AF phase bo™ andW," are weakly
shown in Figs. 7a)—7(c), together withx andW, in the AF  temperature and magnetic field dependent as shown in Figs.
state obtained after a rapid cooling downTte-1.5K from  6(b), 6(c) and 7b), 7(c). However, for the rapid-cooling
the IC state. Over the FR phasa/.R and WER are nearly  case,«”" yields a much higher value of 1.0x 10 %a* at
zero and no deviation of the magnetic Bragg scattering funcT=1.5K as shown in Fig. (b), while W, remains to be
tion from the § function was detected within our experimen- nearly equilibrium value as shown in Fig(cJ. This anisot-
tal accuracy. In both AF and IC phases, however, the magropy in the width parameters found after rapid cooling indi-
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FIG. 5. Scattering profiles along tre direction atT=1.5K 0
35

under magnetic fields, measured(at FR (02/30, (b) IC (01
—q0), and(c) AF (0 1/2 0 peak positions. The scattering profile in

the AF state just after rapid cooling from the IC state with a cooling

rate of 0.05 K/sec is also showgolid triangles.

FIG. 6. (8) Contour plot ofg on theH,.-T plane, determined

from the magnetic peak position in the K®) scan. Contour plots
of (b) k and(c) W, on theH - T plane. The location of measuring

cates the appearance of a pronounced 2D magnetic charactemperatures and magnetic fields is shown by crosses in the figures.
in the AF state~’ When the temperature increases fram
=1.5K, «"F for the rapid-cooling casérectangles drasti-
cally decreases as it approaches equilibrikfh (solid tri- X 10 %b* at T=1.5K, andH =306 Oe(Sec. Il D).

angles. This means that rapid cooling produces nonequilib- EFC). In the AF state the correlation length along the
rium magnetic correlations along tleeaxis in the AF state axis depends on the cooling speed from the higher-
and the anomalous decreasexitf with increasing tempera- temperature IC state. In a case of rapid cooling from the IC
ture is due to the relaxation behavior of nonequilibrium mag-state, the correlation length along taexis becomes aniso-
netic correlations with a help of a thermal fluctuation of tropic and the system exhibits a pronounced 2D character
spins. Actually, our recent preliminary neutron scattering(sec- INED. )

measurements &t=1.5K (Ref. 12 revealed long-time re- EHD). In the IC phase the correlation length along the
laxation of the correlation length along theaxis after rapid axis depends on the propagation wave nuntpalong the

cooling. Such(interplanay magnetic correlations depending b* direction. Asq approaches 1/%'“ increases monotoni-
on cooling processes have been observed in the quasi-Z‘E?"y (Sec. NEJ.
Ising antiferromagnet RiEoF,. 13
As will be discussed later, such an anomalddig-T
variation of the width parameters described above reflects
competing interchain interactions on the isosceles triangular As is itemized as EB), in the vicinity of the triple point,
lattice. For later discussion, we summarize our experimentahe IC peak in thé* direction anomalously broadens, while
facts as follows. that in thea* direction is quite sharp Lorentzian. This im-
EFA). True 3D long-range ordering is established over plies that the broad IC peak in ti# direction is an assem-
the entire FR phase. bly of a number of magnetic Bragg peaks with different
ERB). Approaching the triple point where the AF, IC, propagation wave numbers between 1/3 and 1/2. Therefore,
and FR phases meet together, the IC peak irbthdirection it is considered that the IC states with different propagation

anisotropically broadens:«'°~1.8x10 %a*, W_<~2.6

D. Interpretation of magnetic ordering by mean-field
calculations
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04 : LN ] jthCc* ion (j=1-4) in thenth chemical unit cell along
038 | | oy, N the b axis and the summation is taken over pairs of spins.
0'36 1 E ] Applying an external magnetic field along tleeaxis at
T b‘ él" ' e low temperature belowl,, the system exhibits two field-
001 —_( )t 0 ;::n“’:;:f ] induced phase transitions from the AF to the FR phase and
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® IR 3 % *s ] three magnetically ordered phases, E).yields energies at
0.002 § LI ] T=0K per C&" ion as
r | [ &
0 - . -
[ \ Ear=(—Jo+J1)S? 3
0.014 - (C) o @ :slow-cooling _| AF ( 0 1) ( a)
r A A :heating after
o 0012 i Slov(v-coolingg 1 2 , 1
:; 0.01 i i} X :l}z;tildn_gcggtg[rlg_ EFR: —J0+ §J1+ §J2 cos 200 S— §qu‘BSHHC C0Sf,
£ o008 - }Qg. : (3b)
~ 0.006 - A 1 5
§ r | 1 EPM:(_JO_‘Jl_Z‘]Z Ccos 200)8 _g/.LBSH”C COSBO.
0.004 r Aﬁg g ' 1 (3C)
0.002 & %%&%ﬁ({ 205 3
oAby ] Since the level crossing between the energies of succes-
1.5 2 2.5 3 sive phases occurs at each critical field, we obtain following
T (K) two equations:
FIG. 7. Temperature dependence(a¥ g, (b) «, and(c) W, in gusSH FRcosfy=(—2J3,+2J,c0s 20,)S?, (4a)

zero field. The dashed line represents the IC-AF transition tempera-
ture of T,~1.9K determined in increasing temperature. The rect-
angles and crosses shawand W, in the AF state obtained in
increasing temperature after a rapid cooling dowiT t01.5 K. Here Eqs(4) contain only two parametets andJ,. Solv-
ing for J; andJ, with S=3/2 andg=2.1, we obtainl, /kg
wave numbers have nearly same free energies near the tripte—0.0508 K andJ,/kg~ —0.0812 K™ .
point. Taking account of the anomalous increaseWf In Egs. (4), Jo does not appear explicitly, because the
shown in Fig. €c), it is most likely that the number of ferromagnetic spin arrangement along the chain remains in
quasidegenerate ground states increases, approaching {Hay ordered state. Thus we follow the mean-field approxima-
triple point in the IC phase. In this subsection, we presen{Ion forthe transm_on temperature N Z€ro f'a.mb determine
results of mean-field calculations for the isosceles triangula]JO' n tr;.lslgp[;rgxur::atlon,Tme ',DM'IC transcljtltt))n temperature
lattice model withJy, J;, andJ,. We followed the mean- in zero field of CONBOg, T1™, is expressed by
field studies for the Ising model of von Boehm and Bak ME_ ME MEr o2
and calculated the propagation wave number dependence dpTi = (2Jo+2J; 008 2mqT—4J, COS 2 coSmq )8(5’)
the free energy curve in order to give evidence for the high
degeneracy of ground states found in the IC phase. where g™F is the propagation wave number along the
direction atT)" and is defined by

gusSHRMcoshy=(—2J,—4J,c0s 20)S?.  (4b)

1. Intrachain and interchain exchange parameters
gep ve 1 _1<Jz cosZHo)

=_cos 23,

q (6)

First, we determine intrachain and interchain exchange
parameters. As seen in the various magnetic structures
shown in Figs. &) and 3d), 3(e), it is considered that the Adopting the observed PM-IC transition temperature of
weak interchain exchange interactiahsandJ, between the T;~3.0K for TQ"F, we obtainJ,/kg~0.6015K. Note that
magnetic chains with intrachain couplidg lead the system the determined,; andJ, give g¥F~0.378 through Eq(6),
to the 3D ordered state. Thus, in the Ising approximation, thevhich is consistent with our neutron scattering result) of
Hamiltonian of this system can be written as ~0.38 atT~T;.



3338 S. KOBAYASHI et al. PRB 60

H*=0 (a) T'=096 (g¥r=11/29)
= °q b
0.5 ooooosoooacocoocoooe. —— 172 E p
045 L o~ 511 ]
o — 4/9
Ss ‘
Ny @ — 37
i 513
8/21
0.4 oD —  2/5 11729 4
/ 14/37
. 17/45
Ry~ =
i ° T (b) " T T T T T T T T T
T 0.1 QFE1129)  1-gME T=0.96 |
0.35 ' A 0.01 - “ “ i
0.7 0.8 0.9 1.0 0.001 |- -1+3gMF | .
T* 0.00011 . 1., ‘f B | 1 ! !
I . —_ ol T GV IGTE  p=0.824
FIG. 8. Temperature dependence of the equilibrium propagation = o 143V
. - e’ .S = e R -
wave numbeny in zero field. ~ 0001 = 1
. . 0.0001 I»I \,.\,.\\,I‘I\.ll‘l.
2. Theory of mean-field calculation o1 L gur=1) 054
In the mean-field approximation, the Hamiltonian of Eg. 001 | i
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™ FIG. 9. (a) Spin arrangements on the isosceles triangular lattice
The summation is taken over all spirg. is a unit vector in zero field at several temperatures. The shaded area corresponds
along the easy axis of thigh C** ion, and(S; ;) is a ther-  to a magnetic unit cell. To illustrate the arrangement of spins along
mal average of the magnitude of SF&%‘,’ ' HnMF is the ef- the b axis, the projection of the spins on theb plane atz=1/4 is

. ) - oo drawn. The temperatures shown in the figures correspond to those
fective exchange field acting d, ;, which is expressed by indicated by the solid arrows in Fig. &) Calculated Fourier spec-

1 trum for these spin arrangements.

Hpy = (Joz (Sm)0i+J312 (Snid0
el m calculations were iterated until self-consistency was ob-

tained. Then, for a final spin state, we calculated the free
+J2; <Sm">0‘>' (8)  energy per spirF (T ,H,.) and a space Fourier transform

of spinsl(k), using the following equations:

The thermal average of the magnitudeSjf; can be cal- KM N4
culated from the relation F(TY H,)=———> >
HMF 4 H, ) -0 =
<Sn’j>=Stan}‘{gMBS( kn,_JrMF ex) - U ) HMF
B XIn Trn'j ex __k TMF ) (10)
B
Since the spins align ferromagnetically along batndc
axes in any ordered state, we considered a magnetic cell with 1 N2 ) 2
dimensionsaxX Nbx c, whereN is the number of chemical I(k)= anl ]Zl Shj exp(2mikyy j)| - (1)

unit cells along thd axis. In this system, the periodic bound-
ary condition was imposed:S, ;=S,.y,j. Therefore, the Here Ty, ; in Eq. (10) represents the trace over the two spin
possible propagation wave numbe¥" characterizing the states forS, j=+S0;. k andy, ; in Eqg. (11) are the wave
spin configuration is strongly restricted to a rational value ofnumber in theb* direction and the coordinate &, ; in the
n/N with n=integer. b direction, respectively. The Fourier spectruifk) can be

A magnetic field was applied along tleaxis. As an  compared directly with the observed magnetic structure fac-
initial spin state, the sinusoidal structure with}i.,,  tors in neutron scattering measurements. In our calculations,
(=n/N) or the self-consistent solution obtained at nearbyspins in the chain were ferromagnetic and of an equal mag-
temperature and magnetic field was employed. This spimitude for any final spin state, reflecting the strong intrachain
state was used to calculate the effective exchange field at atrromagnetic couplingJy: S,:=S,, and S,3=S,4.
spin sites by Eq(8). This effective field as well as a mag- However, we found that the spin arrangement alongkthe
netic field yields a new spin state through Ef). These axis in the final spin state depends strongly on the initial spin
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FIG. 10. Variation of the calculated free energy curve per spin as a functigfffofa) in zero field,(b) under magnetic fields at*

=0.8 belowT3 (scan A, and(c) with the approach to the triple poifscan B. The lowest free energy for each free energy curve is set to
zero.

state at most locations surveyed on #e.-TM" magnetic  the IC state withqg"qF=3/8 (=0.375) appears at* =T}
phase diagram; an exception was the temperature just belogv=1.0). As seen in the spin configuration @t =0.96
TV and the magnetic field larger thah,~HE¥™ During  shown in Fig. 9a), the magnetic structure just beldWif is

the numerical iterations, the propagation wave nun¥r  sinusoidal and no significant higher-order components were
characterizing spin state by no means differed frupmap observed in (k) as shown in Fig. ®). With decreasing™*,
Only higher-order components relative to the fundamentatyyy approaches 1/2 with a shift of the bottom of theq"*

one inl(k) varied after the iterative procedure. Because ourcurve as shown in Fig. 18). Correspondingly, the magnetic
model includes competing interactiodg andJ,, it may be  structure gradually deviates from the sinusoidal structure to a
difficult to generate another final spin state with a periodicitysquared-up modulated one, yielding pronounced higher-
different from that of the initial one within the mean-field order components in(k). As T* decreases furthegyy
approximation ignoring the thermal fluctuation of spins.|ocks into 1/2 aff* =T3 (~0.82) and the AF structure with
Ne_vertheless,_ we rt_eg_ar_ded the resultant final spin sl\sl:;\te as tla?qF: 1/2 shown in Fig. €8) is stable down ta* =0. These
spin state which minimizes the free energygdf(= i) results are consistent with our neutron scattering results of

in the F'qMF space under the restriction that the Characteristhe temperature variation mj[F|g 7(3)] as well as the ap-
tic propagation wave number be fixed during the iterations.pearance of the higher harmonics just abdyeSec. 111 B).

The mean-field calculations were performed whthup to In addition, as shown in Fig. 18, we found that the
45. We selectedyy, between 0.3 and 0.5 and chose thepottom of the F-q“F curve becomes flat aroundyy
spin state with the smalleStamong initial spin states whose (—4/9) at T* =0.824 just aboveT} . Correspondingly, as
Giniiat @S an equal magnitude. Thus we could calculate 12&nown in Fig. Tc), the anomalous increase ¥, along the
initial spin states with differentjinii,y and could obtain free  direction of the propagation wave number was clearly ob-
energies for various different™". Since the final spin state served just abov@,. This fact implies that the increase of
with the lowest free energy is stabilized, the equilibriumW{)C just aboveT, is related to the flatness of the-g“F

A F . . ) . .
propagation wave numbeyg, was readily determined from  cyrye aroundgye . With these calculation data in hand, we
the F-gMF curve obtained. The resultaft-g"" curve pro-

| i 4 : ; proceed to the results for finite magnetic fields.
vides important information about how metastable spin states

are distributed around the equilibrium spin state vvzjtﬁ at

a givenH . andTMF, Then, using final spin states at nearby Fig. 11, we show the calculateH*-T* magnetic

the temperature and magnetic f|e|d_ as initial states, we SUbhase diagram. Our calculations qualitatively reproduce the

veyed the temperature and magnetic-field dependence of t T tic ph di fc hich ot

F-g"F curve and determined the,.-TMF magnetic phase _/'° magnetic phase diagram of Cojl, which consists

diagram. For later discussion, we introduce reduced temperél)-f three_magnetically ordered phases: AF, IC, and FR

turg T ' (=TMFITMF)  and r,educed magnetic fieldH* phasgs. The IC phase contains \éarious magnetic states char-

(=H, o JHAFFR 1 acterized by a rational value qQ”q between 1/3 and 1/Z.

T et e : At both lower and higher temperatures, an increase in the
3. Zero field IC-FR critical field is seen as was experimentally found in

the present neutron scattering stydirg. 3@]. The IC re-
In Fig. 8, we show the temperature dependencqgtffin gion, surrounded by both AF-IC and FR-IC phase bound-
zero field. As the temperature decreases from the PM stataries, becomes narrower with decreasing temperature. Within

4. Magnetic field parallel to the ¢ axis
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aroundqg"qF becomes pronounced. These results are consis-

tent with the fact that the broadening of the scattering profile
PM along theb* direction was detectedot in the AF and FR
phases, bubnly in the IC phase. Furthermore, as shown in
Fig. 10c), the F-g“F curve aroundq(';"qF gradually becomes
flat approaching the triple point in the IC phase. At
=0.45 andH* =0.92 in the vicinity of the triple point, a
large number of spin states with different propagation wave
numbers between 1/3 and 1/2 are nearly degenerated. This
enhancement of a degeneracy of ground states might give
rise to an increase in the number of IC Bragg peaks with
different propagation wave numbers and therefore might
cause a broadening of the IC peak along Iffedirection.
Actually, approaching the triple poin\f,\/{,C anomalously in-
creases as shown in Fig(cb.

In order to seek the presence of an assembly of IC Bragg
peaks with different propagation wave numbers, we per-
formed transverse scans along thie direction with highQ

e AR e resolution neutron scattering just aboVgin zero field and
0 02 04 06 08 /I also atT=1.5K andH;.=306 Oe near the triple point. As
T* IC shown in Fig. 123), the IC peak in theb* direction just
aboveT, is not a broad single peak, but peaks separated into
two broad peaks. With decreasing temperature slightly from
1.98 K toward 1.92 K, these two peaks gradually broaden,
accompanying a shift of their positions. Moreover, in the
an accuracy of our mean-field calculations, these phasgicinity of the triple point, the IC peaks in thie* direction
boundaries merge &* ~0.96 andT* ~0.4, forming a triple  are fairly rugged as shown in Fig. . Such fine structure
point where the AF, IC, and FR phases meet together. Quitef the magnetic scattering function directly evinces the pres-
recent mean-field calculations for the axial-next-nearestence of quasidegenerate ground states with different propa-
neighbor Ising(ANNNI) model on the tetragonal lattit®e gation wave numbers in the IC phase.
also provided a complicated-T magnetic phase diagram  Corresponding to these neutron scattering results, our re-
similar to that found in our study. Noted that although in ourcent ac susceptibility measureméhtsevealed a low-
calculations differentH*-T* paths on theH*-T* plane  frequency enhancement jyi' only in the IC phase near the

10

FR

scan-B  scan-A

FIG. 11. CalculatedH*-T* magnetic phase diagram. The inset
shows its enlargement around the IC phase.

yielded slightly different-q"¥ curves at givertH* andT*,  triple point. This slow dynamics probably reflects the exis-
we found that such differerfE-q™" curves substantially do tence of such quasidegenerate ground states. A detailed dis-
not alter the resultant features described above. cussion of ac susceptibility measurements will be presented

We here consider two types of scan shown by dashedoon.
arrows in Fig. 11 in order to investigate the relation between
W, and the flatness of the-g™" curve aroundgyy: the E. 2D character in a 3D ordered state

H* scan aff* =0.8 belowT; (scan A and theH*-T* scan As is itemized as Ef€) and ERD), the correlation length

to the triple point(scan B. As seen in the=-g"" curve in  along thea axis varies depending on the propagation wave
scan A shown in Fig. 1®), the bottom of thé=-g“'" curve is  number along the* direction. In the AF phase in particular,
quite deep aroundg in both AF and FR states, while notin the correlation length along theeaxis depends on the cool-
the IC phase. Particularly, near the AF-IC and IC-FR phaséng speed from the higher-temperature IC state and the sys-
boundaries in the IC phase, the flatness of fRg"" curve  tem exhibits a pronounced 2D character when the system is

4000
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800 - H,=3060e 1

%
ot FR.(3 1/3 0) §§ &%% AF(3 112 0) ]
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FIG. 12. Scattering profiles of the (30) transverse scan with higR-resolution neutron scattering @) T=1.92 and 1.98 K in zero
field and(b) at T=1.5 K andH;.=306 Oe near the triple point. The horizontal bar denotes the full width at half maximum of the resolution
function at the IC peak position &~ 0.435.
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cooled rapidly toward the AF state. In this subsection, we 2. H;.-T variation of correlation length in the IC phase

discuss the origin of the pronounced 2D character in the AF | contrast to the case of the AF phase, in the IC phase the
state(Sec. IIE D and give an explanation for thil;.-T  exchange field at the apex site from the base sites is not
variation of ' in the IC phaseSec. IIlE2. Then, in Sec. canceled exactly as shown in FigieBowing to the differ-
lIIE 3, we present a detailed discussion of the existence ognce in the magnitude of the sinusoidal spins on the base
antiferromagnetic domains closely relating to the 2D characsites. Since such a difference reduces|approaches 1/2, it
ter in the AF phase. is most likely that the inverse correlation lengil¥ increases
asq approaches 1/2 as is itemized as(BF
To account for theH,.-T variation of ' semiqualita-
tively, we assumed that the long-range IC ordering wjils
First, we show the origin of the pronounced 2D charactefestablished along theaxis and the 2D magnetic sheets thus
in the AF phase within the isosceles triangular lattice modeformed correlate each othesne dimensionallywith «'©
with J; andJ,. As seen in the AF structure of Fig(t8, along thea axis through the effective interplanar nearest-
spins confined along the easy axes are antiferromagneticallyeighbor interactionl 4..{q). This treatment may be ad-
aligned along thé axis. Consequently, the exchange field atequate, because the observed magnetic scattering function in
the apex site from the base sites througlon the isosceles the a* direction is Lorentzian, which is the magnetic scat-
triangular lattice exactly cancels and the 2D magnetic sheetgring function of the 1D modeéP J.4..(q) was determined
consisting of the magnetic chains anisotropically coupledby averaging effective exchange interactions between adja-
along theb axis throughJ; are formed effectively. Thus, cent 2D magnetic sheets, using the following equation:
when the system is cooled rapidly toward the AF state, there

1. 2D character in the AF phase

may remain a number of stacking disorder between 2D mag- , Sl dn(a)]

netic sheets. Such a stacking disorder results in an aniso- ‘]effecl(q):—Enl : (12
tropic broadening of the Lorentzian magnetic Bragg scatter-

ing function in thea* direction and is considered to be Where

responsible for the dependence of the correlation length

along thea axis on the cooling speddFig. 5(c)]. If such a I(q)=J; 31’1(3«,’3*‘31_1‘3). (13)

situation actually takes place in Copy, the correlation s
length is expected to vary as the magnitude of the exchan
field acting on the apex site varies. Indeed, in the spin-flo%3
FR phase where one-third of the exchange field thraligh
partially recovers, the correlation length along theaxis
dramatically increases as indicated by the resolution-limite
FR peak along the* direction shown in Fig. &).’

So far, we have treated this system as an isosceles trial

ereJ;(q) is an exchange interaction acting 8p; at the
apex site from two base site spii® ; and S,_;3 on an
isosceles triangle. Since the magnitudel¢fq) differs from

Gsite to site due to the incommensurate spin arrangement
along theb axis, the summation in E¢12) was taken oven

up to 1000. For simplicity, we ignored the interchain inter-

! . e . %'ctionJg, and a deviation from the sinusoidal structure. Since
gular lattice model WLthl and Jz. However, within this the inverse correlation length is a monotone decreasing func-
model, the observed™ must be infinite and the system tion of an exchange parameter divided by temperaitivee

behaves as an ideal 2D magnetic system in the AF phas . / o
because the exchange field between adjacent 2D magnefgrveyed theH - T dependence afeec(d(T,H))/T and in

e c
sheets is exactly zero. Thus the magnetic peaks should grget;ed thé‘luc':}— Varlattl’llon Q[fK as t)elow.d ; f
observed as a form abds running along thea* direction , s, we show: the lemperaiure dependence o
rather tharBragg pointsin the reciprocal lattice space as was Jefff?ct(q(T))/T in zero field in the inset in Fig. 13. For com-
observed in 2D antiferromagnets such ad\i,.»° Taking ~ Parison, the temperature dependencelff.(q=0)/T is
account of the quasi-3D magnetic behavior in the AF state, &/S0 plotted;’ forg=0, no interplanar exchange interaction
weak but finite effective interchain interactidy illustrated ~ C@ncels andege(0) (=2J, cos ) is temperature indepen-
by dotted lines in Fig. ®) is considered to stabilize the dent. As is evident, in the case @0, Jgse(0)/T increases
magnetic ordering along theeaxis in the AF state. In fact, as monotonically with decreasing temperature. This means that
will be shortly discussed in Sec. Ill E 3, owing to the exis- the temperature-independent exchange interaction always de-
tence of inhomogeneity id;, AF domains with different velops magnetic correlations at low temperature. On the
stacking of the 2D magnetic sheets along ¢haxis are re- Other hand, taking account of the temperature-dependent
alizedonly in the AF phase. propagation wave numbey(T) in CoNBOg, Jefrecd(T))/ T

Even for the slow-cooling treatment, the quasi-3D mag-gradually decreases with decreasing temperature and be-
netic behavior remains in the AF state. Recently, Hanaw&omes zero below ,. Moreover, as shown in Fig. 13, ap-
et al. observed a small anomaly of the magnetic specific hegproaching the IC-AF phase boundaty..(q(T,H))/T de-
at a quite low temperature 6f0.65 K* The appearance of creases in the IC phase. Considering the anomalous increase
such an anomaly probably means that the system goes intn «'“ approaching the IC-AF boundary shown in Figb
the true 3D long-range AF state at this temperature. In thisthese calculations qualitatively evince that the difference in
case, the resolution-limited AF Bragg peak should be obthe magnitude of the base site spins controls the magnetic
served. Neutron scattering experiments dowl+00.3K are  correlations along tha axis in the IC phase.
now in planning in order to confirm the true 3D long-range In these calculations we have assumed a long-range sinu-
antiferromagnetism below~0.65 K. soidal structure witly. However, in real system various fac-



3342 S. KOBAYASHI et al. PRB 60

100000

» (a) CoNb,O, T=15K
0.05 ]v A T,

al oo - —""”(qT( H) 10000 F % t S

:.: ~ 0.003 OMN! §~ e u:

00F & o |2 - [ :
1000 £ i E

0 .

)

100

Intensity ( Counts / 2 sec )

ﬂk"--m. oos
omons 0 &

S ome
“.""-nu. .o

10

4 ~ (b) NiNb,0, T=15K ]
Q i
Q 4
i < w00y f ‘ P
4 g . ]
3 ! .
@] - [y . 1
35 % o10: ) T
D Pl
FIG. 13. Contour plot 08 x..{aq(T,H))/T on theH,-T plane, = 10 5.(‘) LIl AL Oyﬁlm

calculated from the observef{T,H) shown in Figs. €a) and Ta).

The crosses represent locations wh&e, (q(T,H))/T was calcu-
lated. The inset shows temperature dependencQf(q=0)/T

(triangles and Jx..{a(T))/T (open circlegin zero field.

172 0)

FIG. 14. Magnetic reflection in thén(1/2 0) scan aT=1.5K in
the AF statga) for sampleB, of CoNb,Og and(b) for sampleAy;

. . . of NiNb,Og. The additional AF peaks observedtet half-odd in-
tors, such as a deviation from the sinusoidal structure due tféger are depicted by solid arrows.

an external field and the existence of quasidegenerated

ground states, contribute to the magnetic correlations along, ¢ of the Ising character of €o spin, both AFZ and
the a axis; actually, because of the existence of quasidegensgs- styyctures of Fig. @) are considered to coexist with
erated ground states, - around the IC-AF phase boundary yhe A structure of Fig. ®) in the AF phase. Such identifi-

as well as near the triple point seems to be considerably largeyion of the magnetic structure is consistent with a recent
c9mpared with that expected from the calculatedyagnetic structural analysis on isomorphous compounds
Jeﬁect(q(T,H))/T. AIthougr_l such factors_ should be m_cluded FeNbO; and NiNB,Og by Heid et al® Nevertheless, the ex-
to explain theH .- T behavior of«'® consistently, our simple  jstence of such magnetic domains in CoRwas not re-
picture explains well why the inverse correlation length ported in their neutron diffraction measurements on
along thea* direction increases as the propagation WaveCoNb,0.8
number along th&* direction approaches 1/2. Table | shows the volume fraction of the AF, AF2and
AF2~ structures for two different single crystals of
CoNb,Og.2! In both single crystals, the volume fraction of
As seen in thelf1/20) scan shown in Fig. 1), in the  the AF structure is dominant and reproducible for any cool-
AF phase we observed unreported small peaksha Q) ing cycle. The volume fraction differs from sample to
with h,k=half-odd integer in addition to the AF peaks at sample, confirming the domain model in Cojd.
(h k0) with h=integer, k= half-odd integer; we call these As shown in Fig. &), since in the AF2 structures the
unreported peaks AF2 peaks. The AF2 peak has the sanexchange field at the apex site from the base sites thrdugh
functional form as that of the main AF peak. As shown incancels exactly, it is expected that the 2D magnetic sheets
Figs. 1%a) and 1%c), the ratio of both intensities is nearly stack along tha axis through the weak interchain interaction
temperature and magnetic-field independent and the AF2; as in the AF structure. However, the AFZtructures
peak coexistenly with the AF peak. No other magnetic peak suggest thall; is antiferromagnetic, while the AF structure
such as (1/20) with g# 1/2 was detected in thie* direc-  suggests thal; is ferromagnetic. The discrepancy in sign of
tion. As shown in Figs. 1) and 15d), A2 exceeds<"F at  J; indicates the existence of an inhomogeneity in the cou-
all the measuring temperatures and magnetic fields, althougbling constantJ; over the crystal. Taking account of the
no observable difference was detectedhf. sample dependence and reproducibility of the volume frac-
In order to assign the AF2 reflections, we consider twotion, such an inhomogeneity might result from a crystal im-
magnetic models: one is the magnetic model yielding botlperfection or a surface effect as suggested in EENand
AF and AF2 reflections simultaneously, with magnetic unitNiNb,Og.° Such a difference in the coupling constaht
cell doubling of the chemical unit cell along bothandb  causes the different magnitude of the inverse correlation
axes; another is the domain model that magnetic structurdength in thea* direction for the AF and AF2 structures as
with magnetic unit cell doubling of the chemical unit cell shown in Figs. 18) and 15d).
along botha andb axes coexist with the AF structure of Fig.  As described above, the AF2structures coexist only
3(b) over the crystal. However, the difference betweéi  with the AF structure. When the system goes into the IC
and 72 obviously indicates that two AF and AF2 reflec- state where the exchange field throughis not canceled
tions must come from different magnetic structures and thexactly, the AFZ domains disappear. These facts signify
latter domain model is most likely in CoMDg. Taking ac-  that the weak interchain interactidg along thea axis shows

3. Appearance of AF domains originated from 2D character
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up only in the AF phase where the exchange field at the apeariginate from different magnetic structures. Noted that us-
site from the base sites cancels exactly. This supports oung exchange parameteds (~—0.94 K) andJ, (~0.46 K)
finding described in Sec. IIIE 2 that the difference in theestimated by the critical fieldsn the magnetization process,
magnitude of the base site spins controls the magnetic cobur isosceles triangular lattice model predicts an appearance
relations along tha axis. of the IC state witlg~0.464 afT . Within our experimental
accuracy, no such IC state was detected.
_ From our single-crystal neutron scattering results, it was
IV. RESULTS AND DISCUSSION FOR NiNb;Os confirmed that the AF2 structures coexist with the AF
In Fig. 14b), we show the scattering profile of the Structure belowTy in NiNb,Os. Therefore, the 2D magnetic
(h1/20) scan aT = 1.5K in zero field. In addition to strong Sheets consisting of the magnetic chains coupled antiferro-
AF peaks ah=integer, we observed small AF2 peakshat magnetically along thé axis are considered to correlate to
= half-odd integer as in CONB,. With increasing tempera- €ach other throughl; as in CoNBOg. However, the
ture, both AF and AF2 intensities gradually decrease, keepsolution-limited peak in tha* direction indicates the ab-
ing a ratio of both intensities, and disappearTag=5.9 ~ Sence of a pronounced 2D character belby This might
+0.2K, being consistent with a powder neutron diffraction P& due to a rather strong interchain couplihgor due to the
study?® However, in contrast to the anomalous broadening oftPsence of the higher-temperature IC phase because it is ex-
the scattering profile in CoNB,, both AF and AF2 peaks in pe_cted that the flrst—order IC-AI_: phase transition accompa-
the a* andb* directions are resolution limited at all mea- NYiNg @ nucleation growth easily causes stacking disorder
suring temperatures. This indicates that NjSip exhibits a  Petween 2D magnetic sheets as in CeBp
true 3D long-range antiferromagnetism beldv .
Assuming that the AF and AF2structures shown in Figs. V. CONCLUSION

3(b) and 3c) are formed belovil, the volume fraction for . . . .
each structure is obtained as listed in Table I. In both single The formation of 3D magnetic ordering has been studied

crystals the volume fraction of the AF structure largely ex-2N quaS|-1IZ? magnets CobiDs as well as NiNGOs by neu-
. tron scattering measurements downTte 1.5K. The pres-
ceeds that of AF2 structures in contrast to the powder

results’ AF (21%) and AF2" (79%). The dominance of the ence of three magnetically ordered phat, IC, and FR

AF structure in the single crystals agrees with the neutron ' & quite low-field region belowHc~500 Oe in CoNBO,

. . . enables us to elucidate the formation of 3D magnetic order-
d|ffract|pn results_on FG.WG where the AF2 domains al- ing for most of the ordered phase in detail. Measurements of
most disappear in a single crystal due to fewer surfac

effects? In addition. the sample dependence of the volum $he deviation of the magnetic Bragg scattering function from
fractioﬁ surel con’firms thatptwo EF and AF2 reflectionsethe ¢ function as well as the mean-field calculations revealed
y interesting magnetic features resulting from the isosceles tri-
) angular arrangement of magnetic chains with competing in-
~ TABLE I. Volume fraction of the AF and AF2 structures for  tarchain interactions. Below, we itemize our conclusions for
single crystals of CoNjDg and NiN,Og. An equal magnitude of oNb,Og and NiNBO
the magnetic moment for all the magnetic structures and an equg 1) (360sz0 exhigits a complicatecH,-T magnetic
; 5 llc™
volume fraction of the AF2 structures were assumed. phase diagram which contains three magnetically ordered
phases: the AF, IC, and FR phases. The IC region, sur-

0 + (0 ~ (9
AF (0 AFZ" (%) AF2” (%) rounded by both AF-IC and IC-FR phase boundaries, be-
SampleAc, 99.2 0.4 0.4 comes narrower with decreasing temperature. At a suffi-
SampleB¢, 97.1 1.45 1.45 ciently low temperature, these boundaries seem to merge,
SampleAy; 91.8 4.1 4.1 forming a triple point where the AF, IC, and FR phases meet
SampleBy 85.1 7.45 7.45 together, although this triple point was not accessible within

the present neutron scattering study. Our mean-field calcula-
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tions for the isosceles triangular lattice with intrachain ferro-of ground states, and a number of studies have revealed vari-
magnetic couplingl, and interchain antiferromagnetic cou- ous magnetic features of triangular Ising antiferromaghets.
plings J; and J, qualitatively reproduced theH,-T  Forinstance, a quasi-1D Ising antiferromagnet Csgo@h
magnetic phase diagram. a weak next-nearest-neighbor ferromagnetic interaction in

(2) CoNb,Og has a high degeneracy of ground states inthe frustrated triangular lattice exhibits successive phase
the IC phase. Approaching the triple point in the IC phasetransitions and a partially disordered ph&sé&ven when
the number of quasidegenerate ground states with differerstuch triangular geometrical frustration is partially released,
propagation wave numbers increases. Our mean-field calcthe magnetic property observed might be still characteristic
lations showed that the IC states with different propagatiorio the frustrated triangular lattice. Recently, the magnetic
wave numbers have nearly the same free energies in the wordering in the triangular antiferromagnets including par-
cinity of the triple point. Actually, our higl resolution tially released geometrical frustration has attracted consider-
neutron scattering measurements revealed a fine structure able theoretica?>* and experimental~?’ interest. Experi-
the broad IC peak in thb* direction resulting from an as- mentally, it was revealed that theXY triangular
sembly of the IC Bragg peaks with different propagationantiferromagnet RobMnBrincluding an orthorhombic distor-
wave numbers. tion of the exchange bonding with~1.28 provides a very

(3) In CoNb,Og, the difference in the magnitude of the complicatedH-T magnetic phase diagraffin view of the
base site spins on the isosceles triangular lattice controls tHeequality in the exchange parametéis(~—0.0508 K and
magnetic correlations in tha direction. Particularly, in the J, cos 2, (~—0.038 K), CoNb,Og also belongs to such tri-
AF phase where the exchange field at the apex site from thangular antiferromagnets with an orthorhombic distortion.
base site spins cancels exactly, a pronounced 2D character ldevertheless, to our knowledge, we have not heard of Ising
well as the dependence of the magnetic correlations on theagnetic materials showing a surprisingly rich variety of
cooling speed from the higher-temperature IC state wasnagnetic formation as is found in Cop;. Taking account
clearly observed. Although in NiN®g the AF structure im-  of the ratio of y~0.75 which is not far from 1.0, a most
plies the appearance of a pronounced 2D character as @ssential aspect resulting in the interesting magnetic forma-
CoNb,Og, NiNb,Og exhibits a 3D long-range AF ordering tion in CoNbOg must be the small orthorhombic distortion
below Ty. In both CoNBOg and NiNBOg, the interchain in the geometrically frustrated triangular lattice. Actually, in
interactionJ; is considered to play a crucial role for the the case of NiNEOg with the large orthorhombic distortion
formation of the magnetic ordering along theaxis in the  of y~—0.23, fewer competing interchain interactions on the
AF state. Indeed, because of the existence of an inhomogésosceles triangular lattice lead to a simple 3D long-range
neity in J; over the crystal, the magnetic domains in which antiferromagnetism. We believe that the quasi-1D magnet
the stacking of the 2D magnetic sheets alongatexis dif- CoNb,Ogz serves as one of the model materials where the
fers are formed in the AF state. triangular geometrical frustration is partially released.

The diversity of the magnetic formation appearing in
CoNb,Og, in particular, strongly reflects the competing inter-
chain interactions between magnetic chains sitting on the
isosceles triangular lattice. If the antiferromagnetic inter- We are grateful to Professor Kiyoichiro Motoya for usage
chain interactiong; andJ, are of the same magnitude, that of the SQUID magnetometer at the Science University of
is, the ratio of interchain interactions=J,/J; is 1.0(in the  Tokyo (Noda campus We would like to thank Professor
case of CoNBOg and NiN,Og, y=J, cos X,/J; because of Masuo Suzuki for valuable discussions of the mean-field cal-
the two different easy axgsthe magnetic system concerned culations. This work was partly supported by the Science
becomes a triangular Ising antiferromagnet wj#tometrical Research Promotion Fund of the Promotion and Mutual Aid
frustration Geometrical frustration brings a high degeneracyCorporation for Private Schools of Japan.
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