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Low-temperature magnetic phase transitions of the geometrically frustrated isosceles
triangular Ising antiferromagnet CoNb ,Og
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Low-temperature magnetic phase transitions of the geometrically frustrated isosceles triangular Ising anti-
ferromagnet CoNfDg have been investigated by means of neutron diffraction dovil6.2 K under applied
fields up toH,;=4.4 kOe. BelowT~0.6 K, the relaxation time of the system becomes extremely long
compared with our observation time, being responsible for all the anomalous low-temperature magnetic prop-
erties observed in the bulk measureméiitsHanawaet al., J. Phys. Soc. Jp63, 2706(1994]. In addition to
confirmation of the triple point where the antiferromagnetic, field-induced ferrimagnetic, and incommensurate
phases meet together in tHg.—T magnetic phase diagram, we also found various ordered phases that are field
induced between the ferrimagnetic and saturated paramagnetic phases.
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[. INTRODUCTION phases meet together might exist at a lower temperature. Our
mean-field calculations for the isosceles-triangular-lattice
The triangular antiferromagnet with a partially releasedising model with intrachain ferromagnetic interactidqynand
geometrical frustration has been attracting particular atteninterchain antiferromagnetic interactiods, J, (Ref. 3 not
tion because of a possibility of the appearance of an unusuahnly qualitatively reproduced the .—T magnetic phase dia-
magnetic order absent in both frustrated and unfrustrategram of CoNBOg in low-field region, but also successfully
magnets. As one of the model materials of such a system.explained the anomalous broadening of the IC peak ap-
we have studied in recent years a quasi-one-dimension&roaching the triple point.
(quasi-1D Ising magnet CoNJD;, where the ferromagnetic In spite of the qualitative agreements between our mean-
zigzag chains along the axis form an antiferromagnetic field results and neutron-diffraction results (_jown 1o _
isosceles-triangular lattice in theb plane as shown in Figs. = 1-5K, however, the low-temperature magnetic properties
1(a) and (b).2* Neutron scattering has revealed that anof this geometrically frustrated sysFem were still not well
isosceles-triangular geometry of frustrated spins produces ifftderstood. AtT=0.5K under applied fields along the

teresting magnetic properties not found to date in any othefXiS: @n anomalous hysteresis in the magnetization process as

magnetic materials, such as propagation-vector-depende\évtell as a slow relaxation of the remanent magnetization have

maanetic correlatiods and _anisotropic domain-arowth een found. Particularly, the intermediate state with either
kingtics“ P 9 one-third or two-thirds magnetization of the FR state was

f ly field i i high -
The magnetic phase diagram of Coflly under applied requently field induced and persisted up to a highest mea

) , ‘ X i sured external field of 2 kOe, while at higher temperatures
fields along thec axis has been extensively investigated by

measurements of the bulk properties downTte 0.5K by
Hanawaet al® as well as neutron-diffraction measurements
down toT~1.5K by the authors® and Heidet al® Neutron a)
diffractior®>® showed that the system exhibits three mag-

netically ordered phases at low field§sinusoidally . 2 _
amplitude-modulated incommensurdt€) phase belowT, ' ‘::é:j'
~3.0K, antiferromagneti€AF) phase below,~1.9K, and 4 =5
field-induced ferrimagnetidFR) phasé, while at higher ¢ | i
fields another ferrimagnetic state was observed around th M:w 4

phase transition from the FR to saturated paramagfiekt
phase$. All the ordered states are characterized by a propa-
gation Ve.CtoerrOpa: (0q0), and th.e SP'”S d'rECt_towards FIG. 1. (&) Chemical unit cell of CoNfDg, where the zigzag
the two different easy axes shown in Fidajlreflecting the  chains are running along theaxis with the intrachain ferromag-
strong Ising character of the magnetic®Capin. In previous petic couplingd,. The hatched arrows represent the two different
measurements down ©=1.5K,* we found that with de- easy axes in the nearb-c plane with a canting angle of 31°,
creasing temperature at lower fields, the IC region defined byriginated from the two different octahedral CpSites.(b) Isosce-
both AF-IC and IC-FR first-order phase boundaries becomelgs triangular lattice with interchain antiferromagnetic interactions
narrower and the triple point where the AF, IC, and FRJ, andJ, in the a-b plane.

b
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the FR state was always field induced. This indicates the
presence of another stable magnetic phase at lower temper
tures, or the appearance of a metastable state as was found_
the antiferromagnetic-ferrimagnetic phase transition in theg
quasi-1D Ising system FegCRH,0.” Furthermore, the
specific-heat measurements in zero fialevealed an addi-
tional low-temperature anomaly dt,~0.65K below T,,
where a phase transition from the quasi-long-range AF or:
dering towards the true 3D long-range one beldwwas
presumed.

In this paper, we report low-temperature neutron-
diffraction measurements down f=0.2 K under applied
fields up toH;.=4.4 kOe, where interesting low-temperature
magnetic phase transitions inferred from the bulk measure
ments have been investigated.

Intensity (Counts / ~2.3

Il. EXPERIMENT

The single-crystal neutron-diffraction experiments on
CoNb,Og were carried out, using the two-axis diffractometer <
(E4), installed at Berlin Neutron Scattering CentBENSO, ‘Z;’
in Hahn-Meitner Institute. A pyrolytic-graphite filter was §
used to eliminate second-order contamination. The collima.z
tion with 40-40'-40' from reactor to detector and incident §
neutrons with the wave length of 2.44 A were used. InE
present experiments, the single crystal with dimensions &
X 5X 10 mn¥, grown by flux-growth techniqdgsampleBc,
in Ref. 3 was used. A vertical external field along thexis
up to 4.4 kOe as well as low temperatures down to 0.2 K
were provided by the cryomagné¥M-3) with a dilution
refrigerator insert. Typical field-sweep rate was @J&/seg.
All the scans taken on increasing external field were per-
formed after zero-field coolingZFC) from the disordered
PM state abovel,;~3.0K with a cooling rate of~0.05
K/sec, while those taken on decreasing external field wer
carried out after putting the sample under the external field,
of H;.=4.4kOe in the saturated PM state.
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FIG. 2. Magnetic-field dependence of tl{@ k 0) reciprocal-

lattice scans in low-field region at several temperatures bdlgw
(@ T=1.62K, (b) T=1.0K, (c) T=0.75K, and(d) T=0.5K.

At lower temperature ofT=0.75K, the field-induced
AF-IC phase transition occurs at rather higher critical field of
®AFIC_ 430 Oe. However, a well-defined first-order phase
ansition from the IC to FR phases, associated with the co-

existence of both types of ordering, was not detected as

shown in Fig. Zc): with increasing external field, the broad

Ill. RESULTS AND DISCUSSION

IC peak atk~0.37 shifts towardk=3 and continuously

changes into the FR peak as the peak width sharpens. When
) ] ) the external field decreases from the saturated PM state, on
In Figs. 2a)—(d), we show the(3 k 0) reciprocal-lattice  the other hand, the first-order FR-IC phase transition was
scans measured in increasing external field at several tengtearly observed. Nevertheless, even after decreasing exter-
peratures below, after ZFC. From these scans, as shown inpg) field down to zero field, the IC state witi~0.48 sur-
Fig. 3, theH;—T magnetic phase diagram was determinedyjyes and no AF ordering appears as shown in Fig. 3.
As shown in Figs. 2 and 3, the AF ordering witf- 3 was In contrast, when the external field increases at lower tem-
found to be stable in zero field down to the lowest temperaperatures below =0.5K, the system enters directly the FR
ture of T=0.2 K after ZFC. With ianeaSing external field at phase from the AF phase as shown in F|q$j) and 3, al-
T=1.62K just belowT, the field-induced first-order AF-IC  though the critical field of the AF ordering dramatically in-
phase transition occurs &, '“~225 Oe and the broad IC creases. In contrast to the strongly broadened FR pedk at
peak with field-dependenq between3 and ; appears as =0.75K, is this peak below=0.5 K observed immediately
shown in Fig. 2a). With further increasing external field, the after the AF-FR phase transition close to instrumental reso-
sharp FR peak &= 3 develops and the system enters the FRiution. With decreasing external field, the intensity of the FR
state atH\-""*~395 Oe. When the external field decreasespeak gradually decreases and the background intensity in-
the system exhibits the FR-IC and IC-AF phase transitions atreases. However, even in zero field the FR peak still re-
lower fields as is documented by the dataTat1.5K dis-  mains, showing the anomalous hysteresis at lower tempera-
played in Fig. 3. Such two field-induced phase transitiongures. In order to investigate the intermediate state with one-
were also observed dt=1.0 K, with pronounced hysteresis third or two-thirds of the FR magnetization, found &t
as shown in Figs. (®) and 3. =0.5K by Hanawaet al,®> we performed the(3 k 0)

A. Low-field region
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4000

the quasi-1D system CoMNDg, the magnetic chains along
the ¢ axis with long-range intrachain correlations should be
reversed during phase transition, it may be difficult to form
ﬁrr?gzgsav)mks' the long-range up-up-down FR ordering at low temperatures

) in particular where thermal effect becomes ineffective.
Therefore a sweep rate of external field as well as initial spin
state will affect the volume fraction of up-up-down and
down-down-up FR domains, thus magnetization observed. In
fact, the observed intermediate state showed different abso-
lute value of magnetization in different runs.

In present measurements, large hysteresis at low tempera-
tures strongly disturbs the accurate determination of the
phase boundary in an equilibrium state. However, the differ-
ent nature of the field-induced phase transitions at high tem-
peratures (ARIC—FR) and at low temperatures
(AF—FR) indicates that the triple point where the AF, IC,
and FR phases meet together, should be located at the tem-
perature between 0.5 and 0.75 K in thig.—T magnetic
phase diagram. Further, this feature qualitatively agrees with
previous mean-field calculatiohfor the isosceles-triangular-
lattice Ising model withdy, J;, andJ, as is seen in the
magnetic phase diagram shown in the inset of Fig. 3. Note
that although theH;.—T dependence of the broadening of
the IC peak in théb* direction approaching the triple point
was not accurately determined because of anomalous hyster-
esis, the observation of the quite broad IC peak at low tem-
peratures surely confirms the large ground-state degeneracy
in the IC phase in the vicinity of the triple poift.

In this geometrically frustrated system Cojdl3, the do-

. . 4 . . ; main growth towards the equilibrium AF state proceeds ex-

6 o5 1 15 2 25 3 tremely slowly as previous neutron-scattering measurements
T (K) at T=1.5K (Ref. 4 revealed. Therefore anomalous hyster-

esis at low temperatures implies that the relaxation towards

FIG. 3. (& H.—T magnetic phase diagram of Coji. The  the equilibrium AF state becomes slower with decreasing
open and closed symbols represent critical fields, determined otemperature. In order to investigate how the relaxation speed
increasing and decreasing external fields, respectively. The lightghanges with temperature, we measured the time dependence
dark-shaded, and hatched areas at lower fields as well as the lighgf (3 k O) reciproca|_|attice scan in zero field at several tem-
and dark-shaded areas at higher fields show the hysteresis, of trrﬁ.ratures belowl,, after field quench from the FR state at
AF-FR, AF-IC, IC-FR, FR-HHFR, and HHFR-PM phase bound- |y — 1500 Oe. Figures 4 and@& show the typical data of
aries, respectively. Because of low temperatures, the critical field Oﬂ‘he time dependence of t1i@ k 0) scan and integrated inten-

the FR-PM phase transition is shown in the diagréciosed sities. res ; : :

. ) X , pectively. As shown in Figs(a# and Ha), after
square. The hatched area at higher fields shows the coexistence _ .
the HHER and HIC phases. The inset shows khg—T magnetic Cﬂeld quench belowl =0.5K, the FR state survives and the

phase diagram obtained by previous mean-field calculations for thlemegrated intensity is weakly time dependent within our ob-

isosceles-triangular-lattice Ising mod@Ref. 3, where the triple servation time of 1 h. On increasing temperature uprto
point is indicated by the double circle. The vertical and horizontal ™~ 0.6K, however, the FR peak abruptly starts to melt and
axes are scaled by the AF-FR transition field (=315 0e) and Instead the magnetic co'n.]ponentl develops arokind.48

T,, respectively. close to the AF peak position &f=35 as shown in Fig. é).

As the temperature slightly increases from 0.6 K, the time at
reciprocal-lattice scans &t,.=1500 Oe during several runs which the integrated intensity of the IC peak exceeds that of
betweenH ;=0 Oe andH,;.=15000e with a field-sweep the FR peak becomes dramatically shorter. At high tempera-
rate of 67.0 Oe/sec, after ZFC downTe-0.5K. Within our  tures aboveT~0.65K, only the IC peak with time-
experimental accuracy, however, only the FR peak was obdependenty which approaches of the AF ordering was
served and any other magnetic states wgttifferent from  detected after field quench as shown in Figr)4These ob-

1 of the FR state were not detected. Taking into account thagervations indicate that the relaxation towards the equilib-
magnetic Bragg intensity is proportional to the square ofrium AF state becomes faster with increasing temperature.
magnetic moments in the system, such an intermediate staRarticularly, the dramatic melting of the frozen FR state
would be a frozen domain state where both up-up-down FRiroundT~0.6 K suggests that the relaxation time of the sys-
ordering and down-down-up FR ordering with magnetizationtem becomes comparable with our observation tiseveral
reversed against external field, coexist in the crystal. Since iminutes aroundT~0.6 K.
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S FIG. 5. (a) Time dependence of the integrated intensity of the
g FR and IC orderings after field quench at several temperatures be-
3 low T,. The solid lines(FR intensity and dotted linegIC inten-
© 500 sity) are guide to eyegb) Temperature dependence of tdﬂe% 0)
=2 integrated intensity and the width parameterandW,), measured
g with increasing temperature after ZFC downTte- 0.2 K.
= 0
1500 (Gaussian shapgd determined from the resolution-

g convoluted fittings. Considering the extremely long relax-
- H=1500 Oe ation time of this system at low temperatures, these results
X 1000 ] can be interpreted by the reversal of energetically unfavor-
- H=00e ] able magnetic chains within each AF domain, frozen during
= e a0 sec‘ '~24°°Asff 8600 soc | a cooling process down =0.2K. Such a reversal might
8 500f ] be responsible for the low-temperature anomaly of specific
E i heat atT,. Note that although magnetic chains near the
] domain-wall boundary may also reverse with increasing tem-
2 Ao perature so as to develop mean domain size, a reversal of
= 025 03 03 0.4 045 05 0.55 those chains is expected to take place less frequently than of

(83k0) magnetic chains inside domains because of a higher activa-

tion energy to reverséRef. 4.
FIG. 4. Time dependence of tt{8 k 0) reciprocal-lattice scans

after field quench fromH,;.=1500 Oe, measured &) T=0.5K,
(b) T=0.6K, and(c) T=0.75K. The timet shown in the figures B. High-field region
represents the time where the neutron intensity at the scan center

was counted after the external field reached zero fietd=d. In Fig. 6, we show thd3 k 0) reciprocal-lattice scans at

several temperatures beloly at fields of 2.6, 3.2, and 4.2

. i . ) kOe. In Figs. Ta) and(b), we also show the field dependence
As mentioned in the introduction, Hanawaal. observed of integrated intensities &t=1.62 K andT=0.5K, respec-

an additional Iow-tempserature anomaly of specific heat i”tively, measured at3 1 0), 320), 310), (300, and(2 1
zero field atTs~0.65K.” This temperature is very close 10 o) reciprocal-lattice points. As is clearly seen, with increas-
T~ 0.6 K where the melting of the frozen FR state with “meing external field at higher fields, bot8 % 0) and (3 2 0)

was detected in our experiments. To elucidate the origin Ofneqgrated intensities of the FR ordering gradually decrease
such an anomaly of specific heat, we measured the zero-fielg, 4 the(2 1 0 integrated intensity develops and saturates
temperature variation of botth(G 0) and(3 k 0) reciprocal-  aroundH .~ 3.8 kOe. This indicates the field-induced phase
lattice scans on increasing temperature after ZFC down ttransition from the FR state to the saturated PM state in this
the lowest temperature, which is the same cooling procedurkeigh-field region. However, at all measured temperatures, the
as that by Hanawat al® As the temperature increases from (3 0 0) integrated intensity appears and maximizes around
T=0.2K, the integrated intensity of the AF state graduallythe FR-PM transition. Particularly, at higher temperature of
develops and finally saturates aroufie0.6 K. Within the  1.62 K, the broad3 3 0) magnetic peak appears and coexists
temperature range observe@=0.2-1.0K), however, the with the FR peaks as shown in Figgapand da). Taking
mean AF domain size along bothandb axes on the isos- into account that thé3 0 0 magnetic Bragg intensity is
celes triangular lattice is almost temperature independent gwoportional to an imbalance of a magnetization alongche

is seen in the temperature dependence of width parametersaxis at C3" sites with two different easy axes, the high-
andW, shown in Fig. 8b): k andW, are half-width at half temperature high-field ferrimagnetielHFR) state shown in
maximum of the magnetic Bragg scattering function alongFig. 8a) is considered to be field induced around the FR-PM
the a* direction (Lorentzian shapedand b* direction phase transition at high temperatures. Such HHFR ordering
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Q
; 200 FIG. 7. Magnetic-field dependence of the integrated intensities
g . % of both (3 k 0) and (2 1 0 magnetic reflections in the high-field
E R i region at(a) T=1.62 K and(b) T=0.5 K, measured with increasing
T 600 (C) ' ' ' T=075K || | external field.
g. £ o H=2600 Oe o
I i 520008 only the magnetic peaks at the FR peak positiok-ef and
£ 400 ; k=% were observed as shown in Fig(ds However, as
§ 3 shown in Fig. Tb), the(3 5 0) integrated intensity maximizes
z 200¢ 1 aroundH,.=3.4kOe and persists up to rather higher field of
é g@ H,.=4 kOe, although thé3 3 0) one rapidly decreases as
= 0== ——— the FR-PM phase transition proceeds. The persistence of
S 600 (d) T=05K 3 both (3 5 0) and(3 0 0 integrated intensities even at higher
§ 3 ! " H=2600 e 1 ﬂelds ino!icates the appearance of_ the Iow-temper_aturg high-
3 a0k ? x H=142000e ] field ferrimagnetic(LHFR) state withq=3 shown in Fig.
g 8(b) where one-sixth of magnetic chains in the magnetic unit
3 — : cell direct downward against external field. However, the
g ] single domain state of the LHFR ordering hardly explains the
g 0k . % observed intensity consistently. Therefore the low-
0 0.2 0.4 0.6 0.8 1.0 temperature state in high-field region would be a domain
(8 k0) state of the FR, LHFR, and saturated PM orderings.

In the high-field region, all the high-field magnetic phases

FIG. 6. Typical(3 k 0) reciprocal-lattice scans in high-field re- (HHFR, HIC, and LHFR coexist with the FR and saturated
gion, measured with increasing external field@tT=1.62K, () ~PM phases. The volume fraction of those high-field phases
T=1.0K, (c) T=0.75K, and(d) T=0.5K. The light- and dark- Obtained is quite smaller than either that of the saturated PM
shaded areas denote the HHFR and HIC peaks, respectively. Thghase or that of the FR phase at all the measured tempera-
peak positions of the HIC peaks are indicated by the vertical artures and external fields. Numerical values of the volume
rows. fraction at the typical field both af=1.62K andT=0.5K

. . ] ) are given in Table I. In addition, we found that the system
with =3 was also observed in the neutron-diffraction mea-exhibits strong hysteresis at low temperatures in particular as
surements down td~1.5K by Heidet al’ in the low-field region: with decreasing external field from

When the temperature decreases frdm1.62K, the  the saturated PM state, no LHFR state appeared. We cannot
HHFR peak ak=; gradually decreases and the broad magrule out that extremely long relaxation time of the system is
netic responses develop at the incommensurate peak posi-
tions as shown in Figs.(B) and (c). We found that they
appear in very narrow field range arouHg.=3.2 kOe and
always coexist with both FR and HHFR peaks. The observed
peaks atk~0.14,k~0.44, andk~0.56 in the(3 k 0) scan
[Figs. 6b) and(c)] can be assigned to tH8 1—2q 0), (3 q
0), and (3 1—qg 0) magnetic peaks witlg~0.44, respec-
tively. These results show the appearance of a high-field in-
commensuratgHIC) state with a propagation vect@ppa
=(0q0) in this intermediate temperature region.

In contrast, at lower temperatures where the direct field- FIG. 8. Magnetic structures if® HHFR and(b) LHFR phases.
induced AF-FR phase transition takes place in low-field re-The LHFR state yields magnetic reflection at the same peak posi-
gion, both HIC and HHFR peaks completely disappear andion as that of the FR state.

(@ HHFR(g=1/2) (b) LHFR (g=1/3)
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TABLE I. Volume fraction of the FR, HHFR, LHFR, and satu- down to T=0.2 K under applied fields up tel,.=4.4 kOe.
rated PM states. We assumed a domain state with an equal mag?\nomalously large hysteresis as well as slow relaxation of
tude of magnetic moment of the FR, HHFR, and PM phaseb at the system was observed at low temperatures. Particularly,
=1.62K, and the FR, LHFR, and PM phasesTat0.5K, respec-  helowT~0.6 K, the relaxation time of the system was found
tively. to become extremely long compared with our observation
time, being responsible for the appearance of field-induced
intermediate state with various magnetizationsTat0.5 K

FR HHFR LHFR Saturated PM

) (%) (%) (%) as well as for the additional low-temperature anomaly of
T=162K, H,,=32kOe 6.0 24.0 70.0 specific heat alf ~0.65K, observed in the bulk measure-
T=05K, H=34k0e 2.0 300 68.0 ments by Hanawat al. In contrast to the two-step field-

induced phase transitions from the AF to IC phases and from
the IC to FR phases at higher temperatures belbw

the reason for a rather small volume fraction of the high-field=1-9 K, the system directly enters the field-induced FR
se from the AF phase at low temperatures. These obser-

states. Nevertheless, assuming the phase boundary as fﬁ%a. S ; .
: : S vations indicate that the triple point where the AF, IC, and
field where the volume fraction of the high-field states be—FR phases meet together should be located betwieen

comes a half of the maximum, we obtain the magnetic phas
diagram shown in Fig. 3.

Within the isosceles-triangular-lattice Ising model with
Jo, J1, andJ,, all the magnetic states at higher fieldiR,
HHFR, HIC, LHFR, and saturated PM statese degener-
ated atT=0K at the FR-PM transition field and the high-
field states(HHFR, HIC, and LHFR are not stabilized as
shown in the magnetic phase diagram in the inset in Fig.
Therefore small perturbation such as further neighbor ex
change interactions and dipolar interacttnsight partially

3

£0.5K andT=0.75K in the H,.—T magnetic phase dia-

gram of CoNBbOg, and qualitatively agree with previous
mean-field studies for the isosceles-triangular-lattice Ising
model with intrachain ferromagnetic interactidpand inter-
chain antiferromagnetic interactiorly, J,. Moreover, at
higher fields, magnetic phases with various propagation vec-
tors were found around the field-induced FR-PM phase tran-
sition, reflecting competing interactions in this geometrically
frustrated system.

lift the ground-state degeneracy and induce various high-
field states in this geometrically frustrated system. Detailed
study of the high-field states will appear elsewhere.
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