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Abstract. The magnetic phase diagram of a diluted three-dimensional Ising antiferromagnet
Ni.Mg;_.(OH), is determined. It consists of a spin-glass phase for¢ < 0.5, a re-entrant
spin-glass phase for.® < ¢ < 0.8 and an antiferromagnetic phase fob0< ¢ < 1. The
dynamic aspect of the spin-glass phase and the re-entrant spin-glass phase is studied from the
temperature, frequency and field dependence of dispegsiand absorptiory”. The relaxation

time for ¢ = 0.25 and 0.8 diverges in accordance with a critical slowing down with a dynamic
critical exponent = 8.79+2.44 forc = 0.25and 101+ 1.3 forc = 0.8. The re-entrant spin-glass
phase at = 0.5 and 0.6 may be a mixed phase of spin-glass phase and antiferromagnetic phase.
The competition between ferromagnetic intraplanar and antiferromagnetic interplanar exchange
interaction gives rise to spin-glass behaviour.

1. Introduction

Pure N{OH), has a Cdl-type hexagonal structure (space gra@ifm). Infigure 1 we show the
crystalline and magnetic structure of(®iH),. Ni?* ions form a triangular lattice with a lattice
constanu = 3.117 A in thec plane. The separation distance between adjacétitjiers is
¢ = 4.595 A. The antiferromagnetic interplanar exchange interactignar(d.Js) are weaker
than the ferromagnetic intraplanar exchange interactigh Because of a negative uniaxial
single ion anisotropy (= —0.8 K) magnetic moments of Kii spin (§ = 1) are directed along
thec axis. Ni(OH), undergoes an antiferromagnetic phase transition at & fémperature
Ty (= 26.4 K). Below Ty the 2D ferromagnetic long range order is established in each
Ni?* layer. Such 2D ferromagnetic layers are antiferromagnetically coupled alongttis,
forming a three-dimensional (3D) antiferromagnetic order.

Dilution with Mg?* ions to produce NMg,_.(OH), causes it to behave magnetically like
a 3D Ising random spin system. The magnetic properties dfityj_.(OH), have been studied
by Enoki and Tsujikawa [1-3] and Enoét al [4] using DC and AC magnetic susceptibility,
and magnetization. The critical temperat@tedecreases with decreasing concentratidor
¢ > 0.4. The percolation thresholg, whereT, reduces to zero is about 0.1. The curvepf
against shows a terraced form in the concentration region belew0.4: Ty is extrapolated
to zero near = 0.33. Enoki and Tsujikawa [3] have also pointed out that the absorptidor
the system witle < 0.35 begins to increase as the temperature decreases BelgW tends
to saturate just below, for 0.25 < ¢ < 0.35, while it continues to increase with decreasing
T belowT, for 0.1 < ¢ < 0.17. Enoki and Tsujikawa [3] have claimed that the occurrence
of a x” anomaly belowe = 0.35 may result from possible ferromagnetic short range order.
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Figure 1. Crystal and magnetic structure of (diH),. Ni%* (®)
and & (O). Hydrogen atoms are not shown. = 3.117 A and
a c=4595A.J; =27K, J, = -0.28 K, andJ3 = —0.09 K.

There has been no report on the frequency dependence of the anomélfoot: < 0.35. In
spite of such work it seems that the magnetic phase transition of this system is not completely
understood.

In this paper we have undertaken an extensive study on the magnetic phase transition of
Ni.Mg;_.(OH), with 0.1 < ¢ < 1 using SQUID DC magnetization and SQUID AC magnetic
susceptibility. The magnetic phase diagram presented here is rather different from that reported
by Enoki and Tsujikawa [2]. For.Q < ¢ < 0.5 a spin-glass (SG) phase occurs below a critical
temperatur&ss. For 05 < ¢ < 0.8 there are two phase transitions: one from a paramagnetic
(P) phase to an antiferromagnetic (AF) phase at a critical temperB{uaad the other from
the AF phase to a re-entrant spin-glass (RSG) phasgsgt Forc > 0.8 only the AF phase
occurs belowly.

An irreversible effect of magnetization for SG and RSG phases is examined from the
measurements of zero-field cooled (ZFC) and field-cooled (FC) magnetization. The dynamic
aspect of the SG and RSG phases is examined from the frequency dependgnandf
x". The magnetic properties of NMg,_.(OH), thus obtained are compared with that of
the dilute 3D Ising antiferromagnet fdg,_.Cl, [5-8], the 3D Ising short-range spin glass
Fe.Mn;_.TiO3 [9, 10] and the quasi-2X Y -like short-range spin-glass stage-2.Co,_.Cl,
graphite intercalation compounds (GICs) [11, 12], where the existence of AF phase, SG phase
and RSG phase is confirmed.

In the strict sense NMg,_.(OH), magnetically behaves like a 3D Heisenberg short-range
spin glass with small Ising symmetry. The Ising character of the spin-glass phase transition
may be ascribed to that of a chiral-glass transition. The present work is motivated in part
by a theoretical prediction proposed by Kawamura [13]. For the 3D Heisenberg system one
may define a local scalar chirality for three neighbouring spins (spin triad) at thend
kth sites byy;;x = Si - (S; x Sx). The chirality x;;x is a pseudoscalar in the sense that it is
invariant under global SO(3) proper spin rotations while it changes sign under glpbpirZ
reflections or spin inversions. Monte Carlo results [13] show that an isotropic Heisenberg spin
glass exhibits a chiral-glass transition at a finite temperature. The universality class of the
chiral-glass transition is that of the 3D Ising spin glass. In the presence of random magnetic
anisotropy, the symmetry of the Hamiltonian is reduced frof®G= Z, x SO(3) to Z,. Since
the chiral 4 part remains intact in the Hamiltonian, the chiral-glass transition is present even
in the presence of weak magnetic anisotropy. However, because of the absence of3he SO
symmetry in the Hamiltonian, the Heisenberg spin is now not allowed to remain disordered
once the chiral-glass transition takes place. It is forced to order by chirality, leading to the
mixing of the spin and chirality which are separated by symmetry in a fully isotropic case.
Then the chiral-glass transition, which is hidden in the chirality in the absence of magnetic
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anisotropy, might manifest itself in the divergence of the conventional spin-glass susceptibility
through the coupling between the spin and chirality generated by the weak magnetic anisotropy.

2. Experimental procedure

Powdered samples of NWg,_.(OH), used in the present work were the same as those used
in the previous work by Enoki and Tsujikawa [1-3]. The details of sample preparation were
reported in [1]. The DC magnetization and AC magnetic susceptibility Miyi_.(OH)»

with ¢ = 0.1, 0.25, 0.315, 0.5, 0.6, 0.8 and 1 were measured using a SQUID magnetometer
(Quantum Design, MPMS XL-5) with an ultra-low-field capability option.

(i) DC magnetization Before setting up a sample at 298 K, a remanent magnetic field in

(ii)

(iii)

a superconducting magnet was reduced to one less than 3 mOe using an ultra-low-field
capability option. For convenience, hereafter this remanent field is noted as the state of
H = 0. The sample was cooled from 298 K to 1.9 Kfat= 0. Then an external
magnetic fieldd was applied at 1.9 K. The zero-field-cooled magnetizatidp £-) was
measured with increasing from 1.9 K to a certain temperatuf® which is different

for each concentration. After that the sample was kept at 60 K for 20 minutes and again
cooled toTy in the presence of the same figltl Then the field-cooled magnetization
(Mrc) was measured with decreasifigrom a temperaturé, to 1.9 K.

AC magnetic susceptibility il = 0. A sample was cooled from 298 K to 1.9 K at

H = 0. Then bothy’ and x” were simultaneously measured as a function of frequency
(0.01 Hz < f < 1000 Hz) at fixedr', whereT was increased from 1.9 K t&, after

each frequency scan. The amplitude of AC magnetic fieisl kept as low as possible:

h =0.10e,0.50e and 1 Oe.

AC magnetic susceptibility i # 0. A sample was cooled from 298 Kto 1.9 Kih = 0.

Then bothy’ and x” at a fixed frequencyf = 1 Hz) were simultaneously measured as

a function ofT in the presence of fixed. The data were taken whéhwas increased

from 1.9 K toT,. The magnetic field? was changed after eadhscan.

3. Result

3.1.c=01

TheT dependence ofrc (= Mrc/H) andyzrc (= Mzrc/H) for c = 0.1 was measured in
the presence aff = 1 Oe. Bothyrc andxzrc decrease with increasirfy The difference

(= xrc — xzrc) drastically increases with decreasifignd exhibits a sharp peak at 2.2 K. The
T dependence of andy” for ¢ = 0.1 was also measured at variofi€.01 < f < 1000 H2,
wherei = 0.5 Oe. The dispersiop’ increases with decreasifgfor 0.01 < f < 200 Hz. It
exhibits abroad peak around 2.05 Kfat= 330 Hz, which slightly shifts to the high temperature
side with increasingf. In contrast,x” starts to appear below3 K and increases with
decreasind’. The increase of” with decreasing” below 2.1 K becomes more remarkable
as f increases.

3.2.¢=0.25and 0.315

Figure 2 shows th& dependence ofrc, xzrc, ands for ¢ = 0.25, whereH = 1 Oe. The
susceptibilityxzrc has a broad peak at 2.3 K, whijg-¢c increases with decreasifig The
differenced is almost zero above 3.5 K. It begins to appear below 2.7 K and dramatically
increases with decreasirfy below 2.3 K. The irreversible effect of magnetization clearly
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Figure 2. T dependence ofxrc (= Mpc/H) (O), xzrc(= Mzpc/H) (®), and §
(= xrc — xzrc) (A) for NicMg;_.(OH), with ¢ = 0.25. H = 1 Oe.

indicates the occurrence of spin-glass behaviour. Figures 3(a) and (b) shbwidpendence
of x’ and x” for ¢ = 0.25 at variousf, respectively, wheré = 0.5 Oe. In figure 3(a)’
exhibits a peak at 2.5 K fof = 0.01 Hz, which is defined agss for ¢ = 0.25. This peak
shifts to the high temperature side with increasjng3.15 K atf = 1 kHz. In figure 3(b)yx”
increases with decreasifigfor 0.01 < f < 0.2 Hz. Itexhibits a peakat2.1 K fgf = 0.3 Hz,
shifting to the high temperature side with increasfig?.3 K for f = 1 kHz. Figure 4 shows
the T dependence of” for ¢ = 0.25 for variousH, wheref = 1 Hz andk = 0.5 Oe. The
peak at 2.1 K forH = 0 shifts to the low temperature side with increastiigWe find that a
characteristic temperatuf&,; at whichy” reduces to zero is rather higher tHgg; (= 2.5 K).
The value ofTd,; decreases with increasirig. The H dependence df; will be discussed
in section 4.2.

TheT and f dependence af’ and y” for ¢ = 0.315 was also examined. These results
are almost the same as those obtained fer0.25. The dispersion’ at f = 0.01 Hz exhibits
a peak aff'sg (= 2.5 K), while xzrc shows a peak at 2.3 K.

3.3.¢=05

Figure 5 shows th& dependence ¢frc, xzrc, ands forc = 0.5inthe presence df = 1 Oe.
Both xzrc and xrc show a peak: the peak temperature fgr (= 10.1 K) is slightly lower
than that foryzrc (= 10.2 K). This peak clearly indicates that there occurs a transition
between the P phase and the AF phasgatNote thatTy (defined as a temperature where a
derivativeT (dxrc/dT) has a maximum) is a little lower than the peak temperature-ef

For convenience hereafter we define the peak temperatugg0fis Ty (= 10.1 K). The
differences for ¢ = 0.5 begins to appear around 12 K higher tifan It shows a plateau-like
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Figure 3. T dependence of ()’ and (b)x” for ¢ = 0.25 with variousf. h = 0.5 Oe. H = 0.
behaviour below’y and dramatically increases below 5.3 K with decreaginguggesting the

occurrence of a transition between the AF phase and the RSG phase around 5.3 K. In figure 5
we also show th& dependence of’ for c = 0.5 whereH = 0, f = 1.0 Hz andh = 0.1 Oe.
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Figure 4. T dependence of” for ¢ = 0.25 at variousd. h = 0.5 Oe. f = 1 Hz.
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The T dependence gof’ is similar to that ofyzrc, except for a constant termy’ has a peak
at 10.2 K.
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Figure 7. T dependence of r¢ (O) andxzrc (®) for ¢ = 0.5 at variousH (= 5-30 kOe). The
inset shows the magnetic phase diagrani/cgainstTy (®) and H againstT,?SG (O). The solid
line denotes a least-squares fitting curvefbagainstTy (see the text).

Figures 6(a) and (b) show the dependence of’ and x” for ¢ = 0.5 at variousf,
respectively, wheréd = 1 Oe. The dispersion’ is almost independent of above 6 K.
It becomes gradually dependent grwith decreasing’':x’ decreases with increasing at
fixed T below 6 K. The absorptioy” for eachf decreases with increasirig and reduces
to zero around 6 K. We define a temperature at whi€¢hat f = 0.1 Hz reduces to zero as
Trsc(= 6.0 K) for c = 0.5.

Figure 7 shows th& dependence ofrc andxzrc for c = 0.5 at variousH. The Neel
temperaturdy decreases with increasirfg. The inset of figure 7 shows th¢ dependence
of Ty: The least squares fit of data# = Hp[l — Ty (H)/Ty(H = 0)]* yields parameters
n=047+0.02,Ty(H = 0) = 10.08+ 0.05 K andHy = 47 + 3 kOe. The differencé
(= xrc — xzrc) drastically increases below a characteristic temperdt@;g below Ty for
H < 20 kOe. In the inset of figure 7 we also show tHedependence df ;. It increases
with increasingH and reaches a maximum At ~ 10 kOe which is much lower than the
corresponding’y. It decreases with further increasif for 10 < H < 20 kOe. Similar
behaviour has been observed inHg,_.Cl, with ¢ = 0.552 by Gelarcet al [6].

34.¢=0.6

Figure 8 shows th& dependence ofrc, xzrc ands for c = 0.6 in the presence @i = 1 Oe.
The susceptibilityxrc and xzrc exhibit a peak afy (= 13.8 K) and 13.9 K, respectively.
The difference appears below 18.9 K higher th@R. It shows a plateau-like behaviour below
Ty and dramatically increases with decreasihbelow 3.1 K.
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Figure 9 shows thg& dependence of” for ¢ = 0.6 at variousf, wherehs = 0.5 Oe.
The absorptiory” for eachf decreases with increasiffgand reduces to zero around 4.5 K.
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We define a temperature at whigli at f = 0.01 Hz reduces to zero, 8&ss (= 4.5 K) for
¢ = 0.6 : Trsg Seems to increase with increasifigrom figure 9.

3.5.¢=0.38

Figure 10 shows th& dependence ofrc, xzrc, ands for ¢ = 0.8 in the presence of
H = 1 Oe : xrc has a small peak around 8.6 K and a broad pedkat= 20.7 K), while
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Figure 12. T dependence of (g)’ and (b)x” for c = 0.8 at variousf. h =1 Oe.H = 0.

xzrc has a broad shoulder around 6-8 K and a peak at 20.8 K. The diffeéelbegins to
appear around 23.3 K. It linearly increases with decreagingelow Ty and dramatically
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increases below 4.3 K. Figure 11 shows thalependence of’ and x” at f = 0.1 and
1Hzfor 19 < T < 30K, whereh = 1 Oe. The absorptiop” has a sharp peak at 4.2 K for
f =0.1Hzand4.55 K forf = 1 Hz. Noanomaly iry” is observed above these temperatures.
TheT dependence of’ is similar to that ofyzz¢: a broad shoulder around 6-8 K and a peak
at 20.8 K. Figures 12(a) and (b) show thelependence of andy” for ¢ = 0.8 at variousf

for 1.9 < T < 9.5K, whereh =1 Oe. The absorptiop” shows a peak &zss (= 4.0 K) at

f = 0.01 Hz, shifting to the high temperature side with increasfngrhese results indicate
that the transition occurs between the AF phase and RSG phdsgat In contrast, the
dispersiony’ shows a shoulder around 56 K, which is strongly dependerft.ofigure 13
shows theT dependence of” for ¢ = 0.8 at variousH, wheref = 1 Hz andh = 1 Oe.
The absorptiory” has a peak at 4.59 K fad = 0, shifting to the low temperature side with
increasingH . The H dependence of the peak temperature correspondifigsto( H) will be
discussed in section 4.2.

36.c=1

Figure 14 shows th& dependence ofrc, xzrc, ands forc = linthe presence df = 1 Oe.
Both xrc and xzrc, have a sharp peak @ (= 26.4 K) and 26.5 K, respectively. The
differences appears below 27.1 K just abo¥g, showing a small peak at 26.2 K, and increases
with further decreasing. No abrupt increase ihis observed at loW', suggesting the absence
of spin-glass behaviour.
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4. Discussion

4.1. Magnetic phase diagram

Figure 15 shows the magnetic phase diagram of the critical temperature agédimst
Ni.Mg;_.(OH),. For comparison the data obtained by Enoki and Tsujikawa [2] are denoted
by open circles. For.Q < ¢ < 0.5 the system undergoes a transition between the P phase
and SG phase dt;. The temperatur&g; for c = 0.2 and 0.315 is defined as a temperature
wherey’ shows a peak af = 0.01 Hz: Tsg = 5 K for both¢ = 0.2 and 0.315 denoted by
closed squares in figure 15. Fob0< ¢ < 0.8 the system undergoes two transitions: one
between the P phase and AF phas&aand the other between the AF phase and RSG phase
at Trsg. The temperatur@yss for ¢ = 0.5 and 0.6 is defined as a temperature at whith

at f = 0.1 or 0.01 Hz reduces to zero, whilg s for ¢ = 0.8 is defined as a temperature at
which x” at f = 0.01 Hz shows a peakfrsc = 6 Kforc = 0.5, 4.5Kforc = 0.6 and 4.0K

for ¢ = 0.8 denoted by closed triangles. Thé®l temperatur&y is defined as a temperature
atwhichygc has a peak?7y = 10.1 Kfor ¢ = 0.5, 13.8 K forc = 0.6 and 20.7 K for = 0.8
denoted by closed circles. For> 0.8 the system undergoes a transition between the P phase
and AF phase d@ty:Ty = 26.4 K forc = 1. Infigure 15 it seems that the pointat- 0.45 and

T ~ 6.6 K is the multicritical point, where the SG, RSG and AF phases merge. The P to AF
phase transition line appears to be linear with a slaf& ¢)/ Ty (c = 1))/dc = 1.244+0.05

using our data of’y againstc for 0.5 < ¢ < 1.

4.2. Nature of SG phase & 0.25) and RSG phase & 0.8)

Figures 16(a) and (b) show thg dependence of’ and x” for ¢ = 0.25 at variousT,
respectively, for M1 < f < 1000 Hz. The dispersiog’ is almost independent gf above
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Figure 15. Magnetic phase diagram (critical temperature against Ni concentrajioof
Ni:Mg,_.(OH),. P: paramagnetic phase, AF: antiferromagnetic phase, SG: spin-glass phase,
RSG: re-entrant spin-glass phase. The data reported by Enoki and Tsujikawa [2] are denoted by
open circles.

3.3 K, while x’ dramatically decreases with increasifipelow Tss (= 2.5 K). In contrasty”
increases with increasing at any7. No peak iny” is observed for @1 < f < 1000 Hz.
Neverthelessy” at frequencies lower than 10 Hz dramatically increases bé&lew This f
dependence of” is essentially different from that of systems with a single relaxation time of
Debye type, wherg” has a peak abt = 1. Figure 16(c) shows th& dependence of the
average relaxation timefor ¢ = 0.25 and 0.315, whereis determined from the assumption
thaty’ has a peak abt = 1 in the curve ofy’ againstT’ (figure 3(a)). The data far = 0.315

is very similar to those for = 0.25. The average relaxation timelivergingly increases with
decreasing’ in such a limited temperature range. The most likely source for such a divergence
of t is a critical slowing down. The relaxation timecan be described by a power law form

T=1o(T/T" —1)~* 1)

wherex is a critical exponentl* is a finite critical temperature ang is a characteristic time.
The least-squares fit of the data fo= 0.25 to (1) for 25 < T < 3.15 K yields parameters
x =8.794+2.44,T* = 2.25+0.14 K, andrp = (4.240.8) x 10°8s. Note thak = 10.04+1.0
for the SG phase of a typical 3D Ising short-range spin glaggMesTiO3 [9]. The solid
line in figure 16(c) is a least-squares fitting curve thus obtained. The valtié wfa little
lower thanTss (= 2.5 K). The inset of figure 16(c) shows th& dependence cﬂ”soc defined
in section 3.2. The change of peak temperaftfie H) with H is well described by a relation

H = Hy |:1_ TSOG(H) ]a

TS.(H = 0) @
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with T3, (H = 0) = 3.60 K, Hp = 8.2+ 0.5 kOe andx = 2.56+ 0.22. The exponent is
larger than that{ = 1.5) predicted by de Almeida and Thouless [14] for #ielependence of
freezing temperature at the transition between the P and SG phases. Nete-tBeég1+ 0.54
for the SG phase of stage-2 §44Cy07Cl, GIC [11,12]. No reasonable explanation can be
given for such large values of

Figures 17(a) and (b) show the dependence of’ and x” for ¢ = 0.8 at variousT,
respectively, for M1 < f < 1000 Hz, which is very different from that far = 0.25.
The dispersiory’ decreases with increasinfg The f dependence of’ is described by a
power-law form §’ ~ »™). The least-squares fit of the data to this power-law form for
0.01 < f < 1000 Hz yields the exponemtfor eachT . The exponeny is dependent off: it
shows a peaky = (6.33+ 0.09) x 10°%) at7 = 4.8 K a little higher tharTzs; (= 4.0 K).
The absorptiory” at 4.0 K exhibits a peak gt = 0.3 Hz, shifting to the higher frequency side
with increasingl’. The absorptiory” above 6 K increases witfi for 0.01 < f < 1000 Hz.
These features are common to spin-glass behaviour. Figure 17(c) shoWsd#pendence
of the average relaxation time wherez is determined from the assumption thgt has a
peak atwt = 1 in the curve ofy” againstT’ (figure 12(b)). The least-squares fit of the data
for4.0 < T < 6.2 Kto (1) yields parameters = 101+ 1.3, T* = 2.87+ 0.27 K and
70 = (6.9+ 1.5) x 10*s. Note thatr = 13+ 2 for the RSG phase of 5gMng3sTiO3
[10]. The solid line in figure 17(c) is a least-squares fitting curve thus obtained. The value of
T* is rather lower thaffrsc (= 4.0 K). The inset of figure 17(c) shows tli& dependence of
Trsc for ¢ = 0.8 which is obtained from figure 13. The changelafs (H) with H is well
described by a relation

H=H0|:1— Trsc(H) :|

_ 3
Trsg(H = 0) ®)

with @ = 1.5840.15,Tzsg (H = 0) = 459 K andHy = 7.3+ 0.5 kOe. This value ok is
close to that predicted by de Almeida and Thouless [14]. Notedthat1.26 & 0.02 for the
RSG phase of stage-2 g4Coy»Cl, GIC [11, 12], which is close to thaty(= 1.3) predicted
from the chiral-glass theory [15].

It is interesting to compare our result with theories. Ogielski [16] has predicted from
Monte Carlo simulation of a 3 J Ising spin-glass model with short-range interactions
that (i) the static properties clearly show a spin-glass ordering transition at a finite freezing
temperaturd’, = 1.175J with the critical exponent of the correlation length= 1.3, and
that (ii) asT approached’; from the high-temperature side a relaxation timdiverges in
accordance with (1) with = 7.94+ 1.0, which is unusually large. The valuexofor ¢ = 0.25
is close to this prediction. The value ofor ¢ = 0.8 is larger than this prediction and is close
to 10.0 for FgsMngsTiO3 [9]. The values ofr'* for ¢ = 0.25 and 0.8 are a little lower than
T; (= 1.175J; = 3.17 K) which is calculated by assuming= J; (= 2.7 K) for Ni(OH),

[1]. These results indicate that the spin-glass behaviourEa0.25 and 0.8 is well described

by the 3D Ising short-range spin-glass model. This Ising character may be ascribed to that of
the chiral-glass transition predicted by Kawamura [13] for the 3D Heisenberg short-range spin
glass with small Ising symmetry.

4.3. Possibility of coexistence in SG and AF phase=2t0.5 and 0.6

We notice that thg" and f dependence of’ and x” for Ni.Mg,_.(OH), with ¢ = 0.5 and
0.6 is quite similar to that for E&g;_.Cl, with ¢ = 0.55 (Ty = 7.5 K andTgs¢ =~ 3 K)
reported by Wongt al [8]. They are rather different from those of typical spin glasses where
both x’ and x” have a peak shifting to the high temperature side with increagifigj7].
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Figure 16. f dependence of (g)’ and (b)x” forc = 0.25. h = 0.50e. H = 0. (c)T dependence
of the relaxation time for ¢ = 0.25 and 0.315, which is determined from the assumption that
has a peak abt = 1 for eachf in figure 3(a). The inset shows tl& dependence CTSG defined
in the text forc = 0.25. The solid lines denote least-squares fitting curves fer0.25 (see the

text).
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Figure 16. (Continued)

The H dependence ofkg; for Ni:Mg,_.(OH), with ¢ = 0.5 is also similar to that for
Fe.Mg,_.Cl, with ¢ = 0.552 reported by Gelarett al [6]. Like a pure N{OH), a pure FeGl
magnetically behaves like an Ising antiferromagnet where the direction of spins is along the
¢ axis. It undergoes an antiferromagnetic phase transitidfy &= 23.55 K), below which
the 2D ferromagnetic layers are antiferromagnetically coupled alongakis. The magnetic
neutron scattering study on fég,_.Cl, with ¢ = 0.55 by Wonget al[8] directly demonstrates
that the long-range AF order beldfi is not destroyed by the RSG transitionZglsg. The
magnetic Bragg scattering intensity at (11) increases smoothly down to 1.2 K, suggesting
that the AF order is not affected by the RSG transitiofizgt;. The diffuse scattering intensity
at (098, 0, 1), which has a peak &ty because of critical scattering, is much higher than the
background at lowef", suggesting that not all the spins are antiferromagnetically ordered.
An (h, 0, 1) scan at 1.5 K exhibits a Lorentzian magnetic diffuse peak under the Bragg peak
at (1 0,1). The width of this peak corresponds to a correlation leggti approximately
10 A. Thus itis concluded that the low-temperature phase b&lgw consists of both SG and
long-range AF order. Such a frozen short-range spin correlation may be the origin of the RSG
phase observed in’ and x” of Ni.Mg,__.(OH), for ¢ = 0.5 and 0.6. In spite of the lack of
magnetic neutron scattering data, it is concluded from such a similarjtyamd x” that the
coexistence of SG and AF order may occur belBwg in Ni.Mg;_.(OH), for ¢ = 0.5 and
0.6. The system may consist of majority spins on an infinite AF network and minority spins
frozen like a spin glass.

This RSG phase at = 0.5 is affected by the presence of a unifodth the critical
temperaturelgsc (H) increases with increasing below 10 kOe. This behaviour can be
qualitatively explained in terms of the random field effect [18]. For a 3D diluted Ising
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Figure 17. f dependence of (3)’ and (b)x” forc = 0.8. h =1 Oe.H = 0. For (b)T = 3 (@),
3.5(),4(a),45(@),5(m),55 ), 6 (4),6.5(©),7(v),and 7.5 K ). (c) T dependence of
the relaxation time for ¢ = 0.8, which is determined from the assumption théthas a peak at
wt = 1 for eachf in figure 12(b). The inset shows th# dependence dfgs. The solid lines
denote least-squares fitting curves (see the text).
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antiferromagnet a random local field is generated by a uniform magnetic field, leading to
the destruction of AF long-range order. Thus the domain of the RSG phase is expanded, while
the domain of the AF phase is contracted.

4.4. Origin of SG and RSG phase

We consider the origin of the SG and RSG phase iriMdi,_.(OH),. As shown in figure 1
there are three kinds of exchange interactidn,J/, andJs in Ni(OH),. The magnitudes of
these interactions have been estimated in the following way by Enoki and Tsujikawa [1]. The
superexchange paths &f, J> andJs involve one or two oxygen atoms. The interactirhas
the two paths of Ni-O—Ni superexchange interactions. The interagiibias six equivalent
paths of Ni-O—O-Ni superexchange interactions where the angles of two Ni—O-0O in a path
are both 98°. The interaction/; has two paths of Ni-O—-O-Ni superexchange interactions,
one of which has the same angle as thosé,aind other has the angles of 98.2 and.254
If the magnitudes of, andJ3 are simply proportional to the number of superexchange paths
(J2 = 3 J3), the values of/;, J,, andJs can be estimated ag = 2.7 K, J, = —0.28 K, and
J3 = —0.09 K by substituting the values @fy (= 26.4 K) and the Curie-Weiss temperature
® (= 216 K) into the corresponding expressions derived from the molecular field theory.

For Ni.Mg,_.(OH), with high concentration the ferromagnetic intraplanar exchange
interactionJ; is dominant over the antiferromagnetic interplanar exchange interadtiamsl
J3. Then the system is regarded as a 2D site-random ferromagnetic system on the triangular
lattice site, where the percolation threshoﬁé? is expected to be 0.5 [19]. In the vicinity of

c= c[%D there appear Nt spins which lose a certain number of2Nto the nearest neighbour
sites. These Nf spins are rather strongly coupled by antiferromagnetic interplanar interactions
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J> andJs. The spin frustration effect arises from the competition aménd, andJs, leading

to the SG and RSG phase. In this case the system is regarded as a 3D site-random system.
The value ot for such a system has been roughly estimateni’é& 2/(z1+z2+23) =0.1

by Enoki and Tsujikawa [2], wherg is the number of nearest-neighbour spins coupled by

Ji (z1 = 6,720 = 2 andzz = 12). This estimated value oﬁD is in good agreement with the
concentration at whiclisg tends to reduce to zero.

Here it is interesting to compare our data with the results pigg_.Cl,. The magnetic
phase diagram of E®g,_.Cl, is similar to that of NiMg,_.(OH),: it consists of the AF
phase forc > 0.61, the AF and RSG phases fo's0< ¢ < 0.61 and the SG phase for
0.286 < ¢ < 0.5[5, 7]. In FeC} the intraplanar exchange interactions are ferromagnggig (
for the nearest neighbours, but antiferromagnetjg,( for the next-nearest neighbours. The
origin of the SG phase and RSG phase may be due to a spin frustration effect arising from the
competition between intraplanar ferromagnetjg and antiferromagnetig,,.,, in contrast to
the case of NiMg,_.(OH),. The multicritical point where the SG, RSG and AF merge is close
to the 2D percolation threshohﬂ’) (= 0.5) [19] for the triangular lattice with only,,,. In the
vicinity of cf,D Fé&** spins are rather strongly coupled By,,. Then the system is regarded as
a 2D triangular lattice with nearest-neighbour and next-nearest-neighbour interactions. The
percolation threshold of this system is predicted to be 0.295 [19]. This value is very close to
the critical concentration 0.286) for the SG phase.

5. Conclusion

We have studied the magnetic phase transitions of a 3D Ising antiferromagnet with short-
range interaction, NMg,_.(OH), using SQUID DC magnetization and SQUID AC magnetic
susceptibility. The magnetic phase diagram consists of the SG phaselfer 0 < 0.5,

RSG phase for ® < ¢ < 0.8 and AF phase for.6 < ¢ < 1. The frequency dependence

of x” for the SG phase is different from that for the RSG phase, suggesting a difference in
the origin of spin-glass behaviour. In spite of such a difference the relaxation time of the SG
phase for = 0.25 and the RSG phase for= 0.8 obeys a conventional power-law form with

the critical exponent close to 79 + 1.0 predicted for the 30 J short-range Ising model.

This suggests that the SG phase and RSG phase are stable in thermal equilibrium below a
finite freezing temperature. The RSG phasefer 0.5 and 0.6 may consist of a mixed phase

of spin-glass and long-range AF order. Magnetic neutron-scattering studies on single-crystal
Ni.Mg;_.(OH), with ¢ = 0.25, 0.5 and 0.8 are required for the further understanding of the
spin-glass phase and re-entrant spin-glass phase.
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