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Dynamics of the antiferromagnetic random-exchange Ising system FexZn12xF2
near the percolation threshold
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Dynamic magnetic properties of the diluted Ising antiferromagnet, Fe0.25Zn0.75F2, have been investigated by
dc-magnetic relaxation and ac-susceptibility measurements. In similarity with spin glasses, a strongly
frequency-dependent cusp in the dynamic susceptibility appears at low temperature. The corresponding slow-
ing down of the relaxation times is however found to follow an Arrhenius law, i.e., critical dynamics indicating
a phase transition is not observed. Also, there are no indications of an equilibrium Almeida-Thouless line in the
H-T plane and the field dependence of the equilibrium susceptibility behaves noncritically. However, an
ageing behavior, a common feature of frustrated disordered magnetic systems, is observed at low temperatures.
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I. INTRODUCTION

A para- to antiferromagnetic phase transition at a fin
temperature,TN , occurs in diluted 3d antiferromagnets with
a concentration of magnetic ions larger than the percola
threshold xp . For the tetragonal rutile Ising system
FexZn12xF2 the percolation threshold isxp50.25.1 The
physical properties of FexZn12xF2 have been intensely inves
tigated primarily in large applied magnetic fields to study t
random-field problem2,3 but also zero-field random exchang
Ising properties have been comprehensively studied.3 Inves-
tigations of samples near the percolation limit have sho
expected and dramatic differences from the behavior
samples of slightly higher concentration. The peculiar sp
glass-like dynamics at the percolation concentration was
covered in early ac-susceptibility studies4 and numerical
simulations.5 The system was then suggested to be a 3d Ising
spin glass with a finite spin-glass temperature,Tg . Neutron-
scattering results6 have, on the other hand, been interpre
just to manifest a theoretically predicted slowing down of t
dynamics at low temperature.7 A magnetic system close t
the percolation threshold is expected to be unstable with
spect to small frustrating interactions and form a spin gla8

In this paper we discuss results from dc-magnetization
ac-susceptibility measurements on Fe0.25Zn0.75F2. Dynamic
scaling and a noncritical field dependence of the suscept
ity firmly establishes that a spin-glass phase transition is
anticipated at any temperature in this system. However
ageing behavior, characteristic of the logarithmically slo
dynamics of disordered and frustrated magnetic systems
as spin glasses, is observed at low temperatures.

II. EXPERIMENTAL

The sample, a single crystal of Fe0.25Zn0.75F2, was cut into
the form of a parallelepiped of size 1.7531.933.6 mm3 with
its longest axis aligned with the crystallinec axis. The dy-
namic properties of the sample were studied by mean
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low-field time-dependent zero-field-cooled~ZFC! magneti-
zation measurements, utilizing a noncommercial superc
ducting quantum interference device~SQUID! magnetome-
ter, and by ac-susceptibility measurements in a Lake Sh
7225 ac susceptometer. The temperature dependence o
magnetization at different applied dc fields was measure
a Quantum Design MPMS5 SQUID magnetometer. T
magnetic field was applied parallel to thec axis of the
sample when not stated otherwise.

III. RESULTS AND DISCUSSION

A. Zero-field equilibrium dynamics

The low-field dynamic susceptibility is plotted vs tem
perature at different observation times in Fig. 1. The sho
time data are measured by ac-susceptibility measuremen
an ac field of 3 Oe at 15, 125, 103, and 104 Hz, the obser-
vation time is then given byt'1/v, wherev is the angular
frequency. Figure 1~a! shows the in-phase componen
x8(v,T) and Fig. 1~b! the corresponding out-of-phase com
ponent,x9(v,T). The data at longer times in Fig. 1~a! are
obtained from measurements of the relaxation of the ze
field-cooled~ZFC! magnetization,mZFC(t), at different tem-
peratures. In this experimental procedure the sample
cooled in zero field from a high temperatureTref521 K to
the measurement temperatureTm . After a wait time, tw

5100 s, a small fieldh53 Oe is applied and the relaxatio
of the magnetization,mZFC(t), is recorded in the time rang
0.3,t,104 s after the application of the magnetic field.

As is seen in Fig. 1~a!, there is a strongly frequency
dependent maximum in the susceptibility@accompanied by
the appearance of an out-of-phase component of the ac
ceptibility, Fig. 1~b!#. The position of the maximum in
x(T,t) can be used to define a spin-freezing temperatureTf
at the corresponding observation time, which also defi
5404 © 1997 The American Physical Society
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56 5405DYNAMICS OF THE ANTIFERROMAGNETIC RANDOM- . . .
FIG. 1. Temperature dependence of the a
susceptibility at different observation times,t
'1/v, in zero dc field. The short-time data ar
from ac-susceptibility measurements in an
field of 3 Oe at 15, 125, 103, and 104 Hz and the
longer times are from time-dependent ZFC me
surements in a field of 3 Oe.~a! the in-phase
componentx8 at observation times~bottom to
top! 1.631025, 1.631024, 1.331023, 0.01, 0.3,
1, 3, 10, 30, 100, 300, 103, 33103, and 104 s.
~b! the out-of-phase componentx9 at observation
times ~top to bottom! 1.631025, 1.631024,
1.331023, and 0.01 s.

FIG. 2. The best fit of the relaxation times t
activated dynamics: logt vs Tf

21. Implying a
pure Arrhenius behavior of the slowing down o
the dynamics.
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FIG. 3. x5mZFC(t)/h vs logt ~a!, and relax-
ation rateS51/h dm/d log t vs logt ~b!, for tw

5100 ~d!, 1000~1!, 10 000~L! s, atTm56 K
andh53 Oe.
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the maximum relaxation timetmax of the system at that tem
perature. A time window ranging over nine decades fr
1025 to 104 s is covered by our data. To characterize t
slowing down of the relaxation times of the system w
temperature we use pairs ofTf andtmax deduced from Fig.
1~a!. A 3d spin glass should exhibit conventional critic
slowing down according to9

t

t0
}S Tf2Tg

Tg
D 2zn

, ~1!

wheret0 is a microscopic relaxation time of order 10213 s,
Tg is the spin-glass temperature, andzn is a dynamic critical
exponent. It is not possible to fit our data to this express
with reasonable values of the parameters involved. Alter
tively, activated dynamics could govern the dynamics of
system, yielding a slowing down of the relaxation times a
cording to

lnS t

t0
D}

1

Tf
S Tf2Tg

Tg
D 2cn

, ~2!

where cn is a critical exponent.10 Fitting the data to this
equation suggetsTg'0, which implies that the slowing
down is described by only a generalized Arrhenius law:
e

n
a-
e
-

logS t

t0
D}Tf

2x . ~3!

Figure 2 shows the best fit to this expression, which yie
log t vs Tf

21, i.e.,x51, andt0510214 s. In other words the
slowing down of the relaxation time obeys a pure Arrhen
behavior, implying that thermal activation over constant b
rier heights governs the relaxational behavior, i.e., there is
indication of a critical behavior and a spin-glass phase tr
sition is neither anticipated at a finite nor at zero temperatu

It is worth mentioning that the tendency of the ZFC su
ceptibility curves in Fig. 1~a! to flatten out, and even turn
upward at lower temperatures~see below, inset of Fig. 5!,
indicates that some of the Fe ions behave as being isol
spins showing a Curie-like behavior at low temperatures
similar behavior has been observed in some dilute semim
netic semiconductors, such as Hg0.7Mn0.3Te, at low tempera-
tures. These systems, on the other hand, exhibit characte
3d spin-glass transitions and a critical slowing down a
finite temperature.11

B. Ageing

One property that reveals correlated dynamics and fr
tration in a slowly relaxing system at low temperature is t
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56 5407DYNAMICS OF THE ANTIFERROMAGNETIC RANDOM- . . .
existence of magnetic ageing. Magnetic ageing implies
the system at constant temperature~and constant field! is
subjected to a continuous rearrangement process of the
structure continuing to time scales of the order of the ma
mum relaxation time of the system. The ageing phenome

FIG. 4. Relaxation rateS51/h dm/d log t vs logt, for tw

5100 ~d!, 1000 ~1!, 10 000~L! s at the different measuremen
temperatures~top to bottom! Tm57, 7.4, 7.8, and 8 K.
at

pin
i-
n

has been amply studied in 3d spin glasses,12 but is also an
intrinsic property of 2d spin glasses13 ~where there is no
phase transition at finite temperature!, and other disordered
and frustrated magnetic systems.14 To reveal a possible age
ing phenomenon of the low temperature slowly relaxi
‘‘phase’’ we performed time-dependent ZFC magnetizat
measurements. The sample was cooled from the refere
temperatureTref521 K to the measurement temperatu
(Tm) and kept there a wait time (tw). Thereafter a weak field
(h) was applied and the magnetization (m) was recorded as
a function of time. In Fig. 3~a!, m is plotted vs logt at Tm
56 K, h53 Oe, andtw5100, 1000, and 10 000 s. The co
responding relaxation rate (S51/hdm/d log t) is plotted in
Fig. 3~b!. A wait time dependence of the response is o
served. Them vs logt curves have an inflection point at a
observation time nearly equal totw and the relaxation rate
attains a corresponding maximum. It is worth mentioni
that the influence of ageing on the magnetic relaxation
Fe0.25Zn0.75F2 is much weaker than in a 3d spin glass15 and
also a lot weaker than at a corresponding temperature
2d spin glass.13

In Fig. 4, S vs logt is plotted for differenttw at four
different measurement temperatures,Tm57, 7.4, 7.8, and 8
K. A strong temperature dependence is observed. The
time dependence of the magnetic relaxation decreases
idly with increasing temperature to practically vanish atTm
58 K. The maximum relaxation time of the system d
creases with increasing temperature and has at 8 K reached
the order of 104 to 105 s. When the minimum effective age
ing time ~time at constant temperature1cooling rate time
scale! becomes of the order of the maximum relaxation tim
of the system at the measurement temperature~see also Fig.
1!, observable ageing disappears. A similar fading away
observable ageing whentmax approaches the minimum ex
perimental effective wait time is also seen in 2d spin
glasses13 and in 3d spin glasses at temperatures abo
Tg .15

C. Temperature and field dependence of the magnetization

Figure 5 shows the temperature dependence of the fi
cooled ~FC!, MFC(T)/H, and zero-field-cooled~ZFC!,
dc

,

t

FIG. 5. Temperature dependence of the
susceptibility for zero-field-cooled~ZFC! and
field-cooled ~FC! procedures in different fields
1023 T ~s!, 1022 T ~L!, 0.1 T~1!, 0.3 T~d!, 1
T ~l!, and 3 T ~3! vs temperature. The inse
shows the result forH51022 T ~100 Oe! parallel
and perpendicular to the easy axes.
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FIG. 6. Dx5@MFC(H→0)2MFC(H)#/H vs
temperature for different fields~top to bottom!
H53, 1, 0.3, 0.1, and 0.01 T. In the inset th
corresponding quantity for the 3d Ising spin glass
Fe0.5Mn0.5TiO3 at the fields~top to bottom! H
51.28, 0.64, 0.32, 0.16, 0.08, 0.04, 0.02, a
0.004 T is shown. Data from Ref. 17.
e
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MZFC(T)/H, susceptibility16 at different applied fields. The
general behavior is somewhat reminiscent of the field dep
dence of the susceptibility of a spin glass. The inset inclu
a plot of the susceptibility when the field is applied perpe
dicular to thec axes. The perpendicular susceptibility (H
n-
s
-

51022 T) shows an almost temperature-independent beh
ior and a weak irreversibility at low temperature~not re-
solved in the figure! that can be assigned to a slight misalig
ment of the sample yielding a small contribution from t
c-axis susceptibility.
c

FIG. 7. The ac susceptibilityx8(v) ~a! and
x9(v) ~b! at frequencyv/2p5125 Hz with am-
plitude hac53 Oe and different superposed d
fields: ~top to bottom! 0, 0.1, 0.2, 0.3, 0.5, 1, and
3 T.
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FIG. 8. The ac susceptibilityx8(v) ~a! and
x9(v) ~b! of Fe0.5Mn0.5TiO3 at frequencyv/2p
5125 Hz and different superposed dc fields:~top
to bottom! 0, 0.1, 0.4, 0.6, 1, 2, and 3 T. Dat
from Ref. 20.
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There is a significant field dependence of the FC susc
tibility. In Fig. 6 the quantity Dx5@MFC(H→0)
2MFC(H)#/H is plotted vs temperature. This quantity r
flects the field and temperature dependence of the nonli
susceptibility. As can be seen from the figure, there i
continuous increase ofDx(H,T) with decreasing tempera
ture. There is no indication of a critical divergence
Dx(H,T) in the measured temperature range. For comp
son and contrast we have in the inset plottedDx vs T as
derived from measurements on the model 3d Ising spin glass
Fe0.5Mn0.5TiO3, ~data from Ref. 17!. This sample has a finite
Tg'20.5 K, and thus also an inherent critical divergence
the nonlinear susceptibility atTg , here seen as a maximum
in Dx at T'Tg(0) at all fields.

At temperatures below the maximum in the ZFC susc
tibility and at low and intermediate fieldsxZFC becomes
somewhat enhanced by an increasing field, which is als
characteristic of spin glasses.17 This behavior is associ
ated with anS-shapedMZFC vs H curve at low temperatures
It is also worth noting that at lower fields (H<0.1 T), the
measured thermoremanent magnetizationMTRM ,18 ad-
equately fulfills the relation: MTRM(T,H)'MFC(T,H)
2MZFC(T,H).
p-
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a
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D. Almeida-Thouless line or just dynamics?

The temperature where theMFC(T) andMZFC(T) curves
merge can be used to define an irreversibility tempera
(Tir). The irreversibility temperature remains closely co
stant at lower fieldsH<0.1 T. The effect of higher magneti
fields is to shift the irreversibility temperature to lower tem
peratures. The irreversibility signals that the sample falls
of equilibrium and is thus directly related to the increase
the maximum relaxation time of the system with decreas
temperature. The time scale forTir(H) is related to the heat
ing rate when measuringMFC(T). The position of this line in
an H-T diagram~see below Fig. 9! is governed by the ob-
servation time of the experiment. In spin-glass literature, e
pirical irreversibility lines are sometimes interpreted to m
ror the mean-field derived in-field spin-glass phase-transi
line: the Almeida-Thouless line~AT line!.19

The dynamic irreversibility lines discussed above can
measured on well-defined time scales by ac-susceptibility
periments in different superposed dc fields. In Figs. 7~a! and
7~b! x8(v) andx9(v) are plotted vs temperature in differen
superposed dc fields. In the measurementv/2p5125 Hz and
hac53 Oe. Corresponding curves for the 3d Ising spin glass
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FIG. 9. H-T diagram of freezing temperature
at different observation times. The continuou
left line represents the irreversibility temperatu
deduced from the FC-ZFC measurement of Fig
and corresponds to an observation timet'60 s.
The line to the right represents the temperatu
where the out-of-phase component becomes n
zero in the ac-susceptibility measurement@from
Fig. 7~b!# at the observation timet'0.0013 s.
Also plotted are the freezing temperatures atH
50 ~d! for different observation times~from left
to right!: 10 000, 3000, 1000, 300, 100, 30, 10,
1, 0.3, 0.01, 1.331023, 1.631024, and 1.6
31025 s.
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Fe0.5Mn0.5TiO3 are shown in Fig. 8~from Ref. 20!. There are
significant differences between the effect that the superpo
dc field has on the susceptibility of the two samples.
Fe0.5Mn0.5TiO3, the applied field does not affec
x8(T,v,H) or x9(T,v,H) at low temperatures, at highe
temperatures wherex9(T,v,H)50; x8(T,v,H) becomes
flattened, strongly field-dependent, and equal to the equ
rium susceptibilityx8(T,0,H) in the same dc field. A similar
behavior is characteristic for other 3d spin glasses.21

Fe0.25Zn0.75F2 shows a strikingly different behavior in large
superposed dc fields, as is seen from Fig. 7.x8(T,v,H) is
strongly suppressed by the dc field at all temperatures, t
is no tendency for the curves at different dc fields to merg
low temperatures. However, the appearance of, and
maximum inx9(T,v,H) vs T are shifted towards lower tem
peratures with increasing field, in an apparent similarity w
spin-glass behavior.

The appearance of the out-of-phase component can
used to define the frequency and field-dependent free
temperature,Tf(v,H). At this temperature the maximum re
laxation time of the system has just reached the order of
observation time,tmax'1/v. In Fig. 9 we have plotted
Tf(v,H) at 125 Hz~or t'0.0013 s! in an H-T diagram to-
gether with the above discussed irreversibility temperatu
at H50 we have also included the data from magnetic
laxation measurements discussed in Sec. III A. As can
seen from the figure, the effect of an applied field is to pu
the constant relaxation time contours at two significantly d
ferent observation times towards lower temperature. Ther
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no visual crossover of the dynamic behavior in zero co
pared to a finite field, i.e., the slowing down of the relaxati
time should obey an Arrhenius law also in a magnetic fie

The AT line scales with field asTg(H)2Tg(0)}H2/F,
where F53 is the mean-field exponent.19 The frequency-
dependent freezing lines that we have deduced above do
converge toward an AT line. It is in this context also wor
mentioning that there is experimental20 and theoretical10

work that convincingly suggest that there is no AT line a
thus no finite-temperature phase transition in a magnetic fi
in 3d Ising spin glasses.

IV. CONCLUSIONS

Static and dynamic magnetic properties of the diluted
tiferromagnet Fe0.25Zn0.75F2 have been studied. The dynam
susceptibility shows some apparent similarities to spin-gl
behavior, but the slowing down of the dynamics at low te
peratures is not critical and well described by a pure Arrh
ius law. Hence, there is no spin-glass phase transition at
temperature. In a magnetic field the maximum relaxat
time of the system at a specific temperature is shortened
the slowing down of the dynamics remains Arrhenius like.
addition to strong disorder there is also weak frustrat
leading to an ageing phenomenon at low temperatures.

ACKNOWLEDGMENTS

Financial support from the Swedish Natural Science R
search Council~NFR! and from the U.S. Department of En
ergy Grant No. DE-FG03-87ER45324 is acknowledged.
u-
1M. F. Sykes and J. W. Essam, Phys. Rev.133, A310 ~1964!.
2T. Nattermann and J. Villain, Phase Transit.11, 5 ~1988!.
3D. P. Belanger and A. P. Young, J. Magn. Magn. Mater.100, 272

~1991!, and references therein.
4S. M. Rezende, F. C. Montenegro, U. A. Leitao, and M.

Coutinho-Filho, inNew Trends in Magnetism, edited by M. D.
Coutinho-Filho and S. M. Rezende~World Scientific, Singapore
1989!.
.

5E. P. Raposo, M. D. Coutinho-Filho, and F. C. Montenegro, E
rophys. Lett.29, 507 ~1995!.

6D. P. Belanger and H. Yoshizawa, Phys. Rev. B47, 5051~1993!.
7C. L. Henley, Phys. Rev. Lett.54, 2030~1985!.
8B. W. Southern, A. P. Young, and P. Pfeuty, J. Phys. C12, 683

~1979!.
9P. C. Hohenberg and B. I. Halperin, Rev. Mod. Phys.49, 435

~1977!.



s,

y
.

.

n

. S.

m-
the

ng

Ito,

56 5411DYNAMICS OF THE ANTIFERROMAGNETIC RANDOM- . . .
10D. Fisher and D. Huse, Phys. Rev. B38, 373 ~1988!; 38, 386
~1988!.

11Y. Zhou, C. Rigaux, A. Mycielski, M. Menant, and N. Bontemp
Phys. Rev. B40, 8111~1989!.

12L. Lundgren, P. Svedlindh, P. Nordblad, and O. Beckman, Ph
Rev. Lett.51, 911 ~1983!. For later references see, e.g., K. H
Fisher and J. A. Hertz,Spin Glasses~Cambridge University
Press, Cambridge, 1991!.

13A. G. Schins, E. M. Dons, A. F. M. Arts, H. W. de Wijn, E
Vincent, L. Leylekian, and J. Hammann, Phys. Rev. B48,
16 524~1993!.

14K. Jonason, J. Mattsson, and P. Nordblad, Phys. Rev. Lett.77,
2562 ~1996!; T. Jonsson, J. Mattsson, C. Djurberg, F. A. Kha
s.

,

P. Nordblad, and P. Svedlindh,ibid. 75, 4138~1995!.
15P. Svedlindh, P. Granberg, P. Nordblad, L. Lundgren, and H

Chen, Phys. Rev. B35, 268 ~1987!.
16Susceptibility is here defined and calculated asM /H.
17H. Aruga Katori and A. Ito, J. Phys. Soc. Jpn.63, 3122~1994!.
18In a TRM measurement the sample is cooled from a high te

perature in a field. When reaching the starting temperature
field is switched off and the TRM is recorded with increasi
temperature.

19J. De Almeida and D. Thouless, J. Phys. A11, 983 ~1978!.
20J. Mattsson, T. Jonsson, P. Nordblad, H. Aruga Katori, and A.

Phys. Rev. Lett.74, 4305~1995!.
21P. Nordbladet al. ~unpublished!.


