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Dynamics of the antiferromagnetic random-exchange Ising system E2n,_,F,
near the percolation threshold
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Dynamic magnetic properties of the diluted Ising antiferromagnet,#e, ;4,, 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.
[S0163-182697)05633-§

I. INTRODUCTION low-field time-dependent zero-field-coolddFC) magneti-
zation measurements, utilizing a noncommercial supercon-
A para- to antiferromagnetic phase transition at a finiteducting quantum interference devi¢®QUID) magnetome-
temperatureTy, occurs in diluted @ antiferromagnets with  ter, and by ac-susceptibility measurements in a Lake Shore
a concentration of magnetic ions larger than the percolatiog225 ac susceptometer. The temperature dependence of the
threshold x,. For the tetragonal rutile Ising system magnetization at different applied dc fields was measured in
FeZn,_,F, the percolation threshold ix,=0.25" The 4 Quantum Design MPMS5 SQUID magnetometer. The
physical properties of K&n; _,F, have been intensely inves- magnetic field was applied parallel to the axis of the

tigated primarily in large applied magnetic fields to study thesample when not stated otherwise.
random-field problef® but also zero-field random exchange

Ising properties have been comprehensively stutliedes-
tigations of samples near the percolation limit have shown

expected and dramatic differences from the behavior of lll. RESULTS AND DISCUSSION

samples of slightly higher concentration. The peculiar spin- A. Zero-field equilibrium dynamics
glass-like dynamics at the percolation concentration was dis-
covered in early ac-susceptibility studieand numerical The low-field dynamic susceptibility is plotted vs tem-

simulations> The system was then suggested to belastng  perature at different observation times in Fig. 1. The short-
spin glass with a finite spin-glass temperaturg, Neutron-  time data are measured by ac-susceptibility measurements in
scattering resulfshave, on the other hand, been interpretedan ac field of 3 Oe at 15, 125, 3,0and 16 Hz, the obser-

just to manifest a theoretically predicted slowing down of theyation time is then given by~ 1/w, wherew is the angular
dynamics at low temperatufeA magnetic system close to frequency. Figure (B) shows the in-phase component,
the percolation threshold is expected to be unstable with rey(, T) and Fig. 1b) the corresponding out-of-phase com-
spect to small frustrating interactions and form a spin gqass'ponent,x”(w,T). The data at longer times in Fig(al are

In this paper we discuss results from dc-magnetizatio_n anfhtained from measurements of the relaxation of the zero-
ac-susceptibility measurements onob&Zng,7¢~. Dynamic field-cooled(ZFC) magnetizationmz(t), at different tem-
scaling and a noncritical field dependence of the Suscept'b"eratures. In this experimental procedure the sample is

ity firmly establishes that a spin-glass phase transition is n . . : -
anticipated at any temperature in this system. However, a&ooled in zero field from a high temperatuTeef— ?1 Ko
e measurement temperatufe,. After a wait time, t,,

ageing behavior, characteristic of the logarithmically slow : . ) i
dynamics of disordered and frustrated magnetic systems such 100 S, @ small field=3 Oe is applied and the relaxation
as spin glasses, is observed at low temperatures. of the magnetlzatlorr,nzpc(t)_, is recorded in the tl_me_ range
0.3<t<10* s after the application of the magnetic field.
As is seen in Fig. (), there is a strongly frequency-
dependent maximum in the susceptibil[igccompanied by
The sample, a single crystal of f=2Zny 74, was cutinto  the appearance of an out-of-phase component of the ac sus-
the form of a parallelepiped of size 1.28.9x 3.6 mn? with  ceptibility, Fig. 1b)]. The position of the maximum in
its longest axis aligned with the crystallimeaxis. The dy- x(T,t) can be used to define a spin-freezing temperaiyre
namic properties of the sample were studied by means dit the corresponding observation time, which also defines

Il. EXPERIMENTAL
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FIG. 1. Temperature dependence of the ac-
susceptibility at different observation times,
~1/w, in zero dc field. The short-time data are
from ac-susceptibility measurements in an ac
field of 3 Oe at 15, 125, 0 and 1d Hz and the
longer times are from time-dependent ZFC mea-
surements in a field of 3 Oga) the in-phase
componenty’ at observation timegbottom to
top) 1.6x 1075, 1.6x10 4, 1.3x 10 3, 0.01, 0.3,

1, 3, 10, 30, 100, 300, 2p3x10% and 10 s.
(b) the out-of-phase componegt at observation
times (top to bottom 1.6x10°°, 1.6x1074,
1.3x10°3%, and 0.01 s.

FIG. 2. The best fit of the relaxation times to
activated dynamics: log vs Tf’l. Implying a
pure Arrhenius behavior of the slowing down of
the dynamics.
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the maximum relaxation time,,,, of the system at that tem- t .

perature. A time window ranging over nine decades from log T_o «Te ™. ©)
10° to 1¢* s is covered by our data. To characterize the_. , _ _ o
slowing down of the relaxation times of the system with Figure 2 shows the best fit to this expression, which yields

-1 _ _ — 14
temperature we use pairs f and 7, deduced from Fig. Iolgt_vs To{ ’ |.e.f, Xh_l' ?ndT(?_lQ Sbln other wo'rat\jshthe'
1(a). A 3d spin glass should exhibit conventional critical $'OWINg down of the relaxation time obeys a pure Arrhenius
slowing down according fo behavior, implying that thermal activation over constant bar-

rier heights governs the relaxational behavior, i.e., there is no

t (Te—T.\~ 2 indication of a critical behavior and a spin-glass phase tran-
_oc( 9 , (1)  sition is neither anticipated at a finite nor at zero temperature.
To Tg It is worth mentioning that the tendency of the ZFC sus-

where 7, is a microscopic relaxation time of order 1§s, ~ Ceptibility curves in Fig. (a) to flatten out, and even turn

Tq is the spin-glass temperature, andis a dynamic critical
exponent. It is not possible to fit our data to this expressio pins showing a Curie-like behavior at low temperatures. A
with reasonable values of the parameters involved. Alternaé- .
tively, activated dynamics could govern the dynamics of the,
system, yielding a slowing down of the relaxation times ac-
cording to

etic semiconductors, such asdilying ;Te, at low tempera-

ures. These systems, on the other hand, exhibit characteristic
3d spin-glass transitions and a critical slowing down at a
" 1

Tf—Tg) g finite temperaturé?

T 2

g B. Ageing

where 4w is a critical exponent® Fitting the data to this
equation suggetd =0, which implies that the slowing One property that reveals correlated dynamics and frus-
down is described by only a generalized Arrhenius law:  tration in a slowly relaxing system at low temperature is the
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FIG. 4. Relaxation rateS=1/h dnvd logt vs logt, for t,,
=100 (@), 1000(+), 10000(¢) s at the different measurement
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temperaturestop to bottom T,,=7, 7.4, 7.8, and 8 K.

has been amply studied ird3spin glasse$? but is also an
intrinsic property of 2 spin glasse$ (where there is no
phase transition at finite temperatyrand other disordered
and frustrated magnetic systei{slo reveal a possible age-
ing phenomenon of the low temperature slowly relaxing
“phase” we performed time-dependent ZFC magnetization
measurements. The sample was cooled from the reference
temperature T, =21 K to the measurement temperature
(T, and kept there a wait time,(). Thereafter a weak field
(h) was applied and the magnetizatiom)(was recorded as
a function of time. In Fig. 8), m is plotted vs log at T,
=6 K, h=3 Oe, and,,=100, 1000, and 10 000 s. The cor-
responding relaxation ratéSE€ 1/hdnvd logt) is plotted in
Fig. 3(b). A wait time dependence of the response is ob-
served. Tham vs logt curves have an inflection point at an
observation time nearly equal tg, and the relaxation rate
attains a corresponding maximum. It is worth mentioning
that the influence of ageing on the magnetic relaxation of
Fe, »ZNy 74 is much weaker than in ad3spin glas® and
also a lot weaker than at a corresponding temperature in a
2d spin glass?

In Fig. 4, S vs logt is plotted for differentt,, at four
different measurement temperaturés,=7, 7.4, 7.8, and 8
K. A strong temperature dependence is observed. The wait
time dependence of the magnetic relaxation decreases rap-
idly with increasing temperature to practically vanishTat
=8 K. The maximum relaxation time of the system de-
creases with increasing temperature and ha k& reached
the order of 16 to 1 s. When the minimum effective age-
ing time (time at constant temperatureooling rate time
scalg becomes of the order of the maximum relaxation time
of the system at the measurement temperdisee also Fig.
1), observable ageing disappears. A similar fading away of
observable ageing whef,,,, approaches the minimum ex-
perimental effective wait time is also seen ird Zpin

glasse¥ and in 3 spin glasses at temperatures above
15

existence of magnetic ageing. Magnetic ageing implies that?

the system at constant temperatuesd constant fieldis
subjected to a continuous rearrangement process of the spin

C. Temperature and field dependence of the magnetization

structure continuing to time scales of the order of the maxi- Figure 5 shows the temperature dependence of the field-
mum relaxation time of the system. The ageing phenomenooooled (FC), Mg(T)/H, and zero-field-cooled(ZFC),
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Meo(T)/H, susceptibility® at different applied fields. The =102 T) shows an almost temperature-independent behav-
general behavior is somewhat reminiscent of the field deperier and a weak irreversibility at low temperatufeot re-
dence of the susceptibility of a spin glass. The inset includesolved in the figurgthat can be assigned to a slight misalign-
a plot of the susceptibility when the field is applied perpen-ment of the sample yielding a small contribution from the
dicular to thec axes. The perpendicular susceptibilitd (  c-axis susceptibility.
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There is a significant field dependence of the FC suscep- D. Almeida-Thouless line or just dynamics?

tibility. In Fig. 6 the quantity Axy=[Mg(H—0)
—Me(H)]/H is plotted vs temperature. This quantity re-
flects the field and temperature dependence of the nonline
susceptibility. As can be seen from the figure, there is
continuous increase af y(H,T) with decreasing tempera-
ture. There is no indication of a critical divergence in
Ax(H,T) in the measured temperature range. For compar

The temperature where th(T) andM ,(T) curves
merge can be used to define an irreversibility temperature
ir). The irreversibility temperature remains closely con-
stant at lower field$1=<0.1 T. The effect of higher magnetic
fields is to shift the irreversibility temperature to lower tem-
iperatures. The irreversibility signals that the sample falls out

son and contrast we have in the inset plotted vs T as of equilibrium and is thus directly related to the increase of
derived from measurements on the modeli8ing spin glass the maximum rela>§ation time of the _system with decreasing
Fey, sMn, <TiOs, (data from Ref. 1¥. This sample has a finite €mperature. The time scale fof(H) is related to the heat-
T,~20.5K, and thus also an inherent critical divergence inlnd rate when measuring e(T). The position of this line in
the nonlinear susceptibility &, here seen as a maximum anH-T diagram(see below Fig. Pis governed by the ob-
in Ay at T~T,4(0) at all fields. servation time of the experiment. In spin-glass literature, em-
At temperatures below the maximum in the ZFC Susceppirical irreversibility lines are sometimes interpreted to mir-
tibility and at low and intermediate fieldg,-c becomes ror the mean-field derived in-field spin-glass phase-transition
somewhat enhanced by an increasing field, which is also tne: the Aimeida-Thouless linéAT line).*?
characteristic of spin glass&s.This behavior is associ- The dynamic irreversibility lines discussed above can be
ated with anS-shapedV ,ec Vs H curve at low temperatures. measured on well-defined time scales by ac-susceptibility ex-
It is also worth noting that at lower fielddH0.1T), the periments in different superposed dc fields. In Figs) and
measured thermoremanent magnetizatidygy,*® ad-  7(b) x' () andy”(w) are plotted vs temperature in different
equately fulfills the relation: Mgm(T,H)~Mg(T,H) superposed dc fields. In the measuremef@r= 125 Hz and
—Mze(T,H). h,=3 Oe. Corresponding curves for the Bing spin glass
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25 L . left line represents the irreversibility temperature
deduced from the FC-ZFC measurement of Fig. 5
20 _ and corresponds to an observation titre60 s.
© The line to the right represents the temperature
2 15 where the out-of-phase component becomes non-
E - N zero in the ac-susceptibility measureméginom
Fig. 7(b)] at the observation timé~0.0013 s.
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Fe, Mn, sTiO5 are shown in Fig. &from Ref. 2Q. There are N0 visual crossover of the dynamic behavior in zero com-
significant differences between the effect that the superposeRred to a finite field, i.e., the slowing down of the relaxation
dc field has on the susceptibility of the two samples. Intime should obey an Arrhenius law also in a magnetic field.
FeysMnocTiOs, the applied field does not affect The AT line scales with field ady(H)—Tq(0)<H™,
¥'(T,0,H) or x"(T,w,H) at low temperatures, at higher where ®=3 is the mean-field exponefit.The frequency-
temperatures wherg”(T,w,H)=0: x'(T,»,H) becomes dependent freezing lines that we have deduced above do not
flattened, strongly field-dependent, and equal to the equilib?nogr\l/t?c:gﬁ]to‘f["r?;? %léTignZ;( lteﬁ&neg]f;a%%ntfhxéoﬁ’sﬁc\gponh
rium susceptibilityy’ (T,0,H) in the same dc field. A similar K th g hat i | P hat th . AT i d
behavior is characteristic for otherd3spin glasseé work that convincingly suggest that there Is no ine an

Fey »eZNg 757> shows a strikingly different behavior in larger m ussdnlzifrl]réltgptiﬁnépl)aesrgéire phase transition in a magnetic field
superposed dc fields, as is seen from Fig. ¥.(T,w,H) is '

strongly suppressed by the dc field at all temperatures, there IV. CONCLUSIONS

is no tendency for the curves at different dc fields to merge at . . ) i i

low temperatures. However, the appearance of, and the Static and dynamic magnetic properties of the diluted an-
maximum iny”(T,w,H) vs T are shifted towards lower tem- tferromagnet FgosZno 74, have been studied. The dynamic
peratures with increasing field, in an apparent similarity withSUSCePibility shows some apparent similarities to spin-glass
spin-glass behavior. behavior, but the slowing down of the dynamics at low tem-

The appearance of the out-of-phase component can (Reratures is not critical and well described by a pure Arrhen-
used to define the frequency and field-dependent freezintyS law. Hence, there is no spin-glass phase transition at any

temperatureT;(w,H). At this temperature the maximum re- emperature. In a magnetic f|eld the maximum relaxation

laxation time of the system has just reached the order of th me of the system at a speC|f|q tempergture IS shprtened but

observation time,r,.~L/w. In Fig. 9 we have plotted the slowing down of the dynamics remains Arrhenius like. In
rimax . .

T:(w,H) at 125 Hz(or t~0.0013 § in anH-T diagram to- addition to strong disorder there is also weak frustration

gether with the above discussed irreversibility temperatur I;eadmg to an ageing phenomenon at low temperatures.
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