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The weakly anisotropic and highly diluted antiferromagnet MnQ 35ZnQ65F2 has been studied by dc
magnetization measurements under a uniform magnetic field and by ac susceptibility at zero field. Ear-
lier experiments in Mn„Znl F2 for x &0.4 have shown that under an external field applied parallel to
the easy direction [001] the critical phase boundary T,(H) is governed by a random-exchange Ising mod-
el (REIM) to random-field Ising model (RFIM) crossover scaling. This crossover scahng stipulates that
T& —T,(H)-H ~~, where P —= 1.4 is the universal REIM-RFIM crossover exponent. We present magne-
tization results which show that for x =0.35, T,(II) has a different curvature following the above scaling
law but with P —=3.4 (similar to the de Almeida- Thouless line in spin glasses). Zero-field ac susceptibili-
ty (y„) measurements performed on this sample reveal a freezing of spatial fluctuations at low tempera-
tures. The magnetic features of MnQ 35ZnQ 65F2 are distinct in some aspects from the spin-glass behave r
found in the isostructural but more anisotropic compound Fe„Znl „F2 close to the percolation thresh-
old.

I. INTRODUCTION

Dilute uniaxial antiferromagnets (DAF's) have been
extensively studied as a testing ground for some of the
most challenging models of random magnetism. ' In the
absence of external fields (H =0) and provided the ex-
change interactions between nearest neighbors do not in-
clude frustrated bonds, anisotropic DAF's can be
represented by the random-exchange Ising model
(REIM). In three dimensions (d =3) the best example of
a REIM system is the Fe Zn, F2 compound, where the
Ising character comes from the large and x-independent
single ion anisotropy. The isostructural d =3 system
Mn Zn, F2 possesses only a weak x-dependent anisot-
ropy of dipolar origin. Pure FeF2 and MnF2 are body-
centered-tetragonal antiferromagnets with the rutile
structure, where the spins are oriented along the c axis.
In the absence of exchange frustration, antiferromagnetic
(AF) long-range order (LRO) in the infinite cluster is ex-
pected to occur for the entire range of x above the per-
colation concentration, i.e., the line of continuous phase
transition terminates at T=O for x =x . Because of the
dominant ' next-nearest-neighbor interactions J2, x is
estimated to be close to 0.245 in both Fe Zn& „Fz and
Mn„Zn, F2 compounds. However, recent neutron-
scattering measurements in two samples of Fe Zn, „F2,
with x =0.25 and x =0.27 showed absence of AF LRO
at H =0 upon cooling to T =2 K. This result is in agree-
ment with previous magnetization ' and ac susceptibili-
ty studies in FeQ 25ZnQ 75F2 from which it was deduced a
spin-glass (SG) behavior occurring at H & 0 for T below a
freezing temperature Tf —- 10 K. These studies suggest
an apparent shift of the percolation threshold concentra-
tion to a larger value in Fe„Zn, „F2. In this system, AF
LRO with a characteristic REIM critical behavior has
been reported' at H =0 for Fe concentrations x ~0.31.
In spite of the weak Ising character of Mn Zn, F2 the

asymptotic critical behavior at zero field, for x &0.4, is
similar"' to that found in Fe„Zn, F2, ' ' in agree-
ment with d =3 REIM theoretical predictions. ' ' At
H =0, AF LRO has been observed' to occur for Mn
concentrations very close to the percolation threshold.
However, the critical behavior has been, to the best of the
authors' knowledge, explored only for x & 0.4 in
Mn Zn& F2.

As well known, a uniform field applied parallel to the
easy direction of a DAF compound produces an
equivalence to the random-field Ising model (RFIM) for
the ferromagnet. But for the ferromagnet, there is a
crossover from pure Ising to RFIM behavior when the
random field is "turned on." In the case of the dilute an-
tiferromagnet, which corresponds to a random-exchange
system, the crossover is from REIM to RFIM. ' In the
presence of a uniform field parallel to the c axis,
REIM —RFIM crossover behavior has been observed for
all measured samples with x ~0.31 in Fe Zn& F2.
However, if the random field becomes sufficiently strong,
LRO is destroyed and a glassy phase is induced in the
upper part of the (H, T) phase diagram, as recently ob-
served ' in FeQ 3]ZnQ 69F2. The process evolves to an Is-
ing spin-glass phase dominating the whole (H, T) diagram
for values of x very close and also below the geometric
percolation threshold x =0.24. In Mn Zn& F2, good
fits for the REIM —RFIM crossover scaling have also
been obtained for x & 0.4, under weak random
fields. In this later compound the situation for x &0.4 is
still controversial. On one hand, Bazhan and Petrov
claim from magnetization and ac susceptibility studies,
that in the concentration range 0.2 & x & 0.33 and H =0,
Mn Zn, F2 converts into a state of a time-varying spin
glass at low temperatures. The magnetic moments of the
Mn + ions are randomly distributed. Under an applied
field, the system assumes a stationary state, but the mag-
netic moments remain randomly oriented with respect to
the direction of the applied field. On the other hand,
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neutron-scattering studies by Cowley et al. ' sustains
that at H =0 the termination of the line of the AF-
paramagnetic (P) continuous phase transition occur at
T =0 at x =x . In fact, the dipolar anisotropy present in
Mn Zn& F2 is expected to become random in strength
and direction as x decreases. If this is the case, one is led
to ask how the phase diagram of this compound evolves
upon dilution, for strong randomness. It would be of
considerable interest to compare the nature of phase dia-
grams in this system, much closer to the percolation
threshold and for all ranges of x and H/J, with the corre-
sponding ones ' in the isostructural compound
Fe„Zn, F2 where the single-ion anisotropy is x in-
dependent.

In this paper we investigate the low-temperature phase
and critical behavior of the strong dilute AF compound
Mno 35Zno 65F2 by magnetization (HAO) and ac suscepti-
bility (H =0) techniques. The measurements have been
made in a comprehensive range of applied fields and tem-
peratures, such that a large part of the (H, T) diagram
can be accessed. The present study establishes an unusual
shape for the critical phase boundary and indicates a
number of magnetic features which distinguishes the
Fe Zn& F2 and Mn„Zn, ~F2 compounds close to the
percolation threshold.

The paper is arranged as follows. The theoretical pre-
dictions and experimental verifications related to the
REIM —RFIM crossover behavior in dilute antiferromag-
nets are discussed in Sec. II. The experimental method is
described in Sec. III. The experimental results and discus-
sion are presented in Sec. IV. Finally, in Sec. V we give
an interpretation of the present results and make a com-
parison with experimental work performed in
Fe Zn& F2.

II. RANDOM-EXCHANGE TO RANDOM-FIELD
CROSSOVER BEHAVIOR

b T, (H)= T~ bH T, (H)=—CT~h —P =CH (3)

where the value of the crossover exponent is given by '

The REIM —RFIM crossover behavior stipulates that
if a sharp phase transition exists, the new transition tem-
perature T, is expected to occur at

T, (H) = TIv bH cT„hRg— —

where T~ is the Neel temperature, hR„ is the reduced
rms random field, and c is a constant of order unity. For
the site-diluted case the mean-square-reduced random
field, in the limit h && « 1, is given by

x(1—x)[T~"(1)/T] (gpIISH/kII T)
~ RF (2)

[1+OMF( )/Tj2

In Eq. (2) T~ "(1)is the mean-field Neel temperature in
the pure system, and 0 "(x) is the mean-field Curie-
Weiss parameter. So, in DAF systems, for a given x the
magnitude of the random field can be controlled by the
strength of the applied field. Combining Eqs. (1) and (2),
one obtains that the variation of the transition tempera-
ture in the (K, T) phase diagram is given by

P = l. ly, with y being the REIM staggered susceptibility
exponent. All experiments on both Fe„Zn1 „F2 (Ref. 22)
and Mn„Zn1 „Fz (Refs. 22, 24, and 26) systems under
weak random fields and x &0.4 have in common a criti-
cal phase boundary in the (H, T) diagram governed by
the same /=1. 42+0.03 REIM to RFIM crossover scal-
ing exponent. Dramatic slow dynamics appear close
to the transition temperature. These effects are manifest-
ed in two distinct ways depending on the prior history of
the sample. If the system is cooled in zero field (ZFC) to
the long-range ordered (LRO) antiferromagnetic state,
then a uniform field is applied and the system is heated
approaching T, (H), the critical behavior is dynamically
rounded by the extreme critical slowing down inherent to
the RFIM problem. On the other hand, if the transition
temperature is approached cooling first the sample in a
field (FC), the system cannot achieve AF long-range or-
der and freezes in a nonequilibrium domain state in the
laboratory time scale. This behavior has been observed
both in Fe„Zn& F2 and Mn Zn& F2 compounds with
x &0.4. The equilibrium is lost at a field-dependent tem-
perature boundary T,q(H) which lies just above the tran-
sition boundary T, (H) obtained from ZFC procedure.
T, (H) is the temperature above which different field cy-
cling procedures give the same results in all measure-
ments made in the same time scale. It has been ob-
served that T, (H) scales with the field obeying a
RFIM crossover scaling similar to that given in Eq. (3)
for T, (H), i.e.,

bT, (H)=T~ bH T,—(H)=—C, H ~ . (4)

Good fits have been obtained ' ' from T, data in
Fe„Zn1 F2 for x =0.73, 0.40, and 0.31, using /=1. 42.
In Mn„Zn1 „Fz, a precise determination of p has been
not obtained yet from the equilibrium phase boundary.

The above described critical and equilibrium behavior
occurs within the weak random-field limit, which de-
pends on both the magnitude of the applied field H and
the concentration of magnetic ions x, as can be seen from
Eq. (2). Above this weak limit deviations from the
REIM —RFIM scaling behavior, given by Eq. (3) with
P= 1.42, are theoretically expected and were actual-
ly observed ' to occur in diluted antiferromagnets. As
x decreases, the AF LRO state becomes unstable'
against random fields of strong magnitudes, giving place
to a "glassy phase" in the upper part of the (H, T) dia-
gram. A striking reversal of the curvature of the equilib-
rium boundary T,q(H) is observed, now scaling with H
as the de Almeida —Thouless line in spin glasses, i.e., Eq.
(4) is obeyed with P—=3.4. The value /=3. 4 governs '

the whole equilibrium phase boundary, for values of x
very close to and also below the percolation concentra-
tion x =0.24 in Fe„Zn& Fz. A major purpose of the
present study is to verify how the (H, T) phase diagram
evolves on approaching x from above in Mn Zn& „F2.

III. EXPERIMENTAL METHOD

The single-crystal of Mno 35Zno 65F2 used in the present
experiments has its concentration determined by density
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measurements. The crystal has the dimensions
4.62X4.53X4.88 mm with the easy direction [001] per-
pendicular to one of the 4.62X4.53 mm faces. We have
measured the magnetization (M) in MnQ 35Zno 65Fz with a
vibrating sample magnetometer adapted to work in a
split coil superconducting magnet. The temperature and
applied field were varied in the ranges 4.2 & T & 30 K and
0 & H & 30 kOe, respectively. The sample holder
geometry and temperature controller used in the experi-
ments are capable of a temperature control within 1 mK
using a carbon glass thermometer. H was applied along
the easy direction [001]. The field (H) and temperature
( T) dependences of M were measured using temperature
cycling (H fixed) and field cycling measurements (T fixed).
The temperature cycling was made in the usual zero-
field-cooling (ZFC) and field-cooling (FC) procedures. In
ZFC, the crystal is cooled in zero field to a given temper-
ature, then the field is raised and finally the temperature
is increased. Data were obtained for consecutive T steps,
stabilizing T before each reading. In the procedure FC,
data are obtained upon cooling in a field, with the tem-
perature stabilized before each reading. In the field cy-
cling measurements the sample is first zero-field cooled
from the paramagnetic phase to a certain temperature.
Then the field is increased (FI) and finally decreased (FD),
while the corresponding M and h values are stored in a
computer. The field was swept at a rate of 2 kOe/min.
The ac susceptibility (y„) in Mno 35Zn065F2 was mea-
sured, from 4.2 to 30.0 K with no dc applied magnetic
field, with an automated mutual inductance bridge. The
frequency of the ac modulating field ranged from 47.3 to
1733.3 Hz, while its amplitude was maintained at
H„—1.0 Oe.

IV. EXPERIMENTAL RESULTS AND DISCUSSIQN

A. Finite field magnetization results

Temperature cycling of the susceptibility (M/H) is
presented in Fig. 1 for applied fields in the interval
3.5 &H & 10 kOe, using the ZFC and FC procedures de-
scribed above. Similar plots are shown for lower values of
H in Fig. 2. For 0&H &7.5 kOe ZFC curves of Figs. 1

and 2 are those typical of a predominant AF order taking
place at low temperatures. However, no previous
neutron-scattering data are available to confirm AF LRO
in Mn„Zn& F2 under uniform field for x &0.4. For
H & 8 kOe ZFC data are no longer compatible with AF
ordering. A spin-fiop (SF) phase would be expected to
occur for large H, as previously observed and character-
ized by M measurements in Mno 5Zn05F2. It has been
shown that if an AF-SF phase boundary is crossed by
varying T, the appearance of a minimum in M indicates
the change from AF to SF arrangement of spins at a tem-
perature T,r(H). No clear signature of this phase transi-
tion is seen in the (M/H) X T curves of Fig. 1. So, in the
present case, two possibilities may be conjectured. (1)
AF-SF phase boundary exists but is somewhat horizontal
in shape; (2) there is a gradual evolution to a mixed AF-
SF configuration in the H and T ranges of the present ex-
periments. These aspects will be discussed in more detail
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FIG. 1. I/H versus T measured on Mn035Zn065F2 for ap-
plied fields in the range 3.5&H&20.0 kOe, comprising the
intermediate- and high-field regimes (see text), using ZFC (full
symbols) and FC (open symbols) procedures.

later on.
Another low-temperature feature evidenced in Figs. 1

and 2 is the presence of an excess of magnetization
(b,M~ ——MF0 —Mz„p) in the FC curves as compared with
the ZFC ones, in the field range 0.5 &H & 12.5 kOe. A
better understanding of the irreversible behavior of the
magnetization in Mn035Zno65F2 can be attained if we
separate the field interval of measurements in three field
regimes: low-field regime (0(H 2 kOe); intermediate-
field regime (2 H 10 kOe); and high-field regime
(10~H 20 kOe). The irreversible behavior found at the
intermediate-field regime is similar to the behavior com-
monly observed in samples with large x on both
Mn„Zn, ~F2 and Fe Zn, „F2. hMH increases with in-
creasing H (see Fig. 1), as expected from the nu-
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FIG. 2. M/H versus T measured on Mn035Zno 65F& in the
low-field regime (0.5&H 1.5 kOe), following ZFC (full sym-
bols) and FC (open symbols) protocols.
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cleation of field aligned domains on cooling diluted uni-
axial antiferromagnets from the paramagnetic (P) phase
under an applied field parallel to the easy axis. These
FC-induced metastable domains are also found to exhib-
it ' low-temperature relaxation. However, no
significant time dependence has been observed in the
time-scale of acquisition of M„c data (typically 5 min per
point). Dynamic effects were not explored here in a long-
time basis. The most surprising irreversible feature is
found in the low-field regime, where it has been found
that the excess of magnetization AM~ reverses its field
dependence as compared with the behavior seen at inter-
mediate fields (compare the ZFC-FC irreversibilities of
Fig. 1 with the corresponding ones in Fig. 2). The origin
of this irreversible behavior at lower fields is not clear.
However, the evolution of the low-H irreversibilities with
decreasing H could even raise suspicion about the ex-
istence of a REIM behavior at H =0 in this sample.

It has been proposed ' ' that for DAF systems, in a
given titne scale (r) the excess of magnetization will have
the dependence on the uniform field H

I I

Mnp ggZn

'~ 0.4—

O

O.Z—

& 0.0

FIG. 3. ZFC temperature dependence of d(M/H)/dT on
Mno 35Zno 6,F2, for 0.5 ~ H ~ 7.5 kOe. The solid lines are guides
to the eye.

AMH ~H (5)

Faraday rotation experiments in FeQ 7ZnQ 3F2 yield
vH=2. 0+0.1. This result indicates that the excess of
magnetization arises from surface contributions of the
frozen-in domains. However, a value v~ =3.05 has been
measured in FeQ 48ZnQ 52F2, indicating a volume contri-
bution (vH =3.0) for b,M~. Of course, none of the above
possibilities can explain the low-field dependence of the
irreversible behavior in Mno 35Zno 6,F2 (where vH was
found to be negative). The reversal in the field depen-
dence of bMH is accompanied by a corresponding inver-
sion of the H dependence of both the ZFC and FC ampli-
tudes of the dc susceptibility (M/H), as can be seen com-
paring Figs. 1 and 2. As K increases, the decreasing rates
of both b,MH and the amplitude (M/H) become smaller
and stabilizes around H =2 kOe. On further increasing
H above 2 kOe, hMH, and (M /H) have their H depen-
dences reversed, so that both quantities increase with H,
which is compatible with Eq. (5) within the field limits of
the above defined intermediate-field regime. On increas-
ing H even more, the sample reaches the high-field re-
gime where the maximum in (M/H) disappears and
AM~ decreases with increasing H. For H ~20 kOe the
ZFC-FC irreversibilities are no longer seen and a typical-
ly paramagnetic behavior appears.

The temperature derivative of the parallel susceptibili-
ty has been largely employed to determine the AF-P criti-
cal phase boundaries T, (H) in pure and di-
lute ' ' ' AF's. In the vicinity of T, (H),
d (M/H)/dT is proportional to the asymptotic critical
behavior of the magnetic specific heat C, which has a
peak at T, (H). A plot of the ZFC temperature depen-
dence of d (M/H)/dT is presented in Fig. 3 for values of
H in the range 0.5 ~H ~7.5 kOe. The positions of
d(M/H)/dT peaks shift to lower temperatures and be-
come drastically rounded as H increases. The rounding of
the peaks in the present case is possibly not entirely due
to concentration gradients and RFIM critical slowing

(BM/BT) -H~~ t (6)

where y and cz are critical exponents and
t =(T —T, )/Tz. Assuming a REIM —RFIM crossover
scaling, a value y =0.56 is predicted and experimentally
confirmed ' in FeQ 47znQ 53Fz and FeQ 7MgQ 3F2. It can
be noted by inspection of data in Fig. 3 that the use of
Eq. (6) implies that y &0, in disagreement with the pre-
diction for a REIM-RFIM crossover behavior. The
REIM —RFIM crossover breaking in MnQ35ZnQ65F2 is
shown directly by the own shape of the T, (H) "critical
phase boundary, "measured from the position of peaks in
d(M/H)/dT curves of Fig. 3. The resulting (H, T) phase
diagram is presented in Fig. 4, for 0(H ~ 5 kOe. By us-
ing Eq. (3) to fit the data of Fig. 4, we obtain P =3.4+0.2,
similar to the de Almeida —Thouless line in spin glasses.
T& = 10.8+0. 1 K was obtained from peaks in the ac sus-
ceptibility measured at zero field in the same sample used
in the present work (see Fig. 9). The position of TN coin-
cides ' with the extrapolation of the T, (H) data to H ~0.
As no frequency dependence was found in the close vicin-
ity of T& in the ac susceptibility data and the tempera-
ture sensors used in both experiments have been previ-
ously calibrated, we can conclude that the convex
"p—=3.4 regime" extends to H~O in Mn035Zn065F3.
The T, (H) "critical phase boundary" is also shown in the

down, as experimentally observed for x &0.4 in
Mn Zn& Fz. For weakly diluted samples, the critical
behavior is governed by the REIM —RFIM crossover
scaling given in Eq. (3), with a REIM —RFIM crossover
exponent /=1. 4. In contrast to the critical behavior
found ' ' in RFIM systems, the amplitude of the
d (M /H) /d Tpeaks decreases as H increases in
Mnp 35ZnQ 65F2. This H dependence of the magnetization
is incompatible with a REIM —RFIM crossover scaling.
A critical-point analysis of the scaling form of the
RFIM free energy predicts that the leading singularity of
the temperature derivative of M at a fixed H is given by
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FICx. 4. The critical phase boundary T, (H) in MnQ 35ZnQ 65Fp.
The inset shows the same data in a H ~ vs T plot. The solid
lines are best fitted to the data using the scaling law
Tz —T,(H)-H2" with /=3. 4+0.2. T~ was obtained from ac
susceptibility measurements at H =0 (see Fig. 9) and coincides
with the extrapolation of the T, (H) data to H =0.

10
Ql

0
H{koe)

FIG. 5. The positive H part of M versus H cycles for
MnQ 35ZnQ 65F& at T =4.8 K obtained after ZFC procedure.

inset of Fig. 4, but plotted as H ~ versus T, with P —=3.4.
This value of (' is in contrast with the standard $-=1.4
REIM —RFIM crossover behavior, found at weak applied
fields in all measured samples of Mn Zn

& Fz for
x ~ 0.4. ' These results suggest a REIM —RFIM cross-
over breaking occurring somewhere in the interval
0.35 & x & 0.4.

At low H the irreversible behavior ends far above
T, (H) in Mno 35Zno 6&Fz (see Figs. 1 and 2) and T,q(H) is
difBcult to specify. More data concerning the irreversible
behavior of the magnetization in Mno 35Zn065F2 can be
obtained from field cycling measurements. In. Fig. 5 we
show the positive H part of M versus H cycles for T =4.8
K. A similar plot is shown for T =12.0 K in Fig. 6. For

FIG. 6. The positive H part of M versus H cycle for
MnQ 35ZnQ 65F2 at T = 12 K obtained after ZFC procedure.

T & Tz, an excess of magnetization hM~—:MFD —MFI,
appears as the field is decreased (FD) from the paramag-
netic phase, when compared with the field increasing (FI)
data, as seen in Fig. 5. The hysteresis cycles shrink as T
increases. In addition, for T & T~ a remanent magnetiza-
tion is left when the field is decreased to zero from the
paramagnetic phase (see Fig. 5). Based on the presence of
this remanent magnetization we conclude that if the sys-
tem is led to an ordered AF configuration following ZFC,
this state is not recovered by increasing H up to the
paramagnetic phase and then decreasing it down to zero
again, in the time scale of the experiment. As obvious, no
hysteresis appears for field cycling performed at tempera-
tures T & Tz (see Fig. 6). However, a nonlinear magneti-
zation MNL(H) —=y&gX M(H) appears a—bove T&. Here

yo =(dM/dH)H o is—the initial dc susceptibility mea-
sured along the easy axis. The temperature dependence of
the inverse susceptibility (M/H) ' is plotted in Fig. 7 for
two values of H at the two limits of the field range of
present experiment. A salient feature of the curves in
Fig. 7 is the fact that a departure from the Curie-gneiss
law is observed below a "clustering temperature" T,&

—=22
K. The nonlinear susceptibility regime emerges for
T & T,i, where the M/H versus T curves become notably
field dependent (see Fig. 1). This is the region where
presumably the formation of short-range-ordered clusters
initiate in Mn(} 35Zn065Fz. There is a considerable tem-
perature difference between T,&

and T&, which has been
not observed before in samples with higher concentra-
tions of Mn. However, the premature formation of clus-
ters is a common feature ' in spin-glass-like compounds.
By extrapolating the linear part of (M/H) ' with the T
axis, we obtain a value O =—30 K for the mean-field
Curie-Weiss parameter, so a ratio 0/T& =-2. 8 is obtained
for this sample.

For large values of H, Mn„Zn& F2 comprises a low-
ternperature spin-Aop phase, as already observed for sarn-
ples with x &0.4. Clear signatures of a first-order AF-SF
transition line has been recently reported by magnetiza-
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.6— B.Zero-N[eld ac susceptibility results
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FIG. 7. Temperature dependence of the inverse dc suscepti-
bility (M/H) ' of Mno»Zno 65F2 for two values of H obtained
after ZFC procedure.

Mnp. »»o.65Fa

tion measurements in Mno 5Zno 5Fz. The spin-Hop critical
field H,' can be determined by the position of the
(dM/dH)peak. In Fig. 8 we show the field derivative
(dM/dH) vs H for T=4. 8 K in this strongly diluted
Mno»Zno 65F2 sample. The broad maximum found is not
a suScient feature for an unambiguous determination of
H,'. For higher values of T the (dM/dH) peaks are even
broader than the one shown in Fig. 8. Based on Figs. 1, S,
and 8, one could think in terms of a gradual transition
from AF to paramagnetic phase in this sample, crossing a
region of a mixed or intermediate phase composed of AF
and SF clustering. However, there is also the possibility
that the broadness of the dM/dH peaks is an artifact of
concentration gradients. As H,' depend on x, concentra-
tion gradients tend to blur out the AF-SF transition in a
similar way to that found in the AF-P transition in dilut-
ed antiferromagnets.

3400
Mnp p5zn 475 Hz

175.3 Hz
735.0 Hz

The low-temperature behavior of the in-phase com-
ponent of the ac susceptibility y„at H =0 is presented in
Fig. 9 for three frequency values of the modulating field,
applied parallel to [001]. The temperature of the y„
peaks determined from Fig. 9 do not shown noticeable
frequency dependence and coincides with the Neel tem-
perature T&=10.8+0. 1 determined from extrapolation
of magnetization measurements at the same sample, as
shown in Fig. 4. However, a strong frequency-dependent
behavior of y„appears at lower temperatures, indicating
that frozen clusters coexist with AF ordering along the
[001] direction. The absence of frequency-dependent
behavior close to the peak temperature points in favor of
a gradual predominance of the AF arrangement of spins
as T increases, approaching T&.

A comparison between ac susceptibility of
Mno 35Zno 65F2 for the modulating field positioned paral-
lel (y~~) and perpendicular (y~) to [001] is shown in Fig.
10 for a frequency value of 1733 Hz. The curves depart
one from the other below T&-——10 K. Similar behavior
has been observed for other values of frequency of the
modulating field. In Mn Zn, F2, the dipolar anisotro-

py is expected to become random in direction as x de-
creases. However, data from Fig. 10 show that at least
down to x =0.3S the dipolar anisotropy is still effective
to induce a preferential alignment of spins parallel to
[001]. The freezing process occurs only along this longi-
tudinal direction, as shown in Fig. 9. When the field is
perpendicular to [001], data from all curves collapse at
the same yj curve, shown in Fig. 10. In Fig. 11, yz is
plotted against 1/T, for a frequency value of the modu-
lating field of 1733 Hz. y~ data departs from the Curie-
Weiss law for T ~ 8 K, approximately the same tempera-
ture below which the freezing process arises in y~~ (see
Fig. 9).

The effect of frozen clusters in this sample is also noted
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FIG. 8. dM/dH versus H measured on Mn035Zn065F2 at
T =4.8 K after ZFC procedure.

FIG. 9. Temperature dependence of the in-phase component
of the parallel ac susceptibility (y~~) measured on Mno 35Znp 65F2
at H =0, for f =47.3 Hz (curve a), 173.3 Hz (curve b), and
1733.0 Hz I,'curve e).
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dynamic scaling analysis of the critical behavior are
necessary to ultimately characterize the nature of the
cooperative behavior which takes place close to T& in
this system.
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FIG. 10. Temperature dependence of the ac susceptibility
measured on Mnp 35Znp 6,F~ at II =0 for a driven field of 1.0 Oe
applied parallel (y~~) to the easy direction [001] and perpendicu-
lar (y~) to it, using a frequency f = 177.0 Hz.
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FIG. 11. y~ versus 1/T measured on Mnp 35Znp 65F2 at H =0
for a driven field of 1.0 Oe applied perpendicular to the easy
direction [001],using a frequency f = 1733.0 Hz.

in the low-field dc magnetization. The excess of magneti-
zation AMH =MFc MzFc shown in Figs. 1 and 2, re-
veals a striking reversal in its field dependence as H de-
creases below =2 kOe, when AM~ starts to increase as H
decreases. This low-field behavior is not to be expect-
ed to occur in a nonfrustrated diluted antiferromag-
net under a uniform field H, where a monotonic increas-
ing in b,MH is predicted as H increases [see Eq. (5)].

It is worthwhile to mention that although some spin-
glass-like features have been detected in the magnetic
behavior of MnQ35ZnQ65Fz, they are not sufficient to
characterize a true spin-glass phase in this sample. First
of all, the stability of the AF LRO needs to be studied un-
der a field in the (H, T) diagram. Moreover, static and

V. INTERPRETATION

Using dc magnetization and ac susceptibility tech-
niques we have presented features on the magnetic
behavior of the dilute antiferromagnet Mn Zn, F2, for
x &x &0.4. The most intriguing feature here is the fact
that the crossover exponent for the critical phase bound-
ary assumes a value P=—3.4, in a striking departure from
the standard REIM —RFIM crossover behavior value
P—= 1.4, found ' at higher concentrations of Mn. The
value of P also sufFer an identical change when the per-
colation threshold is approached in Fe Zn, F2. How-
ever, a distinction is to be made between the magnetic
behavior of these compounds in this strong dilution re-
gime. The value /=3. 4 is obtained from the curvature
of the equilibrium phase boundary in FeQ 3&ZnQ 69F2,
when a glassy phase starts to nucleate in place of the
original AF ordering. This spin-glass-like behavior
evolves to be the sole feature in the close vicinity of x
when a pure Ising spin-glass behavior takes place, in the
sense that all thermodynamic and critical properties of
canonical spin glasses are observed. The analysis of
the stability of the long-range AF ground state achieved
by ZFC procedure is decisive to establish the crossover
from AF to the spin-glass-like state in Fe„Zni F2 In
the latter regime the AF configuration is no longer the
minimum in the free energy of the system, as becomes
clear from the observed time dependence in the ZFC
staggered magnetization' as well as in the uniform mag-
netization, when the system is led to the glassy phase
from the AF state. In MnQ 35ZnQ 65F2 the ZFC magneti-
zation did not show any detectable time dependence in
the H and T ranges of the present experiment. However,
the results from zero-field ac susceptibility measurements
presented here for the same sample indicates that a spin-
glass-like clustering is present at low temperatures. The
presence of a time-varying spin-glass state in
Mn„Zni F2 for a 0.2~x ~0.33 at low temperatures
has been reported by Bazhan and Petrov. The inAuence
of these frozen SG clusters on the stability of the AF
LRO in Mn Zn& F2 for x —+x is not well known.
However, this fact and the excessive rounding of
d (M/H)/dT peaks shown in Fig. 3 make uncertain the
existence and nature of the equilibrium phase transition
at T, (H) for strong diluted samples of Mn Zn& „F2. If
AF LRO is unstable, T, (H) as shown in Fig. 4,
represents only a virtual line of destroyed (rounded)
phase transitions.

The origin of the freezing mechanism of
y~~

in
MnQ 35ZnQ 65F2 at zero field is not well understood. One
possibility comes from the magnetic-dipole interaction
J; =p;p. (1—3cos 8; )/r . Even though the spin correla-
tions are mainly restricted to the [001] direction (see Fig.
10), the dipolar interaction can be either ferromagnetic or
antiferromagnetic, depending on the relative orientations
of each dipole. This competition, together with the e6'ect
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of strong dilution weakening the exchange interactions,
can lead the system to a spin-glass-like behavior.
Another possible mechanism is the eventual presence of
frustration in the exchange interactions of
Mno 35Zno 65F2. The pure MnF2 compound presents a
small frustration in the next-nearest neighbor interaction
J3. Recent results from mean-field simulations at H =0
reveal that a weak frustration plays no e6'ect in the
REIM properties of a dilute Ising antiferromagnet for
weak dilution (0.6 & x & 1). However, in the strong dilu-
tion regime (x & 0.5) it plays a dramatic role both on re-
ducing the magnitude of the antiferromagnetic order pa-
rameter and inducing the appearance of a nonzero spin-
glass order parameter close to the percolation concentra-
tion. Finally, the low-T behavior of g~~ at H =0 could be

also related to the extremely slow dynamics of Ising
spins close to the percolation threshold, where the sur-
face of an incipient infinite cluster behaves like a ramified
fractal lattice.

ACKNOWI EDGMENTS

The authors acknowledge U. A. Leit5o, J. R. L. de Al-
meida, C. C. Becerra, and S. M. Rezende for fruitful dis-
cussions and suggestions and C. S. Martins for collabora-
tion in the ac susceptibility measurements. This work was
supported by CAPES, CNPq, FACEPE, and
FINEP/PADCT (Brazilian agencies). One of us (A.R.R.)

also acknowledges the support of COLCIENCIAS
(Columbian agency).

'Permanent address: Departamento de Fisica, Universidad Na-
cional de Colombia, A.A. 127, Manizales, Colombia.

Recent reviews of REIM, RFIM, and spin-glass-like studies in
dilute antiferromagnets are given in D. P. Belanger, Brazilian
J. Phys. 22, 283 (1992); D. P. Belanger and A. P. Young, J.
Magn. Magn. Mater. 100, 272 (1991); S. M. Rezende, F. C.
Montenegro, U. A. Leit'ho, and M. C. Coutinho-Filho, in New
Trends in Magnetism, edited by M. D. Coutinho-Filho and S.
M. Rezende (World Scientific, Singapore, 1989), p. 44; V. Jac-
carino and A. R. King, ibid. , p. 70.

A. R. King, V. Jaccarino, T. Sakakibara, M. Motokawa, and
M. Date, Phys. Rev. Lett. 47, 117 (1981);J. Appl. Phys. 53,
1874 (1982).

M. T. Hutchings, B. D. Rainford, and H. J. Guggenheim, J.
Phys. C 3, 307 (1970).

O. Nikotin, P. A. Lindgard, and O. W. Dietrich, J. Phys. C 2,
1168 (1969).

5M. F. Sykes and J. W. Essam, Phys. Rev. 133, A310 (1964).
D. P. Belanger and H. Yoshizawa, Phys. Rev. B 47, 5051

(1993).
7F. C. Montenegro, S. M. Rezende, and M. D. Coutinho-Filho,

J. Appl. Phys. 63, 3755 (1988).
F. C. Montenegro, M. D. Coutinho-Filho, and S. M. Rezende,

Europhys. Lett. 8, 382 (1989).
S. M. Rezende, F. C. Montenegro, M. D. Coutinho-Filho, C.

C. Becerra, and A. Paduan-Filho, J. Phys. (Paris) Colloq. 49,
C8-1267 (1988).
D. P. Belanger, Wm. Murray, Jr., F. C. Montenegro, A. R.
King, and V. Jaccarino, Phys. Rev. B 44, 2161 (1991).
P. W. Mitchell, R. A. Cowley, H. Yoshizawa, P. Boni, Y. J.
Uemura, and R. J. Birgeneau, Phys. Rev. B 34, 4719 (1986).
T. R. Thurston, C. J. Peters, R. J. Birgeneau, and P. M. Horn,
Phys. Rev. B 37, 9559 (1988).
P. H. Barrett, Phys. Rev. B 34, 3513 (1986).
D. P. Belanger, A. R. King, and V. Jaccarino, Phys. Rev. 8
34, 452 (1986).
N. Rosov, A. Kleinhamrnes, P. Lidbjork, C. Hohenesmer, and
M. Eibschiitz, Phys. Rev. B 37, 3265 (1988).
K. E. Newman and E. K. Riedel, Phys. Rev. B 25, 264 (1982).
G. Jug, Phys. Rev. B 27, 609 (1983).
I. O. Mayer, J. Phys. A 22, 2815 (1989); I. O. Mayer, A. I.
Sokolov, and B.N. Shalayev, Ferroelectrics 95, 93 (1989).
R. A. Cowley, G. Shirane, R. J. Birgeneau, and E. C.
Svensson, Phys. Rev. Lett. 39, 894 (1977).

S. Fishman and A. Aharony, J. Phys. C 12, L729 (1979).
A. Aharony, Europhys. Lett. 1, 617 (1986).
I. B. Ferreira, A. R. King, and V. Jaccarino, Phys. Rev. B 43,
10797 (1991).
F. C. Montenegro, A. R. King, V. Jaccarino, S.-J. Han, and
D.P. Belanger, Phys. Rev. B 44, 2155 (1991).

~4C. A. Ramos, A. R. King, and V. Jaccarino, Phys. Rev. B 37,
5483 (1988).

~5R. A. Cowley, G. Shirane, H. Yoshisawa, Y. J. Uemura, and

R. J. Birgeneau, Z. Phys. B 75, 303 (1989).
F. C. Montenegro, J. C. O. de Jesus, F. L. A. Machado, E.
Montarroyos, and S. M. Rezende, J. Magn. Magn. Mater.
104, 277 (1992).

A. N. Bazhan and S. V. Petrov, Zh. Eksp. Teor. Fiz. 80, 669
(1981) [Sov. Phys. JETP 53, 337 (1981)];86, 2179 (1983) [59,
1269 (1984)].

J. L. Cardy, Phys. Rev. B 29, 505 (1984).
A. R. King, J. A. Mydosh, and V. Jaccarino, Phys. Rev. Lett.
56, 2525 (1986).
A. E. Nash, A. R. King, and V. Jaccarino, Phys. Rev. B 43,
1272 (1991).

J. Villain, J. Phys. Lett. 43, L551 (1982); J. Phys. (Paris) 46,
1843 (1985).

D. S. Fisher, Phys. Rev. Lett. 56, 416 (1986).
A. R. King, V. Jaccarino, D. P. Belanger, and S. M. Rezende,
Phys. Rev. B 32, 503 (1985).
J. R. L. de Almeida and R. Bruinsma, Phys. Rev. B 37, 7267
(1987).

35I. Ya. Korenblit and E. F. Shender, Zh. Eksp. Teor. Fiz. 89,
1785 (1985) [Sov. Phys. JETP 62, 1030 (1985)].

H. Takayama, Prog. Theor. Phys. 80, 827 (1088).
Ya. V. Fyodorov, I. Ya Korenblit, and E. F. Shender, J.Phys.
C 20, 1835 (1987);J.Phys. Condens. Matter 2, 1669 (1990).
I. Ya. Korenblit, Ya. V. Fyodorov, and E. F. Shender, Zh.
Eksp. Teor. Fiz. 92, 710 (1987) [Sov. Phys. JETP 65, 400
(1987)].
U. Nowak and K. D. Usadel, J. Magn. Magn. Mater. 104, 179
(1992);Phys. Rev. B 44, 7426 (1991).

" J. Villain„Phys. Rev. Lett. 52, 1543 (1984); R. Bruinsma and
F. Aeppli, ibid. 52, 1547 (1984).
H. Yoshizawa and D. P. Belanger, Phys. Rev. B 30, 5220
(1984); U. Nowak and K. D. Usadel, ibid. 39, 2516 (1989).
U.A. Leitho and W. Kleemann, Phys. Rev. B 35, 8696 (1987).

~ M. Lederman, J. V. Selinger, R. Bruinsma, J. Hamman, and



51 RANDOM-FIELD-CROSSOVER SCALING IN Mno 35Zno 65F2 5857

R. Orbach, Phys. Rev. Lett. 68, 2086 (1992).
~S-J. Han, D. P. Belanger, W. Kleemann, and U. Nowak, Phys.

Rev. B 45, 9728 (1992).
45F. C. Montenegro, U. A. Leit'Ko, M. D. Coutinho-Filho, and

S.M. Rezende, J. Appl. Phys. 67, 5243 (1990).
46S. Foner, in Proceedings of the International Conference on

Magnetism, Nothingham, 1964 (The Institute of Physical So-
ciety, London, 1965), p. 438.

47W. Kleemann, A. R. King, and V. Jaccarino, Phys. Rev. B 34,
479 (1986).

~ W. Kleemann, B. Igel, and U. A. Leit5o, in New Trends in
Magnetism (Ref. 1), p. 85.
M. E. Fisher, Philos. Mag. 7, 1731 (1962).
U. A. LeitXo, W. Kleemann, and I. B. Ferreira, J. Phys.
(Paris) Colloq. 49, C8-1217 (1988).

F. C. Montenegro, J. C. O. de Jesus, and A. Rosales-Rivera, J.
Appl. Phys. 75, 5520 (1994).
Broad peaks of d(M/H)/dT were observed at low H in
Mno 4,Zno»Fz in an earlier work by H. Ikeda and K. Kikuta,
J. Phys. C 16, L445 (1983).
Weili Luo, S. R. Nagel, T. F. Rosenbaum, and R. E.
Rosensweig, Phys. Rev. Lett. 67, 2721 (1991).

54D. H. Reich, B. Ellman, J. Yang, T. F. Rosenbaum, G. Aep-
pli, and D. P. Belanger, Phys. Rev. B 42, 4631 (1990).
A. Aharony, Phys. Rev. B 13, 2092 (1976); A. Aharony and
M. J. Stephen, J. Phys. C 14, 1665 (1981).

56E. P. Raposo, M. D. Coutinho-Filho, and F. C. Montenegro
(unpublished).

57C. L. Henley, Phys. Rev. Lett. 54, 2030 (1985).


