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Induced net spontaneous magnetization by nonmagnetic impurities in the quasi-one-dimensiona
antiferromagnet „CH3NH3…Mn12xCdxCl3–2H2O
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We report effects induced by the partial substitution of the Mn11 ions by Cd11 ones in the
magnetic properties of the quasi-one-dimensional Heisenberg-like antiferromagnet compound
~CH3NH3!Mn12xCdxCl3•2H2O at very low fields. A three-dimensional~3D! ordering of the linear chains
occurs atTN54.12 K (x50). Samples withx;0.01 were investigated. We observe the appearance of a
remanent magnetization (Mr) belowTN when the sample is cooled throughTN , in a small axial magnetic field
~as low as few mOe! applied along the axis of antiferromagnetic alignment. The magnitude ofMr is of the
order of 1% of the sublattice magnetization of the antiferromagnet. Samples cooled in axial fields below 0.02
Oe may exhibit an inversion of the sign ofMr at a temperature belowTN . In this case the susceptibility
measurements show two strong singularities: one atTN and the second at the temperature where the inversion
point occurs. It was found that this inversion is due to a polarization of the bulk of the sample by its surface
that orders atTN53.95 K and causes a demagnetization field in which the bulk polarizes at a lower tempera-
ture (Tp53.55 K). These results are compared with those previously observed in some diluted three-
dimensional antiferromagnets and it is shown that for applied fields above 0.1 Oe,Mr obeys at temperatures
below Tp the same universal behavior previously found forMr in other low anisotropy 3D systems.
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I. INTRODUCTION

The introduction of disorder in a three-dimensional an
ferromagnetic system by means of the substitution of m
netic ions by nonmagnetic ones can change substantiall
magnetic properties. When an antiferromagnet is cooled
low magnetic field to a temperature below the Ne´el tempera-
ture TN , no net magnetization is expected to be observe
the system. However, the substitution of magnetic ions in
lattice by nonmagnetic ones~dilution! can in principle intro-
duce mechanisms that may favor the appearance of a
magnetization. This occurs, for example, when some dilu
three-dimensional~3D! antiferromagnets are cooled belo
TN in an applied magnetic field~FC!. In this case the pres
ence of random fields is at the origin of an excess magn
zation (DM ) that should be absent when the same sampl
cooled in zero applied field~ZFC!.1 The magnitude ofDM
increases with a power of the applied fieldH and is relevant
only at fields above some few kOe. Recently, the observa
of phenomena, consisting in the appearance belowTN of a
remanent magnetizationMr , has renewed interest on dilute
antiferromagnets.2,3 Such anomalousMr is observed to ap-
pear when the crystal is oriented parallel to the easy axi
antiferromagnetic alignment in fields as low as few mO
This Mr has been observed in compounds of the se
A2Fe12xInxCl5•H2O whereA5K or Rb ~we abbreviate these
systems in this paper as K-Fe/In and Rb-Fe/In, respectiv!
and Mn12xZnxF2 ~abbreviated as Mn/Zn!. All of them are
3D systems with low magnetic anisotropy. The magnetic
is in anS state with spin5

2 . One remarkable characteristic o
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these compounds is that the temperature dependence oMr

below TN seems to bex and compound independent. Th
universal-like behavior of Mr has been discusse
previously.4–6 The aim of this paper is to explore the exte
of the referred magnetic behavior, to the case of a sys
with marked one-dimensional character.

Magnetic susceptibility and magnetic phase diagram st
ies in chainlike quasi-1D systems, with small interactio
between the chains, show that the inclusion of impurities
low concentrations, of about 1%, can affect whole magne
properties.7,8 This occurs because the introduction of imp
rities limits the growth of the correlation length along th
chain, thus leading to drastic effects on the long-range m
netic ordering.8

The 1D compound~CH3NH3!MnCl3•2H2O, ~MMC!, is a
system that in principle can be adequate for the compara
purpose of the work since the magnetic ion has the sa
electronic structure of the 3D systems previously studied
in a lower dimensionality structure. From the behavior of t
susceptibility9,10 and from the x-ray structure,11 it is known
that the Mn ions are arranged in chains along theb direction
of the crystal, coupled with an intrachain antiferromagne
interaction of Jintra/k523.01 K. The susceptibility and
specific-heat data at temperatures down to 1 K indicate that a
3D long-range antiferromagnetic order occurs belowTN
54.12 K, the magnetic moments being aligned along tha
axis. This 3D order can be accounted for by an interch
interactionJ8 that is of the order of 1022 of Jintra.10 From
the magnetic phase diagram12 an estimate of the ratio of the
anisotropy to the exchange fielda5HA /HE5431023 was
3197 © 1998 The American Physical Society
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found. Thus, this compound can be described as a low
isotropy 1D system.

Small amounts of Cd, in substitution of Mn, can be intr
duced in the lattice. In this paper, the effect of such a dilut
in the magnetic properties is investigated particularly whe
very small magnetic field is applied. It is shown that
remanent magnetization develops in samples
~CH3NH3!Mn12xCdxCl3•2H2O, ~MMC/Cd!, with small con-
centrations of Cd. This is observed below the Ne´el tempera-
ture when samples are cooled in fields of few Oe. Preli
nary data of magnetization in the low field of MMC dilute
with Cd and Cu has been published recently.13 Special atten-
tion is given here to magnetization experiments performe
fields of a few mOe, where a phenomenon related to
inversion of the remanent magnetization was found.

II. EXPERIMENTAL METHODS

The diluted compounds~CH3NH3!Mn12xCdxCl3•2H2O
crystallize in the monoclinicP21 /c structure.11 The crystals
are prismatic in shape, elongated along theb axis. The easy
axis of the antiferromagnetic phase is parallel to thea axis.
Single crystals of MMC-Cd with a concentration aroundx
50.01 were used in the measurements. They were gr
from solutions containing~CH3NH3!Cl3 and MnCl2•4H2O in
the molar ratio of 2:3. Small amounts of CdCl2•2H2O were
added to the solutions. The concentrationx was determined
from the ordering temperatureTN(x) of each sample follow-
ing a procedure previously established for this ser
compound.9 In order to identify the existence of concentr
tion gradients, measurements were made in several sam
cut from a unique crystal.

Magnetization measurements were made using a V
~vibrating sample magnetometer! and a SQUID~supercon-
ducting quantum interference device!. The ac susceptibility
was measured in the SQUID magnetometer with excita
fields of 0.1 to 10 Oe at frequencies ranging from 0.1 to 10
Hz.

Fields above 80 Oe in the VSM and 10 Oe in the SQU
were produced by means of a superconducting mag
Lower fields were obtained by means of a small copper
mounted with its axis coaxial with the measuring pick
coils. The local axial field at the site of the sample, d
basically to the axial component of the Earth’s magnetic fi
and to local environmental sources, was carefully comp
sated for by setting a very small current through the cop
coil. Typically, this axial field is of the order of 0.1 Oe an
can even change its sign depending on the position of ne
equipment and dewars. The value of this residual field w
repeatedly checked and compensated for during the run
order to ensure the best possible reproducibility of the res
between different runs. The procedure used to set the fie
described in Ref. 3. With this procedure the applied field c
be set with a resolution of the order of 0.001 Oe in t
sample region when using the VSM setup. Here the am
tude of the vibrating movement is of the order of 1 m
Although with the SQUID the sensitivity is;100 times
higher than that of the VSM at such low fields, in the proce
of the measurements the sample is subjected to a move
that can be of several centimeters. The homogeneity of
field in such a length may change by several mOe and
n-
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result in differences between the two methods. As we w
see, some of the effects reported in this paper occur for fie
below 0.02 Oe, thus this is an important issue that canno
ignored.

Unless otherwise noted, the typical dimension of the cr
tals used were 23233 mm. Since very small fields of the
order of a few mOe can be of importance, it is possible t
the demagnetization factor play an important role in the
served effects. In some measurements, samples with di
ent demagnetization factors, cut from the same single cry
were also used in the experiments.

III. EXPERIMENTAL RESULTS

Figure 1 shows the measured magnetization as a func
of temperature for a sample of MMC/Cd withx50.008. In
these data the sample was field cooled from the paramag
phase at fields ranging from 0.1 to 500 Oe. The field w
applied along the axis of antiferromagnetic alignment, a
magnetization was measured along this same direction.
measured magnetization isM (T)5Mr(T)1x i(T)H, where
Mr(T) is the magnetization measured after the fieldH is set
to zero ~remanent magnetization! and x i(T) is the parallel
susceptibility. This last term, (x iH), is almost negligible
when compared toMr(T) for fields below 1 Oe. Even at the
highest fields used~500 Oe!, the Mr(T) term is still larger
than x iH. In Fig. 2 the temperature dependence ofMr(T)
for another sample of the same batch at fields between
and 8 Oe is shown. The principal features of these data
be summarized as follows:~1! a remanent magnetizatio
Mr along the axis of easy magnetization is observed in
luted samples for temperatures belowTN . Independent
checks made in undiluted samples (x50) with the VSM
magnetometer revealed that, if a remanent magnetization
ists in this case, it is below the sensitivity of the instrume
No net magnetization was found in directions perpendicu
to the easy axis of the sample in the diluted systems;~2! a
kink in the Mr(T) curve is always present at a temperatu
Tp slightly belowTN . For the samples shown in Figs. 1 an

FIG. 1. Magnetization as a function of temperature for a sam
of MMC/Cd with x50.008 and for different cooling axial fields
applied along the axis of antiferromagnetic alignment. These m
surements were made in a SQUID magnetometer.
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2, TN and Tp are, respectively, 3.9 K and 3.55 K. For th
undiluted system (x50), TN is 4.12 K; ~3! this kink divides
the saturation behavior ofMr ,s in two regimes: for T
,Tp , Mr has tendency to saturation for fields of the order
few Oe. This is clear in Fig. 1. ForTp,T,TN , Mr saturates
at fields two orders of magnitude smaller~below 0.050 Oe!.
This last feature is particularly evident in Fig. 2.

The in-phasex8 and out-of-phasex9 components of the
ac susceptibilityx were taken for several frequencies a
applied fields. Data measured at a frequency of 1 Hz wit
modulation field of 0.2 Oe at the local axial field of th
laboratory are shown in Fig. 3. Two peaks are observed
x8, at 3.9 and 3.55 K. These peaks correspond to the ons
the remanent magnetization and to the kink observed in

FIG. 2. Remanent magnetizationMr for an MMC/Cd sample
with x50.008 measured with the VSM magnetometer. These d
are for fields below 8 Oe. The measurements were made afte
moving the applied field below the transition temperatureTN . Note
the change ofMr behavior with two different regimes of saturatio
Above 3.55 K, saturation occurs for cooling fields as low as 0
Oe.

FIG. 3. ac magnetic susceptibility as a function of temperat
showing the two peaks atTp53.55 K andTN53.9 K that corre-
spond to the singularities in theMr vs T curves.
f

a

in
of
e

magnetization curves. The two peaks are observed in all
investigated diluted samples, indicating their intrinsic ch
acter. Variation of the Cd concentration only chang
slightly the value ofTN andTp .

The data shown in Figs. 1 and 2 are for cooling fiel
above a tenth of 1 Oe. A closer look at the behavior ofM
when the sample is cooled at lower fields revealed a strik
behavior. The kink observed atTp becomes more pro
nounced and changes into a peak as it is shown in Fig. 4
fields between 0.007 and 0.15 Oe. At even smaller fie
~less than 0.015 Oe!, an inversion of the magnetization oc
curs whereMr changes sign at a temperature slightly belo
Tp . Figure 5 shows a set of data obtained for magnetic fie
in the interval between10.007 and20.007 Oe. The tem-
perature at which the magnetization reverses its sign dep
on the applied field; the smaller the field, the higher t
temperature. Extrapolation of curves like those in Fig. 5
dicate that, in the limit of zero field,Mr reverses atT
53.55 K, the same value ofTp . The appearance of a mag
netization antiparallel to the applied field below the char

ta
re-

8

e

FIG. 4. Mr vs T curves for very low applied cooling fields
~below 0.15 Oe!. Note the inversion ofMr for the lowest field
~0.007 Oe!.

FIG. 5. Mr vs T for two values of the cooling field where
inversion inMr is observed. Note the symmetry ofMr upon inver-
sion of the sign of the cooling field.
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teristic temperatureTp found in MMC/Cd was carefully
checked in several samples grown with different Cd conc
trations (x50.005 to 0.015!. The typical dimensions of thos
samples were 23233 mm. It is important to emphasize tha
this behavior was observed in the measurements made
either the VSM or the SQUID magnetometers. In particu
the data shown in Fig. 2 were taken in the VSM. Data
Figs. 1, 4, and 5 were obtained with the SQUID magnetom
ter. Since the outcome of the measurements seems to be
sensitive to a very small local axial field at the sample s
the demagnetization field of the sample should be of imp
tance. To verify this assumption, we have performed m
surements in two samples withx50.015 cut from the same
crystal. The samples were cylindrical with a diameter of
mm, and with different lengths: one was 9 mm long wh
the other was 2.5 mm. Their demagnetization factor~DM!
are in the ratio of 1/(2.5). Figure 6 shows the results
tained for these two samples. The magnetization for b
samples is compared for the same cooling field of 0.41
The sample with higher DM develops a remanent magn
zation at a slightly higher temperature than the sample w
the smaller DM~see the inset in Fig. 6!. As the temperature
decreases, the magnetization of both samples converg
wards the same values.

In order to further explore the behavior of the reman
magnetization at such very low fields, some experime
were conducted in which a sample that shows the invers
of Mr was initially cooled, starting from the paramagne
phase, in a field below the threshold field in whichMr re-
versal occurs. Then, at a temperature below the onset o
remanent magnetization, the field is switched to a hig
value above this threshold. Figure 7 illustrates this kind
experiment. The data are for a sample withx50.007 and
were taken in the VSM setup where the position of t
sample oscillates within 1 mm in the measurement. D
were first taken by the process of FC at a fieldH1
50.005 Oe ~j!. In this field the inversion inM occurs
aroundT53.2 K for this sample. In a second run~l!, the

FIG. 6. Remanent magnetization for two samples cut from
same crystal but with a demagnetization factor that varies b
factor of 2.5. Open symbols refer to samples with higher demag
tization factor. The samples were cooled in a field of 0.41 Oe. N
that at low temperatures the remanent magnetization of b
samples agree but that a substantial difference occurs just b
TN .
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cooling field was set atH250.025 Oe, a field in which no
inversion is observed but where the distinctive peak atTp is
present. Finally, in a third run the sample was FC in the fi
H1510.005 Oe down toT53.5 K ~d!. Below this tempera-
ture the field was switched toH2510.025 Oe, a field at
which no inversion is observed in a FC run, and the sam
was further cooled down toT51.75 K ~s!. This third run
shows that a switching field of 0.025 Oe is unable to su
press the inversion ofM . The outcome of this experiment i
that, once a value of the remanent magnetization is es
lished for the axial cooling fieldH1510.005 Oe, the
switching of this field toH2510.025 Oe does not lead to
change in the general behavior of the magnetization at lo
temperatures but only to a slight modification ofM (T).
However, we verified that switching to fields above 0.1 O
does produce a change in the trend of theM (T) curve and
the inversion is suppressed. These results are important s
they help us to understand why, in spite of the very low fie
in which these effects are observed, the VSM and SQU
results are consistent with each other. As already pointed
in the measuring process at the SQUID system, the samp
subject to a movement that extends over several centime
Certainly the field homogeneity, although high, cannot
guaranteed within some few mOe. However, once
sample is cooled belowTN in a very low field~below 0.015
Oe for the sample whose data are in Figs. 4 and 5!, only
switching fields above 0.1 Oe can change the sign of
remanent moment.

Some considerations about the degree of orienta
needed to observe the mentioned inversion can be for
lated. The local transversal Earth’s magnetic field is of
order of 0.5 Oe. Considering that an axial field of rough
60.025 Oe is necessary to obtain a magnetization tha
always positive~or negative!, and since in our setup only th
axial field can be compensated, a small misalignment of
easy axis of the sample with respect to the axial field c
produce a low field along the easy axis of the sample. Th
a small misalignment of the crystal of the order ofu
>25/500 rad~3°! can prevent the inversion ofM . We have
checked this point by slightly tilting the crystal and also
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FIG. 7. In curve 1~j! the sample was cooled in a field of 0.00
Oe. Curve 2~l! is for a cooling field of 0.025 Oe. In curve 3 th
sample was initially cooled throughTN in the field of 0.005 Oe~d!
and atT53.6 K the applied field was switched to 0.025 Oe~s!.
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introducing a transverse field provided by a set of Helmho
coils mounted externally to the experimental setup. In t
case we observed that samples carefully oriented, which
show inversion in fields below 0.025 Oe, had their invers
suppressed by transverse fields above 2 Oe provided by
Helmholtz coils. This indicates that our alignment is of t
order of one to two degrees.

The behavior exhibited by the diluted samples belowTN
upon field cycling is shown in the hysteresis curves of Fi
8 and 9. Figure 8 shows the hysteresis curve obtainedT
52.5 K for a sample withx50.008. The sample was FC i
the remanent field of the superconducting coil. This field
of the order of few Oe and is sufficient to saturateMr . The
field was cycled in the interval62000 Oe but only the cen
tral part of the cycle is shown in the figure. At this tempe
ture the coercive field for this sample is roughly 70 Oe.
hysteresis curve obtained atT53.6 K is shown in Fig. 9. In

FIG. 8. Hysteresis cycle obtained for a sample withx50.008 at
T52.5 K. The sample was cooled at a field ofH54 Oe. The cycle
starts atS. Arrows indicate the cycling direction of the applied fie
H. A full saturation ofM after inversion ofH is achieved only at
fields H;6700 Oe.

FIG. 9. Hysteresis cycle obtained atT53.6 K. Starting point of
the cycle and direction of cycling are indicated. The sample w
cooled to 3.6 K in a field of 0.30 Oe. At this temperature saturat
of Mr is already obtained for this cooling field.
z
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this temperature region (Tp,T,TN), the saturation is
achieved at very low field. For this experiment the sam
was cooled in a field of 0.30 Oe. This field is already su
cient to saturate the remanent magnetization at this temp
ture. However, the same field in the region belowTp does
not saturateMr and leads to open loops in the hystere
cycle. The coercive field increases with decreasing the t
perature, for this sample being of the order of 200 Oe aT
51.5 K and of about 15 Oe atT53.6 K. Saturation ofMr
after being reversed occurs for fields of the order of 1 kOe
T52.5 K and 75 Oe atT53.6 K. It should be emphasize
that, in the closed loops that are always obtained when
field is high enough to saturateMr , the magnetization is
reversible in the linear regions ofM (H).

In another set of experiments the magnetization of
diluted samples was measured following ZFC~field heating
after zero-field cooling! and FC ~field heating after field
cooling! procedures. The measurements were made in a
luted crystal withx50.008 at applied fields in the rang
between 1–1000 Oe. Figures 10~a!–10~c! show representa
tive curves corresponding to fields of 1, 5, and 100 Oe. T
same experimental condition was applied for each meas
ment. The sample was first cooled fromT515 K down to
1.8 K at the local magnetic field of the laboratory once t
remanence of the superconducting coil had been suppres
In these measurements no effort was made to compensat
local axial field at the sample site, which is estimated to be
about 0.1 Oe. Once the temperature of the sample was
bilized atT51.8 K, the magnetic field was set to the expe
mental value~1, 5, or 100 Oe for the curves in Figs. 10! and
measurements were then run up toT57 K ~ZFC procedure!.
From this temperature the sample was cooled down toT
51.8 K with the applied field maintained at the experimen
value and measurements were then run up toT57 K ~FC
procedure!. As the experimental data represented in Figs.
show, below a given temperatureTS , the magnetic fields in
the ZFC process cannot carry the remanent magnetizatio
to the value attained in the FC process. AboveTS no differ-
ence is observed between the magnetization data taken
the ZFC and FC processes.

The dc magnetic susceptibility for MMC and MMC/C
were measured using the SQUID with a field of 1000
applied along the easy axis of antiferromagnetic alignme
Results for the undiluted and for the diluted (x50.008) are
shown in Fig. 11. The susceptibility has a broad maxim
aroundT530 K, due to the development of the antiferr
magnetic correlations within the linear chains. At a low
temperature (TN54.12 K) three-dimensional long-range o
dering occurs between the antiferromagnetic linear chains
the diluted MMC/Cd sample the susceptibility showed sim
lar temperature dependence as MMC down to the maxim
of the susceptibility. BelowT530 K, the susceptibility starts
to increase as a consequence of magnetic moments tha
pear due to the breaking of the chains by the impurities. T
application of a magnetic field polarizes the magnetic m
ments coming from unpaired spins at the end of the cha
This is a well-established behavior that has been experim
tally observed in other linear chain systems.7,8,14–16The dif-
ference between the dc susceptibility of the pure and
diluted samples@Dx5x(x)2x(0)# is also represented in
the figure.
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FIG. 10. FC-ZFC cycles for a MMC/Cd sample withx
50.008.~a! 1 Oe;~b! 5 Oe, and~c! 100 Oe. In the ZFC process th
sample was initially cooled in zero applied field to the lowest te
perature and measurements were made upon heating after the
was applied at the lowestT. The temperature where the irrever
ibility occurs decreases with increasing field.
IV. DISCUSSION

Let us summarize the principal features observed in th
diluted samples: ~a! below 30 K down to the ordering tem
perature (;4 K) the difference between the dc susceptib
ties of the diluted and the undiluted compound increases w
decreasingT. At the ordering temperature this susceptibili
difference tends to diverge.~b! At the ordering temperature
TN a net magnetization starts to develop and it increasesT
decreases.~c! In general,M vs T shows a characteristic kink
in the curve at a temperatureTp below TN . In the region
Tp,T,TN , the saturation occurs at fields of the order of
mOe; at lower temperatures the saturation of this magnet
tion occurs at higher fields, of the order of 1 Oe.~d! This
characteristic kink in theM vs T curve is associated with th
inversion ofM at very low fields~below 0.025 Oe!. These
two characteristic temperaturesTN andTp are accompanied
by marked sharp singularities in the ac susceptibility.~e! If
samples cut from the same crystal but with very differe
demagnetization factors are compared, it is observed tha
the sample with higher DM an enhancement of the magn
zation just below the ordering temperature occurs.~f! The
field cycling experiments~hysteresis cycles! made at fixed
temperatures belowTN , the field switching at very low fields
and the FC-ZFC temperature cycles indicate that the
served remanent magnetization is accompanied by irrev
ibilities.

The observed remanent magnetization is a character
feature of the MMC samples in which the manganese ion
substituted by a different one. This magnetization appe
only along the direction parallel to the axis of antiferroma
netic alignment. The effect does not occur only when the
is substituted by a nonmagnetic one, but as already poin
out, substitution by Cu also originates a net magnetization
the samples.13 In the case of Cd substituted samples d
cussed in this paper, the inclusion of only 1% of Cd gen
ates a net magnetization that when saturated at the lo

-
eld

FIG. 11. dc susceptibility up to 50 K for a sample of MMC/C
with x50.008 ~full circles! and for a sample of pure MMC~open
circles!. The applied field was of 1000 Oe. Note thatxdc for the
pure sample tends to zero belowTN , while for the diluted sample
tends to diverge. The difference between the dc susceptibility of
two samplesDx is shown in the insert~1!. Note thatDx increases
below 30 K as the temperature decreases.
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temperatures, is of the order of 0.5% ofM sub. The sublattice
magnetization (M sub) of the undiluted system is 13 900 em
mol. This indicates that an uncompensated magnetic mom
is generated by almost half of the nonmagnetic impurities
we assume that each diamagnetic ion causes a break i
magnetic chain, the remanent magnetization could be at
uted to the contribution of the uncompensated moment
the ends of the chains. Statistically, only half of the brok
chains will have an uncompensated moment.

The analysis of the susceptibility differenceDx between
the dc susceptibilities of the diluted and undiluted co
pounds indicates that it follows a Curie-Weiss behav
above 5 K and diverges at the ordering temperature. T
differences in the susceptibilities start to appear around 30
this is a temperature where the antiferromagnetic correlat
in the chain start to be dominant. It seems clear that
uncompensated moments in the magnetic chain segment
responsible for the difference in the dc susceptibilities a
for the remanent magnetization. An attempt to fitDx to a
Curie-Weiss law was made in the region above 5 K;
obtained Curie constant is consistent with a content of 1%
Cd. Since this region is dominated by antiferromagnetic c
relations within the chains, and since the interchain inter
tions also start to play a relevant role that will lead ultimate
to the three-dimensional ordering of these chains, deviat
of this behavior are expected, and the value of the fit
parameter should be viewed with caution.

The remanent magnetization observed in this linear
luted compound resembles the general shape found in o
3D diluted systems structure when a process of field coo
in low applied magnetic fields is undertaken. It was fou
that the resultingMr vs T curve for the K-Fe/In,3 Rb-Fe/In,6

and for Mn/Zn ~Ref. 2! diluted systems, follow a universa
behavior. In the present case, however, some difference
observed. In the MMC/Cd a remanent magnetization app
first atTN53.9 K, then a kink is found atTp53.55 K, while
for the 3D compounds the curve is smooth in the entire ra
of temperature. At very low applied fields, usually belo
0.025 Oe, an inversion ofMr is observed in MMC/Cd that is
not observed in the 3D samples with comparable DM f
tors. In addition, MMC/Cd shows two regimes of saturatio
BetweenTp and TN, , Mr saturates at fields ofH;0.08 Oe
while saturation belowTp arises at a field ten times large
~when completely saturated, the remanent magnetizatio
represented byMr ,s!. In the previously mentioned 3D syste
the saturation occurs at fields ranging from 1 to 5 Oe.

The remanent magnetization upon field and tempera
cycling, illustrated in Figs. 8 to 10, suggest that its behav
is affected by a domain structure formed in the crystal. T
smooth process of the reversal of the magnetization in
hysteresis loops indicates a smooth rotation in the mom
via wall movement. However, this is not always the ca
since the hysteresis cycle followed by crystals of K-Fe
present strong avalanchelike effects.17

The magnetization curves in Fig. 10 show, for each
plied field, a temperatureTs below which the magnetization
measured with ZFC is lower than that measured with FC.
temperatures belowTs , the applied field cannot polarize th
moments frozen through the ZFC process up to the ex
reached in the presence of the field~FC!. It is interesting to
represent the value ofTs obtained for different applied fields
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This is illustrated in Fig. 12. The increase in the slope of
curve as the applied field increases illustrates how stiff
domain walls become as the temperature decreases. The
points can be fitted to a power lawT02T5H2/w, with
T053.6 K andw;4.1. This value for the exponent indicate
that the stiffness of the domain walls in this compound
creases very rapidly as the temperature decreases. The
switching experiments shown in Fig. 7 and already descri
also support the stiffness of the domain walls.

The 3D ordering temperature is related to the interch
exchange that in this case is of the order 1022 Jintra. Two
facts should be explained by any model attempting to exp
the appearance of the remanent magnetization in this sys
First, the two distinctive peaks shown in the ac susceptibi
and the two different saturation regimes observed in the r
anent magnetization curves. The two peaks shown in the
susceptibility corresponding toTN and toTp could be indica-
tive of a transition occurring in two steps. We do not kno
what is the origin of this two-step process, but a simple p
ture to explain it can be provided as follows: in a first ste
the onset of the magnetization starts to develop from
surface of the crystal; this would generate an internal lo
field that opposes the direction of the magnetization. Then
a second step, the rest of the moments will align in this lo
field, generating an opposite magnetization. If the exter
applied field is higher than the local field generated by
magnetization in the first step, then it will dominate and
the moments will orient in the external axial field (Haxial).
This simple argument can in principle explain the magne
zation inversion, provided that the external field in which t
initial ordering occurs is kept below 0.050 Oe. Otherwis
the uncompensated moments will align inHaxial at TN and
Tp . The two regimes of saturation of the magnetization c
in this context be understood if we consider that the m
ments at the surface of the crystal should be more ea
saturated than those in the bulk. If this is so, the shape of
crystal should affect the outcome of the measurements in
region nearTN .18

The experiments performed on samples cut from the sa
single crystal but with a different DM factor~see Fig. 6!

FIG. 12. Dependence of the ‘‘irreversibility point’’TS as a func-
tion of the applied field. The broken line is a fit to a power la
T0–T5H2/w, with T053.6 K andw;4.1.
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seem to support the above model. The sample with a sm
DM factor has a smaller contribution toMr in the region
‘‘above’’ Tp . It is noted in the insert of Fig. 6 that in thi
particular crystal the magnetization at 3.6 K is three tim
larger than in the higher DM sample. This suggests that
magnetization is strongly dependent on the number of m
netic moments at the crystal surface. At low temperatu
when all the uncompensated moments in the crystal are
ented by the cooling field of 0.41 Oe, the magnetization
both samples are equal. An estimate of the demagnetiza
factor for the sample with the largest DM (length52.5 mm)
gives N/(4p)'0.3. The corresponding demagnetizati
field Hd5NM5NrM , where M is the magnetization in
emu/cm3 and r is the density, at 3.6 K isHd50.334p
31.8330.0250.134 Oe andHd50.05 Oe at 3.8 K. The di-
rection of this field opposes the direction of the magneti
tion. Thus, for applied fields below 0.025 Oe, the field whe
suppression of the inversion is observed, the negative
magnetization field will tend to set the overall magnetizat
of the sample in the region belowTp , while for applied
fields higher than 0.025 Oe, it is the applied external fi
that will set the orientation ofM .

The behavior of the saturated remanent magnetiza
Mr ,s below Tp seems to follow the same universal behav
previously found for other 3D systems. In Fig. 13 the data
MMC/Cd at 0.041 Oe, whereMr is already saturated, ar
compared with the data obtained for the 3D diluted co
pound Mn12xZnxF2, (x50.25). The data is plotted in a re
duced temperature scalet5T/TN and the magnetization o
all the systems was normalized att50.5. The absolute rem
anent magnetization of the Mn /Zn sample is two orders
magnitude smaller than the MMC/Cd sample. The similar
is striking and indicates that the temperature dependenc
Mr ,s has the same physical origin for all these syste
whose undiluted compounds have different crystals str
tures and very different magnetic ordering properties.

V. CONCLUSIONS

In this work we show that a remanent magnetization
pears in diluted samples of the linear chain antiferromag
~CN3NH3!Mn12xCdxCl3•2H2O. We also show that a magne
tization inversion occurs for very low fields in the mO
range. The cause of this inversion is unknown, but we
vanced a simple model based on the polarization of the b
of the sample by its surface that can in principle explain
al
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experimental features encountered. The hysteresis cycles
the FC-ZFC behavior indicate that a structure of domain
formed in the sample at the ordering temperature. The
havior of the remanent magnetization at low temperature
analogous to that found in other low anisotropy 3D antif
romagnets, and this may be an indication of a universal-
behavior as the origin of this magnetization. If this is t
case, it is possible that the remanent magnetization coul
linked to an excess of magnetization in the walls of antif
romagnetic domains. Until now, no theoretical treatme
have tried to explain the excess of magnetization found in
these diluted low anisotropy antiferromagnets.
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FIG. 13. Reduced magnetization for MMC/Cd withx50.008
compared with the corresponding magnetization observed in Mn
(x50.25). The reduced temperaturet5T/Tc was used to scale both
curves in temperature. Apart from the region close toTN , where
presumably the surface polarizing effects are dominant, the ove
agreement between the two sets of data is very good. The abs
remanent magnetization of the Mn/Zn sample is two orders of m
nitude smaller than the MMC/Cd sample. The magnetization
both samples were normalized at the reduced temperaturet50.5.
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