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Abstract. Magnetization measurements on single crystals of the site-diluted easy-axis
antiferromagnet KaFe;_ . In Cls-HoQ were carried out at very low magnetic fields applied along
the easy axis. The data reveal that a remanent magnetization M, develops below the Néel
temperature Ty. This remanent magnetization is parallel or nearly parallel to the easy axis. For
all concentrations x studied, 0.03 € x < 0.14, the sign and magnitude of M.(T) in a given
sample and for a given temperature are governed only by the axial field (Hoga) present when
cooling through Tyy. The remanent magnetization is observed in fields as low as 10~* Qe. For
a given Hpy, M increases with decreasing 7. At a given T, M; versus Hyygy is very nearly
saturated even at ~ 1 Oe. The magnitude of the saturated remanent moment increases with x in
the range of x studied. The normalized remanent magnetization M (¢}/M;(0), where t =T/ Ty
is the reduced temperature, folfows a universal curve, i.e., it is independent of Hyyjy for a given
sample (in fields up to several oersied), and it is also the same for al]l KFe;—.In,Cls-HoO
samples. Moreover, the ¢ dependence of M (¢)/M(0) in K2Fei_,In.Cls-H2O is the same as
in Mn;_.Zn,F,. Values for the effective critical exponent 5y, obtained from the temperature
dependence of M; close to Ty, are close to 0.4. (The extrapolated values at Ty are between 0.35
and 0.39.) Temperature cycles following cooling through 7y in zero field, and isothermal field
cycles below Tiy, suggest that a domain-like structure is obtained when the sample is cooled
in zero field through 7. Magnetization measurements were also carried out on the random-
bond systetn KaFe(Cly_,Br,)s-Ho0 with x = 0.25. A remanent moment aiso develops in this
case, but it is two orders of magnitude smaller than in the site-diluted system. The temperature
dependence of M; is also distinct in this case: with decreasing T, M, first increases but then
decreases. The mechanism that causes the low-ficld remanent magnetization is yet to be fully
identified. The effect cannot be attributed to random fields (i.e., the excess magnetization of
random-field-induced domains) because M saturates at very low fields. Domains that exist even
in the absence of random fields are a likely source for the low-field remanent magnetization,
but the details are still unclear. An explanation based on the volume effect, due to the statistical
imbalance between the numbers of up and down spins in each of the domains, which exist
even in the absence of random fields, seems to fail, Domain-wall magnetization, and domain
magnetization due to the piezomagnetic effect, are other possibilities that remain to be explored.
Domain formation may be facilitated by non-magnetic cations that act as vacancies in the
magnetic lattice; this may be the reason why M in KoFe—,In,Cls-H20 is much larger than
that in KyFe(Cl;_,.Br,)s-H>O.

1. Introduction

Recent magnetization measurements on disordered easy-axis antiferromagnets at very low
magnetic fields H [1-3] revealed that below their Née] temperature Ty these systems exhibit
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a remanent magnetization M; along the easy axis. This M; depends on the axial component
of H (along the easy axis) present when the sample is cooled through Ty. The remanent
moment is observed in axial fields as low as 10~ Qe. Saturation of M, occurs even at
~ 1 Oe, This type of behaviour in disordered antiferromagnets has never been reported
before, to our knowledge.

Dilute uniaxial antiferromagnets have been the focus of attention in recent years
primarily because of their connection to the random field Ising model (RFIM). The dilute
antiferromagnet in a magnetic field (DAFF) is a physical realization of the RFIM [4]. A dilute
antiferromagnet exhibits a long-range order (LRO) if it is cooled from above Ty in zero
magnetic feld (ZFC). If the cooling from above Ty occurs in the presence of a magnetic
field along the easy axis (FC procedure) then a metastable microdomain structure is obtained
[5-7]. This is due to the extremely slow dynamics involved, which prevent the system from
establishing LRO. The characteristic size of the domain depends in the random field (RF)
present when the sample is cooled through Tyy. Experimentally, an excess magnetization
AM = Mpc — Mzge (i.e., the difference between the FC and ZFC magnetizations, measured
at the same T and H) was observed in several materials [8~10]. The magnitude of AM has
been related to the mean radius R of these RF-induced domains. Excess magnetization and
domain structures have also been obtained in Monte Carlo simulations of the dilute Ising
antiferromagnet [11-13]. Although the remanent magnetization observed in the present
work may also be related to domains, it seems to have no relation to the domains caused
by the RF induced by H. That is, the relevant domains exist even at zero {or very low)
magnetic field.

In this paper we present more extensive results for the low-field magnetic properties of
the disordered antiferromagnets KyFe;_;In,Cls-Ha0 and K;Fe(Cl;_Bry)s-H20. Extensive
results on the disordered system Mn;_,Zn,F> have already been reported [3].

2. Experimental details

The compounds with the general formula X;YZs-H>0, where X=K or Rb, Y=Fe or In and
Z=Cl or Br, are isomorphous and have an orthorhombic structure belonging to the Pnma
space group. The Fe compounds are low-anisotropy antiferromagnets [14]. Substitutions
of In for Fe, or of Br for Cl, are possible. Such substitutions allow studies of the magnetic
properties of ‘random-site’ and ‘random-bond’ antiferromagnets, respectively.

Single crystals of KjFe;_,In,Cls-H;0 (x = 0.03, 0.10, 0.11 and 0.14) and
KoFe(Cl - Br,)s-H,0 (x = 0.25) were grown from appropriate aqueous solutions of KCl,
InCl;, FeCls - 6H,O and KBr. No difference was observed between large and small crystals
grown from the same starting solution. The concentration x in the crystals was obtained from
the Curie~Weiss constant, which was determined from the susceptibility at temperatures well
above T. Once a curve for Ty versus x was obtained, we occasionally used the measured
T as an indication of the concentration x in the crystal. We estimate an accuracy of 10% for
the values of x. All samples used in the magnetization measurements had linear dimensions
of several millimetres.

Most magnetization measurements were made using a vibrating sample magnetometer
(vsM). The remaining data were taken using a superconducting quantum interference device
{SQUID) magnetometer manufactured by Quantum Design. Superconducting magnets were
used with both set-ups. All samples were mounted with the easy axis (axial direction)
along the bore of the superconducting magnet. Most data were for the axial (longitudinal)
component of the magnetization, although occasionally the transverse component was also
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measured. Because the remanent magnetization turned out to be an extremely sensitive
function of H, it was essential to avoid trapped flux in the superconducting magnet. For
this purpose, the magnet with its leads open was cooled from above the superconducting
transition temperature before each experimental run, The residual field, less than ~ 1 Qe,
was then due to the Earth field as distorted by the local environment (laboratory equipment,
steel beams in walls, etc). In low-field experiments with the vsm set-up the axial fleld was
generated by an awxiliary coil, coaxial with the magnet and mounted within its bore. A
zero axial field at the sample was achieved by setting the current through the auxiliary coil
to a value Iy at which the remanent magnetization M; in the sample reversed its sign. This
procedure is discussed in subsection 3.1, The accuracy of setting Hya = O was 20.003 Oe.
Positive and negative axial fields, up to several oersted, were then generated with currents
I that differed from Iy, with Hym o (I — Iy). The precision of setting Hy;a was 0.001 Qe.
Once all the data in fields up to several cersted were taken in a given experimental run, data
at higher fields were obtained by using the superconducting -magnet in the usual way, The
procedures used to accurately control Haia in the SQUID system, for fields up to several
oersted, are described in [2] and [3].

3. Experimental resulis

3.1. Magnetization of K2 Fe;_.In,Cls -H, O

The magnetization M along the easy axis was measured as a function of T at fixed values
of Hyia. For each H,;y data were first taken while cooling in that field, starting from
above Ty (FC procedure). A typical time interval between successive data points was 5 min
for data near Ty, and 2 min at lower temperatures. For all K;Fe;_,In, Cls-H>O samples at
non-zero Hy, the axial magnetization rose dramatically when the temperature decreased
through Ty. Subsequent heating of the sample at the same constant My u (FH procedure)
revealed that the M against T curve at fixed Haa is reversible. Figures 1 and 2 show
typical FC results for x = 0.03 and x = 0.14, respectively. The FH data follow the same
curves.

The striking rise of the axial magnetization below Ty is similar to that reported in
Mn,;_,Zn,F; [3]. In a control experiment on pure K;FeCls-HoO, no rise of the magnetization
below Ty (in comparable fields) was detected with the VSM system, with a resolution of
1074 emu g~!. Measurements of the transverse moment in the sample with x = 0.10,
performed with the SQUID system, showed that any rise in the fransverse moment was
at least an order of magnitude smaller than that of the longitudinal (axial) moment at
Hagar ~ 0.1 Oe. This result is significant since the transverse component of the Earth field
(which was always present) was also of the order of 0.1 Oe. The same result was also
obtained with the vSM system: the magnetization of the sample with x = 0.11 when it was
mounted with the easy axis perpendicular to the bore was an order of magnitude smaller
than that when the same sample was cooled with its easy axis along the bore. (In both
cases the magnetization was measured along the bore.) Thus, the rise of the magnetization
below Ty is confined to the axial magnetization component.

Examination of figures 1 and 2 indicates that the rise of the magnetization (below Ty)
is already nearly saturated in axial fields as low as 1 Oe. This point is made more clearly
in figure 3, which shows the dependence of M on the field Hyy in which the sample was
cooled. These data are for x =0.11 at 6 K. (The data collapse discussed below implies that
the curve is the same at any T below Ty, except for the ordinate scale.) Most of the rise in
the magnetization occurs for axial fields below 0.1 Oe. The inset shows the behaviour at
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Figure 1. The temperature dependence of the

magnetization for x = 0.03 at several axial magnetic
fields. These are FC data, but FH data at the same fields
show that these curves are reversible.
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Figure 3. The dependence of M on the field Huin
in which the sample was cooled. These data are for
x = 0.11 at T = 6 K. The inset shows an expanded
view of the region between —0.1 and 0.1 Oe.
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Figure 2. The temperature dependence of the
magnetization for x = 0.14 at several axial fields, Only
FC data are shown here (the 531 results fall on the same
curves.}
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Figure 4. The temperature dependence of the

normalized magnetization M{T)/M {6 K} for x = 0.03.
All the eight data sets in figure 1 are included in this
plot.

these low fields. The type of curve shown in figure 3 was used to find the current J, through
the auxiliary coil at which Hoyiq was zero (see section 2). That is, we chose the current
setting at which the magnetization well below Ty reversed its sign as that corresponding to
zero axial field. This choice is discussed in [3].

The data in figures 1 and 2 are qualitatively similar to those for Mny_;Zn,F; [3].
The rise of M below Ty implies that a remanent magnetization M, develops when

the sample enters the antiferromagnetic phase.

One important quantitative difference

between KjFe)_In,Clg-H20 and Mn;_,Zn,F; is that the magnetization rise below Ty
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in KyFe;_In,Cls-HyO (expressed in emu g~') is one to two orders of magnitude larger.
On the other hand, the relevant susceptibility x; per gram (for H along the easy axis) is
comparable in both systems. Following [2] and [3] we express M as

M = xy Hyia + M. #))

The relative size of the two terms on the right-hand side (RHS) of (1) is different for
KaFe;.zIn;Cls-H;0 and Mny_,Zn,F;. As a result, the measured magnetization M below
Tvand at H < 1 Oe is very nearly equal to M, in the KsFey._.In,Cls-H,O system. We
shall not distinguish between M and M; in this system, except when Hyia 3> 1 Oe.

Figure 3 shows that M saturates below 1 Oe. The saturation value increases with the
In concentration x, as already reported in [1]. Another noteworthy feature is the existence
of a “tail’ near 7y in each of the curves of M against T for x = 0.14 (figure 2). This tail
is presumed to arise from the broadening of the ordering transition by an inhomogeneity in
the composition of the sample. No noticeable tail is observed in figure 1 for x = 0.03.

In some experiments H,yq was reduced isothermally to zero after the sample was cooled
in a constant ficld to some temperature below Ty. The data showed that removing the field
had a negligible effect on M. Moreover the magnetization at zero Hay, remained unchanged
for periods longer than 1 h, Thus, the FC value of M (measured after cooling from above Ty
in a constant Hua) can be identified as the thermoremanent magnetization (TRM). Similar
results were obtained in the Mn;_,Zn,F> system [3], except that the term y; & had to be
considered in that case.

3.2. Data collapse for Kz Fey . in,Cls -H, O

Analysis of figures 1 and 2 shows that for a given sample the various M against T curves
at different Hy,iy differ only by a scale factor, That is, if the values of M on each curve are
normalized to the value at one chosen temperature below Ty then all normalized curves are
the same for a given sample. Such ‘data collapse’ is shown in figures 4 and 5. In figure 4
the eight data sets in figure 1, for x = 0.03 at 0.006 Oe < H < 3 Oe, have collapsed into
a single curve after a normalization at 6 X. In figure 5 the four data sets in figure 2, for
x = 0.14 at 0.03 Oeg H < 0.6 Oe, have collapsed into a single curve after a normalization
at 6 K. It is remarkable that data collapse is obeyed even in the ‘tail’ region of figure 5.
Data collapse in Mn;._,7Zn,Fs was discussed in [3].

As in the Mn;_,Zn.Fs system, data sets for different x can be collapsed into a single
curve by using the reduced temperature ¢ = T/Ty instead of T. Such data collapse for
different x, for all values of H,ua. is achieved by normalizing each M against ¢ curve
(at constant field) to the value of M at a single r. An example of data collapse for both
x = 0.03 and x = 0.14 is shown in figure 6. In the case of x = 0.14, for which the data
exhibit & ‘tail’ near Ty, the value of Ty that enters the definition of ¢ was chosen to be at the
inflection point of M against 7. The inset in figure 6 shows the result very near 7. In this
region the two samples exhibit different behaviours becanse the transition in one sample is
much broader than that in the other. Otherwise, the two normalized data sets agree.

If the reduced temperature ¢ is used then a still more general data collapse is obtained:
the normalized magnetization in the K;Fe;_.In,Cl;-H,0 system agrees with that for
Mn;_,Zn,F; samples. This more universal data collapse is illustrated in figure 7, which
compares two data sets for the normalized magnetization in K;Fe;_,In,Cls-H,O (x = 0.10)
with one of the nommalized curves for Mn;_.Zn,F,;. As shown in [3] all normalized curves in
the latter system collapse into a single curve, so that the full curve of figure 7 is representative
of all normalized data for the Mm_;Zn.F, system. The KjFe;_,In,Cls-H,O sample in
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Figure 5. The temperature dependence of the Figure 6. The normalized magnetization as a function

normalized magnetization M(T)/M(6 K) for x = 0.14.  of reduced temperature ¢+ = T/Ty. Both sets of data,

All four data sets in figure 2 are included in this plot.  for x = 0.03 and x = 0.14, were taken at 0.6 Oe. In
cach case M was normalized to its value at r = 0.5. The
value of Ty for x = 0.14 was chosen at the inflection
point of M, against T. In the inset, the region near
t =1 is expanded.

figure 7, with x = 0.10, is different from the samples in figures 4-6, but its normalized
magnetization against ¢ is the same. The results in figure 7 are particularly striking because
the only common features of K;Fe;_,In,Cls-H,O and Mn;_,Zn F; are that both are low-
anisotropy easy-axis antifexrromagnets, and both magnetic ions (Mn?* and Fe®*) are S-state
ions with spin % The crystallographic structures of the two systems are different, and so
are the superexchange paths governing the exchange interactions [14-16].

3.3. Experimental results and data collapse for Ky Fe(Cly . Bry)s-Ha O

Similar magnetization measurements were performed on K,Fe(Cl,_.Br,)s-H,O with x =
0.25, which is a random-hond system. Data were taken for axial fields between 0.008 and
4.1 Qe. The resuits are shown in figure 8. Here, the thermoremanent magnetization M, at
various values of Hyq is plotted as a function of 7. The values of M, were obtained from
the raw data for M by using (1). That is, the contribution of xyH to M, which cannot
be neglected in this case because M, is small, was subtracted. Values of x; were obtained
from magnetization data at 2 and 4 kOe, as in [3].

It is clear from figure 8 that a TRM exists also for KoFe(Cl)_ . Bry)s-H,0, and that this
M; approaches saturation in fields of several Oe. However, the magnitude of M, per gram
or per mole, is two orders of magnitude smaller than in corresponding random-site samples,
e.g., the KsFey ,In,Cls-HpO sample in figure 2. Moreover, the temperature dependence
of M; is very different from that found in K;Fe(Ch_.Br,)s-HyO; ie., with decreasing
temperature, M, first increases, then passes through a maximum, and finally decreases. The
normalized M, against T, for the various values of Hyiy. is shown in figure 9. Clearly,
data collapse is only fair in this case. It is also obvious that the temperature dependence in
figure 9 does not agree with that in figures 4-7.
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(2). These results are for x = 0.03. The two curves

¢orrespond to data obtained at 0.06 and 0.6 Oe.

3.4. Effective critical exponent f; for the remanent magnetization

An effective critical exponent §; was obtained by fitting the temperature variation of M, at
fixed Hoxia and for temperatures just below Ty, to the equation

M = All = (T/T))*. 2)
Here, A is a constant, which depends on Haa. Such an analysis was performed only for
KoFe;In,Cls-H>0, and only for the sample with x = 0.03, which had a relatively sharp
Néel temperature (see figure 6). The results for B;, obtained from fits to (2) of data at
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0.06 and 0.6 QOe, are shown in figure 10. The abscissa in this figure is the width of the
temperature range (Tyy — Thin) covered by the fit. Besides B, the constant A and Ty were
also treated as fitting parameters. Extrapolation of the results for §; to zero range give values
in the interval from 0.35 to 0.39. These extrapolated values agree with those obtained in the
Mn;_.Zn.F, system [3]. Because the sublattice magnetization in the KyFe;_.In,Cls-H,O
system has not yet been measured, a direct comparison between our results for ; and the
usual exponent § for the staggered magnetization is not possible. For the Mn;_;Zn,F;
system the experimental values of 8 at H = 0 are B = 0.35 £ 0.01 from nuclear magnetic
resonance (NMR) [17], and 8 = 0.35 £ 0.03 and 0.33 & 0.02 from x-ray scattering [18, 19].
It far from certain that 8. should be equal to 8.

3.5. Field-switching experiments

All the experiments in. the preceding sections followed the FC and FH protocols, i.e., cooling
from above Ty in a constant ficld and then warming in the same field. The procedures
used in the field-switching experiments described in the present section were different. The
sample was first cooled in an axial field H, starting at a temperature above Ty and ending
at a temperature T; below Ty. This initial part of the cycle was identical to that in the FC
procedure. After reaching the switching temperature T; the axial field was switched 1o Hy
(usually with sign opposite to that of Ay, comresponding to a reversal of field direction).
The sample was then cooled in the field H; to a temperature well below T;. Data obtained
while cooling after the field switch will be referred to as CAS (cool after switch) data. After
reaching the lowest temperature, the sample was heated in the field &, to a temperature
above T. Data obtained while heating in the field H, will be called HAS (heat after switch)
data. Both CAS and HAS data were always compared to FC results obtained in the field H,
over the same teroperature range. The FC data (with no field switch) were taken separately.
Field-switched data were taken only on the K;Fe;_,In.Cls-H>O system.

The main conclusion of the field-switching experiments is that as long as |H; — Hy| S
1 Qe, changing the field has no effect on M. That is, CAS and HAS values of M (measured
at M) are still equal to those obtained with the FC procedure in the field H;. In other words,
M, is governed by the field H; present while cooling through Ti;, and is unaffected by the
field switch below Ty. Data supporting this conclusion are shown in figure 11. Here, the
field was switched from H; = —0.31 Qe to H; = +0.28 Oe at a temperature 7; = 12 K,
which is only slightly below Ty = 13.4 K. Similar results were obtained in this sampie
when the axial field was switched at 12.5 K from H; = —0.08 to H; = 4-1.48 Qe.

When the difference |H; — Hj| was much larger than 1 Qe, the CAS and HAS results
for M, in the field H, were very different from the FC values at Hy. This is illustrated by
the results in figure 12, which are for the same sample as in figure 11. In figure 12 the
field was switched at T, = 12.5 X from H; = +0.01 Qe to H, = —9.74 Oe. The data
shown are actually for M, not for M;. Because the field H; is relatively large, some of the
difference between the CAS (or HAS) values of M on one hand and the FC values on the
.other is due to the term jHaxial in equation (1). Indeed, for temperatures above Ty this
the sole reason for the difference between the HAS and FC data. However, this is not the
case for temperatures below Ty, where y; decreases with decreasing I'. As can be seen in
figure 12, below T; the difference between the HAS (or CAS) values of M and the FC values
increases with decreasing T, which is just the opposite behaviour to that of x(H; — Ha).
Thus the field switch in this case had a substantial effect on M. This conclusion may also
be reached by noting that the maximum value of the difference yx(H; — Ha) occurs just
above Ty. Thus, in figure 12 the much larger difference between the full and the dashed
curves when T is well below Ty must be due to the change of M,.
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0.1. The solid circles are FC data at ) = —0.31 Ce.
The open circles and squares represent CAs and HAS
data, respectively, taken after switching the field at
T =12 K from H) to H; = +0.28 Oe.
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Figure 12. The temperature dependence of M for the
same sample as in figure 11, but in this case the field
was switched from Hy = 0.01 Oe to Hz = —9.74 Oe
at Ty = 12.5 K. Open cicles are FC data at M) =
0.01 Oe. The full circles and the x symbols correspond,

respectively, to CAS and HAS data at H, = —9.74 Oe.

An interesting feature in figure 12 is the dip in the HAS value of M just below Ty.
Since H is negative, the dip in M comresponds to a peak in M/H. Figure 13 shows a
similar behaviour in another sample. Again, the peak in M/H occurs just below Ty. The
CAS and HAS data in figure 13 were obtained after a relatively large change of H,yy, from
+0.012 Oe toc —9.0 Oe. The switching temperature was roughly 1 K below 7. The fact
that the difference between the CAS (or HAS) values for M and the corresponding FC values
does not decrease as T decreases implies that M, was significantly affected by the field
switch. That is, one cannot attribute the larger FC values of M below Ty solely to the term
X1 Haxizt- Another interesting feature in figure 13 is a slight difference between the HAS and
CAS results. This difference grows with increasing 7.

3.6, Temperature cycles following cooling in zero field

In another set of experiments the sample was first cooled in zero axial field, starting from
above Ty. After reaching a temperature T, well below Ty, a finite axial field H* was
applied and data were taken in this constant field, In one procedure the sample was always
heated in the field H*, starting at 7;,. Data obtained while heating in constant field will be
called FHAZFC (field heating after zero-field cooling). This notation is somewhat unusual:
it is more common to use the term ZFC to describe such data. However, we feel that the
notation FHAZFC emphasizes the fact that the data are actually being taken while heating in
a field and not while cooling in zero field. FHAZFC data taken in an axial field H* were
often compared with FC data obtained in the same field. (They were not compared with
FC data at Hyga = 0, which is the field at which the sample was cooled through Tyy. One
reason is that FC data at Ho;q = 0 give the trivial result M = M; =0.)

In most cases FHAZFC data were taken up to temperatures somewhat above Ty However,
in some instances the heating in the field H* was stopped at a ‘reversing’ temperature T;
below Ty. Subsequently, data were taken while cooling back to T, and then heating from
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Figure 13. The temperature dependence of M for x =
0.14. The solid squares are FC data at A, = 0.012 Qe.
The cas and HAs data (open triangles and circles,
respectively) were taken after switching to H = —9 Ce
at T, =11.2 K,

0.04 - A Aanes
i — FHAZFC
B o.031 e
per] L R
E 0
> [
ol L ]
!— - —
g 0020 ke, Jnogno ]
= . ]
1l
g r ]
0 L .
< o001 -
i R | 1 . 1
N TR R R TR

TEMPERATURE (K)

Figure 14. Temperature cycles for x = 0.03. After
cooling the sample at # = 0 (2rC), an axial field of
24 Oe was applied and FaazrC data were taken while
heating to T = Ty (solid triangles). Cooling from
above Ty at 24 Oe results in the FC curve (open squares).

The open circles and open triangles correspond to the
FC < TN and EH < TN procedures, both carried out
at 24 Oe after reversing the temperature sweep at
;=112K

T, all in the same field H*. The latter cooling-heating cycle is very different from the
normal FC-FH cycle because (i) it starts at T, < Ty, and not above Ty, and (ii) the field F*
was applied below Ty (after cooling in zero field) and not above Ty as in the FC procedure.
Data taken while cooling from T; in constant field will be designated as FC < Ty, while
those taken subsequently while heating from Tj, will be designated as FH < Ty. This
notation is designed to distinguish such data from the usual FC and FH data.

Figure 14 shows data for x = 0.03 taken after cooling in zero axial field to T, = 6 K,
and then applying an axial field H* = 24 Qe. The FHAZFC data are shown as solid triangles.
They exhibit a pronounced peak just below Ty, resembling the peak exhibited by BAS data
described previously. A similar peak in FHAZFC data was observed earlier by Ikeda and
Kikuta in the Mn,_.Zn,F> system [20]. A quantitative analysis of the FHAZFC data in
figure 14 indicates that, well below Ty, M is larger than x H*. This means that M, as
obtained from (1), has increased from the zero value that resulted from cooling in zero
field. The increase of M, is consistent with other results, which show that M, is affected
when the axial field is changed by much more than 1 Oe. Note, however, that the FHAZFC
data in figure 14 still lie substantially below the FC curve at the same field (except near the
peak, and above Ty). Thus, M, during the FHAZFC process is merely a fraction of its value
during the normal FC procedure at the same field, Only at the peak, which is just below T,
does the system become ‘unfrozen’ and capable of attaining the full magnetization response
exhibited by the FC curve.

Also shown in figure 14 are FC < TN and FH < TN data. Clearly, these data are above
the FHAZFC data at the same field. We will return to this point in section 4.
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3.7. Isothermal field cycles

Isothermal field cycles (hysteresis curves) were taken below 7, both after cooling in zero
axial field and after cooling in fields up to several oersted. Some hysteresis cycles employed
only low fieids, but others extended up to several kilooersted.

Cooling in zero field results in M = M, = 0. If the fields then applied are lower than
~ 1 Qe, the magnetization is reversible and is given by xjHuxial. As discussed in f3] this
result implies that at these low fields M; is equal to the excess magnetization AM.

When much higher fields are applied (e.g., 24 Qe for x = 0.03, as in figure 14) the
magnetization becomes irreversible, so that when the field is removed some magnetization
remains. By definition, the magnetization that remains is the isothermal remanent
magnetization (IRM). When much larger fields of more than several kilooersted are applied
and removed, the IRM is equal to the saturation value of M, obtained in FC experiments in
fields above ~ 1 Oe.
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Figure 15. Hysteresis cycles for a sample with x =
0.11 taken at T = 6 K. In (a) the field cycle is
00— 5k0e— 0 -+ —5k0e— 0 - 5 kQe— 0,
4 This cycle is obtained after a zrc of the sample from
(b} above Tyy. The cycle in (b} is obtained after cooling
o 1 the sample in the remanent field of the superconducting
magnet. This cycle starts at point S, with a positive

g . 5 value of M. The arrows indicate the direction of the
MAGNETIC FIELD (kQe) field cycle.
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Figure 15(2) shows hysteresis curves obtained after cooling in zero field. The data
are for x = 0.11 at 6 K. The starting point is M = H = (. As H increases there
is a progressive increase of M. This increase resembles the behaviour of systems with
spontaneous magnetization when they are magnetized starting from a domain state with
M = 0. For fields above § kOe (not shown), the magnetization curve follows (1) with a
constant {saturated} value of M,. The slope for M versus H in this high-field region is
the value of x; in the antiferromagnetic state. When the field is then decreased from a
high positive value, M decreases linearly down to H = 0 with the same slope x. The
magnetization that remains at H = 0 is the IRM. It is equal to the value of M, obtained in
FC experiments carried out in fields of ~ 1 Oe. When the direction of H is then reversed,
M initially continues to follow the linear behaviour, with a slope xy. In figure 15(a) the
linear behaviour persists up to negative fields of about 200 Oe. (The field where the linear
region ends depends on x and on T, and is the subject of an ongoing investigatton.) For
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negative fields of larger magnitude, M first decreases rapidly, and then approaches the linear
behaviour given by (1) with a constant negative M;. A subsequent decrease of the field
from large negative values leads to a behaviour similar to that observed when the feld
decreases from large positive values. The full hysteresis curve, except for the initial field
increase, is nearly symmetric. Also, the linear regions are reversible, i.e., if the direction
of the field sweep is reversed in the middle of a linear region, then the curve is reversible
in that region.

Figure 15(b) shows the hysteresis curve for the same sample and temperature, but after
cooling in the remanent field of the superconducting magnet, estimated as ~ 1 Oe. The
starting point of the isothermal cycle is indicated in the figure by S, and corresponds to a
positive M equal to the saturation value of M,. The field cycle is initiated by applying a
negative field of increasing magnitude. The field cycle leads to a magnetization loop that
never goes through the origin. This behaviour led us to interpret these results erroneously,
in the first paper on this subject [1], as evidence for a monodomain with a spontaneous
moment. Comparison of figure 15{a) and (b) shows that the external loops are nearly
identical. In particular, the values of the remanent magnetizations, at H = 0, for both
curves are the same.

4. Discussion

‘When a 3D easy-axis diluted antiferromagnet is cooled at H = 0, from above Ty to T < Ty,
an equilibrivmn state with LRO is expected to result, assuming that the material is above the
percolation Jimit [5-7). This ZFC procedure is the standard method of preparing the system
for measurements in the ordered equilibrium state. A subsequent application of a field &
will preserve the LRO as long as this field does not drive the system through the boundaries
of the antiferromagnetic phase. In this context it is worth nofing that most ‘ZFC experiments’
on real systems are performed in the presence of the remanent field of a superconducting
magnet [10, 20,21]. The magnitude of this remanent field is typicaily several oersted. We
now know that such a remanent field will saturate the low-field remanent magnetization
of both Mn;_.Zn.F> and K;Fe;...In;Cls-H,O, and presumably also of some other diluted
antiferromagnets.

When a 3D diluted antiferromagnet is cooled in an axia) field (FC instead of ZFC), the
low-temperature equilibrium state still has LRO, but this equilibrium state is not achieved.
Instead, due to the extremely stow dynamics near the ordering temperature Fi(H) at fnitc
H, the system is trapped in a non-equilibrium microdomain phase [5]. The microdomains
are pinnped by the RF generated by H. The first question we address is whether the low-field
remanent magnetization observed in the present work is associated with the microdomains
produced by the RF.

Theoretical treatments of the size and relaxation of the RF-induced domains were given
in [5=7), It was shown that the mean radius R of a domain (for broad domain walls in a
3D system) is proportional to H2. One model, supported by Monte Cardo simulations
[11-13], is that the excess magnetization AM = Mpc — Mzrc is concentrated in the
walls of the domains [8]. In that model AM is proportional to R~! and hence to H?.
Previous experimental studies on Feg7Mgg1Cly and Feg 47Zng s3F; [8—10] seem to confirm
this predicted field dependence of AM. It must be noted, however, that the magnetic ficlds
used in all these previous studies were two to four orders of magnitude higher than those
used in the present work. In the present low-field experiments M; (which is equal to AM
below ~ 1 Qe) is definitely not proportional to H2.
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A second contribution to AM is expected theoretically from the statistically imbalance
between the numbers of up and down spins in any given domain. This ‘volume contribution’
to AM is expected to be proportional to H* [9]. Estimates indicate that the volume
contribution is small compared to the ‘surface contribution’ from the domain walls [9]. The
crucial point, for present purposes, is that both volume and surface contributions increase
rapidly with H. This prediction is in clear contrast with the low-field saturation of the
remanent magnetization observed in the present work. It thus appears that the present
observations at very low fields cannot be explained in terms of H-induced random fields.
This means that virtually all previous models for the remanent magnetization in dilute
antiferromagnets do not apply to the present observations.

It is known that antiferromagnetic domains exist even at H = 0, ie., in the absence of
RF [22]. The possibility that the low-field remanent magnetization is due to such domains
was first suggested in [3], although the specific mechanism was not identified. One specific
model] that was rejected assumed that M was due to the imbalance between the numbers
of up and down spins in such domains [3]. In this ‘DV model’ the domains are supposed
to be ‘frozen’ below Ty, in order to explain the field switching experiments.

We briefly repeat the essence of the DV model. Let the number of cation sites on one
sublattice in a typical domain be N. Due to the random statistics of replacing Fe by In,
one of the sublattices (*majority’ sublattice) in each domain has more spins than the other.
When the system is cooled through Ty in the presence of a field H along the easy axis,
the Zeeman energy favours the configuration in which the majority sublaitice has its spins
parallel to H. As a result, more spins in the sample as a whole are parallel to H. This
is the origin of the remanent magnetization in this model. The magnitude of the remanent
magnetization increases with H because at higher H more domains have their majority-
sublattice spins paralle} to H. The remanent magnetization saturates when H is sufficiently
high so that in practically all the domains the majority-sublattice spins are parallel to H. It
was shown in [3] that at any value of H, M; in this model is proportional to the sublattice
magnetization. Both the observed monotonic increase of M, with decreasing T’ (except in
the KoFe(Cl;—xBr,)s-H0 system), and data collapse for a single sample, then follow.

Although the DV model explains some of the experimental results, other observations
cast strong doubts on its validity [3]. One difficulty arises when N is estimated and is then
used to calculate the energetics of the saturation process. Here we apply the same procedure
as in [3] to the sample K;Fe; ,In;Cls-H;O with x = 0.14. For that sample the extrapolated
value of M, at T = 0 is 1.7 x 107! emu g~!, achieved already in a field H = 1 Qe.
The calculated saturation value for the sublattice magnetization is M; = 35 emu g~1. An
estimate for ¥ is then obtained from the relation

M/M, 2 [x/N(1 — )2 @)

which gives N = 7 x 10°. This is an umexpectedly small domain at such low magnetic
fields. A mere serious difficulty atises when we try to account for the fact that saturation
of the remanent moment M. (T) is achieved even at 1 Ce at temperatures just below Ty.
For such a saturation to occur we expect that mqH /kgT = 1, where my is the average net
magnetic moment per domain. The latter has the estimated value [3]

mg = [x(1 — )NJ*{p) (4)

where {u) is the average magnetic moment per spin. We used the above value of N, a
saturation value of 5 Bohr magnetons for {¢t), and the temperature dependence of {1t} (which
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in this model is the same as that of M;). This gave maH/kpT ~3x 10~* at H = 1 Qe and
T = 10 K, which is far too low to account for the observed saturation at this temperature
and field.

It should be noted that an imbalance between the numbers of up and down spins in an
antiferromagnetic domain can only occur in a random-site system. Thus, the observation
of the remanent moment in the random-bond system KjFe(Cly_,Br;)s-H20O means that at
least in that system the effect is not due to such an imbalance.

Other difficulties of the DV model are related to the fact that the T dependence of M; in
Mn,; . »Zn,F; does not follow closely that of the sublattice magnetization, as predicted by the
model [3]. Because there are no data for the T dependence of the sublattice magnetization
of K;Fe;_,In,Cls-H,O, such a comparison cannot be made here.

Although the DV model fails, it is still very likely that the low-field remanent
magnetization is associated with low-field domains. Two issues to be addressed are (i)
what mechanisms are responsible for the spontaneous magnetization of a2 domain? and (i)
what factors control the formation of antiferromagnetic domains at low fields? Regarding the
origin of the spontaneous moment, one possibility is a surface magnetization in domain walls
[3]. Another possibility is magnetization in the bulk of a domain due to the plezomagnetic
effect [21]. As for the formation of domains at low fields, it may be facilitated by site
disorder, e.g., the substitution of In for Fe. The reason for this is the lower cost in exchange
energy when the domain wall passes through a non-magnetic cation. A larger number
of domains should increase M, because both the surface to volume ratio and the average
random strain increase as the domains become smaller. This may explain why a larger M,
was observed in K;Fe;_,In,Cls-H,O than in K,;Fe(Cl,_,Br,);-H,O.

The hysteresis curves in figure 15 are similar to those observed in ferromagnets and
other systems that exhibit domains, and a spontaneous magnetization in each domain. For
example, the magnetization corve in figure 15(a), which stasts at M = H = 0, resembles
the magnetization curve of a ferromagnet that has been cooled in zero field. This similarity
suggests that in the present case too domains are formed when the sample is cooled in zero
{or low) field and that a spontaneous magnetization exists in each domain (or in the walls).
The hysteresis curves in figure 15 then corresponds to a superposition of two processes:
the gradual alignment of the spentaneous magnetization of the domains, and the ordinary
contribution xyH from the antiferromagnetic phase. The data in figure 15 show that at
T =6 K a field of about 3 kOe or so is required to saturate the spontaneous moment. This
is a much higher field than that required to saturate the moment in FC experiments.

The ZFC procedure is generally accepted as the correct method of preparing the diluted
system in the LRO equilibrium state. Subsequent heating in a field (FHAZFC) and then cooling
in the same field from a temperature T; below Ty (FC < TN) should give the same results for
M. That is, the magnetization at constant H following ZFC (and avoiding heating through
Tw) is expected to be reversible. In contrast, actual experiments in real systemos 9, 10] and
Monte Carle simulations [12] reveal an irreversible behaviour: the magnetization in the
FC < TN part of the cycle is higher than that in the FHAZFC portion of the cycle. In the
Monte Carle simulations the cooling in the EC < TN part of the cycle was started at 0.87y,
and the irreversibility was attributed to ‘small spin cluster flipping that creates a domain
type state without destroying the LRO’. Figure 14 shows that 2 similar imeversible behaviour
(the difference between FHAZFC and FC < TN) is also seen in the present experiments at
low fields. Apparently, when the temperature sweep is reversed not too far below Ty, a
field of even ~ 10 Qe succeeds in flipping the magnetic moments of some of the domains,
presumed to be present even at Hyis = 0. Thus, a larger net magnetization is observed in
the FC < TN part of the cycle.
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One surprising feature is the T dependence of M; in KyFe(Cly_,Br,)s-Ha0 (see figure 8),
In this sample M, first increases but then decreases with decreasing T, in contrast to the
monotonic growth of M; with decreasing T in KsFe;_.In.Cls-H,O and Mny_. Zn.F.
At first sight it may seem that this difference arises because KyFe(Cl;.. Bt )s-Ho0 is a
random-bond system whereas the other two are random-site systems. However, preliminary
measurements on (K;_,Rb,)sFeCls-HyO, which is also a random-bond system, show
a monotonic increase of M, with decreasing T. It is noteworthy that a temperature
dependence similar to that in KsFe(Cl;_,Bry)5-HaO was observed in Fe;_,Zn.F; 19], but
that observation was made at much higher fields where random fields are presumed to. be
important.

5. Cenclusions

The low-field remanent magnetization in KyFe;_,In,Cls-H,0 is very similar to that in
Mny_xZn,F,, except that M; in K;Fe;_,In,Cls-H>O (in emu mol~! or emu g~!) is up to
two orders of magnitude larger. Hysteresis cycles, such as those in figure 15, suggest that
at low fields the samples consist of domains, each having spontancous nef magnetization
in its volume or in its walls. A definitive proof for such domains is still facking, however,
The origin of the spontaneous domain magnetization, which is presumed to be responsible
for the remanent magnetization, is not known with certainty, but domain-wall magnetization
[3] or a piezomagnetic moment [21] are suspected. The usual explanation of the remanent
magnetization in terms of random fields generated by H definitely fails.

The fact that the ¢ dependence of the normalized M; in all KyFe,_In,Cls-H,O samples
is the same, and that it agrees with that in Mn;_,Zn,F;, suggests that the low-field remanent
magnetization has a universal character. Since this novel universal phenomenon is still not
fully understood, further theoretical and experimental work is needed.
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Note added in proof. The magnetic space group for the pure compounds K;FeCls-H,0O and RbyFeCls-HoO has
been recently found to be Pa'm’a’ (M Gabis et af to be published). The magnetic Laue group of Pn'm’d’ is
m'm'm’ which by symmetry is not consistent with piezomagnetism.
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