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Abstract

Magnetic properties of the hexagonal compounds of YMn;,, O3 (0 < x < 0.15)
have been studied by measuring the dc magnetization, ac magnetization,
magnetic hysteresis, and relaxation of the magnetization. All the results
give evidence of a spin glass (SG) state at low temperatures in samples with
x > 0.08. This is attributed to the competition between the antiferromagnetic
(AFM) matrix and the ferromagnetic (FM) phase induced by the excess Mn.
Moreover, careful investigations on the thermoremanent magnetization (TRM)
of the sample with x = 0.10 indicate that this SG state is an ideal state with
nearly infinite equilibration time and that it shows almost perfect full ageing.

1. Introduction

Over the past few years, a large amount of research has been carried out towards understanding
the physical properties of R;_,A,MnO;3, with R as a rare-earth or yttrium and A as an
alkaline-earth ion. For large and small rare-earth ions, RMnQj; crystallizes into orthorhombic
and hexagonal structures, respectively. Manganites both of a perovskite and of a hexagonal
structure are fascinating materials displaying a variety of interesting properties, like colossal
magnetoresistance or ferroelectricity, which are strongly affected by the stoichiometry of
the studied samples. For materials with orthorhombic structure, the ground state of the
parent compound RMnOs is of long-range antiferromagnetic (AFM) order. For doped
compound R;_; A ;MnO3 (A = Ca, Sr, Ba), with x in the range 0.22-0.50, the system has
a ferromagnetic (FM) state owing to the double-exchange interaction [1]. One can also
make materials, for example, (Tb-La)g¢7Cag33MnO5 [2], (La—Dy)o7Cap3MnO3 [3] and
Lag 46S19.54Mng 9sCr 0203 [4], that have spin glass (SG) as the low-temperature ground
state due to the competition between the FM double-exchange interaction and the AFM
superexchange interaction.
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In comparison with perovskites, the investigation on the doping effect on hexagonal
manganites is very sparse. YMnOs [5-7], one of the most studied hexagonal manganites,
has an A-type AFM structure. The spins on Mn ions within the Mn—O plane form a triangular
network and two neighbouring Mn ions share the other Mn ion as their nearest neighbour.
Since it is impossible to satisfy all nearest-neighbour AFM coupling, the system forms a
geometrically frustrated magnetic state. In order to modify the AFM interaction, the traditional
method to replace the Y>* partially by cations such as Ca** or Sr** was unsuccessful [8, 9],
because a small concentration of doped Ca or Sr would bring about an orthorhombic impurity
phase in the hexagonal structure. Another way of self-doping manganite has recently been
reported to effectively modify the magnetic interaction, as well as maintain the single hexagonal
phase [10]. Mn-rich YMn; ;003 shows a reentrant SG state at low temperatures, in which the
geometric magnetic frustration plays an importantrole. In this paper we report detailed studies
on the magnetic properties of the self-doped series of YMn,,, O3 in the range 0 < x < 0.15.

2. Experimental details

Polycrystalline samples of different compositions of YMn .03 (0 < x < 0.15) were prepared
by the conventional solid-state reaction method. Mixed high-purity Y,0O3 and MnO, powders
for each sample were calcined twice at 900 °C for 12 h. The powders were sintered at 1450°C
for several days with intermittent grindings to ensure complete reaction. They were then
subsequently pulverized, compressed and sintered at 1450°C for 12 h to achieve improved
compactness. The step x-ray diffraction analysis results indicate that all the samples are pure
with a single hexagonal phase. The dc magnetic susceptibility xq., the hysteresis M (H),
the relaxation of magnetization M (f) and the thermoremanent magnetization (TRM) were
measured with a superconducting quantum interference device magnetometer. The ac magnetic
susceptibility measurement was carried out with a physical property measuring system.

3. Results and discussion

The temperature dependence of the dc magnetic susceptibility x4. was measured in an applied
field of 100 Oe for YMn;,, O3 samples (x = 0, 0.05, 0.08, 0.10, 0.12 and 0.15). We show a
typical four representative samples (x = 0.05, 0.08, 0.10, and 0.15) in figure 1. There is no
anomaly observed in the dc magnetization for the x = 0.05 sample, which is similar to the
parent compound YMnOj3 [5-7]. Asregards the x = 0.08 sample, however, the magnetization
increases sharply when the temperature is decreased to about 39 K. This indicates that when the
excess content of Mn increases to 0.08, a magnetic phase transition occurs. The temperature
dependence dc magnetization for all specimens was taken under zero-field-cooled (ZFC) and
field-cooled (FC) conditions by applying various magnetic fields. The data for the sample with
x = 0.10 in magnetic fields of 0.01, 0.3 and 5 T are presented in figure 2. A cusp in the ZFC
curve at 42 K and a distinctive separation of the ZFC and FC curves below that temperature are
consistent with an SG phase at 42 K. It is also found that the sharp maximum in the ZFC curve
becomes smeared out and shifts to a lower temperature with increasing external fields. On the
other hand, at a given temperature and in the field range from 100 Oe to 5 T the magnetization
increases monotonically but no maximum is reached. Similar dc magnetization behaviours
were also observed for the other specimens with x = 0.08, 0.12 and 0.15.

By fitting the inverse susceptibility 1/xq4c to the Curie—Weiss law x = C/(T — 6cw),
we obtain the Curie—Weiss temperature Ocw and the effective moment p; for all the samples,
which are shown in table 1. The parent compound YMnOs3 has a Curie—Weiss temperature
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Figure 1. Temperature dependence of the dc magnetic susceptibility xqc at H = 100 Oe under the
zero-field-cooled (ZFC) condition for four typical YMnj4,O3 samples (x = 0.05, 0.08, 0.10, and

0.15).
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Figure 2. Temperature dependence of the FC and ZFC magnetization for x = 0.10 sample at 0.01,
0.3, and 5 T. To plot the curves in the same scale, we have multiplied both the 0.01 T and the 0.3 T
data by the factor 5.

Ocw = —330 K and an effective moment py = 4.70 ug. The value of the effective moment
wy for YMnOj is smaller than that expected for Mn**, 4.90 ug, which is also reported in
the previous study [11]. When the excess Mn is introduced into YMnOs, both [Ocw| and g
are increased. Since fcw is a measure of the AFM coupling strength between Mn ions, the
result suggests that the Mn doping enhances the AFM interaction, in contrast to most AFM
compounds where impurities usually suppress the AFM interaction. We note, however, that
the substitution of Cd for Zn in the spinel Zn; _,Cd,Cr,O4 (x = 0.05,0.10) [12] also enhances
the AFM interaction and drives the system from a frustrated antiferromagnet to an SG state in
the low-temperature region. In addition, the values of u; indicate that Mn doping may result
in a mixed valence state of Mn?* and Mn>* in Mn-rich YMnOs.

In order to obtain more information on the magnetic state of the Mn-rich YMn,,03
system, we performed frequency-dependent susceptibility measurements at an ac magnetic
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Figure 3. In-plane component of the ac magnetic susceptibility x,c versus temperature at three
frequencies for four typical Mn-rich YMnj,, O3 samples (x = 0.05, 0.08, 0.10, and 0.15). All data
were collected at an ac field of 10 Oe upon warming under the ZFC condition.

Table 1. The Curie—Weiss temperature Ocw and the effective moment 5 for YMn ., O3 (x =0,
0.05, 0.08, 0.10, 0.12, and 0.15), which are obtained by fitting the inverse susceptibility 1/xqc to
the Curie-Weiss law x = C/(T — Ocw).

X 0 0.05 0.08 0.10 0.12 0.15

uy (UB) 4.70 5.12 522 5.20 5.31 5.42
Ocw (K) =330  —46l 542 =530 513 -507

field of 10 Oe. Figure 3 shows the in-phase component of the ac susceptibility as a function
of temperature for x = 0.05, 0.08, 0.10, and 0.15. A frequency-dependent peak is observed
for the samples except for x = 0.05. The peak position of the x,. ~ T curve (corresponding
to the spin freezing temperature 77) shifts to higher temperature with increasing frequency,
and the magnitudes just below it are lower for higher frequencies. Such behaviour is
commonly observed in SG systems. Quantitatively, the frequency-dependent shift of the
peak position can be obtained from 67y = AT;/[T; A log(w)]. For SG systems the value of
8Tt is in the range 0.004-0.018, while for superparamagnetic systems it is of the order of
0.3-0.5 [13]. For the present samples we find: §7; = 0.0022 for x = 0.08, §7; = 0.0035
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Figure 4. Typical magnetic-field dependence of the magnetization My at 5 K under the ZFC
condition for four typical Mn-rich YMny,,O3 samples (x = 0.05, 0.08, 0.10, and 0.15). All
measurements were carried out by starting at large positive field, sweeping to negative field, and
then returning to positive field.

for x = 0.10,87f = 0.0031 for x = 0.12 and 67t = 0.0028 for x = 0.15. These values
are comparable to but somewhat smaller than those for some previous SG systems. For
example, 67y = 0.005, 0.015, and 0.011 were found for CuMn [13], Ho,Mn,07 [14] and
Th0,35BaO,3OSr0, 1 5C210.20MHO3 [15], respectively.

Figure 4 shows the magnetization of the samples with x = 0.05, 0.08, 0.10, and 0.15
as a function of magnetic field, M (H), under ZFC conditions at 7 = 5 K. In the data of
the sample with x = 0.08, a obvious hysteresis loop is seen and the magnetization does not
saturate even in fields up to 5 T. Such a result is an indication of weak ferromagnetism below
Tt and is consistent with a conventional SG system [16, 17]. With the excess Mn concentration
increased, both the coercive field Hc and the remanent magnetization Mg become larger. The
excess value x = 0.08 at which the FM phase occurs is just the value at which the SG phase
begins to appear. Therefore, it is reasonable to associate the origin of the SG behaviour with
this FM interaction, which may form because of the double-exchange interaction between
Mn* and Mn?*. Such double-exchange interaction between d** and d>* in the Mn>*/Mn?*
mixed valence state has been proposed in Zr-doped Y;_,Zr,MnO; [11, 18]. It is well known
that in a conventional ferromagnet the coercive field Hc is attributed to the blocking of the
domain wall motion. Here, the value of Hc, for instance Hc = 2500 Oe for the sample with
x = 0.10, is much larger than those reported for other systems. This may be mainly related to
the intrinsic geometric magnetic frustration in this hexagonal system.

For all the compounds, the long-time relaxation of the magnetization was measured in a
magnetic field of 100 Oe at 33 K. The curves of normalized magnetization M (t)/ M (0) versus
time for the samples with x = 0.05, 0.08, 0.10, and 0.15 are shown in figure 5, where M (0)
is the magnetization value at the initial measured time. There is a little change with time
in the curve for the x = 0.05 sample, in which SG behaviour is not observed. However,
the magnetization for x > 0.08 samples increases monotonically with time even after 10* s,
consistent with an SG behaviour. Such relaxation of magnetization may result from the slow
growth of the FM clusters within the AFM matrix. However, the relaxation is very slow, which
may be also be attributed to the intrinsic geometric magnetic frustration in the present system.
With increasing the excess concentration of Mn, the change of the normalized magnetization
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Figure 5. Time dependence of the normalized magnetization M (r)/M (0) at 33 K for four typical
Mn-rich YMn 4,03 samples (x = 0.05, 0.08, 0.10, and 0.15), where M (0) is the magnetization
value at the initial measured time. The samples were initially cooled down to the measured
temperature, and then the magnetic field was applied. After the applied magnetic field was stable,
the magnetic data were collected as a function of time. The time at which the first datum was taken
is regarded as the initial time.

with time increases noticeably. This may be understood as follows: with increasing the excess
of Mn, the degree of geometric magnetic frustration becomes lower and hence results in faster
magnetization.

The puzzling ageing phenomena in spin glasses have recently attracted considerable
attention [19-22], because they offer a key to understanding the long-debated off-equilibrium
dynamic nature of the SG phase. Among these is the most striking ageing behaviour of the
TRM. In contrast to the case of orthorhombic R;_; A, MnQOs, the competition between the FM
double-exchange interaction and the AFM superexchange interaction in Mn-rich YMn; ;O3
is strongly related to its intrinsic geometric magnetic frustration. This special feature should
greatly affect the dynamics of the magnetization process and lead in particular to the ageing
effect for the SG phase. For these reasons we made careful measurement of the TRM. It
took about 700 s to cool the sample down from 60 K through its SG transition temperature
to a measured temperature of 33 K in a magnetic field of 30 Oe. After the sample was kept
at this state for different waiting times #, = 600, 2500, 6300, and 10000 s, the magnetic
field was rapidly switched off, and the subsequent decays of the TRM were recorded as a
function of time. As shown in figure 6, similarly to the case of conventional spin glasses,
a larger waiting time #,, results in a slower decay of the TRM. However, the data from the
present YMn; 10O3 have an essential difference from that of conventional SG systems. For
conventional SG systems, the immediate fall-off of the magnetization is usually of the order
of 50-90% [23], but such a fall-off in YMn, ;0Os3 is only about 3%. In addition, the decays
of the TRM are about one order of magnitude slower than those for conventional spin glasses.
These extraordinary properties may have a connection with the intrinsic geometric magnetic
frustration in this compound.

One of the methods to clarify the TRM decays is the scaling law suggested by Ocio
et al [24]. Within the framework of this method, the magnetization scaled by the field-
cooled magnetization M/ Mgc is plotted against an effective waiting time A/t with p a fitting
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Figure 6. Decays of the thermoremanent magnetization at 33 K, for various values of the waiting
time t,. Inset: the same data are scaled with p, where A = 15\“ [(1+ I’V)““ — 1] is used.

parameter, where
l—p
tw t
A= [<1+—> —li|; n <1 (1)
1—u tw

t
A:twlog|}+t—j|; w=1. 2)

or

w

It does not seem that p has a direct physical meaning, but this is a convenient way of
studying TRM decays. u = 0 corresponds to the case of t,-independence (no ageing), while
w = 1 would yield a full ¢/, scaling (full ageing). The intermediate values of u (subageing)
correspond to the fact that the apparent age of the SG state, determined from the scaling
of the TRM curves, increases more slowly than the waiting time t,,. Full ageing has been
predicted within the phenomenological phase-space model based on an SG state with infinite
equilibration time [25]. For the TRM on YMn, ;(O3, the curves for different waiting times
tw = 2500, 6300, and 10000 s can be collapsed onto each other on a log()»/t\ﬁf) scale with a u
value of 0.999, a perfect scaling (the inset of figure 6). This corresponds to full ageing. One
possible reason for the deviation from the perfect scaling for the case of ¢, = 600 s is that the
waiting time is shorter than the cooling time 700 s [26], implying that a waiting time longer
than the cooling time may be required to observe full ageing.

It is well known that real SG systems always have a long time in which to approach the
equilibrium state, but in fact it is not infinite. As regards the SG state of the present YMn; ;oO3,
the decay of the TRM is at least one order of magnitude slower than that in other samples.
That is to say, it must take a longer time to reach the equilibrium state in YMn; ;0O3. This is
the reason why full ageing is easily obtained in YMn ;oO3; while subageing is usually found
in other samples. The scarce observation of full ageing has been argued with several reasons,
one of which is the cooling effect. Recently full ageing has been observed in the SG state of
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Cug.94Mny o6 only in the case of a cooling time tceff < 20 [26], which suggests that the cooling
rate plays a dominant role in determination of the scaling. In the present work, we find perfect
full ageing even when the cooling time ¢ is as long as 700 s. Therefore it can be concluded
that full ageing is an intrinsic nature of an ideal SG state with infinite equilibrium time. Up to
now, full ageing has been obtained in two systems: for Cug.94Mng 6 in the case of tgff < 20s,
and for YMn, 10O in the case of tfff ~ 700 s. Keeping these two cases together in mind will
enable us to find the reason why the cooling effect affects the ageing effect and to solve the
long-debated dynamics problem.

4. Summary

We have found an SG state in the Mn-rich hexagonal manganites YMn,;, 03 (0.8 < x < 0.15),
which is mainly ascribed to the competing magnetic interaction between the FM and AFM
states. We have further found full ageing in such an SG state of a typical sample of YMn; 190O3
even when the time that the sample takes to reach the measured temperature (33 K) is as long
as 700 s. This phenomenon is due to the intrinsic geometric magnetic frustration in the present
system.
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