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What could possibly be new in MnO 46 years after the discovery of its antiferromagnetic transi-
tion?: a spin-glass transition in the (25—50)-K temperature range. The susceptibility of MnO
powders obtained by various treatments (MnO aged 30 years in ambient atmosphere, MnO, reduced
at 500 and 1000°C in hydrogen, and MnO heated in air at 500°C) was measured in low dc and ac
magnetic fields and in a high dc magnetic field. The spin-glass behavior is linked to a slight off-
stoichiometry: MnO;_, with x <0.01. It is not believed that the susceptibility peak arises from a
mixture of MnO and Mn3;0,4. This conclusion is based on the shape of the susceptibility curves at
both the spin-glass temperature (T'sg) and the Néel temperature as well as on the various Tsg values
which differ from the ferrimagnetic transition of Mn;O,. It is more likely that the spin-glass interac-
tion occurs either between Mn;O;-like clusters or between defects typical in MnO such as an intersti-

tial Mn surrounded by four Mn vacancies.

I. INTRODUCTION

This investigation started when it was decided to use
MnO in order to calibrate a magnetometer' using a super-
conducting quantum-interference device (SQUID). The
choice of MnO was based on the fact that both the tem-
perature dependence of its susceptibility and the antifer-
romagnetic transition at Ty~120 K have been well
known? for a long time. The calibration was performed
using an MnO powder which had aged for 30 years in am-
bient atmosphere, which led to the discovery of a spin-
glass-type transition at 50 K. In order to elucidate the
causes for this behavior, it was then decided to study
MnO powders prepared in various ways.

II. EXPERIMENTAL PROCEDURE

The magnetic susceptibility of the various MnO
powders was measured in three different apparatuses.
The low-field (H =1 Oe) dc susceptibility (X) was mea-
sured in a SQUID magnetometer! while the low-field ac X
was obtained at 10 kHz with H,.=4 Oe in a push-rod
susceptibility holder.> The high-field dc susceptibility was
measured using the Faraday method.*

III. EXPERIMENTAL RESULTS AND DISCUSSION

The first evidence for a spin-glass transition using the
SQUID magnetometer is shown in Fig. 1(a) for an MnO
powder which was aged 30 years in ambient atmosphere.
The two heating runs were conducted by first cooling the
sample in zero field to 4.2 K, then applying the 1-Oe
measuring field and measuring the susceptibility with in-
creasing temperature, which results in a typical spin-glass
susceptibility cusp at Tsg~50 K. Further evidence for a
spin-glass-type transition is given in Fig. 1(a) by the ir-
reversible behavior shown upon cooling the sample in a
1-Oe magnetic field. Since the zero-field-cooled curves of
Fig. 1(a) represent the reversible part of the magnetiza-
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tion, the same cusp should appear in an ac susceptibility
measurement as shown in Fig. 1(b) by the H4. =0 curve.
It is also apparent from Fig. 1(b) that as is typical in most

. spin-glasses, the cusp becomes rounded off when a dc

magnetic field is superimposed on the measuring ac field.
At the higher temperatures, both dc [Fig. 1(a)] and ac
[Fig. 1(b)] susceptibilities tend towards the high-
temperature susceptibility reported for antiferromagnetic
MnO.2 The overall behavior of the susceptibility is best
seen in Fig. 2 which displays the temperature dependence
of the high-field dc susceptibility. The antiferromagnetic
transition at ~120 K is clearly visible in addition to the
spin-glass transition which in this case is indicated by the
inflection point at ~45 K which corresponds to the sus-
ceptibility peaks of Figs. 1(a) and 1(b). There are, howev-
er, subtle differences in the susceptibility break at
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FIG. 1. (a) dc susceptibility as a function of temperature for
the 30-year-old MnO. (b) ac susceptibility as a function of tem-
perature and applied dc magnetic field. The lowest solid curve
shows the expected susceptibility (Ref. 2) for antiferromagnetic
MnO.
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FIG. 2. High-field dc susceptibility as a function of tempera-
ture for the 30-year-old MnO. The arrow indicates the suscepti-
bility obtained by cooling in the remnant field of the magnet.

Tn~120 K between various MnO powders which will be
discussed later on. Another characteristic of spin-glasses
is reflected in the sensitivity of the susceptibility to the
cooling field (Fig. 2). Therefore, to summarize Figs. 1
and 2, the 30-year-old powder is clearly displaying a
spin-glass transition in addition to the well-known antifer-
romagnetic transition at 120 K. The investigation of this
anomaly will proceed in two directions: first, by charac-
terizing the 30-year-old powder, and second, by attempt-
ing to obtain a similar behavior in powders subjected to
well-defined heat treatments.

One may be tempted to attribute the spin-glass phase to
some impurity in the sample." The 30-year-old powder has
a dark green (blackish-green) appearance while fully re-
duced MnO powder (which as will be discussed later is
obtained by reducing MnO, at 1000°C in hydrogen) has a
light bright green color. This would suggest the presence
of some higher oxidation state of Mn (Mn3*). Otherwise,
an x-ray fluorescence analysis of the powder failed to re-
veal any impurity. The x-ray diffraction pattern for this
powder is essentially identical to that published in the
literature for MnO. More precisely, the x-ray pattern is
similar to that shown in Fig. 3 for an MnO powder con-
taining some Mn3;0, (of course without the Mn;O, lines),
and it is clear from Fig. 3 that the MnO lines for that
powder are indistinguishable from that of fully reduced
MnO. As shown in Table I, the maximum difference be-
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FIG. 3. X-ray diffractometer patterns for fully reduced MnO
powder (obtained by heating MnO, in H; at 1000°C) shown as
the dashed line and for the same powder heated 45 min at
500°C in air (solid line). The indices with arrows indicate the
diffraction peaks for Hausmannite (Mn3;0,). )

tween the lattice parameters of the 30-year-old powder
and fully reduced MnO is extremely small and within ex-
perimetal error. Furthermore, measurements of the
weight loss occurring after annealing the 30-year-old
powder for 3 h at 1000°C in hydrogen, which yields fully
reduced MnO, give an estimate of the maximum off-
stoichiometry which corresponds to MnQO; ;. “Although
impurities have been ruled out by x-ray fluorescence
analysis, the possibility of an impurity effect was further
investigated by measuring the mineral manganosite which
is-known to contain 3.4—4.9 wt. % of ZnO and 0.23—0.26
wt.% of FeO and/or Fe,O;. An x-ray fluorescence
analysis of the mineral revealed 3.5 wt. % ZnO but could
not detect the Fe because the fluorescence of such a small
Fe concentration is hidden under the strong neighboring
Mn fluorescence. At any rate, as shown in Fig. 4, despite
the impurities present there is no spin-glass transition and
only an antiferromagnetic transition around 120 K. The
susceptibility data are fitted approximately by the solid
curve which was obtained by adding to the susceptibility
of pure? MnO a temperature-independent susceptibility
term which is reasonable for the amount of FeO and/or
Fe,O; present. Further proof that the spin-glass phase is
not the result of some impurity (other than Fe or Zn) will
be given below by comparing the 30-year-old MnO

TABLE 1. Lattice parameter (a) for various MnO powders.

Powder treatment a (A) Aa/a®
MnO, reduced for 3 h in H, at 1000°C — MnO 4.434+0.004 0
MnO 30-year-old powder 4.435+0.003 2x10~*
MnO, reduced for 3 h in H, at 500°C 4.436+0.004 3x10~*
MnO heated 18 min in air at 500°C 4.43610.004 4x10~*
MnO heated 45 min in air at 500°C 4.436+0.003 5% 10~

2Aa is the maximum difference in lattice parameters between an off-stoichiometric MnO powder and
the fully stoichiometric MnO obtained by reduction at 1000 °C of MnO,. :
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FIG. 4. ac susceptibility as a function of temperature for the
mineral manganosite (solid circles). The solid curve was calcu-
lated by adding a constant susceptibility to that published in
Ref. 2 for pure MnO.

powder with MnO, powder reduced at 500°C. Having es-
tablished that the spin-glass transition observed in the 30-
year-old MnO powder is not an impurity effect, we will
attempt to obtain a similar behavior by well-characterized
heat treatments in order to understand the origin of this
effect.

First, MnO was prepared by reducing pure MnO,
powder by heating for 2 h at 500°C in hydrogen. As
shown in the top of Fig. 5, besides the antiferromagnetic
transition at 120 K, this powder displays a clear spin-glass
cusp at 40 K which is quite similar to that observed in
Figs. 1(a) and 1(b) for the 30-year-old in MnO powder.
Further reduction of the MnO, powder at the same tem-
perature yields the data shown in the bottom of Fig. 5. It
is apparent from Fig. 5 (bottom) that the spin-glass transi-
tion is still present but comparison with Fig. 5 (top) shows
that the susceptibility cusp is about half and Tsg has de-
creased from 40 to 30 K. This would suggest that com-
plete reduction would eliminate the spin-glass transition.
However, despite the fact that the MnO, powder reduced
for 3 h in hydrogen is still blackish-green (i.e., contains
some Mn37) it is clear from Table I that it is essentially
MnO. Indeed, the maximum difference in lattice parame-
ter with stoichiometric MnO is within experimental error.
Furthermore, weighing the starting MnO, powder and the
powder after heat treatment establishes that the maximum
off-stoichiometry would correspond to MnO,; . The
spin-glass behavior is further established by the high-field
dc susceptibility data shown in Fig. 6. As in all spin-
glasses one observes a pronounced difference in the sus-
ceptibility below Tsg~30 K depending on whether one
cools or heats in a dc magnetic field. On the other hand,
the antiferromagnetic transition at 120 K is as expected
independent on the way the data are obtained. It is also
clear that the high-field dc data shown in Fig. 6 for MnO,
reduced 3 h at 500°C are qualitatively similar to those
shown in Fig. 2 for the 30-year-old MnO powder. This
result adds further support to the previous statement that
the spin-glass transition is not the result of an impurity
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FIG. 5. Top: dc susceptibility as a function of temperature
for MnO, heated 2 h in hydrogen at 500°C. Bottom: ac suscep-
tibility as a function of temperature for MnO, heated 3 h in hy-
drogen at 500°C. The solid curve shows the susceptibility for
MnO of Ref. 2.
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FIG. 6. High-field dc susceptibility as a function of tempera-
ture for MnO, reduced 3 h at 500°C.
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effect. Indeed, reducing MnO, powder at 500°C yields a
spin-glass transition similar to that observed in the 30-
year-old powder, while reducing the same MnO, powder
at 1000°C eliminates the spin-glass transition and leaves
_only the classical antiferromagnetic transition (Fig. 7) re-
ported? for pure stoichiometric MnO. A better compar-
ison between these powders and fully reduced MnO is
made in Fig. 7. The fully reduced stoichiometric MnO
powder was obtained by heating MnO, for 3 h in hydro-
gen at 1000°C which yielded a light bright green powder.
The susceptibility curve shown in Fig. 7 for this powder is
essentially identical to that shown in Ref. 2 with a sharp
drop below Ty~120 K characteristic of a first-order
transition. On the other hand, the 30-year-old MnO and
the MnO, reduced at 500°C, which both display a spin-
glass transition, do not exhibit a sharp drop at Ty; as a
matter of fact, the more pronounced the spin-glass transi-
tion, i.e., the greater the increase in X at low temperatures,

the greater the smearing of the antiferromagnetic tran-

stion at ~120 K. This would suggest that the spin-glass
transition does not occur as a result of a second phase
such as Mn3;O, embedded in otherwise stoichiometric
MnO since such a structure should yield a spin-glass tran-
sition along with a sharp antiferromagnetic transition at
120 K. The possibility of Mn3;0, being responsible for the
susceptibility cusp will be further ruled out by the experi-
ments described below.

The fact that the presence of a spin-glass transition
leads to a smearing of the antiferromagnetic transition
would suggest that both transitions occur in the same
phase. In other words, as the temperature is lowered, it is
the same Mn spins which undergo a paramagnetic to anti-
ferromagnetic transition at 120 K that undergo an antifer-
romagnetic to spin-glass state at lower temperatures. This
is synonymous to saying that slightly off-stoichiometric
MnO is a “reentrant antiferromagnet” analogous to the
reentrant ferromagnet® Eu,_,Sr,S for the correct values
of x.

Since the spin-glass transition was attributed to the
presence of Mn* (i.e., MnO, ;) either by an incomplete
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FIG. 7. High-field dc susceptibility as a function of tempera-
ture for the 30-year-old MnO powder and for MnO, reduced 3 h
in hydrogen at 500 and 1000°C (stoichiometric MnO).
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reduction of MnO, powder at 500°C or by a slight oxida-
tion in the 30-year-old MnO powder, we will now attempt
to simulate the latter effect by partially oxidizing the fully
reduced MnO powder. Indeed, if the MnO powder ob-
tained by fully reducing MnO, for 3 h at 1000°C in hy-
drogen (Fig. 7) is heated for 3 h in air at 1000°C, it is ful-
ly converted to Mn3;O4 as shown by x-ray diffraction and
by the ferrimagnetic transition at 42 K (Fig. 8) which is in
excellent agreement with previous results.® The oxygen-
rich MnO will therefore be obtained by heating fully re-
duced MnO at 500°C in air for a short time. The suscep-
tibility measurements on a sample heated for 18 min in air
are shown in the top of Fig. 9. The susceptibility for the
starting MnO powder is shown as solid circles for the ac
measurement which are in excellent agreement within ex-
perimental error with the high-field dc measurements
shown as open circles (these open circles are the same data
as shown in Fig. 7 for MnO, reduced at 1000°C). It is
clear from Fig. 9 (top) that this powder displays a suscep-
tibility cusp at ~48 K fairly similar to those previously
discussed although the powder is essentially MnO.
Indeed, x-ray diffraction failed to reveal any Mn;O, peak
and as shown in Table I the maximum difference in lat-
tice parameter with stoichiometric MnO is within experi-
mental error. Nevertheless, since the ferrimagnetic Curie
point (42 K) of Mn;0, is close to the temperature of max-
imum susceptibility, we will attempt to fit the cusp by as-
suming a mixture of Mn3;O, and MnO. The solid curve
shown in Fig. 9 (top) was calculated by weighting the sus-
ceptibility of MnO and of Mn;0, (Fig. 8) so as to fit the
maximum susceptibility value which corresponds to 0.59
wt. % of Mn3;O4. Such a small amount of Mn;0, is plau-
sible since, based on the magnitude of Mn;0, diffraction
peaks shown in Fig. 3 for 11.6 wt. % Mn;0,, it would not
be detectable by x-ray diffraction. It is, however, clear
from Fig. 9 (top) that the solid curve is a poor approxima-
tion of the susceptibility cusp. Further oxidation of the
MnO powder (45 min) causes the appearance of Mn;O,
diffraction peaks (Fig. 3). Taking intensity ratios between
MnO and Mn;0, diffraction peaks yields a crude estimate
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FIG. 8. ac susceptibility of Mn3;O, as a function of tempera-
ture
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FIG. 9. Top: ac susceptibility (solid squares) for MnO heated
for 18 min in air. The susceptibility for the starting MnO
powder (MnO, reduced at 1000°C) is shown as solid cirlces (ac)
and open circles (dc). Bottom: ac susceptibility (solid circles)
for MnO heated for 45 min in air. The solid and dashed curves
are calculated as described in text.

of about 11.6 wt. % Mn;04. Again as shown in Table I
the lattice parameter of the heat-treated MnO is within
experimental error equal to that of stoichiometric MnO.
The susceptibility data for this mixed MnO-Mn;0, sam-
ple are shown at the bottom of Fig. 9. If one attempts to
fit the maximum value of the susceptibility as above
[dashed curve in Fig. 9 (bottom)] this would correspond to

1.4 wt. % Mn;0, in total disagreement with the estimate
from x-ray intensity. If, on the other hand, one calculates
the susceptibility by using the 11.6 wt. % Mn;0O, estimat-
ed by x-ray intensity [solid curve in Fig. 9 (bottom)], the
calculated susceptibility is almost an order of magnitude
higher than the experimental one at 45 K. It is therefore
clear from Fig. 9 that the susceptibility peak at ~45 K
cannot be explained by a mixture of MnO and Mn;0;,.
One could, however, object that the Mn3O, present in
these various MnO powders cannot be described by the
susceptibility shown in Fig. 8 for bulk Mn;O,. For exam-
ple, the Mn30, could be present in the form of microscop-
ic superparamagnetic clusters. Even if this were the case
we would argue that the susceptibility cusps arise from a
spin-glass interaction between the clusters based on the
fact that the susceptibility peak occurs at various tem-
peratures (from 50 to 30 K depending on heat treatment),
usually distinct from the ferrimagnetic transition of
Mn304 at 42 K.

This is different from electron-spin-resonance experi-
ments’ and magnetic studies®® of nonstoichiometric MnO
resulting from Mn;0, inclusions (2—8 mol %) detectable
by x-ray diffraction which display the Néel transition at
118 K and the ferrimagnetic transition at 42 K.

IV. CONCLUSIONS

A spin-glass transition has been observed in slightly
off-stoichiometric MnO (MnO,;; at the most). The
spin-glass transition exists in incompletely reduced MnO,
powder or slightly oxidized MnO powder and is absent in
fully reduced MnO. The spin-glass interaction occurs ei-
ther between Mn;O,-like clusters or between defects typi-
cal in MnO such as an interstitial Mn surrounded by 4
Mn vacancies. It has been argued recently'® that the de-
fect structure changes as one goes from the Mn-MnO to
the MnO-Mn;0, boundary. Since the present samples
were all in the latter domain, we intend to study in the fu-
ture samples next to the Mn-MnO boundary (i.e.,
MnO,_,) in order to see whether the spin-glass transition
will still be present.
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