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X-ray diffraction and magnetic properties of b-Mn Os alloys12x x
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Abstract

The X-ray powder diffraction patterns of Mn Os (x % 0.36) alloys quenched from 1223 K show the b-Mn structure in which Os12x x

atoms preferentially occupy site 1, whereas the patterns of the specimens quenched from 873 K exhibit the a-Mn structure below
´x 5 0.14. Using the resultant data, we have determined the phase diagram of the Mn–Os alloy system for the first time. The Neel

temperature of b-Mn Os (x % 0.36) alloys determined from the magnetic susceptibility increases with increasing Os concentration. The12x x

electronic specific heat coefficient, g, of samples with relatively low Os concentration is considerably large due to spin fluctuations.
 2000 Elsevier Science S.A. All rights reserved.
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´1. Introduction g-MnOs alloys will exhibit a higher Neel temperature than
g-MnRh [12] and g-MnIr alloys [13] reported to have a

´Pure Mn metal is known to have four phases, a, b, g very high Neel temperature.
and d, as the temperature increases. a-Mn has a complex The b-Mn phase can easily be obtained by quenching,
cubic structure with 58 atoms per unit cell and four kinds and its crystal structure is cubic with two kinds of
of crystallographical sites [1,2], and exhibits an antiferro- crystallographic sites consisting of 20 atoms per unit cell
magnetic ordering below 95 K [3]. The d and g phases [14]. Pure b-Mn metal shows no magnetic ordering down
adopt a body-centered and a face-centered cubic structure, to low temperatures, and it is regarded as an enhanced
respectively, and these two phases are hardly stabilized at Pauli paramagnet from the experimental data of magnetic
room temperature. For the d-Mn phase, there is little susceptibility [15], low-temperature specific heat [16] and
experimental information on the magnetic properties. The NMR [17]. The absence of magnetic ordering down to low
g-Mn phase is stabilized by elements such as Fe, Pd and Pt temperatures is explainable in terms of the frustration due
at room temperature when quenching from high tempera- to the peculiar geometry of the crystal structure [18,19].
tures, and these g-Mn alloys are antiferromagnetic with a On the other hand, it has been reported that alloying

´relatively high Neel temperature [4–6]. Recently, g-Mn induces magnetic ordering [20–24], and b-MnFe, -MnCo
alloys have been studied extensively as a pinning layer of and -MnNi alloys are regarded as weak antiferromagnets
spin-valves which control the GMR (giant magneto- within the framework of SCR (self-consistent renormaliza-
resistance) effect [7–9]. We have investigated the fun- tion) theory [25].
damental magnetic properties of g-MnRh alloys and For the Mn–Os system, the concentration dependence of

´ ´pointed out that the difference in the Neel temperature, the Neel temperature of a-Mn Os alloys has been12x x

depending on the substitutional elements for g-Mn alloys, reported. However, the concentration region is restricted to
is associated with the number of 3d electrons in the Mn below x 5 0.01 [26]. No phase diagrams have so far been
site [10,11]. In other words, theoretical calculations predict established and there is little information on the magnetic
that the antiferromagnetic exchange interaction of g-Mn properties of Mn–Os alloys and compounds. In the present
becomes stronger with decreasing 3d electron number at study, the phase diagram below x 5 0.36 has been obtained
the Mn site. Therefore, it is expected that g-MnRu and from X-ray powder diffraction and DSC (differential

scanning calorimetry) measurements. The g-MnRu phase
has been obtained by quenching [27] and, as expected, the*Corresponding author.

´E-mail address: rie@maglab.material.tohoku.ac.jp (R. Yamauchi). Neel temperature is higher than that of g-MnIr [13] and
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g-MnRh alloys [12] in the disordered state. Unfortunately, was measured with a SQUID magnetometer from 4.2 to
no g-MnOs phase is obtainable by quenching. The con- 300 K in a magnetic field of 1 T. The low-temperature

´centration dependence of the lattice constant and the Neel specific heat measurement was performed by a relaxation
temperature of b-Mn Os has been investigated. Fur- method to determine the relation between the electronic12x x

thermore, the electronic specific heat coefficient has been specific heat coefficient and the spin fluctuations.
discussed in terms of spin fluctuations.

3. Results and discussion
2. Experimental

Fig. 1 shows the room temperature X-ray powder
The starting materials were 99.985% pure electrolytic diffraction patterns of Mn Os (x 5 0.06, 0.13, 0.15,12x x

Mn flakes and 99.9% pure Os powder. Before alloying, 0.20, 0.33 and 0.36) alloys quenched from 1223 K. The
surface oxidation of the Mn flakes was removed by etching calculated diffraction intensities of pure b-Mn metal (space
with very dilute nitric acid, and they were arc-melted in group P4 32; lattice constant a 5 0.6315 nm) and those of1

order to release gas in the Mn flakes. The Os powders were two kinds of b-Mn Os alloys are also shown, respec-0.6 0.4

also arc-melted in order to make Os ingots. The specimens tively, below and above in the same figure for comparison.
were prepared by arc-melting in an argon gas atmosphere The crystal structure of the b-Mn phase is illustrated in
purified with a Ti getter, and turned over and remelted four Fig. 2. The Mn atoms at site 2 form corner sharing
times to homogenize. a-Mn is stable at room temperature, triangles lying in the (111) plane. Although the b-
and the phase transition to b-Mn occurs at approximately Mn Os alloy was not prepared, this composition was0.6 0.4

1000 K [28]. Therefore, the b-Mn Os phase is also selected for easy calculation. In the calculations for the12x x

obtainable by rapid quenching from high temperatures. For b-Mn Os alloys it was assumed that all the Os atoms0.6 0.4

homogenization, annealing was carried out in an evacuated occupy site 1 (a) or site 2 (b) in the b-Mn lattice with
quartz tube at 1223 K for 30 min. For the investigation of a 5 0.6550 nm, the latter being extrapolated from the
phase stability, samples annealed for 7 days at 873 or 673 concentration dependence of the lattice constant in Fig. 3.
K were quenched in ice water. The concentration of the As can be seen, the peak shift to lower angles indicates
samples was determined by EDXS (energy dispersive X- lattice expansion with increasing Os concentration. More-
ray spectroscopy). The crystal structure and the room over, the experimental intensities of the b-Mn Os12x x

temperature lattice constant were obtained by X-ray pow- alloys gradually change from the intensities of pure b-Mn
der diffraction with Cu Ka radiation. The structural phase metal to those of (a) for the b-Mn Os alloy. For0.6 0.4

transition temperature was clarified by DSC measurements. example, the intensities of the 110 and 111 peaks increase,
The temperature dependence of the magnetic susceptibility whereas the intensity of the 210 peak decreases with

Fig. 1. Room temperature X-ray powder diffraction patterns of Mn Os (x 5 0.06, 0.13, 0.15, 0.20, 0.33 and 0.36) alloys quenched from 1223 K. The12x x

calculated diffraction intensities of pure b-Mn metal and b-Mn Os alloys are given for comparison. The two kinds of calculations for b-Mn Os0.6 0.4 0.6 0.4

alloy were made by assuming that all Os atoms occupy site 1 (a) or site 2 (b).
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of the sample with x 5 0.20 show a mixed phase of the a

and b phases. It is well known that pure Mn transforms
from the a to the b phase at about 1000 K [28]. Therefore,
using the X-ray diffraction data for the samples quenched
from 1223, 873 and 673 K, and the DSC data, we can
obtain the phase diagram for the Mn–Os system, as given
in Fig. 5. In the DSC measurements, an anomaly is clear
because of the structural phase transition from the a to b

phase. The solid circles in the figure indicate the transition
temperatures derived from DSC measurements. However,
the anomaly in the DSC curves due to the phase separation
from the a to the mixed a and b phase is not so clear.
Although the g-MnOs phase may exist in the higher

Fig. 2. Crystal structure of the b-Mn phase. Mn atoms at site 1 (s) and
temperature region, we cannot obtain it under the presentsite 2 (d). Note that the Mn atoms at site 2 construct the corner sharing

´heat-treatment conditions. Theoretically, the Neel tempera-triangles lying in the (111) plane.
ture of the g-Mn phase increases as the 3d electron number
in the Mn site decreases [10,11]. However, it is worth

increasing Os concentration. These clear changes originate noting that the g-phase is easily obtained by quenching and
from the large difference between the atomic scattering annealing in the Mn–Ir [13,29] and Mn–Rh [12,29] alloy
factor of Mn and Os atoms. We can conclude that the Os systems, and by quenching in the Mn–Ru alloy system
atoms preferentially occupy site 1 by comparing the [27]. Eventually, the g-phase is no longer obtainable by
calculated intensities between (a) and (b) for the b- quenching in the present Mn–Os alloy system. That is to
Mn Os alloy in Fig. 1. The Os concentration depen-0.6 0.4 say, the g-Mn phase becomes more unstable with decreas-
dence of the room temperature lattice constant of b- ing 3d electron number.
Mn Os (x % 0.36) alloys quenched from 1123 K is12x x Fig. 6 shows the temperature dependence of the mag-
shown in Fig. 3. As mentioned above, the lattice constant netic susceptibility of the b-Mn Os (x 5 0.06, 0.13,12x x
increases with increasing Os concentration. 0.20, 0.33 and 0.36) alloys quenched from 1123 K. It has

Fig. 4 shows the room temperature X-ray powder been reported that pure b-Mn metal is an enhanced Pauli
diffraction patterns of Mn Os (x 5 0.13, 0.20 and 0.33)12x x paramagnet with an antiferromagnetic correlation [15] and
alloys quenched from 873 K. In the same figure, the that b-Mn alloys become weakly antiferromagnetic [20–
calculated diffraction intensities of a-Mn (space group 24]. Therefore, the small peak and the inflection point in
I43m; lattice constant a 5 0.8912 nm) and b-Mn Os ,0.6 0.4 ´the magnetic susceptibility curves are defined as the Neel]
in which all Os atoms are assumed to occupy site 1 in the ´temperature T . The concentration dependence of the NeelN
b-Mn lattice, are shown below and above, respectively. temperature of b-Mn Os alloys is shown in Fig. 7. The12x x
The diffraction patterns of the samples with x 5 0.13 and ´Neel temperature increases with increasing Os concen-
x 5 0.33 show a single phase of the a-Mn and b-Mn tration and a steeper increase takes place above about 13%
structures, respectively. However, the diffraction patterns Os. The occupation site of the substitutional atom is very

important for the magnetic properties of b-Mn alloys,
because the magnetic properties of Mn atoms are quite
different, depending on site 1 and site 2. NMR studies
demonstrate that the value of the nuclear spin-lattice
relaxation rate at site 2 is about 20 times larger than that at
site 1 [17,30], indicating that the electronic state of Mn at
the former site is more magnetic than that at the latter site.
For b-MnAl alloys in which Al atoms occupy site 2, it has
been reported from the results of NMR and magnetic
measurements that its ground state is a spin-glass-like state
[31,32]. The magnetic susceptibility of b-Mn Al alloys12x x

with x 5 0.30 shows a field-cooling effect at low tempera-
tures and obeys a modified Curie–Weiss law above the
spin freezing temperature [31]. Although we performed a
field-cooling magnetic measurement for the b-Mn Os0.87 0.13

alloy, no field-cooling effect was observed and its para-
magnetic susceptibility gradually increases in analogy with
an itinerant-type (CoMn) Fe antiferromagnet [33,34].Fig. 3. Concentration dependence of the room temperature lattice con- 12x x

stant of b-Mn Os alloys quenched from 1223 K. Fig. 8 shows the low-temperature specific heat C for12x x
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Fig. 4. Room temperature X-ray powder diffraction patterns of Mn Os (x 5 0.13, 0.20 and 0.33) alloys quenched from 873 K, together with the12x x

calculated diffraction intensities of pure a-Mn metal and b-Mn Os alloy.0.6 0.4

b-Mn Os alloys with x 5 0.06, 0.15 and 0.20, in which from low-temperature specific heat data [15]. In the range12x x
2C /T is plotted against T . For all samples, C /T is of low Os concentrations, the decrease of g and the

2 ´proportional to T and the electronic specific heat coeffi- increase of the Neel temperature T with increasing OsN

cient g was estimated by linear extrapolation. The values concentration are consistent with the spin fluctuation
of g for the samples with x 5 0.06, 0.13 and 0.20 are about theory proposed by Hasegawa [25]. According to his SCR

21 2244, 25 and 14 mJ mol K , respectively. It is clear that calculations for the specific heat of weakly antiferro-
the g value of the b-MnOs alloys is enhanced, compared magnetic materials, there is a linear relationship between

21 22 3 / 4with the band term of about 8 mJ mol K for pure the g value and T . The validity of the theory has beenN

b-Mn metal [35]. In fact, it has been reported that the g confirmed by data on b-MnFe, -MnCo and -MnNi alloys
value for pure b-Mn metal regarded as an enhanced Pauli [15], in which the substitutional atoms preferentially

21 22paramagnet is estimated to be about 70 mJ mol K occupy site 1 in analogy with b-MnOs alloys. Therefore, it
could be concluded that the b-MnOs alloys in the range of
low Os concentration are itinerant-type weak antiferro-

Fig. 5. Phase diagram of the Mn–Os system. The open symbols are for
the data obtained by X-ray diffraction: (s) b-phase, (n) mixed phase Fig. 6. Temperature dependence of the magnetic susceptibility of b-
(a1b), (h) a-phase. (d) Phase transition temperature determined from Mn Os (x 5 0.06, 0.13, 0.20, 0.33 and 0.36) alloys. The arrows12x x

´DSC measurements. indicate the Neel temperature, T .N
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2. In samples (x % 0.36) quenched from 1123 K, the b-Mn
phase in which Os atoms preferentially occupy site 1 is
stabilized.

´3. The room temperature lattice constant and the Neel
temperature of b-Mn Os alloys increase with in-12x x

creasing Os concentration.
4. The electronic specific heat coefficient g of b-

Mn Os alloys is large and decreases gradually with12x x

increasing Os concentration. Such a large g value could
be correlated with spin fluctuations.
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