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Abs t rac t  

The magne t ic  p r o p e r t i e s  of m a n g a n e s e - b a s e d  binary  a m o r p h o u s  M n - X  alloys have  been  
inves t iga ted  for the  n o n - m a g n e t i c  e l ement s  X =-3d, 4d, 5d metals .  In all the  al loys e x c e p t  
Mn-Y and  M n - L a  the  magne t i za t ion  inc reases  monoton ica l ly  with  dec reas ing  t e m p e r a t u r e  
and  ind ica tes  an  effect ive m o m e n t  for m a n g a n e s e  in the  range  0 . 5 - 1 . 8  #B pe r  m a n g a n e s e  
a tom.  F rom a plot  of the  effective pa r am agne t i c  m o m e n t  p ~  vs. the  ave rage  M n - M n  
in te ra tomic  d i s tance  D , .  we find t ha t  spin-glass- l ike b e h a v i o u r  occurs  for  pe~>~ 1 ~B and  
Dn. >~ 3 .0  /~. 

1. I n t r o d u c t i o n  

Manganese-based binary amorphous alloys form an important class of 
materials for investigating the manifestations of competing magnetic inter- 
actions. It is well known that the Mn-Mn exchange interaction depends on 
the interatomic distance, the exchange integral oscillating in sign with the 
interatomic distance. Studies on manganese-based binary amorphous alloys 
reported so far are those in which the local moment is associated only with 
manganese atoms [ 1-3 ], some of which present spin-glass-type characteristics 
at low temperatures [4, 5]. In manganese-based amorphous alloys consisting 
of 3d, 4d and 5d metals as the second element, spin-glass-like behaviour is 
observed only in a few cases, e.g. Mn-Y, Mn-La [6] and Mn-Cu-Zr [7]. 

In this paper we report on our investigations of the magnetic properties 
of several thick films of amorphous alloys of manganese with non-magnetic 
3d, 4d and 5d elements such as scandium, titanium, yttrium, zirconium, 
niobium, molybdenum, lanthanum, hafnium, tantalum and tungsten. The 
appearance of spin-glass-like ordering and its relationship to the nearest- 
neighbour interatomic distance and the observed effective paramagnetic 
moment are discussed. 
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2. E x p e r i m e n t a l  de ta i l s  

Amorphous thick films have been produced by d.c. sputtering on a water- 
cooled copper  substrate from the mother  alloy or mixture. In the case of 
Mn-W the mother  alloy was difficult to prepare because the melted material 
segregated into manganese and tungsten and resulted in a sputtered alloy 
sample which was tungsten rich and not amorphous. The amorphous alloy 
films investigated herein had a thickness of about 0 .2-0 .6  mm. These films 
have been confirmed to be amorphous using X-ray Fe Ka and/or  Cu Ka 
radiation. The compositions of all the samples were chemically analysed as 
shown in Table 1 together  with several magnetic parameters.  The temperature 
dependence of the d.c. magnetic susceptibility has been measured by a 

'pendulum-type magnetometer  and a vibrating sample magnetometer  in a 
magnetic field of 9.5 kOe and a temperature range from 4.2 K to room 
temperature.  The a.c. susceptibility has also been measured by a mutual 
induction a.c. bridge method in a temperature range from 4.2 to 80 K and 
an a.c. magnetic field of 4 Oe at a fixed frequency of 400 Hz. 

3.  R e s u l t s  a n d  d i s c u s s i o n  

The amorphous phase in the present  samples was confirmed by X-ray 
diffraction from the diffuse peak characteristic of the amorphous state. Results 
indicate that all the present  samples except  Mn-Mo and Mn-W were in a 
single amorphous phase. In the case of Mn-Mo several peaks appeared and 
the main peak was located near the same position where the characteristic 
diffuse peak of the other amorphous alloys was found. This is an indication 
that the short-range Mn-Mo order did not involve a b.c.c, structure but 
rather involved a closed-packed f.c.c.-like structure. Manganese and molyb- 
denum have about the same atomic radius, therefore Mn-Mo cannot  be 
amorphized easily [8]. In the case of Mn-W, because of the large deviation 
in sample composition from the intended Mn~oWso to a more tungsten-rich 
composition, the amorphous phase was not  obtained. Hauser et al. also 
reported that deposited Mn-W films (composition MngWg,) were not amor- 
phous [7]. 

From the diffuse peak we can estimate the average nearest-neighbour 
(nn) interatomic distance Dnn of the present  amorphous  alloys by simply 
assuming a dense random packing structure: 

D ~  = 2 sin 0 

where A is the wavelength of X-ray radiation and O is the diffraction angle. 
The result is shown in Fig. 1 as a function of the average atomic radius, 
which is defined as 

= 2(aMnRMn + axRx) 
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Fig. 1. Relation between average atomic size /) and average nearest-neighbour distance D.. 
for the present amorphous alloys. 

where aMn and ax are the atomic fractions of manganese and X respectively 
and RMn and Rx are the atomic radii of manganese and X [9] respectively. 
This figure also includes D ~  of a crystalline Mn-Mo alloy calculated from 
the main peak of X-ray diffraction for comparison. It is noteworthy to see 
from this figure that a nearly linear relation between Dn, a n d / )  is obtained 
in the present series, except for the Mn-La alloys for which there exists a 
large difference in atomic radii between manganese and lanthanum. This 
exceptional behaviour could mean that amorphous Mn-La may have a different 
structure (different type of short-range order) than the other amorphous 
alloy series investigated by us. 

The temperature dependence of the d.c. magnetic susceptibility is shown 
in Figs. 2(a) and 2(b). The amorphous Mn-Y and Mn-La alloys exhibit an 
antiferromagnetic or a spin-glass-like behaviour in the low temperature region, 
with a broad peak in the  Xg vs .  T curve as shown in Fig. 2(b). Apart from 
these two alloys, all the other alloys exhibit a monotonic increase in sus- 
ceptibility with decreasing temperature. This indicates that all the alloys 
investigated have local magnetic moments and that these local moments 
arise exclusively from the manganese alone. Hauser and Waszczak also 
reported that in the amorphous Mn-Zr, Mn-Zr-Cu and Mn-Zr-Ni alloys only 
the manganese atom has a local moment [2]. The spin glass nature of the 
Mn-Y and Mn-La alloys is clearly manifested in the a.c. susceptibility vs .  
temperature data shown in Fig. 3. In these X~¢ measurements the curves of 
the Mn-Y and Mn-La alloys display cusps, which is characteristic for spin 
glass alloys as already reported by us [6]. However, several of the alloys 
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Fig. 2. Temperature dependence of susceptibility obtained with a magnetic field of 9.5 kOe: 
(a) Mn-(Zr, Ti, Nb, Hf, Ta); (b) Mn-(Y, Sc, La). 

invest igated (MnsoSc4o and Mn44Nb56 are shown as typical  examples )  do not  
exhibi t  any such  fea tures  down to 4.2 K. 

The x - T  curves  of  all the alloys shown in Fig. 2 can be fitted to  the 
s imple Cur ie -Weiss  relat ion 

C 
X = X o  + - -  

T - O  

where  Xo is a t empera tu re - independen t  susceptibil i ty,  C is the Curie cons tant  
and 0 is the asympto t ic  Curie t empera tu re .  The results  of  such fits are  shown 
in Figs. 4(a)  and 4(b). Several  curves  give rise to  a slight deviat ion f rom 
the s t ra ight  line fit at  low tempera tures .  This m ay  be ascr ibed to  the o ccu r r en ce  
of  shor t - range  fe r romagne t ic  or  an t i fe r romagnet ic  order ing  be tween  adjacent  
m a n g a n e s e  spins. The pa rame te r s  ob ta ined  f rom the Curie--Weiss fit are 
given in Table  1. Note  that,  as poin ted  out  by Hauser  et al. [7], the range  
of  t e m p e r a t u r e  cons ide red  for  the fitting is an impor tan t  fac tor  because  the 
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Fig. 3. Typical examples of temperature  dependence  of a.c. susceptibility measured with an 
a.c. field of 4 Oe. 
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Fig. 4. Temperature dependence of inverse susceptibility for various amorphous alloys inves- 
tigated: (a) Mn-(Ta,  Nb, Hf, Ti); (b) Mn-(Zr,  Sc, La, Y). Straight lines are the result  of 
Curie-Weiss  fitting. 

values of C, 0 and Xo depend on it. Previously we derived 0 and C for the 
Mn-Zr and Mn-Nb alloys [10] by using the low temperature region (10-200 
K) for the fitting. Therefore the parameters C and 0 obtained from these 
fits are subject to errors arising from the relevant short-range ferromagnetic 
or antiferromagnetic ordering which occurs at low temperatures. This explains 
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the difference between the values for the parameters  deduced in the present 
paper  and those reported earlier [10]. Hauser and Waszczak also reported 
the result of fitting for amorphous  Mn-Zr alloys [2]. Their value of pen~ 0.87 
~£B is close to the present  value of 0.737 /XB for Mn-Zr, but their values of 
0 and Xo are considerably different from our data. The reason is not clear 
at present. Hauser and Waszczak further demonstrated that the substrate 
temperature (Ts) during sputtering has a rather large influence on these 
parameters  (pe~, 0 and X0). Therefore the difference in Ts between the present 
experiments (T~=300 K) and their experiments (T~=413 K) may be the 
reason for the differences mentioned. 

From the Curie constant we can calculate the local moment  under the 
assumption that only the manganese atoms contribute. The effective para- 
magnetic moment  per manganese atom is then given by 

3kB A 
pe f f [M n]  = C -  

Nb/.B 2 aMn 

where k B is Boltzmann's constant, N is Avogadro's constant, /x~ is the Bohr 
magneton and A is the atomic weight. The results are listed in Table 1. A 
plot of p ~  as a function of D~, is shown in Fig. 5. From the figure we can 
roughly say that p ~  of the present  series, except  for Mn-La, has the same 
trend, i.e. P~fr increases with increasing Dnn- However, Mn-La behaves 
differently. The Mn-Mn interaction is usually dependent  on the interatomic 
distance and thus the Mn-Mn distance can account  for the magnetic state 
of the material. For example, MnPt3 is ferromagnetic around an Mn-Mn 
nearest-neighbour distance of 3.85 .~ [11 ], while MnPt is antiferromagnetic 
with an Mn-Mn nearest-neighbour distance of about 2.83 ]k [12]. In the 
amorphous case the nearest-neighbour distances have a distribution and 
therefore one has a mixture of ferromagnetic and antiferromagnetic inter- 
actions, giving rise to the so-called spin-glass-like phase. Endo and Ishikawa 
suggest [13] that the critical Mn-Mn distance making the change from 
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Fig. 5. Relation between p ~  and Dnn for amorphous alloys investigated in this study. 
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antiferromagnetic to ferromagnetic interaction is near 3 .~ for several man- 
ganese-based alloys and compounds. Figure 5 seems to reveal that a spin 
glass freezing takes place when Pe~r is larger than about 1 /z B and Dnn is 
larger than about 3 .~. Obviously the spin-glass-like behaviour in these 
amorphous Mn-Y and Mn-La alloys, which include fairly high magnetic atom 
concentrations, arises from the competition of ferromagnetic and antifer- 
romagnetic interactions. On the basis of our results we can roughly say that 
the threshold of the appearance of the spin glass freezing is D,~n = 3 ~, and 
Pefr = 1 /z~. Below this critical value of Dnn the antiferromagnetic interaction 
becomes dominant and/or the moment (Pe~) may not be large enough to 
cause random freezing at low temperature. 

The above argument is based on our simple analysis. To clarify the 
origin of the fact that only the amorphous Mn-Y and Mn-La alloys show 
spin-glass-like behaviour, we need to investigate the properties in more detail. 
Nevertheless, from the present study we may conclude that our systematic 
experiments done on the various manganese-based amorphous 3d, 4d and 
5d alloys have revealed for the first time various characteristics of the 
manganese-based binary amorphous alloys. These can be summarized as 
follows. 

(1) Binary amorphous Mn100-~Xx alloys in the vicinity of 4 0 < x < 6 0  
(X-=Sc, Ti, Y, Zr, Nb, La, Hf, Ta) can be produced by sputtering. 

(2) The average nearest-neighbour interatomic distance Dnn is nearly 
linearly related to the average atomic radius for all the amorphous Mn-X 
alloys except the amorphous Mn-La alloys with low concentrations of lan- 
thanum. 

(3) The temperature dependence of the d.c. magnetic susceptibility 
indicates that the amorphous Mn-Y and Mn-La alloys show spin-glass-like 
behaviour while the other alloys show simple paramagnetic behaviour. The 
spin-glass-like nature of the Mn-Y and Mn-La alloys is also clear from the 
a.c. susceptibility v s .  temperature curves. 

(4) The d.c. susceptibilities at higher temperatures for the present 
amorphous alloys can be described by the Curie-Weiss law if a temperature- 
independent term is subtracted. 

(5) The effective paramagnetic momentsp~u obtained for all the amorphous 
alloys investigated except Mn-La lie on a common line when plotted as a 
function of D~.  The paramagnetic alloys are located in the region Pen < 1.0 
IzB and Dnn < 3 .~ on this common line, while the spin-glass-like Mn-Y and 
Mn-La alloys are found in the region p ~ >  1.0 /zB and D .n>3 /~ .  
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