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Abstract. Spin-glass-like behaviour and low-tempentnre specific heat have been investigated 
for bulk amorphous & N I ~ - .  (x = 33,50 and 80) alloys prepared by high-rate direet-current 
sputtetfering. The competition between ferromagnetic and antiferromagnetic interactions arising 
from the exchmge Ruchlations is negligibly small in this system, in conhast to that in amorphous 
Er-Cn alloys. The random magnetic anisotropy (mu) suppresses the ferromagnetic coupling, 
resulting in a spin-glass-like state. The magnetization per Er atom becomes smaller with 
increasing Er content owing to the increase in the MA. 

At the spin fieezing t e m p e ”  rt, the l o w - t e m p e m  specific heat exhibits a broad 
maximum, which bemines narrower with the decrease in Er conlent. It should be noted 
that the temperature a1 which the magnetic spedfc heat of the amorphous &,Ni, alloy 
reaches a maximum value wincides with the Tf determined by the altematingemnt magnetic. 
susceptibility measurement. The splitting of the ground state from J = 1512 into a Kramers 
doublet is caused by the electrostatic field, being accompanied by a Schottky-type specific 
heat with a linear temperature dependence. The magnetic entropy at Tt is estimated to be 
about 4 5 4 0 %  of the thearetical value, being much larger than lhose for crystdine dilute spin- 
glass systems. Moreover, the plot of the magnetic specific heat versus T 3 0  is linear at low 
temperatures. Therefore, it is considered that a ferromagnetic-like spin wave is excited, although 
io magnetic srmcture is not fmmagnetic. 

1. Introduction 

In the last two decades, a great number of magnetic properties for amorphous alloys 
containing non-S-state rareearth (RE) elements have been investigated (Harris et al 1973, 
Coey 1978, Filippi etol 1985, O’Shea and Lee 1991). In these amorphous alloys, the local 
electrostatic field acts on the 4f moment of the RE element and produces a large anisotropy 
randomly oriented owing to the random atomic wangement. The magnetic properties of 
these alloys are strongly affected by this anisotropy, called the random magnetic anisotropy 
(w) (Harris etal 1973). Theoretical (Aharony and Pytte 1980) and experimental (Boucher 
1977a. Coey et al 1981) studies have revealed that the RMA brings about a spin-glass-like 
state. That is, the RMA suppresses the ferromagnetic coupling of the RE moment, resulting 
in a speromagnetic structure. 

The competition of ferromagnetic and antiferromagnetic interactions due to the exchange 
fluctuations also causes a spin-glass state as in crystalline magnetically dilute AuFe (Cannella 
and Mydosh 1972) and CuMn (Coles er al 1978) alloys and amorphous Gd-based alloys 
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(Mizoguchi et a1 1977). It is, therefore, interesting to investigate the physical properties 
of the RMA systems and to compare them with those of spin-glass systems from the 
viewpoint of the different origin of spin freezing. The competition of ferromagnetic and 
antiferromagnetic interactions arising from the existence of the exchange fluctuations has 
been pointed out even in amorphous non-S-state RE alloys (Sellmyer and Nafis 1985). In 
fact, the magnetic properties of the amorphous RE-Cu alloys are affected by both random 
magnetic anisotropy and fluctuations of the exchange interactions (Hattori et al 1995). 
In contrast to the amorphous RE-CU alloys, the RMA dominantly governs the magnetic 
properties of amorphous RE-Ni alloys because the competition of exchange interactions 
is very small, as given in the discussion. Further, Ni is regarded to be non-magnetic in 
amorphous Er,Nilm-, ( x  2 33) alloys because the magnetic moment of the Ni vanishes in 
amorphous DysNi75 (Rebouillat et a1 1977) and Y,Nilm-x (x 17-22) alloys (Liknard 
and RebouiUat 1978, Beille et a1 1979, Gignoux er al 1982, Fujita et a1 1993). Therefore, 
the investigation of amorphous non-S-state Re-Ni alloys sheds light on the effect of the 
RMA on the magnetic properties. 

From the viewpoint of phase transition, many researchers have paid much attention to 
the specific heat in the vicinity of the spin freezing temperature Tr for spin-glass systems 
(Wenger and Keesom 1976, Meschede et al 1980, Miyako et a1 1979). In spin-glass 
systems such as crystalline magnetically dilute CuMn alloys and Eu,Srl-,S compounds, the 
maximum temperature of the magnetic contribution to the specific heat does not coincide 
with fi  (Wenger and Keesom 1976, Meschede ef al 1980). In Er-based alloys, the magnetic 
ordering temperature is low owing to the small de Gennes factor. The evaluation of magnetic 
entropy becomes accurate because the lattice specific heat, which should be subtracted, 
rapidly decreases with temperature. Therefore, the amorphous Er-Ni alloy system is 
appropriate to investigate the influence of the RMA on the low-temperature specific heat. In 
the present study, therefore, the magnetic properties and the low-temperature specific heat 
have been investigated for amorphous Er,Nip”, alloys. 

2. Experimental details 

Alloy targets were made by arc-melting 99.9 wt.% pure Er, Y and Ni in an argon atmosphere 
purified with a Ti getter. For easy measurements, bulk amorphous ErxNilw-x ( x  = 33,50 
and 80) and Y33Ni67 alloys of about 0.2-0.3 mm thickness were prepared by a high-rate 
DC triode sputtering for three days on a water-cooled Cu substrate. The Cu substrate was 
removed from the samples by mechanical polishing. Their amorphous state was confirmed 
by x-ray diffraction using Cu Kol radiation. The magnetization up to 55 kOe and the 
magnetic field cooling effect were measured with a SQum magnetometer (Quantum Design, 
MPMS). Very high-field magnetization measurements up to 360 kOe were carried out with a 
pulse magnet. The AC magnetic susceptibility was measured by a mutual induction method 
at 80 Hz in an AC magnetic field of 1 Oe. The low-temperature specific heat was measured 
from 1.8 to 15 K by a heat-pulse method, cooling being achieved by a helium bath at I K 
via a mechanical heat switch. The bulk sample with a mass of about 0.5 g was fixed with 
nylon lines in a chamber evacuated to about Torr to keep the thermal isolation. 

3. Results and discussion 

Figure 1 shows the temperature dependence of the DC magnetic susceptibility and its inverse 
susceptibility for amorphous Er,Nitm-x (x  = 33,50 and 80) alloys from 4 to 300 K in a 
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Figure 1. Temperature dependence ofthe rx magnetic susceptibility and its inverse susceptibility 
for amorphous Er,ENirao-x ( x  = 33.50 and 80) alloys. 

field of 1 kOe. In wide temperature ranges, they exhibit a Curie-Weiss type of temperature 
dependence with effective magnetic moment Pes = 9.7-10.0 wB, close to that of free 
E?+ ion. The paramagnetic Curie temperature OP is positive, indicating that the &-Er 
exchange interaction is dominantly ferromagnetic. The values of 0, for x = 33,50 and 
80 are 4.4, 5.7 and 9.8 K, respectively. The magnetic susceptibility deviates from the 
Curie-Weiss law at very low temperatures, suggesting the existence of some magnetic 
ordering. The magnetic field cooling effect has been measured in order to confirm the 
magnetic ordering. Shown in figure 2 is the temperature dependence of zero-field cooled 
(ZFc) and field cooled (FC) magnetizations for the amorphous ErmNiza alloy measured in 
various magnetic fields. A clear hysteresis between ZFC and FC magnetizations is observed. 
The temperature of the onset of hysteresis corresponds to the temperature at which the 
ZFC magnetization reaches a maximum value, and it decreases with increasing magnetic 
field. Other different compositional alloys show a similar magnetic field cooling effect. 
Moreover, the AC susceptibility of the amorphous ErxNitm-x (x = 33,50 and 80) alloys 
exhibits the characteristic cusp of a spin glass as seen in figure 3. Therefore, it is clear 
that the amorphous Er,Nilw-x alloys exhibit spin-glass-like behaviour. Figure 4 shows the 
concentration dependence of the spin freezing temperature Tf. With increasing Er content, 
Tf increases in a similar manner to e,. Shown in figure 5 is the field dependence of Tt 
in a DC magnetic field up Io 500 Oe for the amorphous ErgoNim alloy, together with the 
data obtained by the AC susceptibility measured in 1 Oe. The freezing temperature Tf is 
determined from the onset of irreversibility between ZFC and Fc magnetizations. With the 
increase in the magnitude of magnetic field, r f  decreases as seen from the figure. The H2I3 
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Figure 2. Temperature dependence of zero-field cooled Figure 3. Tempemure dependence of the AC magnetic 
(m) and field cooled (FC) magnetizations for the susceptibfity for the amorphous Er,Nitm-. Lr = 
amorphous ErsoNivl alloy as a function of the mangetic 33.50 and EO) alloys at 80 Hz in a field of I Oe. 
field. 

dependence of Tr is not observed, implying that it does not follow the Almeida-Thouless 
law (de Almeida and Thouless 1978) in the present study. Precise measurements in much 
lower field are necessary for more detailed discussion. 

Er  c o n t e n t  (%)  
Flgure.4. Concentration dependence of the spin freezing temperature Tf for the amorphous 
Er,Nilw-, Cz = 30.50 and EO) alloys. 
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Figure 5. EC magnetic field dependence of the spin freezing temperahlre Q for amorphous 
ErmNilo alloy (full circle), together with the resulk obtained at 80 Hz in an AC magnetic field 
of I Oe (open circle). 

The spin-glass-like state of the amorphous alloys containing a RE element is caused by 
the competition of ferromagnetic and antiferromagnetic interactions due to the exchange 
fluctuations andfor the random magnetic anisotropy (RMA) as mentioned in the introduction. 
The Hamiltonian has been proposed by taking the fluctuations of exchange interaction into 
consideration (Sellmyer and Naiis 1985): 

where .Io is the average ferromagnetic interaction, A .Ti, the exchange fluctuations, D the 
random magnetic anisotropy, n; the random easy-axis direction, g the Land6 g-factor and J 
the total angular momentum. Experimentally, it has been pointed out that both the RMA and 
fluctuations of the exchange interaction play an important role in the magnetic properties for 
amorphous E i r , C ~ l ~ - ~  alloys (Hattori et a1 1995). In this system, the competition between 
ferromagnetic and antiferromagnetic interactions due to the exchange fluctuations becomes 
remarkable below about x = 50. That is, the paramagnetic Curie temperature OP, which 
reflects the magnitude of the sum of all exchange interactions exhibits a rapid decrease below 
about x = 50 because of the rapid increase in antiferromagnetic Er-Er exchange interactions 
(Hattori er al 1995). To show the negligibly small effect of the exchange fluctuations in 
amorphous Er-Ni alloys, we consider the exchange interactions in amorphous S-state Gd-A1 
alloys without the RMA because of no orbital angular momentum. 

The concentration dependence of the RKKY interaction for the amorphous Gd,Al l~a-~  
alloys has been discussed using a simple free-electron model (Mizoguchi et al 1977, Jamet 
and Malozemoff 1978). The q value given by the following expyssion has been estimated 
by assuming the Gd-Gd nearest-neighbour distance r. = 3.6 A and the numbers of the 
conduction electrons no = 3: 

where the average atomic volume V, is obtained by a linear interpolation between the atomic 
volumes Vcd and VAI. From equation (2). the Gd concentration x is given by the following 
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expression: 

The q value for amorphous Gd,Aljw-, falls in the range spanning to the second zero of 
the RKKY oscillation. The distribution of the Gd-Gd distance caused by the random atomic 
structures in the amorphous state gives rise to the fluctuations of exchange interactions, the 
possibility of both ferromagnetic and antiferromagnetic interactions. From equation (3), it 
is clear that the Gd concentration x shifts to a lower q region with increasing no. Therefore, 
it is expected that the competition between ferromagnetic and antiferromagnetic interactions 
becomes weaker with the increase in no and/or the decrease in V . .  Comparing amorphous 
G d , N i l ~ - ~  alloys with Gd,Culw-x alloys, the competition between the ferromagnetic and 
antiferromagnetic interactions in the former is much smaller than that in the latter because 
the value of no of Ni and Cu is 2 and I ,  respectively, although the atomic volumes of Ni 
and Cu are close to each other (Hattori et al 1995). In fact, it has been reported that an 
amorphous Gd3lCu69 alloy is a spin glass (Mizoguchi et al 1977, McGuire et al 1978), 
whereas an amorphous GdzNi74 alloy is ferromagnetic with Tc = 38 K (Asomoza et al 
1979). The relation given by equation (3) is considered to be valid for amorphous Er- 
based alloys, although the total angular momentum J is much larger than that in the Gd 
alloys. That is to say, the magnetic properties of the amorphous ErxNilm-r ( x  = 33,50 
and 80) alloys are considered to be well described by the following Hamiltonian without 
the coniribution from the exchange fluctuations (Hanis et al 1973): 

Therefore, the amorphous E r , N i l ~ - ~  ( x  = 33,50 and 80) alloy system is appropriate to 
investigate the effect of the RMA on the magnetic properties. 

Figure 6 show the magnetization per Er atom of the amorphous ErxNilm-x ( x  = 33,50 
and 80) alloys up to 360 kOe at 4.2 K. The magnetization curves are not saturated easily 
with a strong curvature because the RMA disturbs the ferromagnetic couplings of Er-&, 
The magnitude of magnetization per Er atom decreases with increasing Er content. The 
random magnetic anisotropy constant D is related to the high-field susceptibility, xhf. and 
given by the following expression (Asomoza et al 1979): 

where 0, is the paramagnetic Curie temperature and ks the Boltzmann constant. The values 
of D for the amorphous E133Ni.57. Er~oNi50 and ErWNim alloys are 4.9 K, 5.6 K and 
7.9 K, respectively, comparable to the results reported previously for amorphous Er25Ni75 
(Asomoza et al 1979), (RE7sAuzs)~Bto (RE=Pr, To and Er) (Sellmyer et al 1980) and 
Er,Cuj~-, ( x  = 30,40,50 and 70) (Hattori er a[ 1995) alloys. Thus, the RMA increases 
with the increase in the Er content. Figure 7 shows the Arrott plots of the amorphous 
EraoNizo alloy. The plots deviate from linearity and the finite intercepts with the M2 axis 
below r f  are absent, which indicates the lack of finite spontaneous magnetization, consistent 
with the theoretical prediction concerning the absence of long-range order (Aharony and 
Pytte 1980). 

It has been pointed out that the magnetic contribution to the specific heat shows no 
marked anomaly at the spin freezing temperature Tr in crystalline spin-glass systems (Wenger 
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Figure 7. Arrotl plots for ihe amorphous ErsoNim 
alloy. 

80) alloys. 

and Keesom 1976, Meschede ef a1 1980). It is interesting to investigate the magnetic 
specific heat characteristics in RMA systems, because the cause of the spin freezing is not the 
competition between ferromagnetic and antiferromagnetic interactions but the RMA. Figure 8 
shows the temperature dependence of the low-temperature specific heat C, per mole of Er 
atoms for amorphous ErxNilm-z (x = 33,50 and 80) alloys. The temperature at which the 
specific heat reaches a maximum value does not coincide with the spin freezing temperature 
in spin-glass systems such as crystalline magnetically dilute CuMn alloys (Wenger and 
Keesom 1976) and Eu,Srl-,S ( x  = 0.40 and 0.54) compounds (Meschede et al 1980). 
Therefore, the phase transition of the spin glass is considered to be different from those of 
ferromagnetic and antiferromagnetic long-range magnetic orderings. It is worth noting that 
the C / T  of the spin-glass system (T~o,~~VO.OI)~O~ exhibits a maximum at q, suggesting a 
high-order phase transition (Miyako et al 1979). As seen in figure 8, C, of the amorphous 
ErxNilm-x (x = 33 and 50) alloys exhibits a broad maximum at Tf determined from the 
temperature dependence of Ac susceptibility. The coincidence of the magnetic specific heat 
maximum with the magnetic ordering temperature in the present alloys is analagous to that 
of a long-range magnetic order transition. A broad maximum of the low-temperature specific 
heat at a temperature about 1.3 K higher than Tf bas been reported in an amorphous Dy,?Nisp 
alloy (von Molnar eta1 1982). However, it should be borne in mind that T f  is very sensitive 
to the experimental conditions, and the determination of 'Zj from the thermomagnetization 
curve in a DC magnetic field of 44.7 Oe is considered to be inadequate. As seen from 
figure 5, Tr is very sensitive to the applied magnetic field. Therefore, it seems reasonable 
to assume that the maximum temperature of specific heat also corresponds with for the 
amorphous Dy32Ni68 alloy mentioned above. The specific heat maximum becomes broader 
with the increase in the Er content and the lattice specific heat becomes larger compared 
with that of the amorphous Er33Ni67 and Er50NisO alloys, and hence the magnetic specific 
heat in the vicinity of Tr is vague in the amorphous ErsoNizo alloy, as given in the inset of 
figure 8. 
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Temperatu're (E)  
Figure S. Tempemure dependence of the low-temperature specific hear C, per mole of Er atoms 
for the amorphous Er,Nilw-, ( x  = 33,SO and 80) alloys. The armws indicate Lhe spin freezing 
temperahue Tr determined from the temperah dependence of the AC magnetic susceptibility. 

Figure 9 shows the temperature dependence of low-temperature specific heat in the form 
of C,/T versus T 2  for amorphous Er33Ni67 and ErsoNiso alloys, together with that of an 
Y33Nb7 alloy, for comparison. The slopes of C,/T for the amorphous Er33Ni67 and Y33Njs7 
alloys are almost the same and the Debye temperature & is estimated to be 200 K. The value 
of 8, for the amorphous alloy is about 180 K. The coefficient of the linear term for 
the amorphous Er33m7 and ErSONi50 alloys is about 290 and 350 al (mol Er)-' K-', being 
two orders of magnitude larger than the value of 7 nl (mol Y)-' K-' for the amorphous 
Y33Njs7 alloy. Such a large linear term has been predicted for RMA systems (Korenblit and 
Shender 1978) and reported for an amorphous Dy5zCu48 alloy (von Molnar et ai 1982). 
Assuming the splitting of the ground state of 3 = 15/2 into eight doublets due to the 
electrostatic field and the constant effective molecular field H,, the Zeeman energy &i at site 
i will be Agpg H i .  Si = A cos Oi. We consider only the lowest doublet at low temperatures. 
Therefore, the Schottky-type specific heat is given by the following expression (von Molnar 
etal 1982): 
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with dS2 = sine dB dq5, where P(S2) is the probability of finding any solid angle, S2. In a 
complete random system, P(S2) = 1, and hence one can find 

The linearity of the C/T versus TZ plot for amorphous Er33Ni.g and Er50Niso alloys implies 
the Schottky-type conaibutiou of the linear term to the specific heat. Therefore, the large 
linear term of the specific heat does not come from the large value of the electronic density 
of states at the Fermi level, as in heavy-fermion systems, but from the Schottky-type specific 
heat. The linear temperature dependence directly indicates that the anisotropy axes are not 
correlated, i.e. they are random as pointed out previously (von Molnar et al 1982). Taldng 
the Schottky-type specific heat C, into consideration, the magnetic specific heat C,, of the 
RMA system is given as 

Cm = C t o ~  - (YT + mT3 + C,) = C t o ~  - (YT + a T 3  + 6T) (8) 

where y and 01 are electronic and lattice specific heat coefficients, respectively. The value 
of 0, for the amorphous Er33Ni67 alloy is almost the same as that of the amorphous Y33Ni6, 
alloy. Shown in figure 10 is the temperature dependence of the magnetic contribution to 
the specific heat and the AC susceptibility of the amorphous Er33Ni67 alloy. The maximum 
temperature of the magnetic specific heat coincides with Tf determined by the AC magnetic 
susceptibility measurement, which is different from the data for the crystalline magnetically 
dilute alloy systems mentioned before. This difference would come from the distinction of 
the origin of spin freezing. 
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Figure 11 displays the temperature dependence of the magnetic entropy for the 
amorphous ErZNilw-% (x  = 33 and SO) alloys. Experimentally. the magnetic entropy 
Smvg is given by 

(9) 

where TM is the long-range magnetic ordering temperature. The value of magnetic entropy 
S,, for the amorphous Er33Ni67 and Er50Ni50 alloys obtained by integrating the Cmg/ T 
versus T curves is closer to R In 2 rather than to R lo 16 expected from the ground state 
J = 15/2 of the free E?+ ion. Note that these results hardly depend on the estimation of 0, 
because the lattice specific heat is very small at such low temperatures in the viciniv of r f .  
These results indicate that the RMA splits the J = 15/2 ground state into Kramers doublets 
in a similar manner to the amorphous D Y ~ ~ C U ~ ,  Dy54Au and Dy3~Ni68 alloys (von Molnar 
et ai 1982). In the case of long-range magnetic transition, S,, is nearly equal to the value 
of R ln(2J+ l), where R is the gas constant and J the angular momentum quantum number. 
On the other hand, the S,, at for spin-glass systems such as crystalline magnetically 
dilute AuFe and C a n  alloys has been reported to be 22-33% of the theoretical values 
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Figure 11. TemperaNredependence of the magnetic entropy S,, for the amorphous E+Nilw, 
(x = 33 and SO) alloys. The mows indicate the spin freezing temperature Tr. 

R ln(2J + 1) (Wenger and Keesom 1976). The magnitude of the magnetic entropy at fi  for 
the present amorphous Er33Nia7 and Er5oNiSo alloys is estimated to be about 45% and 60% 
of the theoretical value of RIn2, respectively. being much larger than that of the dilute 
AuFe and CuMn alloys mentioned above. In amorphous Gd33Al.57 alloy, the magnetic 
entropy S,, develops about 55% of the theoretical value, and this value lies between those 
of the ferromagnets and crystalline dilute spin-glass systems (Coey et a1 1977). In addition, 
the magnetic specific heat of the amorphous Gd33Ak~ alloy shows a T312 temperature 
dependence, indicating a collective excitation (Coey et a1 1977). These results indicate that 
ferromagnetic-like spin waves can be excited in the amorphous Gds3Al,j7 alloy, although 
the overall magnetic structure of this amorphous alloy is not ferromagnetic but spin-glass. 
Therefore, it is interesting to study the low-temperature specific heat characteristics for 
an alloy having the spin-glass-like behaviour induced by the RMA. Figure 12 displays the 
temperature dependence of the magnetic specific heat in the form of C,, versus T3P for the 
amorphous ErsoNiso alloy. It is clear that the C,, of this alloy follows the T312 dependence 
up to about 4 K in a similar manner to that of the amorphous Gd33A167 alloy. From the 
T312 dependence of magnetic specific heat, the ferromagnetic-like spin wave would also be 
excited in the present amorphous Er-Ni alloys, resulting in the large development of S,, 
at Tr and in the coincidence between the maximum temperamre of the magnetic specific 
heat and fi. 

4. Summary 

The competition between ferromagnetic and antiferromagnetic exchange interactions is very 
small and the magnetic ordering temperature is low in amorphous Er,Nilw-x (x = 33,50 
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and 80) alloys. Therefore, this alloy system is appropriate to elucidate the effect of random 
magnetic anisotropy on low-temperature magnetic properties. In the present study, various 
magnetic properties and low-temperature specific heat have been investigated. The main 
results are summarized as follows: 

(i) Because of the random magnetic anisotropy (RMA), the amorphous Er,Nijw-, alloys 
exhibit spin-glass-liie behaviour. The spin freezing temperature f i  increases with increasing 
Er content. 

(ii) The random magnetic anisotropy constant D becomes larger with the increase in 
the Er content. The magnetization per Er atom becomes smaller with increasing Er content 
because of the increase in the RMA. 

(iii) The low-temperature specific heat exhibits a broad maximum at f i ,  which is different 
from other spin-glass systems such as crystalline magnetically dilute CuMn alloys and 
Eu,Srl-,S (x  = 0.40 and 0.54) compounds. 

(iv) The amorphous Er,Nilw-. ( x  = 33 and 50) alloys exhibit a large linear term of 
the Schottky-type specific heat because the ground state of J = 15/2 splits into Kramers 
doublets due to the RMA. The Debye temperature e0 of the amorphous Er33Ni67 and ErsoNiso 
alloys is about 200 K and 180 K, respectively. 

(v) The magnetic entropy at the spin freezing temperature Tf is estimated to be 454% 
of the theoretical value, being much larger than those of the crystalline magnetically dilute 
spin-glass alloys. 

(vi) The magnetic contribution to the specific heat Cm= of the amorphous ErsoNiso alloy 
exhibits a T3B dependence, suggesting the excitation of a ferromagnetic-like spin wave. 
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