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Thermal demagnetization due to spin-wave and Stoner 
single-particle excitations in amorphous Co90Zr10 alloy 

S N Kaul and P D Babu 
School d Physics, University of Hyderabad, Central University PO, Hyderabad 5W134, 
Andhra Pradesh, India 

Received 15 March 1992 

AbslmcL Results o i  the high-precision magnetization ( M )  measurements performed on 
amorphous CosoZrl0 alloy at temperatures (T) ranging Lom 4.2 to 3W K in B(temaI 
magnetic fields ( H )  up to 15 kOe are presented. At low temperatures, magnetization 
does not sriturate even at Ihe highest field f l  = 15  kOe and Uie high-field differential 
susceptibility, xh((O), is larger ly an order of magnitude in the alloy in question than in 
crystalline Co. M * ( H , T )  versus H / M ( H , T )  isotherms (Anott plot isotherms) are 
nothing hut  a set of parallel straight tines at tu$$ fields ( H  2 3 kOe) over the temperature 
range investigated. An elabrate analysis of the 'in-field', M ( H ,  T) .  as well as 'zero-field' 
(spontaneous). M(0, T), magnetization data reveals that: (i) spin*vave excitations give a 
dominant contribution to thermal demagnetization of M ( O , T )  for T 5 O.lT, whereas 
Stoner single-panicle excitations are mainly responsible for the decline of M ( 0 , T )  
with increasing temperature for T 2 O.lT,; (ii) the particle-hole pair excitations are 
very wakb "elated; (iii) the spin-wave stiffness coefficient, D, is brdepotdort of 
H, renormalizes with temperature in accordance with the expression predicted by the 
itinerant-electron model and the DITc ratio possesses a value '1 0.24 meV A2 K-' 
'ypical of Co-lxsed amalphous alloys; and (iv) Stoner's criterion J N ( E p )  > 1 for the 
occurrence ai ferromagnetism is satisfied. The unusually large value of ,yhr(O), linear 
h t t  plot kntliemis at high fields and the above features (i)-(iv) of the magnetization 
daw find a straightforward explanation in tenns of a Uiwry proposed for weak itinerant 
trmmagnets. 

1. Introduction 

Amorphous (a-)Co,,Zr,, happens to be one of the relatively well studied composi- 
tions in the a-(Fe,Co,Ni),,Zr,, alloy series and yet the nature of magnetism in this 
glassy alloy is far from being completely understood. 'lb elucidate this point further, 
a-Co,,Zr,, has been regarded as a srvong itinerant-electron ferromagnet based on 
the recent low-temperature specific heat data [I] whereas the results of the early bulk 
magnetization (BM) measurements [2] provide strong evidence for Weak itinerant- 
electron ferromagnetism in this alloy. Moreover, no definite conclusions about the 
existence of spin-wave excitations at low temperatures could be drawn from the BM 
data [2]. It was immediately recognized [2, 3) that the spontaneous magnetization, 
M ( O , T ) ,  must be determined to a far greater accuracy than that achieved hitherto 
if an unambiguous separation of the spin-wave and singleparticle contributions to 
the thermal demagnetization of M ( 0 , T )  was to be accomplished. Highly accurate 
(accuracy an order of magnitude higher than achieved previously [2]) BM measure- 
ments on a well characterized a-Co,,Zr,, sample were undertaken in the temperature 
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range 4.2 K < T < 300 K with a view to resolving the controversy surrounding the 
nature of magnetism (we& versus strong itinerant ferromagnetism) and conclusively 
to support or rule out the presence of spin-wave excitations in this non-crystalline 
material at bw temperatures. 

S N f f i a i  and P D Babu 

2. Experimental details 

Amorphous cO,,Zr,o alloy was prepared in the form of ribbons (E 2 mm wide 
and s 0.03 mm thick) under inert (helium gas) atmosphere by the single-roller 
melt quenching technique. The amorphous nature of the fabricated ribbons was first 
verified by the x-ray diiTraction method using MO Ka radiation and then confirmed 
by the  high-resolution efectron microscopic (HREM) technique. The ribbons that 
did nut reveal any crystalline regions upon HREM examination were used for the 
present magnetization studies. Magnetization (M) of the 'as-quenched' alloy ribbons 
was measured as a function of temperature (T) m a relative accuracy of better than 
10 ppm (which is at least one order of magnitude higher than that achieved previously 
121) in the temperature range 4.2 to 300 K at various constant values of the applied 
magnetic fieW (tf) in the intelval5 kOe < H < 15 kOe by using the Fdraday method 
while the sample was drher cooled or heated at a rate of Y 0.5 K min-'. Also M 
was measored as a funcfion of H in fields up to 15 kOe (the upper instrumental 
limit) at nearly 5 K intervals from 4.2 m 300 K by means of a vibrating sample 
magnetometer while the sample temperature was held constant to within i50 mK 
at a given temperatufe setting. In all the measurements, H was applied along the 
length witbin the ribbon plane in order to minimize the demagnetizing effects, We 
die not venture m extend these measurements to temperatures well above %€I K lest 
the actual magnetic behaviour was falsified by structural relaxation. 
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Figure L Normalized magnetization plot- 
ted against temperature m the form 
[ M ( H , T ) / M ( H , O ) ]  versus T3/* and 
[ M ( H , T ) / M ( H , O ) ]  versus T2 at H = 
0 and 9 kOe. Tbe full cume and the 
straight line drawn through the data points 
reprerent the kart-squarer 6Ls based on 
equations (9) and (11) of the text. 
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Figure 2 Plots of [ M ( H , T ) / M ( H , O ) ] *  
against and T6l3 at H = 0 and 9 kOe. 
n e  straighl line drawn through !he data 
boints denotes tlie least-squares fit based 
on equation (10) of the texL 

3. Results and analysis 

In order to find out the exact functional dependence of the 'in-field' magnetization, 
M (  H ,  T ) ,  on temperature, the reduced magnetization, M (  H , T ) / M (  H , O ) ,  is plot- 
ted against TZ and T3I2 in figure 1 whereas the reduced magnetization squared, 
[ M ( H , T ) / M ( H , 0 ) ] 2 ,  is plotted against TZ and PI3 in figure 2. It is noticed 
from these figures that [ M ( H , T ) / M ( H , O ) ]  1 - BT3IZ for T 5 125 K while the 
functional forms [ M ( H , T ) / M ( H , O ) ] z  1 - AT2,  and [ M ( H , T ) / M ( H , O ) ]  = 
1 - A'T2 seem to fit the observed temperature variation equally well in the tempera- 
ture range 150 K 5 T < 300 K The latter result is not surprising in view of 
the fact that the coefficient A is so small as to make the term ATZ << 1 (as we 
shall show below) and the expression [ M ( H , T ) / M ( H , 0 ) I 2  = 1 - ATZ reduces 
to [ M ( H , T ) / M ( H , O ) ]  rz 1 - A T 2  with A' = A / 2 .  The above findings, i.e. 
M ( H , T )  mries as T3I2 for T 5 125 K and as T2 for higher temperatures, assert 
that the observed temperature dependence of the relative deviation of magnetization 
from its value at 0 K (no distinction between the values of M at 4.2 K and 0 K 
is made in this work), Le. [ M ( H , O ) -  M ( H , T ) ] / h f ( H , O )  = Am(T) ,  should be 
analysed in terms of the expression 

A m ( T )  = Am,,(T) t Am,,(T) (1) 

where the spin-wave, Am,,, and single-particle, Am,,, contributions to A m  are 
given by 14, 5J 

(2) 

and 

A'( H)T3I2 exp( -A /k ;T)  for a strong itinerant ferromagnet (?U) 
for a weak itinerant ferromagnet. (3b) Am,,(T) = 
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In equation (2), the BossEinstein integral functions 
m 

2 ( s , t H )  = ~ ( s ) ~ ( s , t , )  = n - ' e x p ( - n t H )  ( 4 4  
7l=l 

allow for the extra energy gap, gfiB H e r ( =  IC,",), in the spin-wave spectrum arising 
from the effective field 

HeR = H - 4nNA4 + HA (5) 

where N, A{ and H A  are the demagnetizing factor, magnetization and anisotropy 
field, respectively. Alternatively, in the presence of the external magnetic field, H, 
the magnon dispersion relation takes the form 

Eq(T)  = Aw,(T) = gfiBIfer 4- D(T)q2(1 - pS2) (6) 

where the coelficient p is related to the mean-square range of the exchange inter- 
actions, (r2), as (?) = 200 and the spin-wave stiffness coeficient, D, renormalizes 
with temperature according to the relations [4-7 

D ( T )  = & ( I -  D,T?) (70) 

D ( T )  = D,(1 - D,/2T5/*) (7b) 

and 

for the itinerant- and localized-electron models, respectively. Having determined 
the demagnetizing factor N from the low-field magnetization measurements and the 
splitting factor g = 2.09 k 0.02 (note that this value is in better agreement with the 
value g = 2.06 i 0.03 previously reported [SI for FCC CO than with the numerical 
estimate of g = 2.18 i 0.02 quoted [9] for HCP CO) and anisotropy field If, from 
ferromagnetic resonance measurements [lo], theoretical fits to the AmH data have 
been attempted based on equations (1)-(5) with D(T) in equation (2) given by 
either equation (7a) or (7b). When the least-squares fit involving six parameters, 
i.e. A 4 ( H , O ) ,  Do, D ,  or D,/,, p, A' and A,  yielded the result A/kB = 0 i 1 K, 
equations (I), (2) and (3b) involving the combinations D(T) = Do, D(T) = D o ( l -  
D2T2) and D(T) = D,(1 - D51zT5 /2 )  with either p = A' = 0 or p = 0, A' # 0 
or p # 0, A' = 0 were used for the subsequent fits. In order to ascertain the 
relative importance of the spin-wave and single-particle contributions to A m  within 
the temperature range covered in the present experiments, a 'range-of-fit' analysis 
has been carried out in which the values of pee fitting parameters in the above- 
mentioned theoretical fits arc monitored as the temperature interval T,,," < T < 
T,,, is progressively broadened by keeping T,,, fixed at 4.2 K and varying T,,,, 
from 28 to 300 K. The results of this analysis are depicted in figure 3. 

In these plots, we define a rcduccd sum of deviation squares x: as x2 for the 
A f (  U ,  7') data in a given temperature interval divided by the total number of data 
points (N) in that interval minus the number of free fitting parameters (N,,,,,), ie. 
x.? = x 2 / ( N  - Npara), so as to make comparison between the parameter values 
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Figure 3. Variation of free fitting parameters 
with rhe upper limit (TmaX) of the temperature 
range T,j. Q T < T,,, when Thn is kept 
6xed at 4.2 K and the least-squares fits lo the 
M(H = 9 kOe, T) &la are attempted based on 
(0)  equations (I) and (2) with P = Amsp = 0 ,  
(b) equations (l), (2) and (3b) with ,9 = 0 and (c) 
equations (1) and (2) with  AS^,^ = 0 ,  and in each 
case, D(T) in equation p) given by D ( T )  = Do 
(0), or equation (70) (U) or equation ( l b )  (A). 

obtained in different temperature intervals physically meaningful and to be able to 
assess the quality of such fits as a function of T,,,,,. Judging by the value of x: 
and by the stability of the fitting parameters against a wide variation in T,,,, the 
following observations can be made from the data presented in figure 3. (i) Out of 
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all the fits attempted, the one based on the theoretical expression that combines 
equations (l), (2) and (70) and sets Am,, = p = ~0 reproduces the observed 
temperature dependence of A m  with the greatest accuracy for T 5 170 K (this 
result is at variance with our earlier finding [2] that Am,, completely accounts for 
A m  in the entire tempcrature range from 4.2 to 300 K). But for temperatures above 
170 K even this combination, like other combinations, fails to provide an adequate 
description for the observed variation of Am with T in that most of the fitting 
parameters, including xf, exhibit unphysical increase with T,,,. (ii) Regardless of 
the temperature range chosen for the fit, inclusion of the single-particle contribution 
(the TZ term) or the higher-order spin-wave term (the T5/2 term) besidc the T3I2 
term in equations (1) and (2) leaves values for the parameters of the T3I2 fit (i.e. 
the fit that makes use of equations (1) and (2) with Amsp = p = 0) practically 
unaltered and does not bring forth any improvement in the quality of the fit. On 
the contrary, x: assumes a slightly higher value and the additional prameter (i.e. 
A’ in the former case and 0 in the latter) possesses negligibly small value. (iii) The 
quality of the last-squares fits to A m  data based on the theoretical expressions that 
set D ( T )  = Do is much worse compared with those that allow D to vary with T in 
accordance with either equation (7a) or (7b). (iv) The functional dependence of D 
on T for T 5 170 K is better described by equation (7a) than by (7b) as inferred 
from the value of x:, which is consistently lower for the fits that employ equation (7a) 
than for those that use equation (7b). For the sake of completeness, the A m  data 
have also bccn fitted to equation (1) with Am,, = 0 and Amsp given by equation 
(3a) or (3b), with the result that equation (36) yields a variation of A m  with T 
in close agreement with the experimentally observed one only in the temperature 
interval 220 K 5 T Q 300 K whereas the theoretical variation predicted by equation 
(3a) does not bear any resemblance whatsoever to that observed within the specified 
temperature range even with unphysical values for the parameters A‘ and A. The 
lower limit T’ 220 K for the temperature range Over which equation (3b) or its 
more general form, i.e. 

S N Kaul and P D Babu 

[ h f ( H , T ) / M ( H , O ) ]  = C’- A‘T2 (Sa) 
adequately describes the temperature dependence of A m  is determined from the 
‘range-of-fit’ analysis, in which T,,,, is kept k e d  at 300 K and T,,, is progressively 
lowered towards 4.2 K, by identifying T’ with the temperature at which xf goes 
through a niininiuni as a function of Tni, (figurc 4(b)). Having determined T* in 
this my, the optimum values for the fitting parameters are obtained by monitoring 
them as a function of T,,,, (as was done previously) in the ‘range-of-fit’ analysis 
wherein Tni, is held constant at T’ and T,,, is raised towards 300 K (figure 4(a)). 
Finally, we made an attempt to fit the A m  data to the empi r id  expression, Le. 

[ M ( H , T ) / M ( N , 0 ) j 2  = C - 2 A T Z  (86) 
suggested by the plots shown in figure 2, using the ‘range-of-fit’ analysis of the 
type just mentioned in connection with equation (36) or (Sa). The results of this 
analysis are also included in figure 4. It is evident from the data presented in 
figure 4 that equation (Sb) provides a better fit to the Am(?’) data over a wider 
temperature range than equation (36) or (8n) does. Note that in figure 4 xf values 
for the tit?, based on equations (Sa) and (86) are calculated for the data in the form 
Af(H,T)/M(H,O) = 1 -Am(?’)  with a view to ascertaining which of the fits is 
better. 
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Figure 4 ((I) Variation of free fitting p?rametem witb Ihe upper limit CTmax) of the 
temperature range T,j. < T < Tmax when T,i. 5 kept Bed ai T" and the least- 
squares fils lo !he M ( H , T )  dala taken at H = 0 and ¶ kOe are allempled based 
on equations (80) (open symbols) and (86) (full symbols). (b) Variation of x: with 
the lower limit T,i, (upper h i t  Tmax) of the temperature range Tmin < T < Tma* 
when TmAx (T,,,j.) is held constant at 300 K (T') and ~!ie least-squares fits to the 
M ( H , T )  data laken at H = 0 and 9 kOe are attempted based on equations (5) (+) 
and (Sb) (0). 

The magnetization data taken at other ked values of the external magnetic fieid 
have been analysed the same way as mentioned above for the M( H, T) data taken 
at H = 9 kOe. Such an elaborate data analysis reveals that 

Am(T)  = [ g ~ , / M ( H , 0 ) 1 2 ( 1 3 , t H ) [ l i g T / 4 ~ D 0 ( 1  - DaTZ)J3/Z (9) 

for 0 5 T 5 175 K with g = 2.09 i 0.02 [IO], D, = 386 i 4 meV A2, D, = 
(2.58 f 0.32) x lo-' K-2, M ( H , O )  = 1033.56 G af H = 9 kOe, 

[ M ( H , T ) / M ( H , 0 ) ] 2 =  (0.9973i0.0002)-2(1.95~0.01) x 10-'T2 (10) 

for 210 K 5 T < 300 K and 

[ M ( H , T ) / M ( H , O ) ]  = (0.9988i0.0001)-(2.005&0.020) x 10-*T2 (11) 

for 220 K 5 T 5 300 K In equations (9)-(11), all the parameters vrirh the exception 
of M ( H , O )  and Z(q,t,) are independent of the external field H. The least-squares 
fits (9)-(11) are represented by the straight lines (curves) drawn through the data 
points in figures 1 and 2. 

Figure 5 shows M 2 (  H, T) plotted against H / M ( H ,  T) at a few representative 
but Iixed temperature values in the range 4.2 to 300 K In accordance with our ear- 
lier findings [2]: (i) the magnetization does not saturate even in fields as high as 
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Figure 5. M 2 ( H , T )  versus H / M ( H , T )  isotherms at a iew representative lempera- 
t"R%. 

15 kOe at low temperatures; (U) the high-field susceptibility, xhf, has a fcniperafure- 
indepcndenf value of (3.510.5) x emu g-' Oe-' within the temperature range 
4.2 K < T < 300 K, and is an order of magnitude larger [ l l ]  in this glassy ai- 
loyt than in crystalline &; and (E) the Arrott plot (M2 versus H I M )  isotherm 
are nothing but a set of parallel straight lines for ficlds II 2 3 kOe and for all 
temperatures < 300 K Accurate values of the spontaneous magnetization at differ- 
ent temperatures, M ( O , T ) ,  are determined from the intercepts hf'(0, T )  on the 
ordinate of the M' versus I I / M  plot (figure 5) by a linear extrapolation of the 
straight-line isotherms to ( H I M )  = 0. The M ( 0 , T )  data so obtained are used 
to construct [M(O,T) /M(O,O)]  versus T' and and [ M ( 0 , T ) / M ( 0 , 0 ) ] 2  ver- 
sus T2 and T4/3 plots shown in figures 1 and 2 with a view to ascertaining the 
exact functional form of Af(0 ,T) .  It is evident from the data presented in these 
figures that M (  0 , T )  follows the sanie temperature dependence as A f (  If, T )  does. 
Thus, equations (9) and (10) with M ( H , T ) ,  M ( H , O )  and Z(g,t,) replaced by 
M(O,T), A l ( 0 , O )  (= 1030.9lG) and E ( $ ) ,  respectively, provide the best least- 
squares theorctical fit to the M(0,T)  data too. The presently determined value of 
the spin-wave stiffness coefficient D = 386 f 4 meV A2 compares favourably with 
the value D, = 370 meV a' quoted by Kanemaki ef a1 (121 for a-Co,,Zr,, based 
on magnetization measurements and is in much better agreement with the inelastic 
neutron scattering (INS) estimate of D, = 385 mev A' for FCC &,,Fe, [13] or 
D, = 380 meV a' for FCC Co,,Fe8 [14] than with the generally accepted Ill] INS 
value D, = 510 meV A' for HCP Co. Furthermore, the values of M(0 ,O)  and 

t Admittedly, the highest value of the magnelic Beld used in the present mmsurements is not intense 
enough to yield an accurate estimate of the Iugh-field ruxeptibilily, X ~ C .  Nwenhels, xhl for other 
crystalline OT amorphous ferromagnets evaluated in a held nnge "parable to that used in Ihe present 
case undoubtedly has a much smaller value than dial for the glassy alloy in question. 
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M (  H, 0) obtained from the least-squares fits exactly match with those (within 0.1%) 
measured at 4.2 K and the magnetic moment per Co atom at 4.2 K, pco = 1 .52pB,  
conforms well with the value 1.56 pB for FCC Co [15] but not with that (1.71 pB) 
reported [ll] for HCP Co. 

4. Discussion 

Before embarking upon a discussion of the results, we briefly summarize the main 
finding. (i) Magnetization does not saturate in fields up to 15 kOe at low tempera- 
tures and high-field susceptibility is independent of temperature in the entire tempera- 
ture range covered in the present experiments. (U) M z (  H ,  7') versus H I M (  H ,  T) 
isotherms are linear over a wide range of temperatures particularly at high fields 
(these isotherms exhibit a marked curvature at low fields). (YU) The spontaneous 
magnetization, M ( 0 ,  T), varies with temperature as 

[ M ( O , T ) / M ( O , O ) ]  = 1 - B P I 2  

[ ~ . I ( O , T ) / M ( O , O ) ] ~ =  I - Z A T ~  (13) 

(12) 

for T 5 175 K and 

for 210 K 5 T < 300 K with A = (1.95 f 0.01) x 
Though the theory, based on the Stoner model, proposed by Edwards and Wohl- 

farth (EW) [lG] for weak itinerant ferromagnets is capable of explaining qualilativefy 
the ObSeNatiOILS (i) and (ii) mentioned above, EW theory Cannot account for obser- 
vation (ii) because it asserts that [ M ( 0 , T ) / M ( 0 , 0 ) ] 2  o( Tz (equation (13)) at all 
temperatures T << TF (the effective Fermi degeneracy temperature) and invariably 
overestimates T,. As a consequence of the latter limitation, this theory yields a value 
for the coefficient A in equation (13) which is an order of magnitude smaller than 
that actually observed. Of all the theoretical treatmenm [17-221 that overcome the 
major deficiencies (failure to predict the Curie temperature correctly and to explain 
the Curie-Weiss behaviour of magnetic susceptibility for T > T,) in the conven- 
tional Stoner model, only the one [20] that includes the corrections to the Stoner 
model arising from the fransverse as well as longitudinal local spindensity fluctuations 
and incorporates a natural temperature-dependent cut-off wavevector for the &er- 
mally excited modes offers a straightfonvard explanation for all three observations, as 
shown below. This theoly, due to Lonzarich and Billefer (LT) [20], yields a magnetic 
equation of state, valid at high fields only, for weak itinerant ferromagnets of the 
form 

K-'. 

H = a ( T ) M ( H , T ) + b M 3 ( H , T )  (14) 

with 

a(T) = -[2x(O,o)]-'[l- (T/T,)2] 

6-1 = 2 x ( 0 , 0 ) M 2 ( 0 , 0 )  



6438 

where 
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X(O,O) = Np;N(EF)(TF/T,)’ = N P ~ N ( E F ) S  (17) 

M 2 ( 0 , 0 )  = ( N p B p ) 2  = (Sy)-’ (18) 

TF2 = ( n 2 k i / 6 ) v  (1% 

1, = [”(EF)/N(&)I’ - [N”(EF)/N(EF)I (20) 

S = [ I N ( E F )  - 1 j - l  (21) 

Y = { 8 N 2 & 1 N ( E ~ ) I 2 } - ’  { [ N ’ ( E F ) / N ( E F ) I ’ -  [N”(EF)/~N(EF)~}. (22) 
In equations (15)-(22), x(0,O) and g are the zero-field differential susceptibility 

and moment per alloy atom at 0 K, respectively, S is the Stoner enhancement factor, 
I is a measure of thc exchange interaction, Ai is the number of atoms per unit  volume, 
N(EF) is the density of single-particle states at the Fermi lcvel E,, and N‘( E , )  
(N”(  E,)) is its rust (sccond) energy derivative. An expression for M (0, T )  valid 
over a wide range of intermediate temperatures and the same as equation (13) can 
be obtained from equation (14) by setting H = 0 in this equation and solving for 
hf(0,T). Depending on whether only equations (15) and (16) or whether equations 
(15)-(22) are used to substitute for the coefficients a ( T )  and 6 in equation (14), two 
different expressions for the coelficient A in equation (13) arc obtained, i.e. 

A = ( 2 T 3 - l  (23) 

A = 4(27rkBf/H)2[N(EF)12 (24) 

with 

f2 = {[“(EF)/N( - [N”(EF)/N( / { ~ [ N ’ ( E F ) / N ( E F ) I ~  

-[N”(EF)/N(EF)~}. (25) 
While the properties (i) and (ii) are an immediate consequence of the form of 
equation (14), the temperature-independent nature of the coefficient b and weak field 
dependence of the coeficients a and 8 ,  the temperature wriation of spontaneous 
magnetization of the type given by equation (13) follows from equation (14) as 
elucidated above. Moreover, the LT model, unlikc the Ew model, correctly predicts 
that M(0,T) a T3I2 at low temperatures and M2(0,T) a T4/3 for temperatures 
close to T,. Thus, within the framework of the LT model, the above obselvation (E)  
(cquations (12) and (13)) implies that the spin-wave excitations alone and the Stoner 
single-particle excitations as well as local spin-dcnsity fluctuations are responsible for 
the thermal demagnetization of spontaneous magnetization for T 5 175 K and over 
the range 210 K 5 T 5 300 K, respectively. Considering the well known fact that 
the local spin-dcnsity fluctuations get strongly suppressed [7, U] in the presence of 
an external magnetic field, the close agreement between the M ( 0 , T )  and M (  H ,  7’) 
data (figures 1 and 2) strongly suggests that the quadratic temperature variation of 
[M(O,T) /M(O,O)]’  for T 2 200 K (equation (13)) should mainly arise from the 
Stoner single-particle excitations. Alternatively, the particle-hole pair excitations in 
a-Co,,Zr,, are very weakly correlated. In such a case, the LT theory predicts that 
h f ( 0 , T )  should vary with T in accordance with equation (13) over a wide range 
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of temperatures extending up to T,. A reliable estimate of T, can, therefore, be 
obtained by substituting the presently determined value of A in equation (23). This 
procedure yields T, = 1605 4 5 K, which conforms well not only with our earlier 121 
estimate of 161545 K and with the ertrapolated value [24] of 1 5 0 0 4 1 0 0  K, arrived 
at by fitting a Brillouin function to the temperature dependence of magnetization 
exhibited by a-Co,,Zr,, up to its crystalline temperature, but also with the value 
(Y 1600 K) predicted by the recent theoretical calculations 1251 (which take into 
account the thermal fluctuations in the local magnetic moment as well as the local 
spin-density fluctuations induced by the structural disorder) for amorphous Co with 
FCC-like atomic short-range order. 

Equation (24) permits a calculation of N( EF) provided the exact value of the 
function f (equation (25)) is known; the values for the quantities p and A have 
already been determined. This requires a complete knowledge about the actual shape 
of the density of states (Dos) curve (see equation (Z)), which is lacking at present 
for the alloy in question. However, recent ultraviolet photoemission spectroscopic 
(UPS) studies [26] on a -TM,o~ lo  (TM=Fe, Co, Ni, Cu) alloys show that the Fermi 
level in a-Co,,Zr,, lies fairly close to the top of the narrow 3d band. If we assume 
that the X band is Gaussian-like in shape (which the W S  data [26] strongly indicate), 
f Y 1 (see the appendix). Setting f = 1 and using the presently determined values 
A = (1 .9540.01)  x lO-’K-* and p = 1.3GGpB in equation (24) yields the value 
for the DOS at EF as N(E,)  = 1.5810.01  States eV-’ atom-’. This value should 
be compared with the band-structure estimates 1.24 for HCP Co [27], 1.98 for FCC 
CO 128, 291, 1.17 for CoJr [30] and 1.32 (the local N ( E F )  values at the Co and Zr 
sites given by Oelhafen [30] are weighted by the relative concentrations of Co and Zr 
in Co,oZr,, to arrive at this value) for crystalline Co,,Zr,, alloy, and also with the 
values 1.7350.05 [31], 1.9410.02 [l] and 2.34k0.01 [12] deduced from the recently 
measured 11, 12, 311 values of the coellicient yE = ( 7 r 2 k k / 3 ) N ( E F )  of the electronic 
specific heat for a-Co,,Zr,, after making corrections [12] for the electron-phonon 
enhancement. (Note that all the values of N( EF) quoted above are in units of states 
ev-’ atom-’.) Consistent with the direct structural evidence [32, 331 for an FCC-like 
short-range order in the glassy alloy in question and with the exact coincidence of 
the values of g, pco and D for a-Co,,Zr,, with those previously reported for FCC 
Co, the above comparison, apart from bringing out the fact that reasonably good 
agreement exists between the results of magnetization and low-temperature specific 
heat measurements (see appendix) considering the uncertainty in the determination 
of the function f which appears in equation (24), demonstrates that N( EF) has 
nearly the same value for both a-Co,,Zr,, and FCC Co whereas the DOS at EF in a- 
Co,,Zrl, is much higher than that in HCP Co. In view of the well known fact that both 
spin-up and spin-down DOS contribute to N( E,) in the weak itinerant ferromagnet 
while N( E,) Y N, ( EF) for a strong itinerant ferromagnet, the large enhancement 
in N(E,)  for a-Co,,Zr,, compared to the value of DOS in the HCP Co (a strong 
itinerant ferromagnet) is a direct consequence of weak itinerant ferromagnetism in 
a-Co,,Zr,,. Thus, contrary to the previous claim 111, this inference in conjunction 
with our earlier observations, i.e. larger high-field susceptibility at low temperatures, 
TZ variation of M ( 0 ,  T )  over a wide range of intermediate temperatures, etc., asserts 
that a-Co,,Zr,, is a weak itinerant ferromagnet. 

Having estimated T, and N( E,) for a-Co,,Zr,,, a calculation of the exchange 
and band parameters is undertaken with a view to finding out how the calculated 
values compare with the corresponding values reported for other crystalline and 
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amorphous itinerant ferromagnets. First, the value x(0,O) = (3.07 kO.04) x lo-' 
for the 'zero-field' susceptibility at 4.2 K, x ( O , O ) ,  is calculated from the observed 
slope b-' (equation (14)) of the 11f2(H,T) versus H/M(H,T) isotherm at 4.2 K 
using equation (1G). The values T, = 1605 5 K, N ( E F )  = 1.94 f 0.06 states 
eV-l atom-' (this seems to be the most reliable value considering the high quality of 
the specific heat data from which it is deduced) and the above value for x(0,O) are 
then used in equations (17), (19), (20) and (21) to arrive at the numerical estimates 
s = 313 * 4, I N ( E ~ )  = 1 .028 A 0.003, r = 0.53 0.06 ey T~ = 9650 350 K 
and v = 0.9 * 0.1 eV2.  These values conform well with the corresponding values 
summarized earlier [2, 341 for a number of qstalline as well as amorphous weak itin- 
erant ferromagnets. While the presently determined value of I is in consonance with 
the value I = 0.49 eV reported [28, 291 for FCC Co, the above estimate for I N (  EF) 
shows that Stoner's criterion I N (  EF) > 1 for the occurrence of ferromagnetism is 
satisfied. 

S N Kaul and P D Babu 

5. Summary and conclusions 

An elaborate analysis of highly accurate magnetization data for the first time permits 
an unambiguous separation of spin-wave and single-particle contributions to, thermal 
demagnetization in a-Co,,Zr,, and enables us to draw the following conclusions. 

Magnetization at 4.2 K does not saturate even for fields as high as 15 kOe; 
the high-field differential susceptibility, xhl(0), is larger by at least one order of 
magnitude in the glassy alloy in question than in clystalline Co. 

M2( H, T )  versus H I M (  H, T) isotherms are linear at high fields over the entire 
range of temperatures investigated. The slope of these straight-line isotherms b nearly 
indepmdeflr of temperature within the interval 4.2 K 4 T < 300 K. 

Spin-wave excitations give a dominant contribution to thermal demagnetization of 
spontaneous magnetization, M ( 0 ,  T), for temperatures T 5 O.lT, whereas Stoner 
single-particle excitations are mainly responsible for the decline of M ( 0 , T )  with 
increasing temperature for T 2 O.lT,. 

The particlehole pair excitations are very weakly forrelared. 
The spin-wave s t f i e s s  coeficient, D, is independenr of the external magnetic 

field and posscsses a value close to that found in FCC Co. The DIT, ratio, which 
is a measure of the range of the exchange interactions, has a value Y 0.24 meV .&' 
K-', typical of Co-containing crystalline and amorphous alloys. 

The density of states at the Fermi level has as large a value as for FCC Co. 
The above aspects of the magnetization data find a satisfactory explanation in 

terms of a theory proposed by Lonzarich and Tiillefer for weak itinerant ferromagnets. 
The Stoner criterion I N (  EF) > 1 for the occurrence of ferromagnetism is satis- 

fied. 
In conformity with the results of the structural studies, the present data provide 

ample experimental evidence for FCC-like short-range order in the glassy alloy in 
question. 
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Appendix 

We assume that the peak in the density of states (DOS) curve near the Fermi energy, 
EF, can be approximated by a Gaussian probability density function, i.e. 

N ( E )  = (27r~~) - ’ ’~exp  { - + [ ( E -  ( E ) ) / u ] ~ }  (AI) 

where the mean or average energy (E) = !_”, E N (  E) d E and the mean square 
deviation orvariance U ~ = J Z ~ ( E - ( E ) ) ~ N ( E ) ~ E  SO that 

”(E,) = (dN(E)/dE)I,=,, = N(EF)((E) - EF)/~’ 

N”(EF)/N(EF) = [ ( ( E )  - EF)/u2JZ- l /u2.  (W 
In arriving at equation (A3), use has been made of equation (A2). The band param- 
eten v, y’ and f defined by equations (20), (22) and (25) of the text, respectively, 
can now be calculated using equations (A2) and (A3) as follows: 

= { [ ”( EF) /N( E5‘)1’ - [”‘( EF) /N( } = / U 2  (A4) 

(-4-5) 

(‘46) 

Y* = 24NZP;[N(E~)1’Y = {~[N‘(EF)/N(EF)I’ - [N”(EF)/N(EF)]) 
= 2[((E) - %)/u212 + l /u2 

2 -112 f = (v/7*) = {I + 2[((E) - EF)/~] } 
It is evident from equation (A6) that f = 1 only when EF = (E), i.e. when EF 
denotes the energy corresponding to the top of the 3d band. Now that the present 
magnetization data give the value for U as U 1 eV-’ (see the text), the variance 
u2, according to equation (A4), equals 1 eVZ and equation (A6) reduces to 

1 - [ ( ( E )  - EF)/OI’. 

f E 1 - ( ( E )  - EF)’. (A7) 

In order that the magnetization data yield the same value as that (1.94 states eV-’ 
atom-’) obtained from the low-temperature specific heat data [I], the parameter f 
in equation (25) of the text should possess the value 0.81. In the light of equation 
(A7), this implies that the Fermi level should lie below the top of the 34 band (in 
consonance with the recent UPS studies [26] on a-Co,,Zr,,) and the energy difference 
between Etop = (E) and EF should be E 0.4313 eV. Consistent with the observations 
made at various stages of the text, this value is Close to that (0.4 eV) found [ l l ]  in 
FCC CO. 
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