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The magnetic moments ofa number of nickel-copper alloys have been measured in pulsed fields up to !50 kOe at temperatures 
between 2 and 45"K. It is established that the temperature and field dependences of the susceptibilities of the alloys investigated 
are sufficiently well described by spin-wave theory. 

MEASUREMENTS of the high-field susceptibility of 
metals and alloys at low temperatures have acquired 
special interest at the present time, since these meas­
urements make it possible, on the one hand, to check 
the conclusions of spin-wave theory, and on the other, 
to obtain certain information on the density of states in 
the metal at the Fermi surface[ll. By the high-field 
susceptibility Xhf• we have in mind the susceptibility 
of the para-process (true magnetization) in fields much 
greater than the field in which the contribution, deter­
mined by the magnetic anisotropy, of the rotation pro­
cess becomes small compared with the contribution of 
the para-process. 

Up to the present time, data have been given in the 
literature on the high-field susceptibilities of iron, 
nickel and certain alloysf2-7l. We have carried out 
measurements of the magnetic moments of a number of 
Ni-Cu alloys in pulsed magnetic fields up to 150 kOe 
in the temperature range from 2 to 45°K. 

The compositions of the samples investigated and 
their Curie points are given in the Table. We were 
interested in comparing the experimental data on the 
high-field susceptibilities with the values predicted by 
spin-wave theory, and determining the exchange parame­
ters of the alloys investigated. 

The pulsed magnetic field was created by the dis­
charge of a bank of capacitors through a multi-turn 
solenoid cooled by liquid nitrogen. In order to ensure 
stability of the magnetic-field configuration in the 
working volume during the time of the pulse, a system 
for securing the solenoid was used. The measurements 
were performed by means of an inductive differential 
detector, which made it possible to achieve high sensi­
ti vity and obtain good reproducibility of the results. 
Special arrangements for balancing the detector in am­
plitude and in phase made it possible to reduce the 
residual imbalance in a pulsed field of intensity 170 kOe 
with a pulse-front build-up of duration 30 msec to a 
value corresponding to a change of magnetic moment 
less than 0.1 Gauss. To increase the accuracy, the 
ferromagnetic samples were magnetized; this enabled 
us to avoid measuring ~M against the background of a 
large initial magnetic moment. In the investigation of 
the temperature dependence of the high-field suscepti­
bility, the temperature of the sample was changed by 
the method suggested in poJ. The relative accuracy of 
the measurements was 2%, and the absolute error was 
not greater than 10%. 

The values obtained for the magnetic moment as a 
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function of the magnetic field at different temperatures 
for the sample containing 45.7 at.% Ni are given in Fig. 
1. From the experimental values of the field depend­
ence of the magnetic moment, we obtained the depend­
ence of the susceptibility Xhf of the given alloys on the 
field H. In Fig. 2, these values are shown for three of 
the alloys investigated, as a function of the field at 
temperature 4 .2°K. 

Spin-wave theory gives the following temperature 
and field dependences of the magnetic moments raJ: 

M(H, T) ~M,(1-a',,[F('/,,tH)Is'f,)]-T'1• 

- a•;,(F('f,, tH) /s('/,)]f''•}, (1) 

whence we can determine xsw = aM/aH. Here 

a',,=s( ~ )~"( 4~nf'· 
F(n, t") 

1 oo x•-' dx 

= I'(n)J exp(t"+x)-1' 

where 

tli = gJL.H I k.T, 
x = Dk' i k"T, n = '/,, '/,, 

k being the magnitude of the wave vector of a spin wave. 
We have not considered the term with as;2, since 

the errors in a3;2 exceed the theoretically expected 
value of a 5; 2. Besides, at the present time there are a 
number of measurements of the magnetic moment as a 
function of temperature and fieldrs,uJ, which confirm 
that a 5; 2 amounts to less than one per cent of a3/2· 
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FIG. I. Change of magnetization I of the sample (45.7 at.% Ni, 54.3 
at.% Cu) as a function of magnetic field at different temperatures. 
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Sample*, I 
<•·w-''·11 

Sample*, I 

I I (a.,J-''· 
at.% at.% 

Ni \ Cu 
~.OK ash 

Ni I Cu 

9, °K aah . 
44.0 56.0 3.8 f. 9·10-2 13.8 5f.3 48.7 59 2.7-1o-• 238 
44,2 55.8 4.5 1-.3·1<>-• 18.1 93 7 550 ['] 9. 7-to-• 2200 
45.0 55.0 6,6 7.1·1<>-• 27.2 100 0 631. 8,8-1()-t 2345 
45.7 54,3 15.0 2.5·1<>-• 54.8 ['] 

*The samples were annealed for 80 hours at a temperature of ll0°C and quenched in 
water [8). 
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FIG. 2. Susceptibility of three of the alloys investigated as a func­
tion of the field at temperature 4.2°K: X-44.2 at.% Ni, 55.8 at.% Cu; 
e-45.0 at.% Ni, 55.0 at.% Cu; 0-45.7 at.% Ni, 54.3 at.% Cu. 

As is well known, a change of magnetic moment oc­
curs not only as a result of spin excitations, but also 
because of the existence of certain mechanisms leading 
to the Pauli, van Vleck and diamagnetic susceptibilities 
of a ferromagnetic substance. A comparison of the 
experimental data with theory was therefore carried 
out by means of a computer using Eq. (1) and allowing 
for the change of the moment due to these susceptibili­
tiesP2•13 l, In doing this, we regarded M0 and as;2 as 
parameters to be determined from experiment. To de­
termine these parameters, we used the experimental 
data for M(H)IT=const· 

In order to avoid the effect of the magnetic aniso­
tropy on the susceptibility, we had to study the change 
of magnetic moment well above technical saturation, 
i.e., in fields in which the contribution from the rota­
tion process is small compared with the contribution 
of the para-process. 

It is known that the anisotropy constants of the 
alloys investigated are small compared with the aniso­
tropy constant of nickel at low temperatures. We should 
expect, therefore, that for our alloys these fields do 
not in any case exceed the values determined for nickel, 
which are of order 16 kOe for poly crystalline nickel £141, 
and 5 kOe for a monocrystal oriented along the direc­
tion of the field[l5l, To check this assumption, we 
processed the data twice, without considering the value 
of M(H)IT=const: 1) up to H = 10 kOe; 2) up to 
H = 40 kOe. It should be noted that the difference be­
tween the values of as;2 determined in the first and 
second cases was found to be insignificant. 

The values of a3; 2 obtained for the alloys investi­
gated are given in the Table, with values of as;2 for 
nickel shown for comparison. The quantities (a3; 2}"2/3 

~ Dare also shown there. With these values of as;2, 
determined from the field dependence of the magnetic 
moment, we calculated and constructed curves of the 
temperature dependence of the susceptibility of the 
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FIG. 3. Experimental data on the susceptibility of the sample ( 45.7 
at.% Ni, 54.3 at~% Cu) as a function of temperature in different fields, 
together with the susceptibility curves calculated theoretically (solid 
lines): e-H =SO kOe, 0-H = 90 kOe. 

alloys investigated. These curves are shown in Fig. 3, 
together with the experimental data for the susceptibili­
ties. The parameters as12 determined give good agree­
ment between the calculated values and the experi­
mental data. It can be concluded that, within the limits 
of the accuracy we attained, the spin-wave theory 
describes well the temperature and field dependences 
of the susceptibility of the Ni-Cu alloys investigated, 
despite the fact that the spin-wave theory was devel­
oped for ordered systems. 

It seemed of interest to examine the correlation be­
tween the effective exchange integral from the spin­
wave dispersion law implicitly including the dependence 
on the concentration of magnetic atoms, and the magni­
tude of the Curie temperature. The value of the 
parameter a3; 2 determined from the experimental data 
correlates with the value of the Curie temperature e, 
measured in a weak alternating magnetic field by 
Robbins' method£16 1, of the alloys investigated. If we 
take into account that (as;2)"1 ~ 0 3/ 2 (from the spin­
wave dispersion law) and e ~ Jeff, where Jeff is the 
effective exchange integral between the ferromagnetic 
electrons of the alloys, we can expect a linear depend­
ence between e and (as;2t213 ~ D, as we have con­
firmed experimentally. 

1E. P. Wohlfarth, Phys. Lett. 3, 17 (1962). 
2V. E. Rode and U. Gofman, Nauchn. Dokl. Vyssh. Shk. 3, 148 

(1959). 
3V. E. Rode and Chang Shu-kung, Nauchn. Dokl. Vyssh. Shk. 

2, 160 (1959). 
4A. J. Freeman, N. A. Blum, S. Foner, R. B. Frankel, and E. J. McNiff, 

Jr., J. Appl. Phys. 37, 1338 (1966). 
5C. Herring, R. M. Bozorth, A. E. Clark, and T. R. McGuire, J. Appl. 

Phys. 37, 1340 (1966). 
6S. Foner, A. J. Freeman, N. A. Blum, R. B. Frankel, E. J. McNiff, 

Jr., and H. C. Praddaude, Phys. Rev. 181, 863 (1969). 
7J. H. M. Stoelinga and R. Gersdorf, Phys. Lett. 19, 640 (1966). 



570 V, E. RODE, et al. 

8C. G. Robbins, H. Claus, and P. A. Beck, Phys. Rev. Lett. 22, 1307 
(1969). 

9S. A. Ahern, M. J. C. Martin, and W. Sucksmith, Proc. R. Soc. A 
248, 145 (1958). 

10N. B. Brandt, E. A. Svistova, and M. V. Semenov, ITE. 2, 240 
(1970). 

11B. E. Argyle, S. H. Charap, and E. W. Pugh, Phys. Rev. 132, 2051 
(1963). 

12V. E. Rode, A. Blyushke, S. A. Finkel'berg, B. N. Krainov, I. B. 
Krynetskaya, and A. I. Lelchenko, Izv. AN SSSR, ser. fiz. (1972) (in 
press). 

13V. E. Rode, A. Blyushke, S. A. Finkel'berg, and B. N. Krainov, Fiz. 
Metal. Metalloved., (1972) (in press). 

14V. E. Rode and R. Germann, Izv. AN SSSR, ser. fiz. 28,433 (1964). 
15N. V. Zavaritski.l and V. A. Tsarev, Zh. Eksp. Teor. Fiz. 43, 1638 

(1962) [Sov. Phys.-JETP 16, 1154 (1963)]. 
16C. G. Robbins, H. Claus, and P. A. Beck, J. Appl. Phys. 40, 2269 

(1969). 

Translated by P. J. Shepherd 
130 


