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We report the observation of a weak magnetic field dependence in the collision parameter for the de
Haas—van Alphen effect in the field range 3-10 kG of a Zn-Mn crystal containing 64 ppm Mn. This de-
pendence can be adequately accounted for if the collision parameter is permitted to be a function of mag-
netic field as well as temperature. The field dependence of the collision parameter which results from the
freeze-out of spin-flip scattering is deduced from the magnetoresistance in the same alloy.

Two of the authors! showed how the energy-depend-
ent relaxation time described by Kondo? could be in-
cluded in the de Haas—van Alphen (dHvA) effect and
used to explain the dHvA amplitude observed at low
fields in a dilute alloy of Mn in Zn.? Recently, new exper-
imental evidence? suggests that the collision parameter
(Dingle temperature) for these alloys scales logarith-
mically with temperature in the same manner as the
electrical resistivity. Such a correlation would be ex-
pected from a solely temperature-dependent relaxation
time. However, the experimental dHvA amplitudes at
two different temperatures as a function of the inverse
field were found to cross over at a finite field value,’ a
property which cannot be explained by either an energy-
or temperature-dependent relaxation time. In this paper
we report the observation of a weak magnetic field
dependence in the collision parameter for the field range
3-10 kG. It will be shown that the freezing out of the
spin degree of freedom by the applied field is responsible
for the observed field dependence of the collision
parameter and for the crossover of the dHvA amplitudes
at a finite field value.

For Zn-Mn we find the harmonic content of the dHvA
oscillations is small and hence the conduction-electron
differential magnetization » is given by?®
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where C is a constant independent of 7" and H, F=
hA/2me, A is the extremal cross section of the Fermi
surface perpendicular to H, 3*=eh/m*c, m* is the cyclo-
tron effective mass, ¢ is the dHvA phase factor, and
the collision parameter X is related to the relaxation
time 7 by
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The amplitude of the oscillations | » | can be expressed
as
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For normal scattering mechanisms, a graph of « against
H™! gives a temperature-independent straight line hav-
ing slope X.

In the present paper, the field modulation technique
described by Goldstein ef al.% has been used to measure
the “needle” orbit P; and two orbits on the second-zone
hole “monster” surface P; and P;. The measurements
were made with a modulation frequency of 3 kHz, at
magnetic fields between 3 and 50 kG and temperatures
from 1.1 to 4.2°K. The modulation amplitude was
fixed over the range of fields used and the differential
magnetization was deduced after scaling by the appro-
priate Bessel function and correcting for the variation of
skin depth with field.® The alloy sample used was cut
from the Zn 64 at. ppm Mn crystal previously used in
resistivity studies” which displayed the characteristic
InT term in the resistivity associated with the Kondo
effect. The crystal orientation for the dHvA studies
was at an angle 6=78° to the ¢ axis in the (010) sym-
metry plane, where the effect of magnetic breakdown®
in the needle orbit is small (0.39%) in the field region
H<10 kG.

The effect of alloying with 64 at. ppm Mn on the
Fermi surface of zinc is extremely small and no change
in the period or effective-mass ratio was observed in the
alloy. The dHvA amplitude of the needle orbit is shown
in Fig. 1 and the temperature dependence of the collision
parameter?® as shown in Fig. 2 is immediately evident. A
weak field dependence which increases with decreasing
temperature is also observed in the field region 3 kG<
H<10 kG. No field dependence due to magnetic
scattering was observed in the previous investigations®—®
in the field region H<3 kG. The crossover of two
different temperature curves noted by Holt and Meyers®
is also present in our data. The signal-to-noise ratio at
low fields and the beating of the periods P; with P; at
high fields limited reliable measurements to the field
range 3 kG< H <12 kG and temperatures below 3.6°K.
No field or temperature dependence was observed in the
larger orbits on the second-zone monster surface. This
agrees with similar null results by Holt and Meyers®
for the orbit P, and the lens orbit Py;.

The magnetic scattering was introduced into the
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[ resistivity p.(H, T') as follows:
- . . %,(H, T) =ne*hon(H, T) /27km, (5)
134 v e 3 where # is the number of electrons/cm?® and m is the

F1c. 1. Field dependence of the dHvA amplitude of the needle
orbit Py in a Zn 64 ppm Mn crystal. The value of « is related to
the ordinate o’ by a= (8*/27%) Ina’. The value of g*/2x% is
2.24 X107 Oe/°K.

expression for the collision parameter using Brailsford’s
relationship?

(x/%,) =, 4)

where f is a constant which will be taken as 1 for con-
venience® and x,(H, T) is the effective resistivity
collision parameter due to the spin component of the
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Fic. 2. Temperature dependence of the collision parameters
for the orbits Pi, P, and P; in the Zn-Mn crystal. The solid
line in Py is the calculated collision parameters from Eq. (8);
see text. The dashed lines for P; and P; are the type of variation
that would be expected if J,.q for the monster orbits were the
same as that for the needle orbit.

free-electron mass.

The field dependence in the resistivity arises from the
freezing out of the spin-flip scattering as calculated to
second order by Yosida!' and later carried to third
order? to include the Kondo term. The influence of
the applied field in the temperature region 7'> T} is
felt mainly in the second-order term p, which scales as
the square of the magnetization.’® Since 7> T} for
Zn-Mn at helium temperatures,* the local moment can
be considered as a free spin'® and the magnetization
approximated by M= VguoSB;(y), where By(y) is the
Brillouin function and y=gSuH/kT. Magnetoresist-
ance results'® on dilute polycrystalline alloys of Zn-Mn
indicated that the resistance in a finite field can be
described by'

pm(H, T)=cpa+con[ 1+ D(0) J InT]
X{1=[v$/S(S+1)1B(y)},
where c¢py4 is the potential scattering term,
cpm=3crmJ*S(S+1)/2ne?h E,

(6)
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F16. 4. Field dependence of the dHvA amplitude calculated
using Eq. (10). The low-field extrapolation to infinite fields is
shown as the dashed line.
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is the magnetic scattering term, S is the impurity spin
(equal to % for Zn-Mn8), D(0) is the one-electron
density of states per spin for the host, J is the s-d ex-
change constant, and the parameter v is well approxi-
mated by 141/g25(S+1). Using Eq. (6) the collision
parameter determined from Eq. (5) becomes

X(H, T>=X0+XK(T)(1— 3(%% B:(y)), 7

where
X (T) = (h/27wk) [ (ne*/m) con J[1+D(0) J InT7], (8)
Xo=nethcpa/2nkm, 9)

It is interesting to point out that in the absence of the
field-dependent term, i.e., B(y) =0, the above expres-
sion is identical to the expression derived* from a solely
temperature-dependent relaxation time. Figure 3 shows
X (H, T) as a function of H for various temperatures as
calculated from Eq. (7). In the high-field region where
the Brillouin function saturates, the collision parameter
becomes solely temperature dependent, whereas, in the
low-field region where the Brillouin function scales as
(H/T), serious discrepancies with a solely temperature-
dependent collision parameter are expected.

When the collision parameter, Eq. (7), is included in
Eq. (3), the dHvA amplitude function « can be written
as

which is a constant.

a=§
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Figure 4 shows « as a function of H calculated from
Eq. (10) using X (0, T) obtained from the low-field
results® where the field-dependent scattering is small.’®
The following features are evident:

(i) The existence of a collision parameter which is
temperature dependent.

(ii) An intersection for two different temperature
curves occurs at a finite value of 1/H. The temperature
dependence of the infinite-field intercept a,(T) is the
result of the low-field extrapolation to infinite field
shown in Fig. 4 as a dashed line. These values of a,(T)
are compared to the experimental values of Ref. 3 in
Table 1.

(iii) The curves for different temperatures converge
to the same value at 1/H=0, as expected from the
Lifshitz-Kosevich theory.?

(iv) A weak magnetic field dependence exists in the
field range 3-30 kG, the magnitude of which increases
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Tasre I. Comparison of the experimental results of Ref. 3 for
the collision parameter and infinite-field intercept e with the
values of these parameters calculated in the present paper for the
P, orbit.

Infinite-field

Collision intercept
Temperature parameter (°K) (1073 °K/Oe)
(°K) Expt Calc Expt Calc
1.7 6.140.2 6.22 3.544+0.04 3.69
2.6 5.740.2 5.72 3.4440.04 3.42
4.2 5.2+0.2 5.20 3.3440.04 3.38

with decreasing temperature. The magnetic field
dependence is negligible for fields less than 3 kG.

Since the low-field amplitude of the P; orbit oscilla-
tions could not be accurately measured in the present
experiments, it was impossible to directly determine
X(0,T). A first approximation to X (0, T) was ob-
tained from a best straight-line fit to « as a function of
H-! [Eq. (3), Fig. 1]. This with Egs. (7) and (8)
allowed X, and #ne’hcpn/2mkm to be estimated.® The
quantity D(0)J was determined from the collision
parameter measured at 3.6°K, where little or no curva-
ture in « as a function of H~* was observed. Using these
parameters and Egs. (8) and (10), « was calculated as a
function of H™\, § being chosen to obtain a fit of the
calculated and experimental values of a at H™'=
3X10~* G, The results of this calculation are shown
as the solid lines in Fig. 1. The value of X+ Xx(7T)
calculated from Eq. (8) for the P; orbits is shown as the
solid line in Fig. 2. As seen in Figs. 1 and 2, good agree-
ment between the experimental and theoretical values
of the amplitude and the collision parameter is obtained.

For the P; and P; orbits « is a linear function of H!
and the values of X are as shown by the points in Fig. 2.
The solid curves are scaled from the (H/T) dependence
of the collision parameter for the P; orbits using Eq. (7)
and fitted to the values of X at a temperature of 4.2°K.
Although the estimated magnitude of the effect for
these orbits is greater than the experimental error, no
temperature dependence was observed. The simplest
and most immediate suggestion for the nonobservation
of the effect would be a difference in the value for Js.q
between the needle and monster surfaces.
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The first four terms of the high-temperature expansion of the wavelength-dependent susceptibility x (k)
and the spin correlation function S(k) are calculated. Nearest-neighbor exchange interactions are assumed
with general spin values and a Bravais lattice. From these results the first four terms in the high-temperature
expansion of the effective range of the spin correlation are obtained for both ferromagnets and anti-
ferromagnets. The terms are slightly different according to whether the range is defined from x (k) or
from S(k), though they become identical limitingly close to the critical ordering temperature. The cal-
culated properties can all be measured by current neutron scattering techniques.

I. INTRODUCTION

In a recent paper Fisher and Burford! have given
a comprehensive study of the wavelength-dependent
properties of the Ising model. It would be desirable if
we could get similar insight into the Heisenberg model
with general spin value S, since this corresponds to a
case more commonly occurring in nature. The purpose
of this paper is to investigate the high-temperature
expansion of the wavelength-dependent properties of
this Heisenberg model.

An immediate extra complication arises for the
Heisenberg Hamiltonian over the Ising case because
there are two distinct wavelength-dependent properties
of interest. These are x(k), the susceptibility, and
S(k), the spatial Fourier transform of the two-spin
correlation function, where k is a general vector in
reciprocal space. For the Ising model these two quan-
tities are the same, to within a constant factor; the
differences arise essentially because the Heisenberg
Hamiltonian does not commute with S¢ on any partic-
ular atom while the Ising Hamiltonian does. For the
Heisenberg Hamiltonian the two quantities only become
the same at k=0 or in the limit as .S tends to infinity
(the “‘classical model”).

This paper deals with the expansion of both x (k)
and S(k) at high temperatures. For the special cases
of x(0) and x(t), where T is an antiferromagnetic

reciprocal-lattice vector of a loose-packed material,
Rushbrooke and Wood?? have given the expansions to
six terms. This involved a laborious calculation and,
seeing that the analogous calculations at general wave
vectors are even more laborious, this work only goes as
far as the fourth term for a general Bravais lattice of
spins.

Given the functions x(k) and S(k), an expansion
can be made about the point k=0 to give

x (k) =x(0)[1-&%°4+-0(%*) ] (1)

and
S(k)=S(0)[1—-£%*+0(k*)]. (2)

The quantity £ as defined by the above equations is
known as the effective range of spin correlation.! For
the Heisenberg Hamiltonian there are two such effec-
tive ranges £ and £, defined from the functions S(k)
and x(k), respectively. It can be shown that the
effective ranges become equal in the limit as the tem-
perature approaches the critical ordering temperature
from above so that the parameters have the same
critical exponent »;.

The quantities S(k), x(k), &, and & which are
calculated in this paper are all observable quantita-
tively by current neutron scattering techniques. The
physical principles involved in such experiments have
been reviewed recently by Marshall and Lowde! and



