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Temperature dependence of the magnetization of nickel*
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The magnetization of a single-crystal nickel sample has been measured between 4 and 300 K in
applied fields up to 13.5 kOe. The results are shown to fit spin-wave theory, but the numerical values
of the spin-wave stiffness constants obtained are not in agreement with neutron-determined values. The
discrepancy appears to be associated with a contribution to the temperature dependence of the
magnetization from Stoner single-particle excitations; this contribution is found to be as large as the

spin-wave term.

I. INTRODUCTION

Detailed measurements of the temperature de-
pendence of the magnetization of iron'’? and nick-
el'®* at low temperature support, in general, the
ideas of spin-wave theory,® i.e., the magnetiza-
tion varies initially as 7°/2, The coefficient of
the T°/2 term is related to the spin-wave stiffness
coefficient D, which can be measured independently
by inelastic-neutron-scattering measurements.®
Results of such experiments have only recently
become available. In a previous paper,? we showed
that 'quantitative agreement was evident between
the values of D obtained from magnetization and
neutron-scattering” data for iron. In particular,
the temperature dependence of D observed in the
neutron-scattering experiments was matched by a
modification of the basic 7°/2 dependence of the
magnetization. A similar correlation of D values
obtained by the two independent techniques was
found for Fe-V alloys.?®

To study this correlation further, magnetization
measurements have been made from 4 to 300 K
in applied fields up to 13.5 kOe on a high-purity
(99.99% pure) single crystal of nickel with the
(111) easy axis of magnetization oriented in the
direction of the applied field. It is found that the
rate of change of magnetization with temperature,
which is in good agreement with previous re-
sults, 1*** is greater by a factor of ~2 than that
calculated from the neutron-determined stiffness
coefficient. This discrepancy suggests than an
additional contribution is being made to the tem-
perature dependence of the magnetization which
arises from Stoner single-particle excitations.
The functional form of such a term has been con-
sidered by Thompson ef al.,® and the present data
are considered in terms of their model.

II. EXPERIMENTAL

The single-crystal specimen, which weighed
~100 mg, was cut in the form of a prolate ellipsoid
with an axial ratio of ~2 and a (111) direction or-
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iented along the major axis. Because of the strain-
free machining techniques employed, the sample
was not annealed.

The current operating procedures for the mag-
netization equipment have been reported.!® Mag-
netizations are determined, sequentially, at one
of fourteen applied fields between ~0.5 and ~13.5
kOe as the temperature is slowly increased (~0.5
K/min) from 4 to 300 K. The data points obtained
(~1200) are subjected to a cubic spline computer
program, which allows evaluation of the data (at
each field) at any interpolated temperature. With
this procedure, a series of isotherms can be con-
veniently constructed, although data analysis can
also be performed on the original experimental
points.

The experiment is a relative one, and the ex-
ternal field gradients were calibrated with the same
nickel sample in a separate experiment. The sam-
ple was held at 5 K, and, by repetitive measure-
ments, a series of data points were obtained at
each field. The results were averaged, and the
gradients were calculated from the known mag-
netization of nickel. Inasmuch as the sample was
a single crystal with its easy axis oriented parallel
to the applied field, a constant magnetization
(=58.57 emu/g)™ independent of field was used.
This procedure could introduce small errors if the
high-field susceptibility term, !? neglected in the
calibration because of the limited field range of
the data, were temperature dependent. The gen-
eral comments in Ref. 2 about experimental errors
apply to the present results, although by improve-
ments in experimental methods the uncertainties
have now been reduced and vary from +0.003 emu/
g (0.05%) at low fields to +0.01 emu/g (0.02%) at
the highest field. These uncertainties were taken
into account, in terms of a weighting function, in
the data analysis.

1. RESULTS
Some typical magnetic isotherms are shown as

a function of internal field H; in Fig. 1. Because
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FIG. 1. Magnetic isotherms for a single-crystal nickel

sample at the temperatures indicated. Solid lines repre-
sent a fit to the spin-wave equation detailed in the text.

of possible uncertainties in the demagnetizing field
corrections (~1 kOe with an uncertainty of £ 3%),
data below H;=1 kOe are not shown and were not
used in the analyses to be presented. The value
of the magnetization (relative to the calibration
value) and the lack of field dependence at 5 K (Fig.
1) gives a good measure of the precision of the
data. The fact that the values at the lowest field
seem to fall systematically below an extrapolation
of the other data points at each temperature in-
dicates either an uncertainty in the gradient cali-
bration or a small H™ contribution to the mag-
netization which arises from possible defects, im-
purities, etc. in the sample. The increase in
field dependence of the magnetization as the tem-
perature increases is apparent.

An analysis of the results in terms of the spin-
wave equation was performed on the original data
points., According to spin-wave theory, the ex-
pression for the specific magnetization oy, (emu/
g) as a function of temperature 7(°K) and field
H(Oe) is?'®

/2
- Skp kg T )3 3 ves
OHyT_GOyO p (4,".(D0__D1T2) F(Z’t)+ ’ (1)

where g is the Landé splitting factor, ujp is the
Bohr magneton, p is the density, %5 is Boltzmann’s
constant, and F(,?) is a Bose-Einstein integral
function (¢t=kyT/gugH).*° The parameters D, and

D=Dy-D, T2, (2)

where D is the coefficient of the quadratic term of
the spin-wave dispersion relation.® The theoretical
and experimental justifications for Eq. (2), which
is phenomenologically equivalent to a 772 term
in the expansion of Eq. (1) to higher order in T,
are noted in Ref. 2. Values of p=8.9 g/cm® and
g=2.22 (independent of temperaturem) were used
in the analyses to be presented. The field H is
the sum of the internal and anisotropy fields; the
anisotropy field at each temperature was deter-
mined from the anisotropy constant as a function
of temperature.!?

The data were fitted, as in the case of iron, 2
to two versions of Eq. (1) one in which Eq. (1) is
as written and one in which the next term in the
expansion (7°/2) is included and a temperature-in-
dependent D is substituted for Dy — D;T?. How-
ever, three disposable parameters (0p,q and either
Dy and D; or D and the coefficient of the 7°/2 term)
are fitted in each version. With the present re-
sults for nickel, the second fit gives an rms error
~40% larger than for the first fit, and thus, as in
the case of iron,2 the first fit is deemed more ap-
propriate. Foner and Thompson? also note that
the deviations from the T%/2 law for nickel are
better fitted to a T7/2than a 7°/? dependence.

To show the temperature dependence of the data
more clearly, the original experimental values at
H;=10.6 kOe are plotted as a function of T%2
x F(3, t)in Fig. 2together witha line representing
the least-squares fit to all data (as a function of
temperature and field) up to 300 K. The first fit
[Eq. (1) as written] provides a good representation
of the experimental results. The parameters ob-
tained are given in the first line of Table I, and
the values were used to calculate the isotherms
given by the solid lines in Fig. 1; the quality of
the fit to the interpolated data lends confidence to
the interpolation procedures. A further feature
of the data in Fig. 2 is the small but systematic
discrepancy between the experimental and fitted
points at low temperatures [25-75 K; T%2F(3, )
<1000 K3/2], A similar effect was observed in the
earlier measurements on iron, and it is, most
likely, an artifact of the experimental setup (see
Ref. 2). This apparent uncertainty in the low-
temperature values has a substantial effect (in
terms of the magnitude of the rms error) when only
the data up to 150 K are fitted to the same equation.
The results of such an analysis are given in the
second line of Table I. The two sets of spin-wave
parameters are reasonably consistent. However,
they do not agree with values obtained by neutron-
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FIG. 2. Temperature dependence of the magnetization
of a single-crystal nickel sample at H;=10.6 kOe. Solid
line represents the same fit as in Fig. 1.

scattering techniques”!*~'7; the source of this dis-
crepancy is considered in detail in the next section.

IV. DISCUSSION

The present results for the temperature depen-
dence of the magnetization of nickel up to room
temperature appear to be in good agreement with
previous determinations.!’®* (Exact comparisons
are difficult because of differences in data presen-
tation.) As noted by the previous authors, the de-
viations from T2 behavior are pronounced (see
also Fig. 2). The comment by Foner and Thomp-
son® that these deviations may be fit by a 772 term

TABLE II. Results of neutron-scattering determina-
tions of the spin-wave stiffness constant D of nickel.

Applied field D (295 K) D(4.2 K)

Technique® (kOe) (meV A?) (meV &%) Reference
DM 3 374 +20° 14
SAS 1.8 410° 7
TA vee 433° 15
TA cee 400° 16

(454 +9)9
TA oo 458+ 94 555° 17
(544 = 6)¢

3DM: diffraction method; SAS: small-angle scatter-
ng; TA: triple-axis spectrometry.

Value given by authors.

®Value estimated from graph.

dvalue obtained by least-squares analysis of data (¢
<0.38 &) read from graph.

are supported by the present work, and it is pro-
posed that this term arises from the 72 dependence
of the spin-wave stiffness coefficient. Although
this fit provides a good representation of the data,
the numerical values obtained for the stiffness co-
efficient are not in agreement with those deter-
mined directly by neutron-scattering experiments.
The spin-wave dispersion relationship for nickel
has been studied with inelastic neutron-scattering
techniques by a number of authors.” %" The re-
sults appear to fit a quadratic dispersion law, and
no significant evidence of higher-order terms has
been found, except, possibly, in the data of Minkie-
wicz et al.'® The stiffness constant D has been de-
termined mainly at room temperature, and the
values are given in Table II. Inasmuch as the
room-temperature data of Ref. 17 are given only
graphically, D was determined by least-squares
analysis of values read from the graph. To mini-
mize uncertainties due to possible higher-order
terms in ¢, only data below ¢=0.38 A were used.
This same procedure, applied to the data at 4.2 K,
gave good agreement with the value quoted by
Mook et al.'" (Table II). When the room tempera-
ture data of Minkiewicz efal.'® are analyzed in
the same way (g=0.38 A™) the value of D(295 K)
is in excellent agreement with that obtained from

TABLE I. Results of various least-squares fits to the temperature and field dependence of the mag-
netization of nickel. Details of the fits are given in the text; the numbers in parentheses represent
statistical uncertainties in the final significant figure(s).

Max. rms
Temp. 0,0 D, D, B Alkg A error
(°K) (emu/g) (meV A% (107 meVA2K? (1075°K73/2) (°K) (1077 °K™?) (emu/g)
300 58.564(3) 362(1) 1.05(1) 0.0215
150 58.537(3) 395(5) 2.02(21) 0.0136
300 58.540(3) 384(4) 0.86(5) 0.95(9) 453(44) 0.0124
300 58.545(3) 472(16) 1.52(8) 1.95(20) 0.0173
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FIG. 3. Non-spin-wave magnetization of nickel Ao
(see text) plotted as a function of temperature. Solid line
labeled 1 represents a fit to Eq. (3), and the dashed line
labeled 2 represents a fit to Eq. (4).

the results of Mook et al.,!" and therefore a value
of D(295 K)=455 meV A? has been used in the sub-
sequent analysis. When the values of D(4.2 K) and
D(295 K) are inserted in Eq. (2), the following re-
sults are obtained: Dy=555 meV A% D, =1.15
X10™°72 meV A% °K™2. These neutron-determined
parameters can then be substituted in Eq. (1) to
calculate the spin-wave contribution to the tem-
perature dependence of the magnetization. On this
basis, a value of 0p,g0=56.56 emu/g is obtained,
in contrast to the experimental value of 54.57 emu/
g (Fig. 1); i.e., the total change in magnetization
between 0 and 300 K is a factor of 2 larger than the
spin-wave contribution.

To extract the non-spin-wave term, the spin-
wave contribution to the temperature dependence
of the magnetization calculated from the neutron-
determined parameters given above was subtracted
point by point from the data of Fig. 1, and the re-
mainder A¢ was averaged over the six highest
fields (to minimize random errors). The values
of Ac are plotted as a function of temperature in
Fig. 3; the systematic errors associated with the
experimental data in the range from 25 to 75 K,
noted earlier, are clearly reflected in the values
of Ao in the same temperature range. In addition,
the procedure given above yields the difference
between two large numbers and this increases the
chance of systematic errors in the values of Ao.
Nevertheless, the general magnitude of Ao and its
temperature dependence are established.

The data of Fig. 3 have been analyzed in terms
of the equations given by Thompson ef al. ® for the
contributions of single-particle Stoner excitations
to the temperature dependence of the magnetiza-

tion. In Thompson ef al.’s terminology, one

would expect nickel tobe a strong ferromagnet;i.e.,
holes are present only in the spin-down band. In
this case,

A0 =0y, o[ 21(T)/n) e™2/*87 (3)

where # is the number of holes in the spin-down
band and A is a measure of the band splitting. Ac-
cording to Thompson et al., I(T) is a function re-
lated to the density of states which, for nickel,
varies as 7%/2. Therefore 2I(T)/n in Eq. (3) was
replaced by BT%/2, and the data of Fig. (3) were
least-squares fit to Eq. (3). The results are pre-
sented as the solid line in Fig. (3); the parameters
obtained were B=(1.06+0.08)x10™° K~3/2 and
A/ky=162+10 K, with an rms error of 0.056 emu/
g. These values are in reasonable agreement
with values obtained by Thompson e al. from an
analysis of the literature data. When the tem-
perature range of the data to be fitted was gradually
decreased, the values of B and Ak decreased
rapidly; this effect presumably reflects the spuri-
ous bump in the data of Fig. 3 near 50 K.

An alternative approach in fitting the data of
Fig. 3 is to consider nickel as a weak ferromagnet
(holes in both spin bands). In this case, according
to Thompson et al., ® A¢ should vary primarily as

Ag= 0y, )AT?, (4)

where A is related to various band parameters.
The least-squares fit to Eq. (4) is shown as the
dashed line in Fig. 3; the rms error is 0,051
emu/g (smaller than for the two-parameter ex-
ponential fit), and the value of A is (3.50+0.03)
X10"" K2, When the temperature range of data
fitted was decreased to 5-150 K, a value of A
=(3.19+0.04)x 10”7 K™ was obtained with an rms
error of 0.025 emu/g.

An analysis of the fits to Eqs. (3) and (4) in
terms of the rms errors, and the systematics of
the parameters obtained over different tempera-
ture ranges would marginally favor the 7?2 fit.
However, an examination of Fig. 3 suggests that
neither Eq. (3) nor Eq. (4) provides a good rep-
resentation of the data. This may well reflect
systematic errors accumulated in the data reduc-
tion. A further point is that Eqs. (3) and (4), with
a suitable choice of parameters, can produce quite
similar magnetization-versus-temperature curves
at higher temperatures. It will therefore only be
possible to determine which equation is applicable
by precise measurements at low temperatures,
where the changes in magnetization with tempera-
ture are small.

In an effort to separate the two contributions
(from spin-wave and Stoner excitations) to the total
temperature dependence of the magnetization of
nickel, the terms given by Eqs. (3) and (4) were
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incorporated, in turn, into Eq. (1), and the origi-

nal experimental data were reanalyzed. The param-

eters obtained in the fit that included the exponen-
tial term are given in line 3 of Table I. Although
the rms error is considerably improved, the spin-
wave parameters (D, and D;) are not significantly
different from those obtained in the spin-wave-
only analysis presented in Sec. III (line 1 of Table
I). Thus this analysis is inconsistent with the neu-
tron-scattering results. When a T2 term (in the
magnetization) was added to Eq. (1), the param-
eters given in line 4 of Table I were obtained. The
spin-wave parameters are in better agreement
with the neutron-determined values than any of the
earlier fits, and the 72 coefficient is not inconsis-
tent with that obtained above.

V. CONCLUSIONS

The temperature dependence of the magnetiza-
tion of nickel up to 300 K can be well represented
in terms of the spin-wave equation. However, the

parameters obtained are not in good agreement with
the values determined directly by inelastic neu-
tron-scattering measurements. If it is assumed
that a contribution to the temperature dependence of
the magnetization arises from Stoner single-parti-
cle excitations, the data can be analyzed to yield
this term, which appears to be of the same mag-
nitude as the spin-wave contribution. The tem-
perature dependence of the Stoner excitation term
may be analyzed satisfactorily in terms of two al-
ternative forms proposed by Thompson et al.®

The results do not show, conclusively, whether
nickel has holes in either one or both spin sub-
bands, and additional extremely precise measure-
ments at low temperatures (<50 K) are required.
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