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New measurement of the critical exponent P for nickel by microwave transmission'
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We measure the critical exponent P for spontaneous magnetization in thin foils of polycrystalline and single-

crystal nickel, with results, P = 0,357 ~0.008 for a reduced temperature range of 10 '
& c & 10 ' and

0.358 ~ 0.003 for a reduced temperature of 5 X 10 '
& c & 10 ', respectively. These values lie significantly lower

than values obtained by such nuclear hyperfine probe methods as angular correlation and Mossbauer

absorption, and somewhat larger than values obtained by applied-field methods extrapolated to zero or NMR
methods. Since this experiment employs "zero applied field" resonance observed by microwave transmission at
9.232 6Hz and requires a theory to relate the resonance signal to the magnetization, we discuss the question
of fit to theory, determination of necessary parameters, etc. , and conclude that the errors quoted here are
statistical and not theory dependent. We determine a value for the critical amplitude 8 of 1.27 + 0,03 and
1.23 ~ 0.02 for the two samples, respectively.

I. INTRODUCTION

In this paper we describe an experimental mea-
surement of the critical exponent P in polycrys-
talline and single-crystal nickel by an essentially
new technique. P is defined by the limiting onset
of magnetization M(T) near the critical or Curie
temperature T~ as

1nM e

where

c = (T —Tc)/Tc

denotes the reduced temperature. We say "essen-
tially new" because, although we have previously
described the method and have demonstrated its
utility in an experiment on gadolinium, "this is
the first measurement in which we can critically
test the theory dependence of the measurement,
assign a realistic value to its accuracy, and as-
sess its overall significance.

Measurements of P in conducting ferromagnetic
elements and alloys seem to be more difficult to
do with the accuracy needed to compare to recent
theory than, for example, similar measurements
in insulating materials using optical methods, or
with liquid critical-point behavior. ' ' Measure-
ments of P in nickel have been made by extrapo-
lating to zero applied field the magnetization in a
static magnetic field, and also by nuclear-mo-
ment "microprobe" methods such as nuclear-mag-
netic resonance (NMR) just below Tc, Mossbauer-
effect measurements, or time-dependent per-
turbed angular correlation measurements. The
former give values lower than ours and the latter
give values somewhat higher. Although these
other measurements cite accuracy comparable to
ours, none of the measurements are consistent

and some are not even self-consistent. We dis-
cuss these questions quantitatively in a later sec-
tion.

By way of introduction, we discuss our technique
in a qualitative fashion. It employs the micro-
wave-resonance-transmission method. If we place
a suitable conducting-metal sample as a common
wall between two microwave cavities, - one for the
application of a microwave oscillating field H, on
one side of the sample, and the other ta match a
transmitted signal on the other side to a coherent
low-noise receiver system, the system is ex-
tremely sensitive only to the desired mode of mag-
netic resonance transmission and eliminates much
of the noise originating in the source of the ex-
citing H, field. This technique was first used to
improve the observation of conducting electron
resonance in new metals"' and the literature on
this subject of transmission electron resonance
is, by now, quite extensive. '

Even if the magnetically resonant spins are not
free to move and transport a resonance signal
from one side of the sample to the other, as are
the conduction electrons, there is another mode
of transmission. We require a sample not so thick
as to completely prevent some normal skin-depth
leakage to be detectable as a signal in the second
cavity. If the sample is ferromagnetic or para-
magnetic and has a suitable magnetic field applied
to it, the skin depth is modified because it de-
pends not only on the electrical conductivity of the
sample but also on its magnetic susceptibility.
Even though there is only a small change in skin
depth, the "e folding" of the effect through many
skin depths produces a large measurable "reso-
nance" on the receiver side of the sample. In
practice nearly a watt may be applied at one side
and the normal skin-depth leakage, which typically
is only of the order of 10""W, may increase one
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or two orders of magnitude at certain values of
applied field.

One might use the words "magnetic dispersion
skin-depth enhancement" to describe the effect.
It is identical to "antiresonanee" known in earlier
ferromagnetic-resonance (FMR) experiments,
but the effect is much more easily seen in trans-
mission than in reflection. Physically, the en-
hanced transmission comes about because the spin
system of the sample can store energy from in-
ternal fields and reduces the usual attenuation ef-
fects of the metal by Joule heating in the micro-
wave eddy currents. We use the Maxwell eddy-
current equation and some form-'of constituent
resonance equations such as the Bloch-Bloember-
gen equation, the Landau-Lifsehitz equation, or
the Gilbert equation'&' to theoretically describe
the effect.

Essential to our experimental measurement is
that, whereas normal direct coupled magnetic
resonance is determined by a resonance condition
+= yH, where y is the gyromagnetie ratio and Hp

is the field inside the sample, the skin-depth en-
hanced transmission mode has a peak effect at a
condition co = yB, where B is the magnetic induc-
tion field inside the metal. Since B=H+4mM, it
is not necessary to have an externally swept mag-
netic field in order to obtain a resonance. In-
stead, one slowly drifts the temperature of the
sample through the transition temperature, and

by extracting the magnetization as a function of
temperature, one obtains the necessary data for
a value of P.

Aside from being a new experiment to compare
to others, the advantage of such a method seems
to be that it measures a true average value of mag-
netization sampled by the conduction electrons and
that it is a true zero-field experiment. The dis-
advantage is that it is not (initially) clear that the
theory dependence between the observed signal
and the actual magnetization is sufficiently well
established to interpret the signal and that the nec-
essary parameters are available to provide a good
measurement. An important part of this paper is
a discussion of this latter point. We proceed,
therefore, to details.

II. THEORY

A. Zero-field signal

The spin dynamics of a magnetic material are
given by an equation of motion for the magnetiza-
tion of the general form

dM
— =yMx H «+ ~ ' ~

e«

where the dots represent relaxation terms. The

first term on the right-hand side is just the torque
exerted on M by H,«. H,«may consist of several
parts. It usually includes the actual H field seen
by the magnetization M plus the effect of the ex-
change interaction written as an effective field
(2A/M, ')V'M. A is the exchange stiffness param
eter, M, is the value of the spontaneous (dc) mag-
netization. A detailed discussion of the contribu-
tion from this term to energy transport through
the sample is given by Manikopoulos et al. ,

' and
may be totally neglected in the transmission signal
of nickel.

H„, may also include the effect of an anisotropy
energy. This occurs when there is a preferred
direction for the alignment of the magnetization
with respect to the crystal axes and is equivalent
to an effective field in the "easy" direction. For
nickel at moderate temperatures these are the
[110]directions. " However, anisotropy fields
rapidly approach zero for a cubic crystal near T~
and amount to no more than a few Gauss in nickel
for T~ P 95 T~ xP, ix Such effects may therefore
be ignored in the critical regime.

Several forms of the relaxation terms have been
applied in describing resonance phenomena in mag-
netic systems. A Bloch equation form

=y(Mx H)dt trans
trans

was applied successfully to the transmission re-
sults of gadolinium by Alexandrakis et al. ,

' and
is attractive because of its inherent mathematical
and intuitive simplicity. M„, stands for the com-
ponents of M perpendicular to the static magneti-
zation M, . 1 is the phenomenological relaxation
time arising from processes which cause M to re-
turn to its direction along M, in the absence of an
exciting field.

In FMR work during the last ten years it has
been suggested that an alternate form, the Gilbert
equation, seems best to describe the results of
work done on transition metals and their alloys. "'
This equation is

dM y dM
dt e«

The relation of the line-shape parameter X to the
Bloch relaxation time v' is roughly

X~/yM =1/t,
and is therefore like a relaxation time that de-
pends on frequency and internal magnetization.

To determine the transmission of microwave en-
ergy through a metallic sample one uses such
equations in conjunction with Maxwell s equations
to obtain the wave vector for a solution that rep-
resents propagation through the material. A de-
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FIG. l. Sample slabs showing orientation and notation
used in the text. For regions I, II, III; L is the thick-
ness; h„ is the incident rf field; M~ is the magnetiza-
tion direction; and A-E are the propagation directions.

tailed calculation for the case of zero applied field
was presented by Manikopoulos, Sheng, and Car-
ver' by assuming Bloeh-equation dynamics and
the geometry indicated in Fig. 1. Their result
gave a propagation vector with the form

This phenomenon can be understood as follows:
Normal propagation of energy through a metal
involves a loss mechanism proportional to o&' as
the E field causes currents to flow. In the mag-
netic material near resonance, where magnetic
fields caused by currents couple to spins, energy
is stored in the spin system and a new mode of
propagation opens up that reduces the normal-loss
mechanism.

To solve the actual problem of transmission we
must match appropriate boundary conditions at
the sample surfaces to determine the value of h„
on the far side of the slab. This is a general pro-
cedure. The results apply for any given system
once the propagation vector k has been determined.
Consider the situation shown in Fig. 1. The wave-
vector outside of the slab (regions I and III) is given

by &o/c. In region II, we denote the wavevector by
k. A, J3, C, D, and E denote the amplitudes of
the H field. By writing down the appropriate ex-
pressions for the continuous tangential components
of E and H at the two surfaces in terms of these
amplitudes one may solve for the transmitted am-
plitude E in terms of the incident amplitude A. with
the result

where

(3) &/4 = -i (c/vc)k/( f f,), —

where

(5)

5'= c'/2vmo

and

S Q
M, (0) ' y4mM, (0) ' yi'4mM, (0)

'

M, (0) is the saturation magnetization at zero tem-
perature. We can already see the existence of th~
enhanced transmission of electromagnetic energy
from (3). For a nonmagnetic metal, we have k,'
= 2i/&', implying a Ii, = (1+i)/5 that leads to the
usual exponential damping of any electromagnetic
wave as it travels into the material with a charac-
teristic damping length or "skin depth" &. In the
magnetic case it is apparent that for small A, k,
nearly vanishes when Q =B implying no exponential
damping of the signal and a resonance in trans-
mission.

We can also obtain a solution for Gilbert-equa-
tion dynamics [Eci. (2)]. The wave vector in this
case is given by the expression

8' -zQA'
II' 11'(1+6' /R') -iAA'}' (4)

where R and Q are as before, but

Again, it is clear an enhanced transmission peak
occurs near Q =A.

f, = (1sike/4vo)' exp(HI'iL).

Transmitted power is proportional to
~
Z/A ~'.

It is therefore possible to compute the expected
signal from the value of the propagation vector k.

One can also obtain the reflected amplitude

4 ' exp(+ikL) —exp(-ikL)
ck f-f, (6)

The absorption signal is proportional to

IA I'- IB I' 1—IB/A I'.
IA I'+ IBI' 1+ IB/2 I'

In Fig. 2, the expected transmission for the
Bloch and Gilbert equations of motion is plotted
for values of parameters considered likely for
nickel. The foil thickness was taken to be 26.2 p, m
(the actual thickness of one of the nickel foils to
be used) and the conductivity, v=3.37X10"sec ',
was obtained from a published value" for nickel
at 325 'C(T = 0.95T,). The saturation magnetiza-
tion M, (0) is 510 G. The Gilbert relaxation pa-
rameter X= 2.3 ~ 10' sec was obtained from FMR
measurements fitted to this theory, "and a value
of w=3.4x10" sec ' in the Bloch equation was
chosen to give the same value of transmitted pow-
er at the peak.

The curves are rather similar. Both predict
the existence of a strong zero-field resonance
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I f I f I ) I / I / I certain orientation of M, in the sample to the po-
larization of the rf field. Actually, the orientation
of M, will vary with different domains. The effect
of domain structure in real samples is the subject
of Sec. IIB.

B. Domain structure
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FIG. 2. Theoretical variation of transmitted power
with internal magnetization. Horizontal axis is drawn
in the direction of decreasing magnetization to denote
direction of increasing temperature. Parameters used
for the curves described in text.

with a peak at about the same value of the internal
magnetization (near R = 0.48) and with nearly the
same width. Both curves converge to the value of
transmitted signal for an ordinary (nonmagnetic)
metal of conductivity o at R=0(T= Tc), Because
these theories predict differences for small values
of R(T near Tc), it,should be possible to use our
measurements to distinguish one from the other.

The procedure for extracting M,(T) from a mea-
surement of transmitted power is now clear: We
use a fitted theoretical curve P(M, ) to assign a
value of I, to each temperature. at which a given
measurement, of transmitted power is made.

We take care, however, to point out possible
difficulties with this method. First of all, the
determination of M, is theory dependent and re-
quires assumptions about the behavior of its pa-
rameters. For example, the conductivity 0 varies
significantly over the temperature range of inter-
est so some form of v(T) must be incorporated
into the analysis. We have further assumed that
r (or X) is nearly temperature independent. That
this might not be true is part of the motivation for
considering transmission in applied fields dis-
cussed in a later section.

Also, as one approaches T~, the resonant trans-
mission becomes somewhat weak; nonresonant
components of the transmission will begin to give
a significant contribution to the signal. Further-
more, in setting up our equations we assume a

Domain structure is usually not important in
magnetic resonance experiments at moderately
high frequencies because the relatively high fields
applied to observe the resonance signal are large
enough to orient all domains in their direction. In
materials with particularly strong anisotropy axes,
this may not always be so; however, with iron and
nickel an applied field of a few hundred Gauss is
usually sufficient.

At zero field, however, we must take into ac-
count how the domains are likely to arrange them-
selves in the thin foi1s under investigation; a fas-
cinating problem in itself and a subject of consid-
erable study. " Although many of the details are
of little consequence to our measurements, there
are, however, a few important points. First of
all, the magnetization mill lie in the plane of the
sample. This is an essential feature in the anal-
ysis of Sec. IIA and follows from the fact that the
magnetostatic energy density -&M H is small for
M in the plane and large and positive otherwise.

The second point is that one expects domains to
extend through foils that are sufficiently thin. Fol-
lowing Kittel" and more recently Purtton it ap-
pears that for nickel at high temperatures (T
=0.9 Tc) 'domains will extend through foils less
than about 100 p,m thick. This greatly simplifies
the analysis.

Nonetheless, one must still expect that M will be
oriented in various directions within the plane and
with respect to the exciting field for samples
greater than about 1 p, m thick. Further details of
how M will arrange itself in the plane will be
largely determined by the effective anisotropy
fields present in the crystal.

To see what effect this has on the transmission
signal we consider the case where the plane of
the rf field h, is oriented at an angle 0 with re-
spect to M=M, k. We write

hl Al sine' + kj cos~k —= hu + kx2~ ~

The transmission of the x component is described
by our wavevector k, . The transmission of the
component of h, parallel to M can be shown to be
nonresonant as in a nonmagnetic material; that is,
k', = 2i/O'. Thus k» will propagate as k, and give
an amplitude h,', at the opposite side of the foil,
whereas h» will propagate as k, and give h,',. Be-
cause of the nature of our apparatus, however
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[parallel resonant cavities (see Sec. III 8)], we
will be sensitive only to the component of the
transmitted signal parallel to the initial h, ; that
isy

jg3= fg~j sine+ 8~2 cos~.

The values of hf, /h„and hf, /h» may be obtained
using Eq. (5) of Sec. IIA with h, and h, substituted
for k. We write

hf, /h„= f and h,'~/h„= q.
Then h, = gh, sin'8+ qh, cos'8 or

h, /h, = ( sin'8+ q cos'8.

The experimentally measured value is h, /h, ' or

P(8) = ( sin'8+ q cos'8 '

=
j g (

' sin'8 + 'I q I

' cos'8+ ((q*+ g*q) sin'8 cos'8 .
(7)

Near the resonance peak, (» q and therefore the
resonance curve will have precisely the shape
given in the previous section. This justifies the
statement that the transmission signal is largely
insensitive to the details of the domain structure.
However, both very near Tc, where $ =q, and at
low temperatures, where $ —q, the curve will de-
viate from that shown in Fig. 2.

We consider Eq. (7) in more detail to see the
three most probable cases that exist as a result
of domain structure.

(a) Case I Modera. te anisotropy with one easy
axis direction along h, . Here 8 may assume the
vg, lues 0', 90', 180, and 270'.

P= -Q P(8) = g( $ '+ q ') .

ties nor amplitudes.
In Fig. 3 we compare these three cases using the

Bloch equation parameters of Fig. 2. Except for
overall scale factors, the three curves overlap
very closely as expected in the vicinity of the peak.
Away from the region of the peak, certain qualita-
tive features suggest it may be possible to deter-
mine which case best describes the experimental
results.

It appears desirable, therefore, to use single-
crystal sainples oriented perpendicular to a [100]
direction so that the foils would contain both the
easy [110]axes as well as the [100]axes. Either
of these could then be oriented along the rf polari-
zation.

For polycrystalline materials, often more read-
ily available, one could hope to obtain reasonable
results due to the small anisotropy mentioned. In
such materials the orientation of the magnetization
may be dominated by the crystallite size rather
than domains. In this case, the orientation of the
magnetization in each crystallite will try to line
up with the easy axis in that crystallite that min-
imizes the magnetostatic energy of the entire
sample. Although the magnetostatic energy will
still favor the orientation of M in the plane, one
might not expect that, for a crystallite size small-
er than the sample thickness, M will have the same
orientation from one side of the sample to the oth-
er. This can have a serious effect on the line
shape. Further discussion of this matter will be

1 & «1 ' I

CASE I
CASE Q

This gives a signal which is equivalent to averag-
ing the intensities of the resonant and nonresonant
signals.

(b) Case II Moderate a. nisotropy with easy axis
at 45 to h, . Here 8 assumes the values 45', 135',
225, and 315'.

P=4 P(B)=~ $+q '.1 1

This gives a signal which is equivalent to summing
the resonant and nonresonant amplitudes.

(c) Case III Random or. ientation of domains or
patterns where domains may assume all possible
orientations. This is probably the case for no an-
isotropy. Then 8 may assume all values with equal
probability. Averaging over 8 gives

a
LU

I-

M

1 i I i I & 1 s I

.6 .5 .4 .5 .2
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f 2g

P(8) «=-,'(I s ("In)'). -'I s.n ',
2X 0

which represents neither a simple sum of intensi-

FIG. 3. Theoretical variation of transmitted power
with internal magnetization for different domain struc-
tures. The definitions of the three cases shown, as
well as the parameters used, are given in the text.
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made when measurements on such samples are de-
scribed.

2j A
p ~5 g ~ g op

7.

2i( R
~Y g

(8)

where H= H„/4aM, (0) and the remaining param-
eters are as previously defined. k& and k„refer
to the (+) and (-}polarizations, respectively.

The first of these solutions leads to a resonance
condition. For small F, the equality of A and H
means that k~ becomes small and implies propa-
gation of an unattenuated wave through the ma-
terial. That is, when H„=&u/y one obtains the peak
transmission.

The second solution, however, never becomes
small and is nonresonant. Although the incident
linearly polarized rf field will contain equal
amounts of (+) and (-) polarization, the (-) polari-
zation can be ignored in the vicinity of a strong
resonance peak.

For some range of applied fields, however, this
is not so and the contribution of both polarizations
must be included for a meaningful analysis of the
signaL By examining Eqs. (8) and (9) we see that

C. Measurements in nonzero fields

One usually studies resonance phenomena by
varying an applied magnetic field at fixed tempera-
ture and using the data to determine. -e such reso-
nance parameters as o, w, and the relevant g fac-
tor. All of these parameters are involved in our
description of the zero-field resonance line shape;
an accurate determination of each of them is cru-
cial to the correct determination of M, (T} from the
transmission data.

We would also like to determine, in as many sit-
uations as possible, whether the expected reso-
nance behavior can be described by a consistent
form of the spin dynamical equations of motion.
By ca rying out measurements in applied field at
a variety of temperatures in the vicinity of Tc we

gain valuable insight into both these questions. In

particular, we find it easy to perform transmis-
sion measurements in an applied field perpendicu-
lar to the plane. of the sample and such measure-
ments allow a valuable comparison to be made be-
tween transmission and FMR in nickel at these
temperatures.

The theory of the transmission signal for non-
zero field was worked out by Alexandrakjs for
the Bloch equation case. For a perpendicularly
applied field H„he found two solutions for the
propagation vector, describing two circularly po-
larized waves along the applied field direction

for H&0+A, the k„ transmission will actually
dominate the k& transmission. Near A=B our res-
onant solution becomes

k~ = (2i/6')iA/(H+ iA),

which indicates the peak transmission decreases
markedly with B. Thus, as one exceeds T~ and
R 0, not only will the resonance become weaker
but the region where k„dominates the transmis-
sion will move closer to the resonance peak.
Strictly then, contributions from both terms will
be significant and we will include both as a matter
of course for all of our analysis.

Two additional points should be made at this
time. Firstly, one should be careful in using these
equations close to the region where H„= 0. As pre-
viously stated, we need not worry about the effects
of domain alignment for measurements made in

applied fields. However, at lower temperatures
where M, is large, a field of some strength may
be required to overcome the large magnetostatic
energy tending to kee'p M in the plane. The value
of H„necessary to align M may be estimated from
the energy density inside the foil -M H„. Indeed,
M will be aligned with H„ for II„~4nM, . To sat-
isfy this condition at the resonance peak, H„= &o/y,

for a frequency of 9.2 GHz, requires

M, 6 4(3.06 kg) = 244 G

or R~ 0.48 for nickel. Surprisingly then, even at
moderately low values of M we must be careful to
consider whether the observed line can actually be
described in terms of k„-and k&.

The final point concerns using the Gilbert equa-
tion instead of the Bloch equation in our analysis.
For the kind of measurements being described,
namely the observation of the transmission signal
versus applied field at fixed temperature, the only
essential difference will come from replacing of
the Bloch linewidth parameter l/v' by X&u/yM, .
Since & and M, are fixed for a given measurement
it will be easy to distinguish among possible theo-
ries: By determining the linewidth parameter at
a variety of temperatures we can ascertain wheth-
er it is essentially constant (the Bloch-equation
statement), varies with temperature as 1/M, (&)
(Gilbert-equation case}, or exhibits anomalies
near T~ such as those suggested recently by other
workers. "

III. EXPERIMENTAL APPARATUS

A. Microwave system

Since a thorough description of the microwave
system has been given elsewhere'~"~'0 we give
only a brief description here.

We use a V58C Varian Klystron to produce about
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700 mW of microwave power at 9.2 GHz. Because
the receiver used to detect the transmission signal
is very sensitive, the Klystron is phase locked to
a 540A Hewlett-Packard transfer oscillator to pro-
vide frequency stability and reduce noise. The re-
ceiving system is a superheterodyne detector which
employs a local oscillator signal created by gen-
erating a sideband on a few milliwatts of the Kly-
stron output with a 30-MHz i.f. in a double balance
mixer. The entire system is therefore phase co-
herent and the output of the detector is sensitive
to phase shifts present in the transmission signal
itself. In certain applications a continuously ro-
tating phase shifter is employed immediately be-
fore the sideband generation; this gives a sinusoi-
dal varying output whose envelope is proportional
to the signal amplitude. In the case of the work on
nickel, this feature was used almost exclusively.

We describe briefly the method employed to ob-
serve and measure the transmission signal. A
thin metallic sample of 15 to 20 skin depths thick
is sandwiched between two microwave resonant
cavities tuned to the fundamental Klystron fre-
quency p, . Incident microwave power of about 300
mW is sent into one cavity; the transmitted power
is picked up in the second cavity and sent to the
heterodyne detector.

Before each measurement or series of measure-
ments we switch to a "calibrate" mode of operation
where a calibrated attenuator sends a known frac-
tion of the Klystron output to the receiver. Then
the switch is set to observe the transmission cavity
and the actual signal is compared directly with the
calibration. This method is valuable to discrimi-
nate against any long term drifts of the Klystron
output power or detector. The variable attenuator
may also be used to check overall linearity of the
detector and therefore allow measurements to be
made over a wide range of signal intensity using
only a few calibration settings for comparison.
This technique is especially useful while drifting
temperatures to plot transmitted power against
temperatur e.

stability. The loaded cavities have a modest Q of
about 2500 at room temperature and 2000 at the
temperature of interest.

The Curie temperature of nickel (about 360'C)
is sufficiently high to require care to protect the
cavity and sample surfaces from oxidation. Dur-
ing measurements the entire assembly was en-
closed within a copper can sealed to contain an
inert atmosphere of helium or argon. The gas
was purified by a Centorr Model 2B titanium get-
tering furriace designed to reduce any reactive
impurities to less than 0.01 ppm.

The cavity construction reflects the require-
ment of being able to operate at relatively high
temperature: Hard soldering and ceramic cement"
were the rule; pieces that needed to be disassem-
bled were joined with aluminum wire seals; di-
electric materials were made of fused quartz;
electrical connections were made through ceramic
metal feedthroughs. "

The temperature scan near the critical region
caused enough change in cavity dimensions to re-
quire they be retuned after every interval of sev-
eral degrees. Moreover, after an interval of about
30 the coupling had to be readjusted to compensate
for coupling hole changes and changes in the cavity
Q. Though potentially more serious in destroying
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8. High temperature cavity system

A LUMINUM
0- R ING GROOVE
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The microwave cavity system shown in Figs. 4
and 5 consists of two identical microwave cavities,
1 8 in. lorig, 2 in. wide, and & in. deep, resonant
in the TE„, mode at about 9.22 GHz. Each cavity
is provided with a variable dielectric tuning rod
and coupler as shown. The sample is sandwiched
between them and between bvo metal sample plates
(described below) to form a common wall between
both cavities in a region where rf fields are the
most intense. The cavity block is made from solid
copper for high electrical conductivity and thermal

MESH
FOR PRECISION 0- RING

SAMPI E THERMOMETER GROOVE

HEATING
DISK

FIG. 4. Perspective and separated view of two-cavity
system showing locations for thermometry and split-
flange structure. Outer can and heater not shown.
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results. The large thermal mass of the copper
cavity. block insured that a 5' difference between
the outer can and the cavities themselves leads to
less than a .10-mdeg temperature gradient across
the sample. In practice, no temperature differ-
ence across the cavity block could be detected.
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signal calibration the latter effect was not large
(a few percent) over the most important tempera-
ture range.

A significant problem was the deformation of the
sample plate assembly which had to provide good
electrical contact between the samples and cavi-
ties. Since the second cavity had to be isolated
from the first to better than 150 dB, even the
smallest break in these seals would give enough
leakage to mask the real signal. The problem was
solved by providing each sample plate with a
0.020-in. -diam aluminum wire 0-ring on the sam-
ple side and a 8,-', in. wire mesh gasket" nor-
mally used to join waveguide flanges on the cavity
side. The wire mesh deforms reversibly and takes
up any distortion in the rest of the assembly with-
out distrubing the aluminum seals.

The system was used many times and performed
flawlessly up to temperatures of 400'C. The main
heating was provided by a 400-W Electrothermal
heating tape attached to the copper can. Since
this tape was powered by a stable dc supply and
was noninductively wound, only a 0.5 G field was
ever detectable in the cavity region.

Helium was chosen for the inert inner atmo-
sphere because of its high thermal conductivity.
A calculation of the heat flow into the cavity block
from the flange through the waveguide and by the
helium exchange gas showed roughly equivalent

// / /// /'////i'

PEG. 5. Cross section of cavity structure showing de-
tails of cavity tuning and coupling devices. Sample re-
taining plates not shown.

C. Temperature measurement and control

The primary thermometer used in the critical
regime of nickel was a four leadwire platinum re-
sistance device, supplied by Minco Products,
Inc. ,"which was positioned within the sample plate
assembly to be as close to the sample as physical-
ly possible. The strain-free platinum element was
calibrated in the temperature range 300-400'C
and said to have an absolute accuracy of +0.6 C
at 300'C and +0.7'C at 400'C. The repeatability
over this range was stated to be +0.05'C. During
each run, relative temperature readings are valid
to at least this precision, probably to +10 mK.

An ac bridge circuit was used with this thermo-
meter to avoid the effects of dc offset voltages, to
minimize self heating, and maximize sensitivity.
A change in resistance in the thermometer corre-
sponding to a temperature change of less than 5 mK
was readily observable. In several runs with the
same sample the positions of the various features
of the observed signal. remained constant to within
0.1 'C.

For measurements in zero applied field, the cavity
system was allowed to drift slowly in temperature and
no temperature-control functions were necessary.
For measurements in an applied field at fixed tem-
perature, however, a control was needed to keep the
temperature constant over an extended period of
time. For this we used two, additional heating
units attached directly to the cavity block which
could supply 12 W of power (see Fig. 5).

The heating disks were placed symmetrically
on the cavity block to ensure that no temperature
gradients would develop in the sample plane. A
small platinum-resistance thermometer" was
imbedded in one of them approximately 1 mm from
the heating element itself. This insured that ther-
mal lag is minimized between the heating and
sensing parts of the system to stop oscillations.

The actual temperature-control unit was partly
modeled after a unit designed and built by Grif-
fin." It has been used at cavity temperatures up
to 370'C. During the time required for a mag-
netic field scan the regulation was 50 mK or bet-
ter.

D. Sample preparation

The polycrystalline and single-crystal nickel
samples used for the actual measurements came
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from two different sources. A 0.010-in. -thick
99.999%%uo-pure polycrystalline foil was obtained
from Research Organic/Inorganic Chemical Corp.
A 0.035-in. -thick, 0.5-in. -diam (100) single-crys-
tal piece of nickel was generously provided by
%. Flood of Bell Labs.

The single-crystal piece was cut into two 0.015-
in. sections with a Lastec Model 2006A wire saw.
The sections were ground to about 0.007 in. using
fine emery paper.

A chemic@.l- lapping technique suggested to us by
Paul H. Schmidt of Bell Labs was used for the fi-
nal reduction in thickness. The samples were
mounted with glycol thalate wax on a special high-
precision machined stainless-steel lapping holder'
which exposed the samples at steps of 25 p, m to an
acid-impregnated surface. The acid etchant used
was a mixture of three paxts nitric, one part sul-
phuric, one part phosphoric, and five parts acetic
acid, also suggested by Paul H. Schmidt. This
etchant was poured onto a double layer of fiber-
glass cloth stretched on a flat glass table. The
glass was heated to 90'C to increase the chemical
activity of the etchant.

The lapping of each fact was done by hand, using
a figure-eight motion on the wet cloth and rinsing
in cold water at approximately 20-sec intervals.
Thickness was determined by a precision micro-
meter, accurate to 2.5 p, m. The variation of thick-
ness of the finished samples was no greater than
this. X-ray pictures of the single-crystal pieces
confirmed the (100) orientation and identified the
crystal axes for alignment to the cavity geometry.

IV. EXPERIMENTAL RESULTS

A. Zero-field results

sity, however, additional systematic errors arise
from the attenuator providing the calibration sig-
nal. A setting on the attenuator giving 100-dB at-
tenuation of the incident power level was chosen
to represent a signal of unit intensity. Although
readings within 20 dB of this level were determined
accurate to a few percent, uncertainties in the ab-
solute calibration level were found to increase
steadily as higher attenuation settings were used.

To avoid ambiguities in domain structure all tem-
perature scans were made by first increasing the
temperature to above T~ and the allowing the cavi-
ties to cool slowly. Incongruities noted in some
preliminary measurements could be entirely at-
tributed to changes in domain structure caused by
rapid changes of the anisotropy constants and mag-
netization from their low-temperature values.

For the measurements on the polycrystalline
sample we also found it necessary to apply a small
bias field to control the way the individual crystal-
lites would "freeze in" the direction of their mag-
netization in cooling below T~. In See. II, we noted
that a meaningful analysis depended on having a
uniform direction of magnetization extending across
the foil. In the case of the sample studied, apply-
ing a 10-6 field in the sample plane seemed suffi-
cient to get good results. For the single-crystal
sample no such bias field was used.

In Fig. 6 the experimental results are shown for
a 26.2- p, m polycrystalline nickel sample at a
microwave frequency of 9.202 GHz. The signal
intensity is plotted on a logarithmic scale. The
crosses shown for the individual data points cor-
respond to an uncertainty of two standard devia-

The technique for obtaining the zero-field trans-
mission signal as a function of temperature has
already been described in Secs. I-III. The cavity
system is allowed to drift slowly in temperature
in one direction over the region of interest. Be-
fore each measurement of transmitted power a
calibration signal is recorded and both cavities
are retuned and recoupled if necessary. Then the
transmitted signal is recorded and the temperature
recorded. Since approximately 15 sec are re-
quired to get a good signal reading, the accuracy
of the temperature is determined primarily by the
amount of drift during this period. Typically this
gives +0.1 C.

The accuracy of the transmission signal depends
on a couple of factors. At best it is limited by the
accuracy of the recording instruments used to ob-
serve the calibration and transmission signals.
This gives roughly a 2%%uo error. When observing
signals over. many orders of magnitude in inten-
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FIG. 6. Transmitted power vs temperature for a 26.2-
pm-thick polycrystalline. nickel foil. Critical tempera-
ture is at discontinuity at right.
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tions in temperature and signal power; that is,
roughly to +0.2 'C and a 5' signal uncertainty, re-
spectively. The curve flattens out for temperatures
above T~ where the magnetization is no longer
changing. From several runs using the same sam-
ple we obtain T~ = 359.7 'C +0.1'C. This value of
the Curie temperature agrees with that observed
for the highest-purity nickel samples measured by
other workers. "

These data represent the first observation of a
zero-field resonance in nickel. We see that the
peak of the curve is very sharp and occurs at
roughly 325.5'C or at a reduced temperature of
0.054. Thus the entire region of the resonance peak
lies within a temperature regime very close to T~.

We next determine the relevant resonance pa-
rameters to compare these data with the theory,
thereby also extracting a value of the critical ex-
ponent p. Recalling the discussion of Sec. llA we
observe, first of all, that the monotonic rise in the
experimental curve immediately below T~ clearly
favors a Bloch-type theory over the Gilbert de-
scription. The decxease in intensity just below Tc
for the Gilbert solution shown in Fig. 2 cannot be
reconciled even with domain considerations-it is
a basic feature of that theory. This feature is sim-
ply not present in the experimental data.

Therefore, the analysis is attempted using the
Bloch-equation results. Because this was a poly-
crystalline sample we omit any consideration of
domain structure. As we discussed in Sec. IIB,
such considerations should not be important over
the range where there is a strong resonant signal.

Basically there is only one parameter to be de-
termined: the value of the relaxation parameter &.

The value of the conductivity is taken from dc mea-
surements on high-purity nickel in this temperature
range. ' Because some workers have reported that
the conductivity at microwave frequencies may be
lower than the dc value"' some effort was made to
justly this assumption comparing the transmission
just above T~ to the transmission by a slightly
thicker foil from the same sample (40 p, ) and to
aluminum foils of 6.5 and 12.5 p, m at room temper-
ature. All of these results indicated a microwave
conductivity for the nickel sample consistent with
the dc value at T~: a=3.0&&10"sec '. We there-
fore obtained o(T) over the entire temperature
range from the dc measurements. The value of the

g factor was taken to be 2.2 from FMR measure-
ments;" the saturation magnetisation M(0) of nic-
kel is 510 G."

Since the theoretical description relates the
transmitted power to the internal magnetization
P(M) determining 7' required some assumption to
be made about the value of internal magnetization.
At the same time, such an assumption could not be
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FIG. 7. Log-log plot internal magnetization vs re-
duced temperature for polycrystalline foil. The slope
of fitted line (P) is 0.357.

allowed to prejudice the final result for M(T). This
was accomplished in the following way: For a given
value of v' the theory was used to predict the value
of M corresponding to the resonance peak. Then a
probable value of P was assumed to give M(T) in
the + maximum region of the peak and thereby com-
pute a value of X' for the 11 data points in this re-
gion. This was repeated with different values of T

until a best fit was determined. Because the res-
onance was so narrow, these data points all lay
within a +4'C range and a single value of conduc-
tivity (that of the peak) was used. Using such a
small temperature range allowed the guessed value
of P to be varied from 0.34 to 0.38 without affecting
the best value of v. These values of P encompass
those previously measured in other experiments.

The value for T thus determined was 2.86x-10 ".

+0.11x10""sec. From the value of M at the res-
onance peak of M(T)/M(0) = 0.471, the correspond-
ing value of the Gilbert parameter X may also be
determined. It is X=2.74 X10' sec ', which may be
compared to the value 2.3 x 10 sec from FMR
measurements. "

With this value of 7' the theoretical relation P(M)
may now be used to determine M(T) for the entire
temperature range. The value of transmitted power
at the peak is normalized to the theory for. that val-
ue of o and v and M(T) is determined for each tem-
perature T, from the known values of e(T,), P(T,)
and (const) r. We then convert T, to a reduced tem-
perature using our value of Tc to give M(e).

In Fig. 7 we plot log»M vs log„&. The error
bars shown reflect an uncertainty in e caused by
the 0.1 'C uncertainty in T and Tc while the uncer-
tainty in M comes from the 2' uncertainty in P.
The data do, in fact, lie in a straight line for E be-
tween 2 && 10"' and 1 x 10 '. A least-squares fit for
the data in this range determines P to be 0.357.

The uncertainty in this value of P comes from two
major sources. First, the uncertainty in r gives
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a deviation of +0.006. Second, an uncertainty in the
thickness of the foil, of +0.00005 in or +5%, also
can lead to an error of +0.006 in P. The combined
uncertainty gives P=0.35V +0.008 for 10 '& && 10 '.

It is interesting that uncertainties in the g factor
or the value of M(0) have no effect on the value of
P. By examining Eq. (3) it is apparent that a chang-
ing in either p or M(0) can be compensated by re-
scaling 8 by a corresponding amount. This will not
affect P as long as this rescaling factor is constant
in temperature.

The remarkably small deviation of the data points
from a straight line over a temperature range ex-
tending 20'C on both sides of the transmission peak
is a strong argument for the va, lidity of the theory.
The deviation of the points below & = 2 & 10 ' is just
the result of the nonresonant contribution to the
signal discussed in Sec. IIB which becomes signifi-
cant as the resonance becomes weak. Unfortunate-
ly, there is no way to take this contribution into
account in the polycrystalline case without intro-
ducing extra ad Roc assumptions. Indeed, at tem-
peratures somewhat below T~ a large variation of
signal was produced by changing the bias field by
only a few Gauss. This indicated a largely unde-
fined magnetization geometry in spite of the pres-
ence of the bias field.

The true test of the theory seemed possible by
using a single-crystal sample. It was of interest
to obtain meaningful measurements over a temper-
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FIG. 8. Transmitted power vs temperature for a 35-
pm (100) oriented single-crystal nickel foil. The change
of nonresonant baseline slope and interference effects
at sides of line are discussed in text.

ature range sufficiently below the resonance re-
gion to observe the effect of the nonresonant propa-
gation. As a final check on these measurements,
one single-crystal foil was actually hard soldered
in place between the two sample plates to be sure
that the relatively weak signal contained no contri-
bution from spurious leakage.

The results of a run taken on a 35- p, m (100) sin-
gle-crystal foil are shown in Fig. 8. The frequency
used was 9.232 GHz and one [100] crystal axis was
oriented parallel to the polarization of the rf H
field. These data, extending between 100 and
400'C, were again taken by drifting downward in
temperature. The transmitted power is plotted on
a logarithmic scale and extends over five orders of
magnitude. The increase in the size of the power-
level error bars at low levels reflects the larger
systematic uncertainty when using higher attenua-
tion settings of the calibrated attenuator. The val-
ue of T~ appears to be 359.0+0.2'C from these da-
ta.

The contribution from the nonresonant component
of propagation is evident. The slope of the base
line merely indicates the temperature variation of
conductivity; that is, for the nonresonant propaga-
tion,

P o- exp(-2L/&),

so that

lnP=K-(2Lcl2v&u)o '1(T),

where L is the foil thickness and K is essentially
constant in temperature.

The points above the Curie temperature are also
due to nonresonant transmission and obey such a
relation. The slope of a straight line joining these
points is less than that of a line joining the low-
temperature points. This reflects the well known
change in slope of the resistivity curve at a mag-
netic change of state. The level above T~ is also
somewhat higher than that obtained by extrapolating
the low-temperature line to T~. This occurs be-
cause above T~ the entire signal is transmitted
nonresonantly; below the resonance region only the
component of the rf field paralleled to M will con-
tribute to the transmitted power.

No bias was applied in obtaining these data.
Spurious fields from the heating tape and Earth' s
field amounted to no more than 1 G. On subsequent
runs the effects of applying smaO bias fields up to
100 G in the plane of the sample were observed.
These effects were quite small. This supports the
conclusion reached in Sec. IIB that domains would
extend from one side of the sample to the other.

It thus seemed justified to analyze these results
using the multidomain theory of Sec. IIB. In that
section three possible cases for domain structure
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were considered. Ideally, by comparing the trans-
mission level to T~ to the extrapolated low temper-
ature line, one can distinguish among these three
cases. Such a comparison favors case III, that of
a random orientation of magnetization. This some-
how seems intuitively the most likely near T~
where the anisotropy is negligibly small, On the
other hand, the apparent interference effect be-
tween the resonant and nonresonant components on
the low-temperature side of the peak suggests that
at these lower temperatures there is a tendency
for the magnetization to line up along the [110]ax-
es. This is the "easy" axis of magnetization for
nickel at these temperatures.

Since we are most interested in the behavior close
to T~, we assume a random orientation of magne-
tization in our analysis. Once again there seems
no evidence suggesting the Gilbert equation kind of
behavior near T~. Therefore we again assume
Bloch equation dynamics with a constant value of 7'.

Several features of these data suggest a value of
the conductivity differing substantially from the dc
data. Fortunately, the nonresonant base line itself
may be extrapolated to infer o(T). That is, from
the slope of this line one can infer the change' in
skin depth with temperature to be

1 1 (2.95 x 10 ')/'C
5(T) 5(Tc) 2I

where (2.95 x 10 ')/'C is just the slope of lnP(T) for
the nonresonant base line. Given a value of o(Tc),
o(T) may be determined for lower temperatures
from this relation.

The data are fitted to the theory as follows: One

chooses a value of o(Tc) and computes the value of
w that gives the correct peak transmission. One
then varies P to find the best fit for some collection
of data points. We chose 30 points approximately
equally spaced in temperature between 310 'C and

T~. One then searches for the best overall fit to
such sets of o, 7, and p.

The result is shown in Fig. 9. The values of the
parameters obtained were o(Tc) = 8.4 x 10" sec ',
v=1. 82x 1 0'o sec, and p=0.858. The error bars
shown on the data points represent about two stand-
ard deviations. The agreement between theory. and

experiment is very good. For the 2' average de-
viation in the experimental points, the three-pa-
rameter fit gives a reduced X' of 0.88. Since we
have used o as a fitting parameter, uncertainties
in the sample thickness are not important. Thus
the uncertainty in P is determined solely from the
fitting statistics; it is +0.003.

A plot of log, /if vs log, ,& can be constructed as
in the polycrystalline analysis. This curve is shown

in Fig. 10. The error bars reflect the +0.2'C un-
certainty in Tc, the +0.1 'C uncertainty in each
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temperature point, and the 2' uncertainty in power
level. We see that the curve follows a straight line
over a temperature range 5 x 10"'&&&10"'.

One interesting result from the analysis is the
low value obtained for the conductivity o; Although

surprising, it is entirely in agreement with several
other features of these data. During the actual
measurements it was noted that the transmission
signal was much larger than expected. When com-
pared to the polycrystalline runs and aluminum-
foil test samples the absolute level of the signal in-
dicated a skin depth of roughly 5.5 pm, or almost
twice that based on the dc data. Second, the slope
of the nonresonant lines shown in Fig. 8 agrees
both above and below T~ with the dc data when these
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reduced temperature for single-crystal foil data. Slope
of fitted line (P) is 0.358.
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Flo. 9. Transmitted power vs temperature for single-
crystal foil showing theoretical fit to deduce parame-
ters: 0(T&)=8.4x10 sec"', v=1.82x10" 0 sec, and p
= 0.358.
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data are rescaled to make o(Tc) = 8.2 && 10" sec '.
Finally, the difference in transmitted power at T~
of a 37.5-p.m foil from the single-crystal sample
compared to the 35-pm foil was also consistent
with a skin depth of 5.5- p,m. The skin depth ex-
pected from the dc data, consistent with the poly-
crystalline results, is 2.87- p, m.

This low value of o is reminiscent of the low val-
ues of o obtained by other workers at microwave
frequencies mentioned previously. It remains, as
yet, unexplained. However, the lower value of T

also obtained suggests that it may be associated
with impurities which have a more pronounced ef-
fect at these frequencies than at dc. Along these
lines we note that the value of T~ for this sample
was lower than that of the polycrystalline sample,
but only by 0.7 'C. Typically this would suggest an
impurity level of only 0.06Vo."

The agreement in the value of P for the polycrys-
tal and single-crystal samples is stunning. It is
particularly noteworthy that the analysis of the
zero-field transmission signal, assuming a con-
stant value of ~, has yielded such a good fi.t to the
data and a consistent value of P to temperatures
very close to T~. At least for measurements in
zero field it would appear that the main contribu-
tions to the resonance relaxation mechanism are
essentially temperature independent. This con-
clusion will be considered further in Sec. V.

Between runs taken on successive days the signal
characteristics changed slightly, indicating a slow
deterioration of the resonance line-shape param-
eter. Since on a given day the sample was often
kept at high temperatures for as long as 10 to 15 h
(to allow thermal stabilization at each fixed tem-
perature) this slow deterioration is probably not
surprising.

For each field sweep, a few calibration signals
were recorded that were comparable in intensity to
that of the transmission peak. From the observed
signal intensity and resonance width the values of
the internal magnetization M and linewidth param-
eter & could be calculated for each temperature.
This value of magnetization corresponds to the res-
onance peak itself and therefore includes the sum
of both the spontaneous and dc induced contribu-
tions in an applied field of approximately 3 kG.
From the value of ~ and M the value of the Gilbert
parameter X is also obtained.

The results for M(T) are shown in Fig. 11. The
error bars reflect the uncertainty in the relative
power levels (the level at the transmission peak
varied five orders of magnitude in this tempera-
ture range) and an uncertainty of +10 to +20 G in
the resonance width. Note the deviation of the
curve for temperatures below about 342'C. The
value of the magnetization at this temperature

B. Applied field results 0.8—

A series of measurements were made using a
40- pm foil from the polycrystalline nickel sample
in a perpendicularly applied magnetic field. At

. fixed temperature the applied field was swept from
1 kG to about 3.5 kG and the transmitted power was
recorded. The magnetic field was monitored with
a Bell Model 460A Incremental Gauss Meter and
calibrated probe, accurate to 1'. The probe was
positioned as close to the cavity system as possible
while still aVoiding the high temperatures of the
cavity heating system. Afterwards an NMR probe"
positioned in the region previously occupied by the
cavities verified the readings of the Hall probe to
within 1%.

The rationale for using a thicker foil than in the
zero-field measurements was that one thereby ob-
tained a more easily interpretable line shape over
a larger temperature range. That is, we found it
advantageous to suppress the contribution of the
non-resonant transmission particularly at temper-
atures above T~ where the resonance signal was
weak. This was accomplished by using a thicker
foil.

Measurements were made on this foil for tem-
peratures between 330 and 361'C over severaldays.
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FIG, ll. Temperature variation of internal magnetiza-
tion in an applied field of 3 ko for a 40-p, m polycrystal-
line nickel foil. Circled and uncircled data points indi-
cate data taken on different days. , Hesults of this analy-
sis are invalid for an internal magnetization greater than
about 0.48 due to the inability of the applied fieM to
align M perpendicular to the plane ("Alignment Condi-
tion").
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[M(T)/M(0) = 0.47] is almost precisely where, as
discussed at the end of Sec. IIC, we expect our
theoretical analysis to break down due to the fail-
ure of the applied field to completely align the mag-
netization. Indeed, belom this temperature the
resonance line was noticeably distorted.

The temperature variation of T and X is shown in
Figs. 12 and 13, respectively. The error bars cor-
respond to the uncertainties in the resonance width
mentioned above. Again there is a deviation in the
curves below 342'C. We have indicated the value
of the line-shape parameter deduced in Sec. VA for
the zero-field resonance. This value most appro-
priately corresponds to the temperature of the
zero-field peak, about 325 'C.

The g factor was found to be 2.24 + 0.02 over the

temperature range 342-358'C. This value is gen-
erally consistent mith those obtained by FMR mea-
surements of 2.22+0.02.""In some FMH studies
it appeared there might be an increase in the g fac-

tor at T~. For example, a measurement by Sala-
mon, "while giving the value of 2.22 below T~, gave
a value of 2.29+0.02 above T~. There are indica-
tions that a similar increase may also be present
in the transmission data. New measurements are
currently being made to investigate this matter fur-
ther.

The values of the line-shape parameters v' and A.

shown in Figs. 12 and 13 both display considerable
temperature variation. The value of T does appear
to remain relatively constant to about 350'C and
agrees fairly well with the value obtained at zero
field. It does not, as expected by the Gilbert state-
ment, decrease in temperature as rapidly as the
internal magnetization. However, it is not quite as
constant as the analysis of the zero-field results
seem to suggest.

The Gilbert parameter X appears to vary even
more markedly with temperature. This seems to
imply that the dominant contribution to the relaxa-
tion mechanism is, in fact, temperature indepen-
dent. Some recent FMR measurements made in
nickel also suggest a deviation in this manner from
a constant value of X for temperatures in -excess of
7'~ 0.9V', ."

These results, therefore seem to favor the
Bloch-equation description of the transmission
signal of nickel in this temperature regime. In .

particular, the analysis of the zero field polycrys-
talline data using a fixed value of w seems justified
at least to temperatures of perhaps 350'C. Some
restraint, however, must be taken in applying
these applied field results too freely to the mea-
surements taken in zero field. The thermodynamic
behavior of the magnetization is quite different in
zero field than in the presence of an applied field
of 3 kG, especially for temperatures approaching
Tc. One might guess that critical fluctuations in
the absence of an applied field near T~ could give
a considerable contribution to the relaxation rate
so that an applied field, which destroys the critical.
behavior, mould tend to increase the value of r.
Surprisingly, from our detailed analysis of the sin-
gle-crystal zero-field line shape, the opposite
seems to be true; that is, the assumption of con-
stant 7' seems to be even more valid. This matter
mill be considered a bit further in Sec. V.

V. CONCLUSIONS

In Sec. IV, a value for the critical exponent for
nickel was dedetermined by analysis of the zero-
field resonance line shape. This value is P=0.358
+0.003 for a reduced temperature 5 x 10 '& E& 1:
X 10 '. From our measured value of the g value the
critical amplitude B may also be determined. It is.
1.23 +0.02 for the single-crystal sample. (A slight-
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ly higher value of 1.27 +0.03 is obtained from the
polycrystalline results. )

It is worth mentioning that for the single-crystal
data the analysis was entirely self-contained; i.e. ,
it was possible to obtain all of the parameters rele-
vant to this determination of P from the zero-field
data alone. In addition, it is important to note that
the value for T~ was obtained from qualitative fea-
tures of the data independently of the fitting pro-
cedure used to determine the exponent. The more
ustomary procedure of using Tc as a fltbng pa

rameter (that is, of choosing a value of Tc that
seems to give the most consistent value for the ex-
ponent) can sometimes lead to erroneous results
due to the large correlation of the exponent to the
chosen T~. We now wish to compare our value of
P with those obtained most recently by other work-
ers.

As mentioned in Sec. I, this exponent has been
measured in nickel by a variety of methods. A di-
rect measurement of the magnetization in bulk sam-
ples of nickel and nickel-copper alloys using an ap-
plied field extrapolated to zero' gave a value
P = 0.346 + 0.007 for 2.4 x 10 '& e & 5.6 x 10 '. Ad-
ditionally, a number of mea, surements have been
made using hyperfine probes. NMR measurements
on the "Ni isotope occurring in natural nickel sam-
ples" yielded a value of 0.336+0.002 for 4 x 10 '
«&10 '. Unfortunately, it was found that the NMR
line shape deteriorated prohibitively in the vicinity
of T~ and could not be interpreted very close to the
critical regime. Two other kinds of hyperfine mea-
surements were made with impurity nuclei. Moss-
bauer measurements" on impurity "Fe gave
P=0.378+0.010 for 3X 10 '&&&4&&10 ' and per-
turbed-angular -correlation measurements of the
two y decay of '"Rh imbedded in nickel samples"
produced a value of P = 0.385 +0.005 for 10 '
& 6&10" .

The consistency of the last two measurements
led these workers to conclude that they were, in
fact, measuring bulk critical exponents via their
hyperfine probes. The assumption that the critical
behavior of the hyperfine field will follow M,(T) has
periodically been called into question. " A recent
measurement using time-dependent perturbed an-
gular correlation on impurity '"Ta in nickel" giv-
ing P=0.417+0.010 for 5&& 10 '&&&2 x10 ' suggests
that equality between hyperfine and bulk P expon-
ents does not always occur. The value of P obtained
in the present work disagrees with all of the hyper-
fine measurements.

Often, upon the determination of a critical ex-
ponent by some new measurement, an attempt is
made to reconcile this value to the predictions of
scaling theory by comparing it with other measured
exponents. Then, in some cases, these values are

used to derive a variety of other exponents through
the use of the scaling relations. Though this latter
procedure really provides no additional informa-
tion, one may reasonably justify some brief in-
dulgence in the former.

Among exponents for which there has been fair
agreement in nickel are the measured values of y
and n. Several workers have obtained values for
y in the range 1.30-1.35.4~4' Some recent mea-
surements of the specific heat of nickel have found
a to lie in the range -0.09 to -0.12. ' ' Using the
scaling relation o. + 2P+y= 2 our measured value of
P appears to lie at the lower end of the values con-
sistent with these other measurements, although
not outside the range permitted by the experimental
uncertainties.

Direct calculations of static critical exponents
using the renormalization group approach ' have not
yet achieved an accuracy comparable with experi-
ment. At present the most accurate calculations
for a Heisenberg (n= 3) ferromagnet seem to be
provided by high-temperature' series expansions.
By assuming that the scaling relations may be used
to infer the critical behavior below Tc, two recent
calculations give P = 0.373 a 0.014, ' and P = 0.367
+0.020.' Furthermore, scaling theory calculations
of the critical amplitudes have given values of 8
lying in the range 1.22-1.30 for Heisenberg sys-
terns. "'" The agreement of these calculations to
our measured values for nickel is quite satisfac-
tory.

Although such comparisons seem to favor the de-
termination of P made by the zero-field transmis-
sion method, the real question of its validity as a
useful probe should be addressed more directly.
Can such a technique, which manifestly depends on
the details of a phenomenologically based theory,
really be trusted to the degree implied in our anal-
ysis~ In particular, can the assumption of a tem-
perature-independent relaxation process really be
considered reasonable & The quality of the fit of this
theory to the zero-field data suggests that it is. A
change in the relaxation time r of more than about
10' would be extremely noticeable in these curves.
The single-crystal data suggest this change is less
than 5%. Theoretical calculations of anomalous
spin-flip scattering processes of the conduction
electrons near a ferromagnetic critical point" have
suggested the existence of a cusp of 1/r at Tc. If
such a cusp were present in these data it would ap-
pear to occur only at reduced temperatures of less
than about 10 ~.

Thus, this technique seems to provide a useful
method for the measurement of the internal mag-
netization in the absence of any applied field. It
has the advantage of acting like a microscopic
probe with respect to domain structure while being
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unaffected by critical fluctuations.
However, this technique is not without its disad-

vantages. First of all, it provides useful informa-
tion only over a limited range uf reduced tempera-
ture. This could be remedied somewhat by using
several frequencies of rf radiation. Higher fre-
quencies mould enhance the resonance signal via a
longer co&, whereas a lower frequency might allow
better resolution nearer the transition temperature.
Moreover, a very useful check on this method
mould be provided by repeating measurements at a
second frequency. Such facilities are not, unfortu-
nately, currently at our disposal.

In addition, there are a number of requirements
that must be met to apply this technique to a given
material. The material must be metallic. It must
possess a sufficiently high-saturation magnetiza-
tion that the resonance peak will occur fairly close
to 1"~. Most importantly, the relaxation parameter
7' must be large compared to 1/v„where v, is the
frequency of the rf radiation, for the technique to
be at all sensitive. Specifically, these conditions
require

&o= 2vv, =4@My& 2n/r,

where I refers to the magnetization of the reso-
nance peak and

M/M(O) ~ 0.5.

Thus, me require

yM(0) & v, & 1/r.

Part of the problem with the earlier work on gado-
linium"' was the failure to satisfy this criterion.
A measurement of this kind on gadolinium should,

however, still be possible at higher frequency. A
number of other materials exist for mhich this
technique could reasonably be used at the frequency
available. We hope that some of these may be tried
in the near future.

Further applied-field measurements are current-
ly being made on our nickel samples. These in-
clude some measurements on single crystals as
well as extending the polycrystalline measurements
to higher temperatures. We hope that these in-
vestigations mill shed further light on some of the
discrepancies noted and that the present theoretical
description can be extended to understand some of
these interesting details.

Note addedin proof. Dewar" has pointed out to
us that for the polycrystalline zero-field data, the
value one obtains for v. in the near peak region
depends somewhat more crucially on the guessed
value of p than our analysis had suggested. It is
preferable, therefore, to obtain v independently
via the applied field measurements on this sample.
Using data shown in Figs. 12 and 13, together with
the known value of magnetization at the zero-field
peak, we obtain v=2. 85&&10 "sec +0.15X10 "sec
at T= 325.5'C. This gives P=0.357*0.012, a re-
sult nearly identical to that stated. P is still ob-
tained most accurately by the single-crystal data
analysis, which is correct as given.
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