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Tllls shows that ImI e' (/) is negIEgible compared to
Rel', *'(t} in the Weiss limit, as was already shown in
RDL III Sec. V using a slightly diGerent argument. If,
instead of (C1), one starts from another well-known
exact result

the right-hand side! One writes instead, using (C3),
(C4), and (C6),

which is merely a restateme~t of (C4).
Let us finally point out that the neglect of Imi",**

dt implies that the spectral function is symmetrical around
co=0; this result is a rigorous consequence of the Vfciss

which CRD bc demonstrated by tRklDg thc tllTlc dcllva; llmlt although lt ls only approximately VRlld ln lcRllstlc
tive of (5.2), one is, of course, not allowed to neglect systems.
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Ferromagnetic resonance measurements on high-purity nickel metal are reported at 23 and 32 kMc/sec
Rnd at teInpel'Rtures VRrying bet%'een 20 Rnd 380 C. Up to 300 C R teIYlperature-independent relaxatlon
parameter () =2.3&108 sec 1) and g=2.21 describe the data adequately. At higher temperatures, the lines
become much narrower than expected from such a value of X, and the g value becomes somewhat dependent
on temperature as mell as frequency.

INTRODUCTION

OOM-TEMPERATURE measurements' ' on the
ferromagnetic resonance (fmr) in nickel (bulk

samples or whiskers} have shown that the resonance
can be adequately described by a I.andau-I, ifshitz type
of equation of motion for the dynamic magnetization.
In addition, for frequencies above 1 kMc/sec, the ex-
change conductivity contribution to the linewidth is
small and this allows one to claim with some con6dencc
that the value of the relaxation parameter X is 2.3&108
scc, Independent of fx'cqucDcy. Recently, Rodbclp hRS

reported some measurements on single crystal whiskers
at teInperatures varying from room temperatuxe to
about 350'C. The experiments were done at 9 kMc/sec
and his main results mere that both the g value and X

were essentially constant over this range of tempera-
tures. In this paper, we report observations of fmr on
several bulk single crystals of high-purity (nominally
99.997%%u~) nickel. The measurements have been made
at 23.3 and 31.8 kMc/sec with temperatures ranging
from 20 to ~380'C, the highest temperature at which
a resonance signal was still discernible. Our results
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essentially con6rm Rodbell's measurements up to about
300'C. At higher temperatures, however, (i) the lines
become considerably earxomer than would be expected
from a temperature-independent X, (ii) the linewidths
are nag proportional to frequency, and (iii) the g value
is not independent of temperature and frequency.

EXPERIMENTAL METHOD

Sample preparation and microwave techniques were
essentially similar to those described in earlier papers
from this laboratory. ' Cylindrical samples of diam O. j.
cm Rnd length 1 cIQ wcx'c used with thc cylinder Rxls

either along (100) or (111).The magnetic field was

applied along the cylinder axis and modulated at a low

frequency. The sample cavity was maintained in a
vacuum of better than I(} 4 mm Hg throughout the
heating cycles. This was found to be absolutely essential
to prevent irreversible changes in the sample when it
had been heated. The data reported below are taken
from several heating cycles. All data for which the
room-temperature linewidth at the conclusion of a
heating cycle difI'cred from that at the beginning were
rejected. The sample temperature was monitored with
a copper constantan thermocouple attached to the out-
side of thc microwave cavity. The thermocouplcs were
CRllbI'Rtcd Rgalnst Rn NBS standard platinum rcslstnacc

' S. M. Bhagat and H. O. Stevens, Jr., J. Appl. Phys. 39, 106'
(1968); also, E. P. Chicklis and S. M. Bhagat, University of
Maryland, Technical Rcport No. 859, 1968 (unpublished).
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thermometer. In order to minimize the e6ects of any
thermal lag, data were taken only after the temperature
had been stable for some 15 min. In addition, this was
done both during the warming-up and the cooling-down
portions of the cycle. No measurable differences were
observed. The temperature measurements are probably
good to 2 or 3'C. The linewidths are good to about 10%,
except at high temperatures where the line shape is
greatly distorted and the accuracy concomitantly
poorer. The line centers were measured with a precision
of about 50 Oe except at the highest temperatures,
where the errors may be twice as large.

RESULTS AND DISCUSSIOH

A. g Value

Figures 1 and 2 show the observed variation of the
resonance center as a function of temperature for 31.8
and 23.3 kMc/sec, respectively. The full lines in these
figures are obtained as solutions of the Eqs.

ro/7= P(H+H.„;,.) (H+H;,.+4vrM. )1&, (1)

where y is the gyromagnetic ratio g~ e~/2mc, M. is the
saturation magnetization and B,„;„is the so-called
anistropy field, +2Er/M for H~'~(100) and s4(Er/M)——

—(4/9)(Es/M) for H~~(111). In our calculations we
have taken g= 2.21, and the values of Ej and E2 have
been taken from the data of Rodbell. ' The values of M
were taken from the measurements of Weiss and Forrer'
and require a word of explanation since at high tem-
perature 3f is no longer independent of H. For the full
lines in Figs. 1 and 2 we have used a constant M,
=M, (H,), where H„ is the observed line center. It is
clear that the data at 23.3 kMc/sec cannot be explained

by a temperature-independent g.
Next, we made detailed calculations of the fmr line,

using the computer program by Hirst and taking ex-
plicit account of the variation of 3f with II. The data
of Weiss and Forrer were represented by an expression
of the form M=cH't'. For g=2.21 and X=2.3)&10
sec-', the results of the computation are shown in Table
I. For comparison w'e have also included in Table I
the line center obtained using M=M(H„), r as well as
the observed values. Since the effect of including the
variation of M with H is to shift the computed line
center to higher fields, the apparent agreement between
the g=2.21 curve and the 31.8 kMc/sec data is some-
what spoiled for T&360'C. Thus both at 31.8 and
23.3 kMc/sec, the observations would require a some-
what higher value for g in the high-temperature region.
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I'zo. 1.Temperature variation of the observed resonance Geld at 31.8 kMc/sec. The full line was obtained as solution of Eq. (1)
with g=2.21 and M =M(H, ) as explained in the text. The diGerent symbols stand for results of diGerent heating cycles.

' P. Weiss and R. Forrer, Ann. Phys. (Paris) 5, 153 (1926).
L. L. Hirst, Ph.D. &thesis, LUniversity of Maryland, '& 1965 (unpublished).

~ It must be understood that in the absence of a better theory of fmr at high temperatures the present calculations are done merely to
indicate the trend in which the various corrections are likely to go. They are not at aii intended to suggest that a precise value of g (or
X) can be obtained without considerable further effort,
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Fyo. 2. Temperature variation of the observed resonance 6eld at 23.3 kMc/sec. The full line was obtained as in Fig. 1.

The fmr linewidth in a metal cannot, in general, be
written in any simple form in terms of the parameters.
However, for a situation like that of nickel, where the
width is dominated by relaxation terms, one can write
roughly

1"„=1.45ho/y'M, + (I' „) (2)

where (F»), is the contribution due to the exchange
conductivity including the surface anisotropy contri-
butions, if any. The temperature variation, of (F»),
goes approximately as M,/gp, where p is the dc resis-
tivity of the metal. Detailed calculations show that at
room temperature (F»),„amounts to about 10% of the
total linewidth for 23 kMc/sec (at 32 kMc/sec, the
contribution is relatively smaller), while above about

In addition, the same value of g may not be adequate to
account for the resonance 6eld at both frequencies.
However, for reasons outlined below it does not seem

reasonable to try and derive specific values for g from
the observations.

B. Linewidths

300 C this contribution becomes entirely negligible.
In Figs. 3 and 4 we have exhibited the observed line-
widths at 23.3 and 31.8 kMc/sec, respectively, as a
function of temperature. The full curves are derived
from Kq. (2), using X=2.3)&10' sec ' g=2.21, and
%=M'(lI, ). Clearly, the agreement between the theory
and experiment is excellent up to about 300'C. At
higher temperatures the observed lines are considerably
narrower, the discrepancy becoming more and more
serious as the temperature is increased. As is clear from
Table I above about 360'C, part of the discrepancy is
removed when one computes the linewidth using the
fact that M is a function of B.An increasing g value
will also lead to smaller widths. Further, the variation
of M with H and a possible dependence of g on fre-

quency will combine to produce linewidths which are
sot proportional to frequency as is observed experi-
mentally. In principle, it may be possible to generate a
set of g and P values to Qt the observations. However, in
the absence of a dependable theory of magnetic relaxa-
tion the wisdom of quoting any speciic values is highly
questionable.

TABLE I.Calculated and observed characteristics of the ferromagnetic resonance in nickel at high temperatures. All values are in Oe.
The following parameters were used in the computations: g=2.21, X=2.3X10' sec '. The values of M (and its dependence on H) were

taken from Ref. S.

Temp.
oc

Freq. =31.76 kMc/sec
H, fM =M(H ) jH (M =cH~~~) r„)M=M(H, ) jr, (M =@HE~~)

Freq. =23.3 kMc/sec
H pM =M(H )jH, (M=cH»~) r,„fM =M(H„)gr»{M =&Ho~)

350

356

360

369

Calc. 9400
Obs.
Calc. 9575
Obs.
Calc. 9700
Obs.
Calc. 9950
Obs.

9400
9300

9650
9400

9900
9550

10650

1327 1150
1050

1642 1400
1150

1978 1600
1250

3465 2700

6800 6800
6150

6950 6950
6250

7170 7270
6300

7400 7900
6500

975 1000
550

1150 1070
600

1300 1150
650

2600 2350
725
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Fro. 3. Variation of observed huewidth with temperature at 31.8 kMc/sec. The fuH curve follows from
Eq. (2) with ~=2 3Xlos sec 'and g=2 2i

C. Asymmetry

As mentioned earlier, precise measurements on the
resonance became very dificult at high temperatures
because of considerable distortion in the line shape.
Figure 5 shows a scrlcs of recorder tlaces of thc ob-
served signal at high temperatures. As can be seen, the
lines become exceedingly asymmetric as the tempera-
ture goes above the Curie point { 357'C). An in-
creasing asymmetry is, of course, to be expected because
at high temperatures M, is not 1arge in comparison with
H. It is we11 known that even at room temperature a

relaxation-doIQinatcd 11nc ls Dot symIDctric lf onc ls

working at very high frequencies such that H is much
larger than 3f,.Another way of understanding this phe-
nomenon is to recall that for the paraOC1-6eld geometry,
the 31och-Bloembergen relaxation time v is related. to
X through the expression 1/r =X{H/M.+2e.).

For H and I'» much less than 3f, v is a1most con-
stant over the resonance. However, when H is much
larger than 3f„and the resonance is rather @ride, ~
will vary as the line is swept out and this wB1 give rise
to an. asymmetric resonance.
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FIG. 4. Variation 0f Observed Hnevridth with temperature at 23.3 kMc/sec. The curve
represents Eq. (2), vrith X=2.3X108 sec ~ and g=2.21.
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FIG. S. Recorder traces of the 233 kMc /sec resonance signal at high temperatures. The gain of the system
had to be continously increased during the rising-temperature sequence.

Recently, Salamon' has reported measurements on
the magnetic relaxation in nickel at high temperatures
(&350'C), using the Kerr rotation technique. He ob-
tained the spin relaxation rate 1/7 and the g value by
making computer Qts to the observed line shapes. His
observations were made at 23.3 kMc/sec and the mea-
surements on 1/7 can be summarized by the expression

1/r = (4.6X10"sec ')(C/T)(P/M),

for temperatures between 350 and 380'C, where C is
the Curie constant, EI is the applied field, and 3/I

is the magnetization. In order to compare this result
with the present data one has to recall that for his
geometry (i.e., magnetic Geld perpendicular to the
sample surface) the Landau-Lifshitz parameter X is
given by X=(1/r )(M/H)= (8 2X10"/.2 )sec ' '(T in
'K) when the value for C appropriate to nickel is sub-
stituted. Thus at the Curie point he would get a
X= 1.3&(20' sec '. This result is in qualitative agreement
with the present data in that we also find the observed
21 kMc/sec linewidth at about 360'C to be about one-
half of that calculated using X=2.3X20' sec '. Also

8 Salamon, Phys. Rev. 155, 24 (1967),

the reduction in X with increasing temperature is clearly
observed by us. Again, Salamon found a change in g
value from 2.22 to 2.29 as he went from below T, to
above it. An increase in the g value at high temperatures
is also observed by us but we seem to find no peculiarity
near T„in fact, for the 21 kMc/sec data this reduction
is already evident at temperatures well below T,. The
reason for this discrepancy is not at all clear.

In conclusion, we are led to suggest that (i) the fmr
in bulk single crystals of nickel can be described between
20 and 300'C in terms of parameters which are
essentially independent of temperature and frequency,
in agreement with the platelet and whisker results of
Rodbell. ' (ii) In order to fIt the data at higher tem-
peratures, it is necessary to assume that X reduces and g
increases with temperature and that both of them are
somewhat dependent on frequency.
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