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NMR study of the 3d ferromagnetic metals: Critical region and paramagnetic phase
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The ferromagnetic transition metals iron, nickel, and cobalt have been investigated by nuclear

magnetic resonance up to the critical region and, in the case of nickel and cobalt, in the

paramagnetic phase. The measurements include the zero-field resonant frequency, spin-spin re-

laxation rate, and spin-lattice relaxation rate in the ferromagnetic phase, and the Knight shift

and spin-lattice relaxation rate in the paramagnetic phase, The data yield values of the static

critical exponent (P) for the spontaneous magnetization and the dynamic exponent (z) for spin

fluctuations near the critical points of all three ferromagnetic metals. Paramagnetic-phase data

for nickel and cobalt yield the d-spin hyperfine coupling and the orbital Knight shift and suscep-

tibility contributions. Magnetic equation-of-state parameters are derived for nickel and cobalt,

Noncritical spin-spin relaxation rates in the ferromagnetic phase are attributed mainly to Suhl-

Nakamura interactions, but in bulk metal samples the rates exhibit a striking and unexplained

maximum between room temperature and the critical point.

I. INTRODUCTION

The ferromagnetic transition metals iron, nickel,
and cobalt are among the most familiar and useful of
magnetic materials. Yet a satisfactory understanding
of the origin and nature of ferromagnetism in these
metals continues to be elusive. Their electronic and
magnetic properties are characterized by the coex-
istence of features suggesting both localized and
itinerant electronic states, "and much current
theoretical effort is focused on reconciliation of these
apparently contradictory concepts. 3 In this regard,
phenomena associated with the magnetic phase tran-
sition and the electronic structure of the paramagnet-
ic phase, together with the ferromagnetic ground
state, represent particularly important subjects for
study.

From the time of the discovery of the ' Co nuclear
magnetic resonance (NMR) in cobalt metai, 4 NMR
has proven to be a valuable probe of the microscopic
electronic and magnetic properties of the ferromag-
netic transition metals. All three metals have been
extensively studied in the ferromagnetic state near
and below room temperature, i.e., well below the crit-
ical temperature T, . It is natural to consider exten-
sion of such studies to the region of the critical point
and to the paramagnetic state. NMR studies of criti-
cal spin fluctuations near T, are of interest both
within the general context of spin-fluctuation
phenomena in three-dimensional isotropic ferromag-

nets and because these particular systems provide the
opportunity to observe critical dynamics in strong
itinerant ferromagnets. NMR data in the paramag-
netic state can reveal details of the electronic struc-

ture which may be compared with the ferromagnetic
state and with other nonmagnetic transition metals.

In spite of these motivations, previous NMR stud-
ies of the ferromagnetic transition metals at elevated
temperatures have not reached the vicinity of T, .'
The reason for this is broadening of the NMR line

which increases with temperature and eventually
renders the resonance unobservable. When standard
experimental methods are employed, this occurs far
below T, . However, recent work' " has shown that
the source of the most serious broadening is the tem-

perature inhomogeneity across the sample. With suf-

ficient care taken to reduce temperature inhomo-

geneities and by applying spin-echo techniques to
work in the presence of residual inhomogeneities, it

has been found possible to observe the NMR in iron,
nickel, and cobalt up to within a few degrees of T, —
well into the critical regions. " " Similar techniques
permit observation of the NMR signals in paramag-
netic nickel and cobalt. '

In this paper we report the results of a comprehen-
sive high-temperature NMR investigation of iron,
cobalt, and nickel. The data include the resonant
field in the ferromagnetic state in zero applied field,
the Knight shift in the paramagnetic state, and the
nuclear spin-lattice and spin-spin relaxation times.
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The temperature range extends from room tempera-
ture up to the critical region for all three metals and
to the paramagnetic state of nickel and cobalt. We
were unable to observe the "Fe NMR in paramag-
netic iron. Because of the use of large applied fields
above T, and the inability to observe the NMR sig-
nals on approaching close to T, from above, mea-
surements in paramagnetic nickel and cobalt were
limited to noncritical phenomena. Preliminary re-
ports of these experiments have appeared else-
where. '

The remainder of this paper is organized as fol-
lows. In Sec. II, we present details of the experimen-
tal apparatus and techniques. Sections III and IV
contain experimental results and discussion of the
resonant frequency in the ferromagnetic state, and
the Knight shift in the paramagnetic state, respective-
ly. In Sec. V these results are combined and fitted to
a magnetic equation of state for nickel and cobalt.
Section Vl contains the observed nuclear relaxation
rates, both the background rates far from T, and the
critical relaxation near T, in the ferromagnetic states.
Finally, we summarize in Sec. VII the principal
results of the investigation.

II. EXPERIMENTAL APPARATUS AND TECHNIQUES

The main obstacle to observing NMR close to T, is
the strong temperature dependence of the NMR fre-
quency in the critical region. As we discuss in detail
in the following section, the NMR frequency in the
ferromagnetic phase varies with temperature accord-
ing to (T, —T)s. A temperature inhomogeneity,
characterized by a gradient 5 T over the sample thus
causes an inhomogeneous linewidth proportional to
hT( T, —T)s '. Since p & 1, the linewidth, diverges
at T, . The situation is similar in the paramagnetic
state where the NMR frequency varies with tempera-
ture like the susceptibility (see Sec. IV). Thus the in-

homogeneous linewidth in the paramagnetic state
diverges according to LLT(T —T, ) '"+" where y is
the critical exponent for the susceptibility (y ) 1).

In order to minimize this problem, furnaces were
built which had very low temperature gradients
( & 0.1 K/cm) across the sample region. '6 '7 Thermal
homogeneity was further improved by the use in

most experiments of bulk polycrystalline samples
whose intrinsic thermal conductivity was much higher
than conventional dispersed powder samples. The
furnaces were calibrated for the best temperature
homogeneity conditions in the presence of the high rf
power needed for NMR in the paramagnetic state and
with the low rf power used in the ferromagnetic state
where the rf magnetic field is enhanced.

Sample temperatures were measured with Pt vs
Pt-Rh thermocouples placed adjacent to the sample
containers. The temperature measurements were

calibrated for the two rf power conditions by the
change in the Q of the NMR coil at T, for nickel and
cobalt and also, in the case of cobalt, by the jump in
the Knight shift at the melting point (Sec. IV). The
thermocouple correction for nickel at T, was 2.6 K
under low rf power conditions and increased to 4.5 K
at the high rf power level due to heating of the sam-
ple by the applied rf power. As an additional check
on rf heating effects, we determined that the change
of apparent Knight shift in paramagnetic cobalt corre-
sponded to less than a 1 K change when the rf power
was increased by a factor of 3 at 1300 K. For mea-
surements on ferromagnetic iron, the thermocouple
was not calibrated independently. The intrinsic cali-
bration achieved by a power law fit to the resonant
frequency (Sec. III) yielded a value of T, g' lower than
the accepted value.

For measurements in the paramagnetic phase of
cobalt a bulk polycrystalline sample was prepared by
melting cobalt power (Spex 99.9999%). It was con-
tained in an alumina ampoule around which the
NMR coil was wound. Preliminary measurements'
using a powdered sample yielded somewhat poorer
signal-to-noise ratios due to the thermal inhomo-
geneity effect described above. A fixed frequency of
18.7 MHz was used with applied fields in the range
19—22 kOe. For measurements in the ferromagnetic
phase, cobalt powder (Leico Industries Inc.
99.9999%) was mixed with alumina powder and
sealed under argon in a quartz ampoule. The pounder
had a better signal-to-noise ratio than the bulk ma-
terial in this case due to the relatively high resonant
frequencies and small skin depth in ferromagnetic
cobalt. We could observe the NMR of Co in fcc
cobalt in the absence of an applied magnetic field
from 213 MHz at room temperature down to 52
MHz at 1385 K where we lost the signal because of
the very short T2( & 1 @sec).

Measurements in both the ferromagnetic and
paramagnetic phases of nickel were carried out on a
bulk toroidal piece prepared from isotopically en-
riched 6'Ni (92.9%). This sample was sealed into a
toroidal quartz ampoule with the rf coil wrapped
around it so that the magnetic force lines were almost
uniform around the toroidal inner and outer faces
and perpendicular to its axis. The field Ho of the su-
perconducting magnet was parallel to this axis as
needed for NMR experiments. A high filling factor
was achieved in this way since the effective volume
for the rf field included only the quartz walls and the
sample skin depth ( —0.1 mm at 20 MHz) and ex-
cluded the sample bore. The bore afforded a good
place for the thermocouple element. The toroidal
shape keeps the rf field lines closed in the coil and
gives axial symmetry which is important for tempera-
ture homogeneity. Additional measurements were
made below the critical region of ferromagnetic nickel
using a bulk toroidal sample of natural isotopic abun-
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dance and with powdered samples of both natural and
enriched isotopic abundance. NMR signals in the
range 4—26 MHz were observed with no applied
magnetic field in the ferromagnetic phase. In
paramagnetic nickel, a fixed frequency of 17 MHz
was employed with applied fields in the range 44—50
kOe. The applied magnetic fields were calibrated by
observing the "Al NMR signal in alumina.

Measurements in ferromagnetic iron were carried
out using both powdered and bulk polycrystalline
samples prepared from material enriched to 93.6%
"Fe. Because of the higher melting point of iron, a
toroidal sample was not prepared as was done for
nickel. Rather, a conventional cylindrical configura-
tion was employed. Both powdered and bulk iron
samples were sealed under vacuum in quartz am-
poules. Near T, only the bulk sample yielded observ-
able NMR signals. The zero-field "Fe resonance was
observed from 45.6 down to 10.8 MHz.
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The NMR frequency in the ferromagnetic phase
was measured in iron in the range 288 ~ T ~ 1030
K(e —= 1 —T/T, «4 x 10 '), in fcc cobalt in the
range 298 ~ T ~ 1385 K(a «7 x 10 ') and in nickel
in the range 423 ~ T ~ 631 K(e «2 x 10 '). These
frequencies, as measured for samples under their
own vapor pressures, are plotted against temperature
in Figs. 1(a), 1(b), and 1(c), respectively.

The contributions to the internal hyperfine field are
proportional to the mean magnetic moment per
atom' and thus to the magnetization M. Hence in
the ferromagnetic phase, in the absence of an exter-
nal magnetic field, the resonant frequency is given by
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Close to T„where variations of the proportionality
constant C are negligible, v(T)/va= M(T)/Ma=Be
where vo and Mo are the resonant frequency and the
magnetization at 0 K. A least squares fit of v( T) to
the power law with T, as a parameter yielded the
values of the parameter 8, the critical exponent p
and T, given in Table I.

Our results for nickel are compared in Table I with
other values obtained with pure nicke1, i.e., with
those measurements which do not utilize impurity
atoms as probes of the local hyperfine field. These
are the results of Cohen and Carver' from mi-
crowave transmission, the steady-state NMR results
of Rotter and Sedlak, 9 and the results of Bleck et al. '
who employed the method of perturbed angular dis-
tributions of y rays using "Ni in the nickel host.
With the exception of the steady-state NMR studies
which did not approach closer to T, than

(c)
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FIG. 1. NMR frequencies vs temperature in the fer-
romagnetic state of the 3d metals, (a) Fe in bcc iron met-
al: 0—present data; 5—Budnick et al. (Ref. 5). (b) 59Co in
fcc cobalt metal: 5—present data; 0-Koi et al. (Ref. 6);
0 —Conley et al. (Ref. 7). (c) 6'Ni in nickel metal: b, —
present data; U —Rotter and Sedlak (Ref. 9) C% measure-
ments in natural Ni; 0—Streever and Bennett (Ref. 8).

= 4 ~ 10 ', the experiments on pure nickel yield
values of p which are in agreement within experi-
mental error. These results lie in the range

p =0.34+ 0.02 and are clearly lower than those ob-
tained by the most accurate impurity hyperfine stud-
ies. The latter yield values close to P =0.38.""It is
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TABLE I. Power-law parameters for the critical behavior of the spontaneous magnetization at constant pressure.

Metal Reference T, (K) Range

Iron Present work

Kobeissi and Hohenemser'
NBSb

1.35+ 0,02
1.66+ 0.03

0.320+ 0.004
0.379+ 0.004

1034,2 +0.2
1042.91+0.04
1042 + 4

4x10 «g «5x10
10 «e «2 x 10

Cobalt Present work
NBSb

1.11+0.05 0.309+ 0.012 1394.9 +1.0
1394 + 3

7 x 10 «» «5 x 10

Nickel Present work

Cohen and Carver'
Bleck et al. d

Rotter and Sedlak'
NBSb

1.25+ 0.05
1.23+ 0.03

0.354+ 0.014
0.358+ 0.003
0.322+ 0.016
0.338+ 0.002

632.7 +0.4
632,7 +0.1

630.8
631 +3

2x10 3«e «10
5x10 3«~ «10 '

4x10 «q «10 '

'Reference 24,
G. C. Carter, L. H. Bennett, and D. J. Kahan, Metallic Shifts i]1 NMR (Pergamon, Oxford, 1977).

'Reference 19.

Reference 20.
'Reference 9.

tempting to ascribe this difference to the effect of the
impurity atom on the local hyperfine field. aleck
et al. found, in fact, that the apparent value of P was
substantially higher in CuNi and ZnNi than in

NiNi. However, it must be noted that impurity
hyperfine-field studies in nickel have been extended
much closer to T, than the pure nickel experiments
and, further, that inclusion of data closer to T, tends
to change the value of P. This "range of fit" effect
has been considered in detail by Suter and
Hohenernser. " At the present time we believe that
the relative importance for the value of P of impurity
atoms and range of fit remains an open question.
This point could be settled by accurate measurements
on pure nickel closer to T, than has been possible so
far.

Although there have been fewer determinations of
P for iron, we note that a discrepancy similar to that
for nickel exists between our results and those of
Mossbauer measurements of 'Fe in iron. The
range of the Mossbauer experiments extends some-
what closer to T, than our work but a sample with ra-
dioactive "Co impurities was used as source of y
rays.

Our result for cobalt is to the best of our know-
ledge the only zero-field measurement so far. Mag-
netization measurements at high magnetic field yield-
ed P=0.42+0.01, 25 well above our value.

Equation (1) holds as long as there is no change in
the hyperfine coupling due, say, to changes of the
sample volume. However, the temperature depen-

dences of the frequency and magnetization v(T) and
M ( T) were measured at constant pressure while the
volume changed due to thermal expansion. This sug-
gests8 why plots of v(T)/vo and M(T)/Mo vs T/T,
differ by more than 6% for nickel as shown in Fig.
2(a). Using the thermodynamic equation'6

8 lnv

T
Blnv 8lnv &BP 1 B V

v ( T) and M ( T) were corrected to constant volume
values resulting in a residual deviation of —3%
between the v( T)/vo and M( T)/Mo curves for nickel
shown in Fig. 2(b). The parameters used are given
in Table II.

In cobalt (B lnM/BP) r —2.18 x 10 4 (k——bar) ' was
measured' rn the hexagonal phase. We assume that
it is equal in the cubic phase due to the similar mag-
netic behavior of the two phases, and the comparable
values for the other two cubic ferrornagnets
(BlnM/BP)r"'= —3.1 x 10 ' (kbar) ' and
(B lnM/BP) r'= —2.9 x 10 (kbar) '.'8 Moreover, it
was found that Eq. (2) is not very sensitive to
changes in the pressure dependence of M. Thermal
expansion data were taken from Nix and MacNair
for nickel and from Muller and Scholten' for cobalt.

The near coincidence of v( T)/vo and M( T)/Mo
shows that the hyperfine coupling, C of Eq. (1), has
only a very weak explicit temperature dependence for
nickel and cobalt. Thus v( T) at constant volume
essentially represents the behavior of the magnetiza-
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0.9

TABLE II. Parameters used for correction of frequency
and magnetization to constant volume. Logarithmic deriva-
tives are in units of 10 /bar.

07 Metal (9 ln V/9P) T (8 1nv/BP) T (8 lnM/QP) z-
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—5.28'

94b
6.13d

29c
—2.18'
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"'P. W. Bridgman, Physics of'High Presstoes (Bell, London,
1949), p. 167.
Reference 26 ~

'Reference 28.
dR. V. tones and I. P. Kaminov, Bull. Am. Phys. Soc. 5,
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'Reference 27.
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In the case of iron, the hyperfine-field coupling has
been found to have a substantial explicit temperature
dependence between 4.2 and 300 K.' This effect can
be represented by C = Cp(1 —0.77 x 10 7T'). Thus
constant volume plots of M/Mp and v/vp show con-
siderable differences in the intermediate temperature
range. We have not carried out a constant volume
power-law fit for the critical region of iron. Our ex-
perience with cobalt and nickel suggests that the ef-
fect of volume corrections to the critical exponent is
small. Likewise, the effect of the explicit tempera-
ture dependence of the hyperfine coupling is negligi-
ble compared with other sources of experimental er-
ror.

FIG. 2. Normalized NMR frequency v(T)/vp and mag-

netization M(T)/Mo of ferromagnetic nickel vs tempera-

ture. {a) At constant pressure: —preseht data; 0—
Streever and Bennett; (Ref. 8) 5—Weiss and Forrer (Ref.
75); 0 —Kaul and Thompson (Ref. 76). (b) At constant
volume.

IV. KNIGHT SHIFTS IN THE PARAMAGNETIC
STATE

The Knight shift (K) was measured in paramag-
netic nickel from 1173 down to 723 K
(a+ =—T/T, —I = 0.15). Measurements in solid

tion. This has already been shown for nickel by
Riedi ' and by Streever and Bennett in the tempera-
ture range 4.2 to 300 K. Thus we can make a least-
squares fit of v(T) at constant volume to the power
law v( T)/vp = M ( T)/Mp =8 aa. This constant
volume fit yielded values of the parameter 8, the
critical exponent P and T, given in Table III. There
is a small change from the values of 8 in Table I but

P and T, remain practically the same. This is not
surprising because the parameters are deduced from a
small range of temperature e (& 1, where the
volume changes are small.

Metal

Nickel
Cobalt

1.3+ 0.05
1.18+0.05

0.355+ 0.014
0.308+ 0.012

632.7+ 0.4
1394.8+ 1.0

TABLE III. Power-law parameters for the critical
behavior of the spontaneous magnetization at constant
volume.
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K(T) =K, +Kg(T) +K„, , (3)

paramagnetic cobalt covered the range from the melt-
ing point (1768 K) down to 1570 K (s+ ——0.13) and
in the liquid extended from 1825 down to 1692 K in
the supercooled range. These data are shown in Fig.
3 together with the earlier results of Segransan
et al. ' "for solid and liquid nickel and the prelirn-
inary cobalt results of El-Hanany and Warren. ' It
should be noted that Segransan et al. obtained shifts
that were in agreement with our results at their
lowest temperatures near 800 K, but above 900 K
their reported shifts are lower than ours by about
0.5%. We shall discuss this discrepancy in more de-
tail shortly. In the case of cobalt, there is a small
systematic difference between the data of Ref. 10 ob-
tained with powdered samples and the present bulk
sample results. We attribute this to a larger tempera-
ture error (—5 K) associated with the larger thermal
gradient present in the apparatus used for the earlier
measurements. For both metals the strongly diver-
gent character of the shift is evident on'approaching
T, . The negative sign of the diverging shift is, of
course, a consequence of the negative core-
polarization hyperfine field of the d-electron spins.

As shown by Clogston, Jaccarino, and Yafet, con-
siderable additional information can be derived from
the Knight shift by correlating the shift with the mag-
netic susceptibility. The temperature-dependent Shift
for a two band (s and d) model can be written

where K, is the contact contribution to the Knight
shift due to the s band electrons, Kq(T) is the con-
tact contribution through the core-polarization in-
teraction of d-band electrons, and E„b is the orbital
contribution to the Knight shift of the whole d band.

In a similar way the magnetic susceptibility can be
written as

x(T) = x„,+ x'+ x d( T) + x„„', (4)

where o., =1.79 x 10 A fIH„r(s), nq = 1.79
10 A OHgf(d), and Hhr(s) and Hhr(d) are the hy-

perfine fields per electron. In Eq. (5) all x's are
volume susceptibilities and therefore A 0 is the
molar volume„where A is Avogadro's number and 0
is the atomic volume. Similarly p'= (0/p, s)

Hhf(orb), where Hhf(orb) is the orbital hyperfine
field per one unit of angular momentum (p, s is a
Bohr magneton). F& is a relativistic correction factor
estimated as F& = 1.086.

Using the procedure of Clogston et at. ,
"plots of K

vs X at constant pressure were constructed for nickel

where xd;, is the core diamagnetism, x~ and x~(T)
are the Pauli paramagnetism of the s and d bands,
respectively, and X„„is the orbital paramagnetic sus-
ceptibility which is the analog of the Van Vleck
temperature-independent paramagnetism. " Thus
Eqs. (3) and (4) can be combined to yield

K(T) = ~,x,'+~,x,'(T) +P'F, x„„,

e a
p p i

~ ~

~O0

-1
-11-

-12-
-13-
-14-

t l I I I I I l I I t t I I t L I I

600 700 800 900 1QQQ 1100 1200 1300 1400 1500 1600 1700 1800 1900
T(K)

FIG. 3. Knight shift as a function of temperature in paramagnetic nickel and cobalt. Open points, solid state; closed points,

liquid state. Nickel: d, —present data; 0 ~ -Ref. 15. Cobalt: LL J,—present data; 0 —Ref. 1D.
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and cobalt. These are shown in Figs. 4 and 5, respec-
tively. The values K, =0,23%, X~ = 10 ' emu/mole,
X~;,=—2 x 10 emu/mole (Ref. 34), and Hqr(orb)

560 kOe/ps (Ref. 35) were assumed for nickel,
and X data at constant pressure were taken from
Arajs and Colvin. ' For cobalt, the values
K, =0.23% and X~+ X~;, = 0 (Ref. 37) were assumed.
A value of Hqr(orb) = 750 kOe/p, s was calculated by
Freeman and Watson" for Co'+ while Dupree et al.
give Hqr(orb) =440 kOe/ps for cobalt impurities in

a metallic host. For purposes of the present
analysis it is sufficient to take the average of these
values, Haf(orb) = 600 kOe/p, s. The X data for
cobalt at constant pressure were taken from Urbain
and Ubelacker' and Muller. " The K vs X plots of
Figs. 4 and 5 yielded the values of H~r(d), X„„,and

K„q given in Table IV. The hyperfine fields Hgf(d)
were determined from least-squares fits of the K —X
data, and the values of X„„and K„& were obtained
from the intercepts shown in Figs. 4 and 5.

The lower {more negative) shift values obtained by
Segransan et al. '4 " for nickel above 900 K are clear-
ly evident in Fig. 4. The 20% difference in values of
Hgf(d) given in Table IV is a direct consequence of
this experimental discrepancy. The data of Segransan
et aI. yield a nonlinear K —X plot at high tempera-
tures, a characteristic which is not evident in our data
which yield a good linear fit over the entire range.
However, our data do not extend to the region of the
melting point and liquid where the nonlinearity of the
data of Segransan et al. is most pronounced. Those
authors argue that the nonlinearity of their K —X

orb

FIG. 4. Knight shift, E, vs molar susceptibility X for paramagnetic nickel at constant pressure: b, —present data, S-
Segransan et al. (Ref. 15).
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FIG. 5. Knight shift, K, vs molar susceptibility X for
paramagnetic cobalt at constant pressure.

plot is a result of a temperature-dependent orbital hy-

perfine field associated with thermal expansion at
high temperatures.

A possible source for the discrepancy between our
results and those of Segransan et al. was suggested by
those authors to be errors in our temperature deter-

minations, possibly due to rf heating effects. '5 We
point out, however, that reconciliation of the two sets
of data would require s temperature adjustment of
about 250 K at the high-temperature limit of our
data. Such a large temperature error cannot be
present in light of the calibration and checks on rf
heating effects described in Sec. II. Similarly, a large
temperature error in their measurements is seemingly
inconsistent with the calibration procedures described
by Segransan et al.

Other possible sources of error do not provide a
ready explanation of the discrepancy. The Knight-
shift difference corresponds to a magnetic field shift
of nearly 200 Oe at the fields used in our experi-
ments. An error of this magnitude in determining
the magnetic field at resonance is well outside the
bonds imposed by our field calibration, including any
effects due to the furnace and heater current. A
similar claim was made by Segransan et al.

The most important difference in experimental
method in the two studies was the nature of the sam-
ples themselves. In our case, the sample was a single
piece of enriched 'Ni metal contained in a closed
quartz ampoule under an argon atmosphere. Segran-
san et al. employed powdered samples, mixed with
alumina powder to provide separation, and held in an
open tube exposed to the furnace atmosphere —either
argon or vacuum depending on the temperature
range. Estimates of the demagnetization factor
correction for the two cases show that this effect is
insufficient to account for the discrepancy. On the
other hand, our experience with high-temperature
NMR furnaces has shown that it is difficult to reduce
the residual oxygen contamination at high tempera-
tures to a level comparable with that achieved in a
sealed quartz ampoule. This effect and the large sur-
face area of the powdered sample suggest that sample
oxidation should be considered as a possible problem
with the experiments of Segransan et a/. We em-
phasize, however, that at the present time there is no
clear identification of a source of systematic error in
either set of experiments.

Finally, we consider the relationship of the hyper-
fine fields measured in the paramagnetic and fer-
romagnetic states. The d hyperfine field derived

TABLE IV, Values of the d-spin hyperfine field, Hhf(d), the orbital Knight shift, Kalb and the
orbital susceptibility, X„„,derived from K vs X plots in the paramagnetic phase at constant pressure.

Metal Hhf(d) (kOe/p, z ) x„„(vo) X„„(emu/mole)

Nickel'
Nickel
Cobalt'

—137+7
—113+5
—109.2+ 6.0

1.9+ 0.2

1.7+ 0.2

(0,19+Q.Q5.) x 10 3

~ ~

(0.15+ 0.02) x 10

'Present work. bReference 15.
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TABLE V. Comparison of paramagnetic phase hyperfine coupling, Hht-(d), with hyperfine field in ferrom &gnetic phase,
2wvp/n&y, and theoretical free ion value, [Hh&(d) ]f;. Paramagnetic state values of Hhr(d) are corrected to 0 K volume.
Right-hand columns give values of orbital Knight shift, K,„b, and orbital susceptibility, X„„,for paramagnetic phase at constant
volume.

Metal

Hhr(d)

(kOe/p, q )

Vp

(MHz)

y/27r

(kHz/Oe)

~v p//Ig y H hr(d)r,

(kOe/p, ~ )

A „b

(%)

x„„l0-'
(em u/ mole)

Ni —140+ 8
t solid —121+ 7

Co
, liquid —128+ 7

28.47

217.2

0.379

1.003

0.602 —128.3

1.752 -127.1

-125

-125

1.84+ 0.2
1.5+ 0.2

.- 2. 1+ 0.2

0.18+ 0.05
0.14+ 0.04

0.18+ 0.05

from the K —X plot can be compared with the fer-
romagnetic hyperfine field 2rrvp/yns where ns is the
measured average moment per atom at 0 K in units
of p, ~. However, the K —X plots of Figs. 4 and 5

correspond to constant pressure and the effects of
thermal expansion should be taken into account f'or a

comparison with the hyperfine field at 0 K.
K and X data at constant volume were calculated

using Eq. (2) and assuming that K and x in the
paramagnetic phase are analogous to v and M in the
ferromagnetic phase, respectively. This is justified for
cobalt and nickel since C in Eq. (1) was found to be
almost temperature independent. Thus a K —X di-

agram at constant volume could be plotted and X„„
and K„b were rederived. These values are given in

Table V. A least-squares fit of the K vs X data at
constant volume gives the Hhr(d) values in Table V
which are compared with the ferromagnetic hyperfine
field 2m vp/yns and with the theoretical calculation of
Bennett et ai. for 3d"4s configuration ions. The
ferromagnetic hyperfine field was calculated taking
into account the contribution from the local Lorentz
field, which contributes about 3% of the measured
field, in the opposite direction. It is interesting to

note that our value of K, +K„b=1.74+0.2% is in
agreement with K, +K,„b= 1.94+0.25% obtained by
Fekete et at. " The latter value was measured in fer-
romagnetic hcp cobalt metal, The paramagnetic hy-
perfine field, corrected for volume expansion, is in
agreement with the vp/y value for cobalt and is about
9% larger for nickel. This similarity of the hyperfine
fields in the two magnetic phases shows that the local
electronic structure is not strongly affected by the
magnetic phase transition.

V. MAGNETIC EQUATION OF STATE

H = m
I
m I' '~ (x) (6)

where H is Hp normalized to ksT, /pp units,

In order to emphasize the similarity of the fer-
romagnetic and paramagnetic phases of nickel and
cobalt we follow Vicentini-Missoni et al. ' and write
an equation of state that describes both phases using
the same parameters. The magnetic equation of state
relates the external magnetic field Hp, the magnetiza-
tion m —= M/Mp, and the temperature T,

TABLE VI. Summary of par ~meters used for equ ation of state.

Metal T, (K) H;„, (kOe) Ei(kg T, /p, p) e(0)

Nickel"'

N ickel"
'
Solid

632.7
626.5

0.355
0.375

1.3 4 48
4.48

0.175
0.18
0.687

1.2
0.83

0.227
0.230
0.90

Cobalt"' 1394.8 0.308 -1. 18
Liquid

4.93 216.5
0.584

1.2
0.76

"Present work. Reference 41.
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x {1+E,[(x +xo)/x ] ~j'~' " " '~ (7)

Vicentini-Missoni et al. ' demonstrated the validity of
Eq. (6) for the analysis of experimental data in the
critical region of a number of ferromagnets and
fluids. We have used the parameters B, P, H, vo,

and T, derived from the experimental data in the fer-
romagnetic phase to fit the Knight shift calculated
from Eq. (6) to the experimental values calculated at
constant volume, as presented previously. The mag-
netization m is given by m = KHO/H;„, where

H;„,=2rrvo/y At T. = T, (x =0)

I (0) g (1 + g ) [P(8 I) ——I )/2a (8)

Theval'ues of E~ and E2 given in Table VI were fit-

ted to get good agreement with the experimental
Knight shift as presented in Figs. 6 and 7. The calcu-
lated Knight shift depends very weakly on the exter-
nal field, hence the difference between our K data
and those of Segransan et al. '" "cannot result from
measurements in different external fields.

jap = n~p, ~, 5 is the exponent of the critical isotherm
T = T„and h (x) is an analytic function of the vari-
able x —= e+/m'~& from 0 K to infinity, with xo=—B ' ~

/t (x) =Ei[(x+xo)/xo)

Our value of E~ is in agreement with Vicentini-
Missoni et al. ', E2 is larger than their E2. This may
be a result of our measuring K rather far from T,
while they fitted the parameters to measurements
close to T, ~

The exponent 8 for cobalt was calculated from '

5=1+y/P

using our value of P and y = 1.21.43 As seen from
Table VI, h (0) in cobalt is larger than in nickel.
This is predicted by the molecular-field theory with

the Brillouin function which gives for S = —,(Ni) a

value h (0) = —, , while for S =1(Co) a value

h(0) = —,6
is obtained.

VI. NUCLEAR-SPIN RELAXATION RATES

The nuclear-spin-lattice relaxation time T~ was
measured in paramagnetic nickel over the range
738 ~ T ~ 1173 K; both T j and the spin-spin relaxa-
tion time T2 were measured in several ferromagnetic
nickel samples over the range 4.2K ~ T ~ 631 K.
These results are presented in Fig. 8. For cobalt, T&

was measured in the paramagnetic liquid from 1692
K (supercooled) up to 1825 K and in the paramag-

hg~
b

b
b

61
I

0~O

12—

200 400 600 800 1000 1 200
T(K)

F[Q. 6. Equation of state calculations (solid curves) of the Knight shift in the paramagnetic state and NMR frequencies in the

ferromagnetic state of nickel at constant volume compared with the experimental results.
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FIG. 7. Equation of state calculations (solid curves) of the Knight shift in the paramagnetic state and NMR frequencies in the
ferromagnetic state of cobalt at constant volume, compared with the experimental results.
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F&G. 8. (T~T) ' and (T2T) vs temperature for nickel. The curves are guides to the eye intended to indicate the difference

in (T2T) ' between natural and enriched samples and between bulk and powder samples.
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(T ) ' = (8.0+1.0) T+ (380+40)e" (10)

where the critical exponent n' = 0.67 + 0.08. The re-

netic solid from 1650 K to the melting point (1768
K). The data for T, and Tq in ferromagnetic cobalt
extend from 298 up to 1385 K. The cobalt results
are presented in Fig. 9. The relaxation times for iron
in the ferromag'netic state were measured from 288
up to 1027 K and are shown in Fig. 10. For each of
the three metals, measurement of TI became pro-
gressively more difficult on approaching T, . In the
ferromagnetic phase in the temperature range closest
to T„only T& could be measured.

The nuclear relaxation rates exhibit qualitatively
similar behavior for all three metals. In the fer-
romagnetic state, the spin-lattice relaxation rates 1/Ti
consist of a background rate for which ( T, T) ' is
nearly constant far from T, and a critical relaxation
contribution for which 1/Ti diverges on approaching

T, . Well below T, the spin-spin relaxation rates
exceed 1/T, but on approaching the critical region,
1/T, 1/Ti. Within experimental error, 1/T, =1/Tz
in the critical region.

In the case of ferromagnetic nickel the data can be
represented (in s ') by

laxation rates in ferromagnetic cobalt are described
(in s ') by

(Ti) i = [(0023 + 0 004) T + (13 + 2) ] T

+ (5400 + 400)a "

with n'=0.96+0.07. As is evident from the inset of
Fig. 10, the critical relaxation rate for ferromagnetic
iron cannot be described by a single power law over
the full range. For e & 10 ', n'=0. 7 as is the case
for nickel. The background relaxation for iron is
given (in s ') by

( T ) ' = [ (1.03 + 0.15 ) (10 4) T + (0.061 + 0.005 ) ] T

(12)

over the range 300 to 550 K. Because the back-
ground relaxation is so low for iron, the increase in

(Ti) ' due to spin fluctuations begins to be evident
above this temperature range, even though it is still

well below T, .
In the paramagnetic state of nickel, the value of

(T, T) ' tends to increase on cooling toward T, . The
data can be represented [in (sK) '] by

(TiT) ' = (6.9+0.4) + (300+100)(T—T, ) '

59

340—

300—

260-
4P

220—
I

180—
CV

140—
I

100—

I I I I I I I . I I I

0 200 600 1000 1400 1800
400 800

T(K)
1600 2000

FIG. 9. (T&T) ' and (T&T) ' vs temperature in cobalt: circles (T]T) ' in liquid ( ~ ) and solid (0) states; squares (T&T)

in solid.
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FIG. 10. (T~T) ' and (T2T) ' vs temperature for iron. The curves are guides to the eye intended to emphasize the differ-
ence between bulk samples and powder samples. The inset gives a plot of T2

' vs ~ on a log-log scale.

For paramagnetic cobalt, (T~T) is essentially in-

dependent of temperature over the experimental
rar ge with a value [in (sK) '] of

(TiT) '=27+2

Bulk samples of ferromagnetic nickel and iron ex-
hibit a striking peak in (T2) below the critical re-
gion. There is no evidence of a corresponding effect
in the (T~) ' data.

A. Spin-lattice relaxation (noncritical}

Outside the critical region, the main potential con-
tributions to the relaxation rate ( T~ ) ' are the con-

(T&) '=(T)), '+(T()d'+(T)).,~b . (13)

Because of the linear temperature dependence associ-

tact interaction with the s-band electrons, ( T~ ), ', 44

the core-polarization interaction of the d-band elec-
trons, ( T~) q ', ' and the orbital interaction of the d
electrons (T(),,b. These are the dynamic analogs of
the Knight-shift components E„Ed, and E„b dis-
cussed in Sec. IV. An important difference in the
case of the orbital relaxation, however, is that
whereas for the shift the orbital interaction is aver-
aged over a11 occupied states in the d band, the corre-
sponding average for the relaxation is restricted to
states at the Fermi level. The total relaxation rate is
given by
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ated with relaxation by electrons at the Fermi sur-
face, we adopt the usual convention and consider the
products (TtT) in the following discussion.

Moriya ' and Chornik ' estimated the s contact, d-
core polarization, and orbital contributions to
(TtT) in ferromagnetic iron, cobalt, and nickel,
and concluded that the main contribution comes
from the orbital interaction. Chornik" calculated
( TI T) ' = 3.7 (sK) ' in ferromagnetic nickel, while
our results are about twice as large,
(TtT) '=8.0+1.0 (sK) '. Part of the difference
might come from nuclei interacting with domain-wall
fluctuations, since the rf fields used in our experi-
ments mostly excite nuclei at the edge of these walls.
Bancroft49 found that 1/Tt is 10'lo lower for 00 = 5

kOe, a field large enough to remove the domain
walls. On the other hand Walstedt' measured a con-
siderably lower value (T, T) '=4.8 (sK) ' under
similar conditions. Our value of (TIT) agrees with
Walstedt's value for H0=0. ' "

The enhancement of 1/T~ by domain-wall fluctua-
tions is more important in cobalt than in nickel. The
calculated value of (TtT) ' for ferromagnetic cobalt
is between 3 and 5 (sK) ', 5' in agreement with the
value measured with H0 & 4mM. The rate measured
previously in zero field is (T& T) ' = 13 (sK) ', "in
agreement with our values measured at the lowest
temperatures. A change of domain-wall mobility
might be the cause of the weak temperature depen-
dence of the background relaxation described by the
T' term in Eq. (11). Alternatively, it is possible that
this effect results from interactions between the nu-
clei and thermal magnons through, the hyperfine cou-
pling.

The background relaxation in iron exhibits a tem-
perature dependence similar to that of cobalt up to
the point at which spin fluctuations began to become
important. The magnitude of the observed rate at
400 K, (T T) '=0.102+0.010 (sK) ', exceeds the
calculated values'~ [0.046—0.082 (sK) '] by factors
similar to that observed for nickel. %e are not aware
of any measurements of (T~ T) ' in iron for
HD ) 4+M. However the comparison with theory
suggests a modest enhancement by domain-wall ef-
fects.

The calculations of the relaxation rate discussed
above did not include the effects of interactions,
among the electrons. This is justified for the orbital
contribution for which there is no exchange enhance-
ment. Enhancement of the s-band term can be ig-
nored sine this contribution to the total relaxation is

negligible, even with considerable enhancement. The
d-spin core-polarization contribution while negligible
far from T„can be strongly enhanced in the general
region of the critical point. This effect is clearly evi-
dent, for example, in the results of Kontani et al. for
1/T~ in the weak itinerant ferromagnet ZrZnq. '3'~

They observed a strong peak in the relaxation rate on

8. Spin-spin relaxation (noncritical)

The measured value of (TqT) ' in the ferromag-
netic phase decreases with increasing temperature ap-
proaching the critical region until it is governed by
the spin-lattice relaxation. The measured Tq can be
written

(Tp) '=(Tp) '+(Tt) ' (14)

where T& is the relaxation time due to spin-spin in-

teractions. Our observed values of (Tq ) ' are given
in Figs. 11, 12, and 13 for nickel, cobalt, and iron,
respectively. There it can be seen that (Tq ) ' gradu-
ally increases with temperature we11 below T„but
drops abruptly on approaching the critical tempera-
ture.

There are two potentially important spin-spin in-
teractions that will be discussed here: the Suhl-
Nakamura (SN) interaction and the dipolar interac-
tion. One can visualize the indirect SN interaction
between two nuclear spins in a magnetic medium by
considering the following process: a nuclear-spin flip
at site 1 creates a virtual magnon through the
transverse part of the nucleus-electron hyperfine in-
teraction. The virtual magnon is then annihilated by
another nuclear-spin flip at site 2, through a similar
interaction. This gives rise to an effective interaction
between the nuclei at sites 1 and 2.

The contribution M~" of the SN interaction to the
second moment in the enriched samples can be writ-

ten as56'~

(15)

passing through T, in an applied magnetic field. At
higher fields, the peak was reduced. The tempera-
ture and field dependences could be satisfactorily fit-
ted to the theoretical result of Moriya and Ueda" for
spin fluctuation enhanced relaxation in weak itinerant
ferromagnets. Unfortunately this theory is not appli-
cable to the strong itinerant ferromagnets considered
in the present work. However, the broad increases of
(TtT) ' on approaching T, in both ferromagnetic and
paramagnetic states are qualitatively similar to the
results in ZrZn&.

The effect of an applied magnetic field in suppress-
ing the enhanced relaxation provides a possible expla-
nation for the difference between our results in
paramagnetic nickel and those of Ref. 15. The values
of (T~T) ' we have measured at a frequency of 17
MHz are roughly 30% higher than obtained by
Segransan et al. ' in higher fields at 28 MHz. If the
background relaxation in paramagnetic nickel far
above T, is ( T~ T) ' as shown by the work of Segran-
san et al, this field dependence corresponds to an in-

crease in the enhanced spin relaxation by roughly a
factor 2.5 on reducing the field from 75 to 45 kOe.
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where

Bs = (2A'/JZ]n) fi
H ' =H"' = 350 Oe at 0 K.

Now, from Eq. (19), n (( 1 for these cases and
the summation in Eq. (21) can be transformed to

and

f,, = (1/4'

a�)
e "'ij /rj . (17)

Ms" = 4mnc e "'dr =—2%'Pic

0 K
(23)

Here I is the nuclear spin, A = h vo/S is the coeffi-
cient of interaction between the nuclear and electron-
ic spins, n is the number of sites per unit cell (n =4
and n =2 for fcc and bcc lattices, respectively), Z] is
the number of near neighbors (Z] =12 and Z]=8
for fcc and bcc lattices, respectively), and

Substituting the above values with I = —, for 'Ni,

I = —, for ' Co and I =
z

for ' Fe we obtain in erg

(M' );= 1.9 x 10 ",
(MP )« = 6.1 x 10 44,

(M,'" )„,= 1 x 10 4'

g @AH, =2JSZ)

where H, is the exchange field. The parameter
a =2/Z] is a geometric factor, and

~ = (Z,H„/H, )'i'

(18)

(19)

We turn now to consider the effects of nuclear
dipole-dipole interactions. The contribution of the
dipolar interaction to the second moment for "like"
spins in a pounder or a polycrystalline sample is given
by

T =g/(M )' (20)

Substitution of Eqs. (1,6) and (17) in Eq. (15) gives

MsN I (I + 1)A~ ~ e ~""ij e ~"'ij
2 =C

3(JZ]n) 477 cx ]~J r]i . ~ r.

(21)

~here c is a constant

H& being the anisotropy field, and rj is the distance
between the two nuclear spins I; and Ij in units of
lattice constant ao. M~" is the square of the dynamic
SN linewidth. The Fourier transform of the line
shape gives the decay of the echo envelope in spin-
echo experiments such as ours. ' This shape can be
approximated in homogeneous samples by a Gauss-
ian56 with

(24)

where. the lattice sums are X,. ~&1/r& = ]v/ao with

e = 8.4, 29, and 116 for sc, bcc, and fcc lattices,
respectively. Using a0=3.52 A for nickel, ao=3.537
A for cobalt, and ao= 2.87 A for iron, we obtain for
the enriched samples 4 in erg

(M ') 54x10-4s

(M~]]')«=1.09 x 10- 5

(Md") =1.6x10 '0

It is clear that the dipolar second moment is smaller
than the SN contribution in all three metals and, for
cobalt and iron, it is completely negligible.

In a cubic lattice we can ~rite

e —= 1(I+1)A /48(rrjn) (22)
( T,' ) ' = (M N + Mq" ) ' '/g (25)

The exchange field H, can be estimated from the
Rushbrook and Wood approximation. '9 For nickel
with S =

z (ns =gS =0.6) and g p]]H, = 2JSZ]1

= T,ks/0. 346, the value is H,N'=13.6 MOe. For
cobalt, with S =1(ns =1.75) and g psH, =2JSZ]
= T,ks/0. 501, we find H,« = 21 MOe, for iron with

S = 1(ns = 2.22) and g psH, = 2JSZ] = ,T,krr/0. 479,
the result is H,F'= 16 MQe.

The anisotropy field can be estimated by g p,~S,H&

= —,ES, , where to a first-order approximation this
1 p p 1

equals
~

KS cos 8—= —,E~ cos 8. Here E~ is the aniso-

tropy constant and cos'8 the cosine of the direction
of the magnetization. From Birss et al. , Sucksmith
and Thompson, ' and K.ittel ' the measured values of
K~ in nickel, cobalt, and iron, respectively, show that.
E~ decreases rapidly with temperature. We estimate
from their measurements that H&"'= 1 kOe and

Hence the theoretical values of (Tq ) ' are in sec '

(T,')„j' —4.7 x 10~

( T& ) co] -—2.4 x 10',
( T] )p.

' = 3 x 10' .

The measured (T~ ) ' values extrapolated to 0 K
in Figs. 11, 12, and 13 are smaller than the calculated
values, being 3 x 10 sec ' and 6 & 10 sec ' for nick-
el and cobalt, respectively, and of the order of 10'
sec ' for iron. Further the decay is exponential rath-
er than the expected Gaussian. Hone et al. ' and
Barak et al. '~ discuss the effect of inhomogeneous
broadening resulting from nonmagnetic impurities or
strains in the lattice. These prevent mutual spin flips
of the nuclei due to nonconservation of energy if the
difference in their Zeeman energies is larger than thy

strength of the interaction between them. The result
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is either a smaller relaxation rate with an exponential
shape'6 or a sum of exponentials ' depending on the
exact form of the inhomogeneous broadening. This
broadening depends on the sample preparation and
thus gives different (T2 ) ' values. Such a depen-
dence on sample condition may be seen in the nickel
data shown in Fig. 11.

When the main contribution to spin-spin relaxation
is the SN interaction, as in the present case, the re-
laxation rate is also almost proportional to the abun-
dance of the observed isotope. This explains why

( T2 ) is 10—100 times smaller in natural nickel than
in enriched 'Ni samples.

Normally the SN and dipolar interaction are con-
sidered to be temperature independent. However
from Eqs. (19), (22), and (23) it is evident that
(T2)sN~ (H, /H~)''~ (JS/E~)''. Far from T„K~
decreases rapidly with increasing temperature
while the magnetization decreases slowly, resulting in

an increasing (T2 ) '. No measurements of K~ have
been made near T„ to our best knowledge, but one
can assume a remanent anisotropy since spin waves
can, still be observed near T, . The magnetization, on
the other hand, starts decreasing rapidly on approach-
ing T„resulting in a sharply decreasing (T2 ) as we

have observed.
The observed peak in ( T2 ) ' in bulk samples

which does not appear in powder samples remains a
puzzle. This e'ffect cannot arise from diffusion of im-

purities since it appears at rather low temperatures.
Nor can it be associated with spin-spin interactions
since, in this case, it should have been reduced ap-
preciably in the bulk natural nickel samples. Thus,
since there is no anomalous behavior of I/T~ in this
temperature range, the peak in 1/T2 must be related
to the behavior of the longitudinal components of the
electronic magnetization.

C. Critical relaxation in the
ferromagnetic state

As the temperature is raised toward T, in the fer-
romagnetic state, 1/T, and 1/T2 become equal within
experimental error and both diverge at the critical
temperature. Power-law exponents n' for the diver-

gent component of the relaxation are given in Table
VII. For nickel and cobalt, a single exponent suffices
to represent the data over the whole experimental
range. Iron, on the other hand, exhibits substantial
curvature on a log-log plot (inset, Fig. 10) and an ex-
ponent can only be defined over a relatively narrow
range for e & 10 '. The value of n' for iron in this
region agrees with that observed for nickel. The ex-
ponent observed for cobalt is substantially larger.

Nuclear-spin relaxation in the critical region re-
flects the "critical slowing down" of fluctuations of
the electronic magnetization as T, is approached.
These electron-spin fluctuations couple to the nuclei
through the d-spin core-polarization hyperfine field
H fh(d). The relaxation rates are determined by the
correlation functions for spin fluctuations.

G,,(r;r) -=(gs, (r;r)gg, (0;0)), (26)

where 5S;(r;t) is the deviation from its mean value
of the ith component of the spin at position r and
time t. The Fourier transform of GJ(r;t) is the
dynamic structure factor G&(k;&u). The nuclear re-
laxation rates are then given by

(T~) '=2lyHhr(d) j
&

d3kG+(k;coo), (27)

(T2) '=(2T, ) '+2[yHhf(d))' Jtd'kG„(k;0) (28)

Because the nuclear Larmor frequency ceo is much
smaller than the characteristic fluctuation frequen-
cies, we can take coo =0 in the integrand of Eq. (27).
In this limit (T~) becomes independent of resonant
frequency. Integrals identical to those of Eq. (28)
govern the decay times measured by perturbed angu-
lar correlation of gamma rays (PAC) and Mossbauer
linewidths. '" Our observation that T~ = T2 in the
critical region implies the following isotropy condition
in iron, cobalt, and nickel:

J d kG~(k 0) Jtd3kGyy. (k 0) ~ d3kGgg(k 0)
(29)

The critical exponent for the divergence of I/T~
and 1/T2 is given by dynamic scaling theory in terms

TABLE VII. Dynamic critical exponents in the ferromagnetic state.

Metal n' Range

Nickel
Cobalt

Iron

0.67+ 0.08
0.96+ 0.07
0.63+ 0.12

2.01+0.12

2.44+ 0.11
1.95+ 0.18

2x10 . &e &1x10 '

7 x 10-3 « & 6 x 10-2

4x10 3&q &1.5x10 2
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of a dynamic critical exponent z and the static critical
exponents. For the isotropic Heisenberg ferromag-
net the result is

n'= v'(z —rt —1)

where v'= —, and q=0. Thus

(30)

The dynamic exponent can be expressed in terms of
P and v', 69

z=3-P/v' . (31)

VII. SUMMARY

By combining the use of pulsed NMR of bulk met-

al samples with high homogeneity high-temperature
techniques, we have observed NMR up to the critical

region of ferromagnetic nickel, iron, and cobalt and

in paramagnetic nickel and cobalt. The experiments
have yielded a number of important parameters
which characterize the microscopic magnetic proper-
ties in these metals both in the critical region and at
temperatures well removed from T, .

The temperature dependence of the resonant fre-

Thus for the isotropic Heisenberg ferromagnet the
prediction of dynamic scaling theory is z = 2.5 or
n' = 1.0. If, in addition to the isotropic Heisenberg
coupling, the effects of non-spin-conserving (e.g. , di-

polar) forces are included, the so-called "modified"
theory predicts z = 2.0 or n' =0.7.

The exponent we have observed for nickel corre-
sponds to the predictions for the case of non-spin-
conserving forces. Similar values have been obtained
from PAC and Mossbauer measurements just
above T, . However, neutron scattering measure-
ments ' above T, yield n' —1, i.e., the pure Heisen-
berg exponent. This discrepancy has been discussed
recently by Suter and Hohenemser. " They argue
that the origin of the discrepancy is the different
range of k values spanned by hyperfine probe studies
(PAC, NMR, and Mossbauer effect) on the one
hand, and inelastic neutron scattering on the other.
The integrals of Eqs. (27) and (28) are weighted to-
ward values of k smaller than the minimum accessi-
ble by neutrons and it is in this low-k range that non-
conservative effects are more important. It is in-

teresting that cobalt, with the highest Curie tempera-
ture and, hence, the strongest exchange interaction
exhibits the expected Heisenberg exponent while
iron, the intermediate case, exhibits crossover
behavior to the nonconservative exponent close to
T, . A similar crossover has recently been reported
for iron above T, by Chow, Suter, and
Hohenemser. "

quency in the ferromagnetic state was analyzed to ob-
tain the static critical exponent P for the magnetiza-
tion. The values for all three metals are lower than
the expected value for the isotropic Heisenberg fer-
romagnet and lo~er than those obtained by impurity
hyperfine studies (e.g. , Ni OORh PAC74). While this
suggests a possible systematic difference between the
results of pure metal and impurity hyperfine studies,
there remains uncertainty due to the fact that the im-
purity studies extend closer to T, than the NMR ex-
periments.

Analysis of the Knight shifts of 'Ni .and Co in
the paramagnetic states of the respective metals yield-
ed the d-spin core-polarization hyperfine field and
the orbital Knight-shift and susceptibility contribu-
tions. The hyperfine field of paramagnetic cobalt
agrees with the internal field in the ferromagnetic
phase, once thermal volume expansion is taken into
account. For nickel, the value of Hhr(d) in the
paramagnet is roughly 10% larger than the ferromag-
netic value. A value reported by Segransan et al. "
for paramagnetic solid and liquid nickel is smaller
than the low-temperature value by about the same
amount. The orbital susceptibilities of paramagnetic
nickel and cobalt are roughly equal. The essential
unity of the paramagnetic and ferromagnetic phases
was demonstrated by fitting the ferromagnetic nu-
clear resonance frequencies and paramagnetic Knight
shifts to a common magnetic equation of state.

The spin-lattice relaxation rates are characterized
by a background process, for which (T&T) ' is nearly
constant, and a divergent critical relaxation contribu-
tion near T, in the ferromagnetic state. In addition a
weak spin-fluctuation enhancement of the relaxation
rate was observed in the paramagnetic phase of nick-
el. The background rate is attributed to Korringa re-
laxation via the orbital hyperfine field while the criti-
cal relaxation is associated with critical fluctuations of
the d-electron spins. The temperature dependence of
the critical relaxation yielded the dynamic critical ex-
ponents for these ferromagnetic metals. For cobalt
the behavior expected of a Heisenberg ferromagnet
was observed; for nickel the exponent corresponds to
the ferromagnet coupled by non-spin-conserving
forces; for iron a crossover was observed with the
nonconservative exponent being observed closest to
T, . The trend toward Heisenberg behavior scales
with the exchange energy as indicated by the increase
of Curie temperatures in the sequence Ni-Fe-Co.

The observed spin-spin relaxation rates well below
th critical region are attributed to the Suhl-Nakamura
indirect nuclear coupling. This coupling weakens as
the magnetization drops on approaching T, until 1/Tq
becomes dominated by the critical relaxation. Isotro-

py in the critical region leads to T& = T&. A pro-
nounced maximum in the spin-spin relaxation rate in

the subcritical range was observed in bulk samples.
Except to establish that it is not related to nuclear
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spin-spin interactions, we have been unable to identi-

fy the source of this effect.
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