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Nuclear magnetic relaxation in the domain and domain wall of pure iron
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The nuclear magnetic relaxation times in the domain and domain wall of pure natural iron have been
measured separately. We have witnessed that the spin-spin relaxatiom,timéonger than the spin-lattice
relaxation timeT, in the domain wall. The ratid, /T, increases and approaches 2 with decreasing rf pulse
power level. This is due to the anisotropy in the fluctuation of the hyperfine field by single magnon processes
or wall-type excitations. The measured spin-spin relaxation rate is well described by the sum of the nonsecular
term and the dipole-dipole interaction terf80163-18207)03829-0

I. INTRODUCTION ning electron microscopySEM) shows that the particles are
mostly spherical. The sample was annealed to remove the
Since the first observation of the nuclear magnetic resointernal strain at 400 °C in the vacuum below T0torr for
nance(NMR) in a ferromagnet, investigators have reported4 h. The spin-lattice relaxation time was measured by the
various values for both the spin-lattice and spin-spin relaxsaturation recovery method, where the amplitude of the echo
ation times of F&’. Weger attributed the spread of thesewas measured after a pair of pulses following the fixst
values to a mixture of signals coming from the domain andpulse. The spin-spin relaxation was studied by measuring the
domain wall' He observed a nonexponential fast relaxationamplitude of the echo after the application of a pulse se-
at low rf power levels and an exponential slow relaxation atquence A7—t—2A7—). The linewidth obtained by the
high rf power levels, and suggested that they are the relax-ourier transform of the spin echo was 50 kHz. The pulse
ations in the domain wall and the domain, respectivelywidth A7 was 1.5us which is short enough to excite the
Later, Stearns showed that the relaxations in the domain wallthole range of the spectrum.
are nonexponential because both the enhancement factor and
relaxation rates depend on the location inside the domain
wall, being maximum at its center, due to the variation of the
angle between adjacent electron spin directfolmsher case, In the NMR of ferromagnets, the rf field experienced by a
most of the signal came from the domain wall, and thereforenuclear spin is enhanced due to the accompanying motion of
she did not have to worry about the signal from the domairthe magnetization of electron spifi$and the NMR signal is
mixing into the total signal. The ratio of the signals coming enhanced by the same factor. The enhancement factor in the
from the domain and domain wall depends on the samplélomain wall depends on the locatidfiand is usually order
properties such as the enhancement factors and volumes of magnitude larger than that in the domain. Therefore, the
the domain and domain wall. flip angles of nuclear spins are different for a given rf field.
In this work, we clearly divided the total signal of the When the rf pulse is not strong enough to make the average
Fe®” NMR experiment in a multidomain state natural iron flip angle of the nuclear spins in the domain walls 90°, the
into the signal from the domain and that from the domainsignal coming from the domain wall is dominant. If the rf
wall. The spin-spin and spin-lattice relaxation rates in thepulse power is increased higher than the average 90° pulse
domain and domain wall were measured separately as power for the nuclear spins in the domain wall, the distribu-
function of temperature from 20 K to room temperature. Thetion of the flip angles in the domain walls tends to cancel out
most interesting result is that the spin-spin relaxation timehe resulting echo amplitude, while the signal from the do-
(T,) is longer than the spin-lattice relaxation tim&,f in  main keeps increasing until the flip angle of the nuclei in the
the domain wall. The ratio of the two relaxation times/ T, domain reaches 90°. In this range, therefore, the contribution
approached 2 in the limit of zero rf power levels. This is dueof the nuclear spins in the domain to the total signal in-
to the anisotropy in the fluctuation of the hyperfine field bycreases with the rf field. Thus, the higher is the rf field then
single magnon processes or wall-type excitations. The spirthe larger is the contribution of the spins in the domain to the
lattice relaxation time in the domain is well explained by thetotal signal.
hyperfine interaction with conduction electrons. The spin- Figure 1 shows some typical relaxation curves of the echo
spin relaxation rate is shown to be the sum of the nonseculamplitude as a function of echo time for various rf fields
term and the dipole-dipole interaction term both in the do-obtained at 20 K. As seen in Fig(d, the relaxation curves
main and domain wall. at a rf field of H,, are almost single exponential, where
Hmax IS the rf level which generates the maximum signal
amplitude. In our sampléy ., is weakly temperature depen-
dent over the range of the experiment. The single exponen-
The sample was 99% pure natural iron powder with thetial decay means that a rf field ofH3,, is high enough to
sizes varying from 1 to 4.m. The picture taken by a scan- cancel out all the signal coming from the domain wall. In our

Ill. RESULTS AND DISCUSSION

Il. EXPERIMENT
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FIG. 2. The spin-lattice and spin-spin relaxation rates in the
domain obtained ati3,,,, as a function of temperature. The line
represents the best fit @f, T=constant curve.

by the 4s conduction electrons via the Fermi contact inter-
action is sometimes appreciable, while other mechanisms,
such as the dipole-dipole interaction and spin-wave related
mechanisms, were found to be negligible. The relaxation in
pure iron due to the Fermi contact interaction and the orbital
field of the d electron was estimated to be TiT

001 ‘ . . ' ~0.046~0.30 sec* K129 which is consistent with our

0 5 100 150 200 experimental value T;T~0.27 sec! K™ 1.
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£ 04 o . 0000 nonsecular broadening terms, respectively. Two candidates
7.0 msec o %004 which result in the temperature-independent secular broaden-
o ing in ferromagnets are the dipole-dipole and Suhl-
. g . p p .
5o Nakamura(SN) interactions* The secular broadening due to
, , : , the SN interaction in 100% Pé&rich iron was estimated to
0 10 fi‘;ne(m:’)" o be about 60 sec.? Since this broadening is expected to be

proportional to F&’ concentration, it is about 1.5 setin
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FIG. 1. The relaxation curves of the echo amplitude as a func-rslg:;ﬂilr I:ﬁgn(zthze?g) F@) WhltCT IS Ian 0;_(:]” of magnltude t

tion of echo time for various rf fields obtained at 20 K. The rf fields xpenmental value. € second momen

are Hax (@, Hpax (b), and H,,,,/5 (c). The lines represent the M257 d_ue_ to the dipole-dipqle integilction for 100 %
exponential fits in(a) and initial slopes in(c), respectively. The Fe>'-rich iron of bce structure is 1.4510°. The second mo-

lines in (b) are single exponential curves with same relaxation timegM€Nt is proportional to the fraction of active nucteiand

as(a). therefore, the secular broadening due to the dipole-dipole
interaction for a Gaussian line shapeT i (M,/2)Y?

previous study,we showed that the spin echo amplitude at=(1.45x 10°x0.025/2)/?=13.5 sec! for natural iron.

3H .2 remained almost constant with increasing external d€quation (1) with 1/T;~13.5 sec' qualitatively explains

field until all the domain walls are swept away at 7.5 kOe.the experimental results shown in Fig. 2.

Moreover, the relaxation rates at this rf level are close to The relaxation processes, especidlly process, become

those obtained at 8 kOe where a single domain is formednonexponential at an rf field dfl 5 [Fig. 1(b)]. Both the

Therefore, the NMR signal at this rf level is due mainly to spin-spin and spin-lattice relaxation rates at long echo times

the nuclear spins in the domain. are pretty much the same with those &t3,, (solid lines.

The spin-lattice relaxation rate in the domain increased herefore, the slower single exponential decay is attributed
almost linearly with temperature as seen in Fig. 2. Moriyato the nuclear spins in the domain, while the faster decay is
showed that in ferromagnetic transition metals, the primanattributed to those in the domain wall. In fact, the faster
contribution to the relaxation comes from the thermal fluc-relaxation processes are not single exponential themselves,
tuation of the orbital field at nuclei produced by théband  since there are spreads in relaxation rates in the domain wall.
electrons in the tight-binding approximatiihe relaxation ~ This nonexponential decay in the domain wall is more obvi-
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FIG. 3. The spin-lattice and spin-spin relaxation rates, and the F|G. 4. The spin-lattice and spin-spin relaxation rates at the
ratio T,/Ty(inlet) in the domain wall obtained from the initial domain wall center plotted as a function of temperature. The line
slopes of relaxation curves at 20 K. represents the best fit @, T=const curve to the low temperature

data.
ous in Fig. 1c) obtained aH /5. Since the relaxations are
much faster than those in the domain, the signal from thend the finite magnon lifetime introduce some uncertainty in
domain is rarely mixed at this rf field level. Both the relax- the magnon energy and single magnon processes become
ation rates and enhancement factor increase to their maximpbssible. She roughly estimated the spin-lattice relaxation
values as approaching the centers from the wall boundariesate by single magnon processes in iron and gave
Therefore, the weaker the rf field is, the more the nuclead/T;T~5—700 sec* K~! at the domain wall center. On the
spins with larger enhancement factors and short relaxationther hand, Winter suggested magnon processes due to wall-
times contribute to the total signal. The initial slopes of re-type excitations as the principal relaxation mechanism in the
laxation curves obtained in the limit of zero rf field give the domain wall*> This mechanism predicts that the relaxation
maximal relaxation rates. To our surprise, the initial slope ofrate at the center of the wall does not linearly depend on
the spin-spin relaxation curve is smaller than that of the spintemperature. Wegtnbserved that the relaxation rate in the
lattice relaxation curve in the domain wall, meaning domain wall depended on temperature weakly and expressed
T,>T,. The ratioT,/T,, as well as If, and 1T, obtained the relaxation mechanism as thermal fluctuations of the do-
from the initial slopes, increases with decreasing rf field agnain wall. In Fig. 4, experimentally measured spin-spin and
shown in Fig. 3. The ratio approaches 2 in the limit of zero rfspin-lattice relaxation rates in the domain wall are plotted for
field. various temperatures. The relaxation rates in this plot were

This factor of 2 reminds us an anisotropic random fluctu-obtained from the initial slope at a rf field ¢,,,/3. The
ating field which generates only the nonsecular broadeningpin-spin relaxation time is always longer than the spin-
term in Eqg.(1). One of the mechanisms suggested to explaidattice relaxation time over the whole experimental tempera-
the spin-lattice relaxation in ferromagnetic materials is theture range. Both relaxation rates appear to be linear at low
interaction with magnons. At low temperature, spin wavedemperature, but the slope decreases at high temperature. At
generate fluctuating local fields at nuclei via the hyperfindow temperature, our experimental data give3 I/~5.4
interaction sec 1 K~1 which is consistent with Stearns’ estimation con-

sidering the fact that the initial slope in the limit of zero rf
SHnyp=A(1"8S_+175S,). (2) field would give larger relaxation rates. The relaxation rate
increasing slower than kT at high temperature seems to im-
Since the fluctuation of local fields due to magnons is transply that the wall-type excitations or fluctuations play a role.
verse as seen in this equation, and the spin-lattice relaxatioWhatever the dominant relaxation mechanism is in the do-
rate has elements from both transverse components while theain wall, T, is expected to be longer thdn because they
spin-spin relaxation rate has only one component, it is exare common in predicting that the fluctuation of the hyper-
pected that I, = 1/2T if this anisotropic fluctuating field is fine field is anisotropic. The spin-spin relaxation rate data
the principal relaxation source. follows the spin-lattice relaxation data with constant discrep-

The relaxation rates due to single magnon processes aggcy in the log-log plot of Fig. 4, which means that the
linearly dependent on temperature, while those due to thregecular term is negligible compared to the nonsecular term in
magnon processes are proportional T2 Stearns sug- the experimental temperature range. This is consistent with
gested that in ferromagnetic materials the principal mechathe idea that the dipole-dipole interaction, which gives
nism of nuclear relaxations is through interactions with reall/T,~13.5 sec?, is the main spin-spin relaxation mecha-
bulk magnons, because she observed the spin-lattice relarism. The ratioT,/T; is less than 2 in Fig. 4 because the
ation rate in the domain wall linearly depends ondata is not the values in zero field limit.
temperaturé. Though the energy conservation law forbids  Other mechanisms predicting a linear temperature depen-
the real processes of emission or absorption of one magnatence are the nuclear interactions with electron spins or or-
by a nucleus, the damping of magnons due to their interadsital angular momentums and phondriBhe former was es-
tion with one another, with the lattice, defects, or impuritiestimated to be one order of magnitude smaller than the



7838 BRIEF REPORTS 56

relaxation rate in the domain, and the latter is also expectedaper was not noticed much because they did not provide

to give an order of magnitude smaller values. Since the exenough experimental data to persuade readers, we think.

perimentally observed spin-lattice relaxation rate increases Intuitively, it seems to be impossible to obsefg>T,

not faster than the linear temperature dependence in theecause the magnetization vector of an individual spin is

whole temperature range, three magnon processes are rted length. Suppose that a nuclear magnetization is on the

dominant relaxation mechanisms in the domain wall. x-y plane after a 90° pulse. The magnetizatMift) should
This unusual phenomenon af,>T; was predicted by be always less than or equal to the thermal equilibrium value

some authors' and in fact also observed in some works onM,, that is,

iron and other samples, though the authors did not pay atten-

tion to this fact. It has been observed in the Pt NMR of M(t)=MyV(e "M2)2+ (1—e TT1)2<M,. 3

UPt;,*® where 1T, is anisotropic because the antiferromag-

netic fluctuation is slightly stronger in the basal plane thanUsing x=exp(—t/T;), this condition can be rewritten as

that in thec axis of UPt. By careful examination, we can

find thatT, is longer tharil; at turning angles of 2 2.3 rad X2+ (1-x)%<1, (4

in Stearns’ repofton Fe NMR. As far as we know, Robert

and Winter's short repott on garnet Yttrium is the only one wherea=T,/T,. Itis trivial to show that this relation can be

which asserts that,= 2T, is experimentally verified. This satisfied for B=x<1 if a=1/2, that is,T,<2T;.
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