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Modulation of the **Co NMR spin-echo envelope in hcp Co and YCos results from the application of a small
80-kHz field. The modulating field is enhanced parallel to the local axis of quantization by an enhancement
factor my which varies with position in the domain wall. The maximum enhancement factor is found to be
~80 in hcp Co and ~1000 in YCos. When 7 is taken to arise from an anisotropic component of the
hyperfine field it is estimated that this anisotropic component has a magnitude of 5.7 kOe in hexagonal Co

and 60 kOe in YCos.

1. INTRODUCTION

Several workers!™ have reported the observa-
tion of two NMR peaks arising from a single site
in magnetically ordered material containing do-
main walls. It has been suggested that one peak
comes from nuclei located at domain-wall edges
while the other comes from nuclei at the center.3™®
The origin of this effect is an anisotropic contri-
bution H, to the hyperfine field, which leads to a
resonance frequency which varies with the direc-
tion of the electronic moment and hence with the
position of the nucleus in the wall. Either ananiso-
tropic electronic spin density in the outer elec-
tronic shell, or an anisotropic g factor (orbital
contribution) can lead to this effect in Co (see Ref.
3); in YCo, the origin of H, could be more com-
plicated. We have observed a modulation of the
NMR spin-echo amplitude from °°Co in hexagonal
Co and YCo,, by the application of an ac modulat-
ing field, which strongly supports this suggestion.
This follows because the modulating field is en-
hanced by the anisotropic contribution to the hyper-
fine field as the domain-wall motion shifts the ef-
fective position of the nuclei.

II. EXPERIMENTAL RESULTS

The samples consisted of 50-pum-diam particles
of Co and 10-100-pm-diam particles of YCo,, both
magnetically aligned parallel to the ¢ axis in a
wax binder. The experimental data were taken at
77 K for Co and at 1.5 K for YCo,. The NMR spin
echo, following a two-pulse sequence, was ob-
served with and without a modulating field, H,,
applied parallel to the pulsed rf field ﬁl.

The NMR signal originates entirely from domain
walls since no echo was observed with ﬁl per-
pendicular to the ¢ axis, while a relatively strong
echo was observed with ﬁl parallel to the ¢ axis.
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This is consistent with the strong uniaxial mag-
netocrystalline anisotropy in these materials,®”
which leads to a very small enhancement factor
within the domains.

Figure 1 shows the relative spin-echo intensity
for hexagonal cobalt, extrapolated to 7=0, where
7 is the pulse separation, as a function of fre-
quency. The spectrum shows a double-peaked
structure similar to that reported by other in-
vestigators.3'®

The echo-decay envelope appears in Fig. 2(a),
along with the echo-decay envelope with a modu-
lating field of amplitude H,=1.4 Oe and frequency
v, =80 kHz applied along the ¢ axis. The corre-
sponding echo decay envelopes for YCo, are shown
in Fig. 2(b). It is apparent that the echo amplitude
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FIG. 1. Spin-echo intensity as a function of frequency
for hexagonal cobalt at 77 K.
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ECHO AMPLITUDE (arb.units)

FIG. 2. Echo-decay envelopes with and without an
80 kHz modulating field, H,, applied along the ¢ axis;
(a) hep cobalt at 224 MHz; H,,=1.4 Oe (b) YCos at 124
MHz; H,,=0.1 Oe.

is modulated with a period equal to 1/v, and has
maxima at 7=n/v,, where 7 is the pulse separa-
tion and » is an integer.

The modulation was strongest in the center of
the spectrum and weakest at the high- and low-
frequency edges, for a constant H,,. Figure 3 is
a plot of Ain(H,)/A, as a function of frequency,
for hexagonal Co where A, (H,) is a minimum of
the modulated echo intensity and A, is the un-
modulated echo intensity measured at the same
pulse separation 7; H,, and v, were maintained at
1.4 Oe and 80 kHz through the entire frequency
range. The striking feature shown by these data
is that A,,(H,)/A,~0.9 at the low-frequency end
of the spectrum, drops through a minimum of
~ 0.1 near the center and again rises monotonically
to large values near the high-frequency edge.

Figure 4 shows the relative spin-echo intensity
for YCo,, again extrapolated to 7=0, as a function
of frequency without a modulating field. This re-
sult is similar to that reported by Streever® for

Amin(Hm) /A4

210 220 230

FREQUENCY (MHz)

FIG. 3. Amin(H,)/A, as a function of frequency for
hexagonal cobalt, where Ay, (H,,) is 2 minimum of the
modulated echo intensity and 4, is the unmodulated
echo intensity measured at the same pulse separation.
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FIG. 4. Spin-echo intensity as a function of frequency
for YCojs at 1.5 K. Because of the broad spectrum,
the experimental echo amplitudes at each frequency v
have been divided by v? to correct for the fact that the
induced nuclear signal and the nuclear polarization are
both proportional to v.

NdCo,; however, it should be stressed that at low
temperatures the spins in the domains are in the
¢ plane for NdCo;, and along the c axis for YCo,
and one would expect a quantitative difference be-
tween the two spectra. The width of the spectrum
in YCo4 is 60-70 MHz which we will assume is
predominantly due to broadening by an anisotropic
contribution to the hyperfine field.

Figure 5 is the corresponding plot of Ami,,(Hm)/A0
as a function of frequency. H, and v, were here
maintained at 0.1 Oe and 80 kHz throughout the
entire NMR frequency range. The plot of A,,(H,)/
A, against frequency shows the same basic shape
as was obtained for hexagonal cobalt. However,
there does appear to be some additional structure
which could result from the two nonequivalent Co
sites in YCo,. At its minimum A,;,(H,)/A,~0.2.

III. INTERPRETATION

The experimental data shown in Fig. 2(b) are
very similar to the direct electron-spin-echo
modulation reported by Dupont and Woonton,'° and
Srivastava'' who showed that the effect was re-
lated to the ratio of the magnitude of the modulating
field k to that of the rf field during the pulse H,.
According to their calculations,
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FIG. 5. Amn(H)/A, as a function of frequency for
YCos.

AnolH,)/A,~0.1 when h/H,~1.2. (1)

We will estimate H, for a 180° pulse, assuming a
90°-180° pulse sequence. In a rotating coordinate
system one may then write n=y,H,t,, where y,
is the gyromagnetic ratio for *°Co, and ¢, is the
pulse width. Using y,/27=1.01 X 10° Hz/Oe and

t, =54 sec one obtains

H, ~100 Oe (2)

for a 180° pulse. Clearly, H,, is not directly mod-
ulating the spin-echo envelope since H,/H, = 1.4/
100, or two orders of magnitude too small to make
any direct effect of H, experimentally detectable.
We therefore require an enhancement factor n = 80
between the external modulating field and the ef-
fective field seen at the nuclei in the domain walls.
We will assume that this arises out of an aniso-
tropic contribution to the hyperfine field varying
through the domain wall, as in hexagonal Co, of
the form?®

H (x)=H, sin*(mx/5) , (3)

where & is the wall width and x is a position in the
wall referred to one “edge”. Then the enhance-
ment factor for the modulating field parallel to a
local quantization direction in the domain wall
may be written as

77"_H—=T—_8—x_1{—m’ (4)

where £ is the effective modulating field at the

nucleus, and Ax is the change in wall location

when H,, goes through a half period to satisfy the

condition for a minimum in the echo amplitude.

One may also write the change in magnetization as
20x

mu=qum=Mo—ﬁ,—; (5)

where ¥, is the magnetic susceptibility parallel to
the ¢ axis (almost entirely due to domain wall mo-
tion at 77 K), W is the average spacing between
walls, and M, is the saturation magnetization.
Using Egs. (3)-(5) we obtain

N =(mWx,H,/26M,) sin(2mx/?) . (6)
The maximum 7, =1,,,, occurs when x =35, giving
Nmax = TWX,H,/20M,, . (7

The maximum enhancement factor is experimental-
ly located at v,=220 MHz as seen in Fig. 3. Since
the observed depth of modulation of the echo en-
velope suggest 7.~ 80, we can solve Eq. (7) for
H,, the required anisotropy in the hyperfine field.
Using the values for the saturation magnetization
M,=1420 emu/cm?® and the domain-wall energy
y=10.7 erg/cm? for cobalt (taken from Ref. 12),
we estimate values for the domain width and wall
thickness in 50-pum particles as described in Ref.
13. Here we have assumed that the result which
is given for a plate of thickness 7T will not be much
different from that of a particle of the same diam-
eter. We obtain W=1.25 um and 5=350 A. The
low-field ac susceptibility measured at 77 K and
15 kHz is x,=0.32 emu/cm®Qe. We then calcu-
late H,=5.7T kOe. For comparison, we see in Ref.
3 that in hexagonal cobalt the dipolar component
of the anisotropic hyperfine field is 1.5 kOe and
the orbital component is 5.4 kOe resulting in a
total anisotropy of approximately 6.9 kOe. Using
our value of H, we expect to observe a line width

Ave(yy/2mH,=1.01x 10°x 5.7 x 10°= 5.8 MHz,

The observed linewidth for hexagonal cobalt in
Fig. 1 is 6y =~8 MHz.

The maximum enhancement factor in YCo, is
similarly estimated to be 7., ~1000 at v,=130
MHz in Fig. 5. If we assume that the form of the
anisotropic contribution to the hyperfine field
through the domain wall is similar to that in co-
balt we can again calculate H,. We take W=1.7 pym
and 6=55 A from Ref. 13, and M,=901 emu/cm®
from Ref. 14; the low-field ac susceptibility mea-
sured at 4.2 K and 15 kHz is x, =1.6 X 1072 emu/
cm®Qe. Then we have H, =57 kOe, and thus we
should expect to observe an anisotropically broad-
ened linewidth of 58 MHz. This compares favor-
ably with the observed linewidth of Av=~60-70
MHz.

IV. CONCLUSIONS

Considering the good agreement between the cal-
culated and observed linewidths, the origin of the
observed modulation can convincingly be traced
to an anisotropy in the hyperfine field, which
causes a broadening of the NMR spectrum across
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the domain walls. This is true not only for hexa-
gonal Co which contains only one site, but also
for YCo, which contains two nonequivalent **Co
sites. This result implies that the two site reso-
nances almost completely overlap and that the two
NMR peaks observed in YCo, come from nuclei
located at the domain wall edges and at the domain
wall center. OQOur conclusion is consistent with the
fact that some additional structure in the modula-
tion versus frequency curve was observed for YCo,
which it is believed is due to the presence of the
two slightly different Co sites.

The modulation of the spin-echo decay envelope
via the longitudinal enhancement factor n, should
be observed in any domain-wall-driven NMR spin-
echo experiment. This effect does require a large
anisotropic contribution to the hyperfine field com-
bined with a relatively narrow domain wall. Kubo
et al.'® have shown, using a single crystal of man-
ganese ferrite, that Mn3®* located at the B site has
a large anisotropic component in its hyperfine
field. We have confirmed the presence of an en-

hanced spin-echo modulation for Mn* in mangan-
ese ferrite at 1.5 K.

The spin echo could also be very simply modu-
lated if the modulating field were large so that
the movement of the domain wall, in the time be-
tween rf pulses, would be sufficient to remove a
significant fraction of the nuclear spins, excited
by the first pulse, from the domain wall. A sim-
ple calculation rules out this effect since the ratio
of the domain-wall motion between pulses to do-
main-wall width is ~10™, for the modulating fields
used in the present experiment.

The ordinary domain-wall enhancement factor
1 also depends on the position within the wall.'®
This could also lead to an echo envelope modula-
tion. However, the effective change in 7 between
pulses, 6n, would be on the order of the total
change An through the domain wall, times the
ratio of domain wall displacement between pulses
to domain wall width. With An~107'¢ we have 67
=109 x 10™=7x 10" and this rules out this possi-
bility.
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