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Method of identification of the NMR origin in magnetically ordered substances:
Application to the Mn, +&Sb alloy system
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Exact computer calculations of the two-pulse echo intensity as a function of rf excitation level in mag-
netic materials have been carried out by taking into account the effect of variation of NMR frequencies
and enhancement factors of the rf field. It is established that the profile of the spin echo amplitude curve
depends upon the location of nuclear spins within domains or domain walls of a multidomain ferromag-
net. The numerical results are supported by systematic experimental investigation performed in the
series of Mn&+qSb alloys by the use of spin echo techniques both in zero and applied magnetic fields up
to 8 kOe. Ultimate NMR enhancement at 77 K due to the increasing contribution from the domain nu-

clei to the echo amplitude was found in the concentration range 0.22 ~ 6 ~ 0.26. The obtained data may
be used to study both the magnetic structure of the domain walls and structure-sensitive properties of a
crystal.

I. INTRODUCTION

In pulsed spectroscopy of magnetically ordered sub-
stances a question of general interest is whether a NMR
signal from a rnultido main ferromag net arises from
domains or domain walls. This problem is interesting
since echo formation of either type is characterized by a
number of specific features which influence the shape and
width of resonance spectra. For example, in ferromag-
netic materials with axially symmetric hyperfine (hfdf in-
teraction the domain-wall NMR spectrum shows a
double-peaked structure which is attributed to nuclei lo-
cated at the center and at the edge of domain walls; at the
same time the use of domain resonance is generally
preferable for resolving the NMR line structure due to
the anisotropic magnetic and electric hf interactions. '

At present, depending on a problem under considera-
tion, domain or domain-wall resonances are used to study
quadrupolar effects in the nonequidistant system of ener-
gy levels, ' magnetic perturbation in the vicinity of a
solute atom, anisotropic contributions to the hf field and
their relationship to the magnetocrystalline anisotro-
py, the structure and dynamical characteristics of the
domain walls, ' and so on. It is evident that the
efBciency of such investigations is determined by the pos-
sibility of the overall separation of the corresponding sig-
nals.

On the other hand, in some cases it becomes essential
to maximize the echo intensity by means of superposition
of the domain and domain-wall signals. The main point
of this problem is that in a multidomain ferromagnet the
zero field NMR signals appear to arise from nuclei in
domain walls which occupy only a small portion
( —10 ) of the whole volume of the crystal; therefore, a
major fraction of the nuclear spins does not contribute to
the NMR signal. "Hence the problem reduces to one of
establishing optimum operating conditions which would
increase the relative contribution of domain nuclei to the
resultant echo intensity. For this purpose, Pogorelii and

Kotov' have suggested using temperature dependence of
the uniaxial magnetic anisotropy. However, the tempera-
ture region which yields the largest spin-echo amplitude
in hexagonal cobalt amounts to 540—550 K severely lim-
iting the possibility of the practical application of the ob-
served effect.

The origin of the spin-echo signal is generally governed
by several factors which may be classified into two
groups. The first group considers structure-sensitive
characteristics of a magnet such as the value of the mag-
netocrystalline anisotropy, mobility, and thickness of
domain walls, etc. , while the second group allows for the
excitation conditions involving the presence of the exter-
nal magnetic field, the amplitude of the driving radio fre-
quency (rP pulses, and so on. ' ' Most of the existing
methods used to indicate the origin of the NMR signals
deal with the second group. These methods utilize the
effect of external magnetic field on the spin-echo intensi-
ty ' ' and the analysis of the NMR spectra shape at
various rf levels. ' Recently' we have reported that
similar information may be provided by measuring the
echo amplitude as a function of the delay time between
the two pulses due to the difference in relaxation mecha-
nisrns for the domain and domain-wall nuclei.

In the present paper, we report on an approach to the
identification of the NMR origin in magnets by studying
the variation of two-pulse echo intensity with applied rf
field. The possibilities of the proposed method are
demonstrated on an Mn&+&Sb alloy system which allows
one to vary the contribution of both the domain and
domain-wall nuclei to the overall echo intensity.

II. DOMAIN AND DOMAIN-%'ALL RESONANCES
IN MULTIDOMAIN FERROMAGNETS

A. Enhancement factor distribution functions

Most features of NMR in magnetically ordered sub-
stances are closely related to the existence of tremendous
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where Hp and Hz are the external magnetic and static
anisotropy fields, respectively.

Actually, Eq. (1) applies to an averaged value of the
domain enhancement gD. In the real ferromagnet, due to
the various kinds of structural inhomogeneities (like
internal strains, imperfections, dislocations, etc.) the
magnitude, orientation, and dynamical characteristics of
the electronic moments are randomized over different
sites of the crystal lattice giving rise to a spread in the
values of most of the characteristic parameters of
NMR. " This can be attributed first to the longitudinal
component of the hf field which leads to the variation in
the NMR frequencies, co„, about the center frequency,
cop. This kind of broadening is usually introduced by
means of the inhomogeneous line-shape function which is
assumed to be the Gaussian, of the form

' 1/2

g(&)= (2)o 'exp[ —ln2(h/o ) ],

internal fields at the nuclei, H„, due to the strong hf in-
teraction of the electronic-nuclear spin system. As a re-
sult, because of the coherent rotation of the electronic
magnetization in the exciting rf field, h, the resonance
transitions of nuclear spins are induced not directly, but
via the transverse component of the local field, AH„,
enhanced by a factor g, so that rt= b,H„/h. "

For a monodomain ferromagnet magnetically aligned
along an axis of easy magnetization the enhancement fac-
tor of the rf field is given by'

H„
ID

2) =g 11,sech(x /d ), (4)

ln2
'1/2 '

( )29w Iw
w exp' 1

where d is the wall thickness and gw is the maximum
enhancement at the center of the wall.

Because of the large angles of rotation of the electronic
moments due to the wall displacernent in the rf field,
average enhancement factors in the domain walls are ex-
pected to be much greater than in the domains. Howev-
er, as will be discussed in Sec. IV, in appropriate experi-
mental conditions the contribution of the domain reso-
nance may sharply increase and become comparable with
that of the domain walls.

In addition, as far as treating resonance phenomena in
magnets one must take into account that the domain
walls are usually trapped by the above mentioned imper-
fections and impurities giving rise to inhomogeneous dis-
placement and damping of the wall motion. ' This re-
sults in distribution in the wall mobilities which may be
considered as a spread in values of the rnaximurn
enhancement factor at the center of the wall pe�.' (Ac-
cording to Refs. 9 and 18, neither a difference in masses
nor a variation in the natural frequencies of the domain
walls would contribute so appreciably to the inhomo-
geneity of 21 11 values. )

Since in this special case the main source inhomogenei-
ty is of the same origin as for the domain nuclei, the wall
distribution function over maximum enhancement factors
may be given as

where 6=co„—cop and o. is the NMR line half-width.
Another important effect due to inhomogeneity of the

magnetic susceptibility is a random variation of transver-
sal components of the hf field seen by the nuclei which
can be represented as a spread in values of enhancement
factors. This effect is commonly described in terms of the
enhancement factor distribution function which may be
expressed as

Fl, (rl) = ln2
1/2

ID( — )'
exp —ln2 (3)

b,gD being the width of the FD(21) function, which is be-
lieved to be a measure of structural inhomogeneities in
the crystal. As an example, supposing that hgD «gD,
we obtain an almost unique distribution of enhancement
factors typical for the domain nuclei in high purity mag-
netic materials.

An entirely different source of inhomogeneity is associ-
ated with the domain walls where the gradients of magne-
tization are of the greater magnitude. In this case, the
primary mechanism of enhancement is due to the wall
motion in the rf field which leads to the positional depen-
dence of g values along the normal to the plane of the
wall (x axis). Particularly, as was shown by Stearns, ' for
180 Bloch walls, which typically occur in the easy-axis
crystals, the corresponding dependence is of the form

where gw is the value of enhancement at the center of
the wall averaged in the region of the sample and bow is
the width of the corresponding distribution.

Following Ref. 19, let us introduce the domain-wall
joint distribution function which allows for both forego-
ing sources of inhomogeneity and, apart from unimpor-
tant coefticients, can be written as

[(E2+ +2)1/2 + ]2
F~(r1)=rj ' f exp —ln2 dE, ,

(6)

with e=(2)11,—2) )'/ . Throughout the present study, the
distribution of enhancements given by Eqs. (3) and (6) is
assumed to be independent of the rf power level and the
relaxation effects are neglected.

Thus, for the required response of macroscopic magne-
tization to the action of resonant pulses we have' '

I(h, t)= f rtFD ~(rl)drlf p+(rl, b„h, t)g(b, )dh,

where p+ =p +ip represents the contribution of a sin-
gle spin packet to the total magnetization which for the
two-pulse echo produced by pair of rectangular pulses of
equal length, ~~, and amplitude, h, is given by
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i —sin@r exp[id, (r—t) ] .

Here N = (y +b, )'~, po is the equilibrium value of mag-
netization, g= yh g the pulse amplitude expressed in fre-
quency units, y the gyromagnetic ratio of the resonating
nuclei, ~ the spacing between the pulses, and t the time
following the trailing edge of the second pulse.

B. Numerical results

L
C5

~~
4-
cf

The numerical calculations of Eq. (7) were performed
according to the procedure described previously. ' Since
the position of a single-peaked echo near time t =~ is
slightly dependent upon the rf strength, we initially com-
puted the echo wave forms for about 30 different values
of h, other parameters being fixed, and then plotted the
I (h ) dependence for the maximum intensity of the signal.

The results of the calculations for the domain reso-
nance intensity as a function of rf pulse amplitude are
shown in Fig. l. As one can see from Fig. 1(a), in the
case of almost unique distribution of the rf fields
(b,riD/re 50.05) the echo amplitude displays damped
oscillations. However, even a small spread in g values
smears out completely the oscillations in the I(h) curve.
Thus, as the rf power is gradually increased the echo in-
tensity rises rapidly, goes through a maximum at a cer-
tain value of h =h, and then decreases monotonically,

0 $ 2 3 4 3 6 7

yh (10 s')
FIG. 2. Computer plots of the domain-wall spin-echo intensi-

ty as a function of yh obtained by numerical integration of Eq.
(7) for I'~(g) of Eq. (6) for the following values of Ag~/g~. . (a)
0.625 and (b) 1.00. Parameters used in the calculations are
F/ pt 500 vp 0 1 ps, and o.=6 X 10' s

as illustrated in Figs. 1(b) and 1(c).
The domain-wall nuclei, exhibit similar behavior as

shown in Fig. 2; however, for all reasonable values of pa-
rameters used in our calculations the domain-wall I ( h )

curves beyond the maximum intensity, for h )h, fall
much more slowly compared to the corresponding
domain curves. In other words, the I(h) curves for the
domain nuclei are more symmetrically shaped about the
center at h =h than those of the domain-wall nuclei.
For this reason, the general shape of I (h) may be used to
indicate the origin of the NMR signal.

As to the optimum turning angles required to maxim-
ize the echo amplitude, we note that they show no
significant difference for the domain and domain-wall res-
onances and for relatively short pulses (r '&'o) are
equal to

cx ' =/A '
TED pr7 = 1.2+0. 1 lad

Equation (9) shows that in order to maximize the intensi-
ty of both of the signals at a given value of h the
difference in enhancement factors for the domain and
domain-wall nuclei should be as small as possible.

0 & 2 3 4 5 6 7
) (~0"s')

FICx. 1. Computer plots of the domain spin-echo intensity as
a function of yh obtained by numerical integration of Eq. (7) for
ED(g) of Eq. (3) for the following values of hqD/rID. (a) 0.03;
(b) 0.25, and (c) 1.00. Parameters used in the calculations are
gD =500, ~p=0. 1 ps, and cr=6X10 s

III. EXPERIMENTAL DETAILS
AND OBTAINED RESULTS

A. Sample preparation

Experimental investigation has been carried out on the
easy-axis Mn&+&Sb ferromagnetic compounds, which
crystallize in the hexagonal NiAs-type structure. On the
whole about ten samples with excess Mn content 6 rang-
ing from 0.049 to 0.325 have been prepared. After grind-
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TABLE I. Values for various parameters of Mn&+&Sb at 77 K. The hf field, H„, at manganese nu-

cleus is virtually independent of the cation concentration and is equal to 242.0 kOe.

Composition
5

0.049
0.128
0.245

(10 erg/cm )

4.00'
1 75'

& 0.04'

M,
(Oe)

720'
630
492

Hq
(kOe)

11.1
5.6"

(0.16'
0.12'

q~X10
at Ho=0

4.0'
302

207

QD

at HO=0

-22'
-43
2000'

ID
at Ho=3. 5 kOe

—17"
-27
67'

'Measured values in Ref. 21.
"Estimated values from the results reported in Refs. 21 and 22.
'Values of parameters obtained in this work to an accuracy of about 10%.

ing, the appropriate amounts of Mn (purity 99.9%) and
Sb (purity 99.999%) were sealed in evacuated quartz
tubes, heated for about 4 h at 1000 C and then slowly
cooled to room temperature (15'C/h) being kept for 1 h
at 900 and 800 C. After that the samples were reground
to fine particles from 1 to 80 pm in diameter, annealed at
550'C for 725 h, and then rapidly quenched in water.
Both chemical and x-ray-diffraction analyses were per-
formed before measurement, which defined the exact
composition of the alloys and identified the existence of a
single phase in the range of concentrations studied.

The choice of the system under investigation is
motivated by a strong dependence of its magnetoaniso-
tropic properties on the interstitial Mn content. That is,
according to magnetic measurements, ' upon deviating
from stoichiornetry to the high Mn side the saturation
magnetization M, and the absolute value of the magneto-
crystalline anisotropy constant KI sharply decrease, so
that the latter at 77 K in the vicinity of 5=0.24 goes
through zero. Numerical values of the corresponding pa-
rameters for several of the samples studied, together with
the anisotropy field calculated by the formula
H„=2~K, ~/M, (Ref. 11) are listed in Table I. Because
of the significant difference in magnetic anisotropy the
domain enhancement factors for alloys with different Mn
content are expected to vary by several orders of magni-
tude thereby changing the contribution of the domain nu-
clei to the overall echo intensity.

plitudes and widths were carefully monitored. The mea-
surements in a static magnetic field were performed with
the aid of a subsidiary circuit connected to the rf oscilla-
tor through a coaxial cable.

It is well known that in order to sweep out the domain
walls the external magnetic field should be larger than the
demagnetizing field which for spherical particles is of the
form HD =4/3aM, . ' Using the numerical values listed
in Table I we find that for a Mn& 049Sb alloy having max-
imum saturation magnetization the removal of the walls
occurs at a field of about 3.0 kOe; therefore, above this
value the NMR signals in all samples are expected to
originate from the domain nuclei.

C. Spin-echo amplitude curves in Mn&+&Sb

Figure 3 represents some typical experimental plots of
the echo intensity as a function of the rf excitation level.
The I ( h ) dependence in zero applied field for most of the
samples studied is similar to that shown in Fig. 3(a).
Specific features, however, exhibit alloys synthesized in
the narrow concentration range 0.2255~0.26; namely,

B. Experimental apparatus and excitation conditions

All the experiments presented were performed at 77 K
using a phase-incoherent NMR spectrometer which was
essentially the same as described by other investigators
(see, for example, Ref. 13). The value of the rf level at the
sample was estimated in the usual way by measuring the
induced voltage in a single turn coil fitting closely around
the cylindrical powdered samples. ' ' The bandwidth of
the detector ( -4 MHz) was wide enough to respond ade-
quately to the excited range of frequencies even at the
high power level. A maximum field at the sample pro-
duced by the rf pulses was about 2.9 Oe.

The I(h) dependence was measured for signals of
single-peaked form generated by two relatively short
pulses (r 5 1 ps). Since the echo intensity and shape are
extremely sensitive to the relative turning angles of the
two pulses, ' at each power level the equality of rf am-
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FIG. 3. The normalized intensity of the 'Mn NMR in
Mn, +&Sb versus applied rf field for the samples with 5 (a) 0.128
and (b) 0.245. Resonance frequency 255.5 MHz; temperature
T=77 K. White circles: ~ =0.2 ps, HO=0. Solid circles:
~~ = 1.0 ps, Ho =3.5 kQe. Solid lines in Figs. 3 and 4 are merely
to guide the eye.
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o.& o.a 0.3
t:0&POSITION

FKJ. 4. Variation of the "Mn spin-echo intensity in
Mn, +&Sb as a function of excess Mn concentration 5 in zero ap-
plied field. For each sample, both pulse durations and ampli-
tudes have been carefully adjusted in order to maximize the
echo intensity.

for these alloys the zero field I ( h ) curves show a broad
maximum followed by a more gradual decrease in echo
intensity for fields h & h, as seen in Fig. 3(b).

A further prominent feature of the system under con-
sideration is a strong compositional dependence of the
largest spin-echo amplitude produced under optimum ex-
citation conditions of the unhomogeneously broadened
NMR line. Figure 4 shows that with increasing Mn con-

. tent the echo intensity somewhat decreases, while the
maximum of the echo amplitude curve shifts to higher h
values; next, as 6 varies from 0.22 to 0.26, the signal in-
tensity rises sharply, reaches a maximum, and finally
again decreases in magnitude. Consequently, the echo
amplitude for a Mn& 245Sb sample is about one order of
magnitude larger than for the nearly stoichiometric alloy
with 6 =0.049.

Attempts to study the I(h) dependence in the satura-
tion region, i.e., when Ho & 3.0 kOe, for most of the sam-
ples of the Mn&+&Sb system ended in failure. In the best
case, at the largest available rf field strength, only hardly
visible echoes buried in the noise level could be detected,
as seen from Fig. 3(a). Again, unusual characteristics are
exhibited by alloys with Mn composition ranging from
0.22 to 0.26. For these samples, the NMR signals are
clearly observable over a wide range of driving rf fields,
whereas the I(h) curve at Ho =3.5 kOe has a much more
symmetrical form than that in zero applied field [see Fig.
3(b)]. As Ho is further increased, the spin-echo intensity
curve for the alloy with 6=0.245 smoothly shifts towards
larger magnitudes of h and at Ho&4. 0 kOe the max-
imum of echo intensity moves away from the range of rf
amplitudes generated by our spectrometer.

IV. DISCUSSK)N AND CONCLUSIQNS

The results of the present paper suggest that the profile
of the spin-echo amplitude curve provides information of
the origin of the NMR signals in multidomain ferromag-
nets. Indeed, oscillatory behavior of the echo intensity as
a function of the rf level decisively indicates the domain
origin of a signal. However, such a behavior is believed
to characterize resonance phenomena in the case of al-

most unique distribution of the rf fields like the domain
resonance in good-quality single crystals. For most
polycrystalline bulk crystals and thin ferromagnetic films
having inhomogeneously distributed enhancement factors
the echo intensities show a smooth dependence upon h

with more or less pronounced maximum at optimum
turning angles. ' ' It should be emphasized that the
syminetry properties of the I(h) curves for the domain
and domain-wall resonances significantly differ from each
other providing a basis for identification of the echo or-
igi.

Indeed, the analysis of the experimental data in the
series of Mn, +&Sb alloys shows that for Mn concentra-
tion varying over the range 0.049 &5 &0.22 and 5&0.26
the zero field NMR signals predominantly originate in
the domain walls. However, the possibility of observing
the domain resonance in this set of alloys is somewhat re-
stricted. This arises from the fact that in highly aniso-
tropic materials with great saturation magnetization, the
removal of the domain walls takes place under the
inQuence of sufficiently strong magnetic fields, which
sharply decrease the echo intensity and shift its max-
imum to relatively high values of h. Particularly, the
domain enhancements g~ in these alloys estimated from
Eq. (1) are found to be so small that the maximum of
echo amplitude is expected to occur for h &5.5 Oe,
which is not available with our equipment. Another
effect which also reduces the echo intensity is the spread
in frequencies of the domain nuclei due to the variation
of the demagnetizing fields from different-shaped parti-
cles. ' Thus we conclude that such materials are of par-
ticular interest in a view of restoring the form of the
domain-wall distribution function F~(g) according to
the method proposed recently, ' since in this case over a
wide range of applied rf fields the effect of domain reso-
nance on the observable I(h) dependence can generally
be neglected.

An essentially different situation holds for weak fer-
romagnets with small values of magnetic anisotropy such
as the present samples in the range 0.22 ~ 5 ~ 0.26. Here,
sufficiently strong nuclear signals are detectable even in
the saturated state, while the shape of the I(h) curves in-
dicates the domain origin of signals. This point is further
justified by an almost exponential decrease of the echo in-
tensity as a function of time interval between the pulses
in contrast to a nonexponential decay taking place for the
domain-wall resonance. ' The values of enhancement
factors within the domains and at the center of domain
walls obtained from Eq. (9) for several of the samples un-
der investigation are listed in Table I.

In zero applied field for the samples with 6 ranging
from 0.22 to 0.26 the shape of I(h) is more complicated,
and cannot be attributed to either of the sites of magneti-
cally ordered crystal. To clarify the subject let us return
for a moment to the experimental data obtained for a
Mn, 245Sb alloy under the magnetic field of 3.5 kOe.
First, using the experimental value of h from Eqs. (1)
and (9) we find that the anisotropy field, H„, in this sam-
ple is 120+15 Oe, which is within the possible range of
values calculated from magnetic measurements. ' Then
using the same equations we estimate the domain reso-
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nance enhancement factor, ga, and optimum value of rf
amplitude, h, in zero applied field which differ from the
corresponding values measured for the domain-wall nu-
clei, g~ and h, by no more than a factor 1.5 [see Fig.
3(b) and the data of Table I]. Thus, in this alloy both of
the signals are contributing to the resultant echo intensity
giving rise to a broad maximum in the I(h) curve. It
should be noted here that the NMR frequencies for the
domain and domain-wall resonances within the accuracy
of +100 KHz coincide with each other which is charac-
teristic of a crystal with small anisotropy in the hf fields.

Further clear evidence of the mixture of signals coming
from the domains and domain walls is the marked in-
crease in echo intensity for a Mn& 245Sb alloy in compar-
ison to other alloys of the system studied. As is well
known, ' ' the spin-echo intensity is proportional to the
enhancement factors of the resonating nuclei as well as to
the number of spins contributing to the resonance signal.
As 5 is raised from 0.049 to 0.24 the maximum enhance-
ment factors for the domain-wall nuclei show a tendency
to decrease due to greater damping of the domain-wall
motion, ' while the domain enhancements monotonically
increase because of the compositional dependence of the
magnetic anisotropy. ' Consequently, with increasing Mn
content the difference in enhancement factors and, thus,
in the values of h for the domain and domain-wall nu-
clei gradually decreases. However, the sharp rise in echo
amplitude at 77 K is observed only for alloys synthesized
in the narrow concentration range 0.22~550.26 when
most of the nuclei in the sample are contributing to the
NMR signal. We believe that by more careful adjust-
ment of the manganese content in the vicinity of 5=0.24
one should obtain still more prominent enhancement of

the echo intensity.
It is of special interest that an ultimate enhancement of

the NMR signal can be, in principle, obtained in any tem-
perature region. However, the concentration of excess
Mn atoms required to maximize the echo intensity should
be chosen by taking into account the temperature depen-
dence of the magnetic anisotropy. For example, at 293 K
the largest spin-echo amplitude was found to occur for
the sample with 5=0. 1 which, in agreement with mag-
netic measurements, ' corresponds to the minimum of
the magnetocrystalline energy at room temperature.

Finally, it is worth noting that the domain resonance
studies may provide a possibility to avoid some principle
difficulties which arise in analysis of I(h) for the
domain-wall nuclei. Indeed, as was outlined in Sec. II A,
the explicit form of a joint distribution function F~(ri) is
determined, in general, by two different functions (4) and
(5) depending upon the magnetic structure of the domain
walls and structure-sensitive properties of a sample, re-
spectively. Therefore, even having reliable information
of the form of F~( ri) function from experimentally ob-
served I (h ) dependence, ' it seems impossible to separate
the contributions of these factors if other supporting data
are not available. Our analysis shows that such data may
be, in principle, obtained from the domain resonance
I(h) dependence, since the form of the latter is mainly
governed by the spatial distribution of structural imper-
fections over the volume of the sample.
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