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A subharmonic spin echo of the nuclei located in domain walls of manganese ferrite was 
observed experimentally at T = 77 K. This echo was explained by the Hahn mechanism. The 
proposed theoretical model agrees qualitatively with the available experimental data. 

The effects of subharmonic pulses on the nuclear spin 
system have been observed so far for lithium ferrite, thin 
cobalt films, and easy-plane antiferromagnet FeBO,. Signals 
ofthe nuclear spin echo due to the 57Fe nuclei in polycrystal- 
line samples of lithium ferrite and thin cobalt films subjected 
to subharmonic excitation in zero external field at T = 300 
K were observed by Dudkin et al.' The mechanism of the 
excitation of the echo signals was not identified in Ref. 1. In 
the case of the easy-plane antiferromagnet FeBO, with weak 
ferromagnetism at T = 77 K the echo signals did not appear 
when subharmonic pulses were generated. However, these 
pulses did influence the conventional echo. 

This influence was attributed to the excitation of mag- 
netoelastic oscillations at the resonance frequency due to 
nonlinear  effect^.^ 

Magnetically ordered crystals are, in principle, capable 
of exhibiting one further form of excitation of the nuclear 
spin system by a nonresonance interaction, namely the non- 
linear properties of domain walls may give rise to a signal 
due to the nuclei located in these walls when the excitation is 
in the form of subharmonic pulses. A study of this excitation 
is reported below. 

MEASUREMENTMETHOD 

All the measurements were carried out on a polycrys- 
talline sample of manganese ferrite MnFe,04 at liquid nitro- 
gen temperature. This sample was a rectangular slab with 
typical dimensions of z 3 mm. A signal was generated using 
a pulse NMR spectrometer operating in the frequency range 
500-1300 MHz; the block diagram of this spectrometer and 
its parameters were similar to those reported in Refs. 3 and 4. 
Generators produced pulses at the resonance frequency f 
and also at subharmonic frequencies f /2 and f /3. These rf 
pulses were applied by the generators to a single-turn coil 
surrounding the sample. The echo signal was received by a 
second coil and applied to a superheterodyne detector. From 
this detector the signal was sent to an oscilloscope, the screen 
of which was used for displaying the signal as a function of 
time. The second input of the oscilloscope received signals 
from wavemeters used to measure the resonance frequency. 
An electronic counting frequency meter of the Ch3-45 type 
was used to measure the frequencies f /2 and f /3. The delay 
t,, between the pulses was set by G5-35 precision decade 
pulse generators. The signal echo amplitude was determined 
from the oscilloscope screen. A static magnetic field was 
created by the electromagnet from the rf spectrometer and 
was measured using a Hall sensor. 

EXPERIMENTAL RESULTS 

We investigated manganese ferrite MnFe204 in which 
the large magnetic moment of the 55Mn nuclei (p = 3.47 
p, 1, 100% abundance of the investigated 55Mn isotope, and 
the weak anisotropy ensured a strong NMR signal. This is 
why manganese ferrite has become an object of intensive 
investigations by the magnetic spin echo and other NMR 
methods. The results of these investigations have been the 
subject of a critical analysis and refinement in Ref. 5. The 
spectrum of the nuclei located in domain walls of polycrys- 
talline MnFe204 at T = 1.7 K, exhibiting the dynamic fre- 
quency shift effect, is also given in Ref. 5. The dynamic fre- 
quency shift is due to coupled oscillations of the nuclear 
magnetization and of domain walls due to the proximity of 
their resonance frequencie~.~,~ Moreover, the spectrum of 
the nuclei located in domain walls but not exhibiting the 
dynamic frequency shift is reported in Ref. 7. The shift of the 
nuclei in domain walls is observed only at low temperatures 
( T  = 1.7-3.0 K) .  At higher temperatures no properties of 
the echo other than the Hahn parameters8 have been ob- 
served for MnFe204. This was why we selected the tempera- 
ture to be T = 77 K. We observed the spin echo signals of the 
55Mn nuclei when the spin system was excited at the second 
and third subharmonics due to application of excitation 
pulses in the following combinations ( f /2, f ), ( f, f /2), ( f / 
2, f /2), ( f /3, f ). Irrespectiveoftheexcitationfrequency the 
echo was observed at the frequency5 The subharmonic echo 
spectrum was practically identical with the spin echo spec- 
trum of the 55Mn nuclei located in domain walls. The stron- 
gest echo signals was observed for the excitation pulse com- 
binations ( f /2, f ) and ( f /2, f /2). Figure lbshows theecho 
signal excited by two pulses at the second subharmonic. This 
investigation showed that, in some range of frequencies, the 
dependence of the echo intensity on the rf pulse power under 
resonance excitation conditions exhibits additional maxima 
at low rf pulse powers. 

The properties of the nuclear spin echo near the second- 
ary maximum were found to be quite different from those at 
high rf pulse powers. The transverse relaxation times in 
these two cases were T2 = 3.6 + 0.3ps and T2 > 5ps, respec- 
tively, and in the former case the relaxation time was practi- 
cally constant over the spectrum, whereas in the latter case it 
rose at the edges of the spectrum. The echo intensity at low rf 
pulse powers decreased considerably in magnetic fields 
H > 2-3 kOe and the optimal power was practically indepen- 
dent of the external magnetic field. An analysis of these re- 
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FIG. 1. Echo signals of the 55Mn nuclei in MnFe,O, under resonance 
excitation conditions (a)  and on excitation with two pulses at the second 
subharmonic (b). The lower trace is the signal from a wavemeter tuned to 
the resonance frequency f = 582.2 MHz. Delay between pulses t , ,  = 7ps, 
r ,  = T, = 1.1 ps (a) ,  r ,  + 4.3ps, T~ = 1.1 pa  (b) .  Horizontal scale 5ps/ 
cm. 

FIG. 2. Spectra of the echo signals of the 55Mn nuclei in: 0 )  spectrum of 
the echo from the nuclei located in domain walls under resonance excita- 
tion conditions; 0) spectrum obtained on excitation with the first pulse at 
the second subharmonic and with the second resonance pulse; A )  spec- 
trum obtained on application of two pulses at the second subharmonic. 
The conditions are optimal for each of these cases. The echo intensities are 
normalized. 

FIG. 3. Dependences of the intensities of the echo signals on the external 
magnetic field H: .)nuclei located in domain walls excited by resonance 
pulses; 0) excited by a pulse at the second subharmonic and by a second 
resonance pulse; A)  excited by two pulses at the second subharmonic. 

sults indicated that the 55Mn nuclei investigated by the ob- 
servation of the echo signals in the range of low rf pulse 
powers were located in domain walls. On the other hand, at 
high rf pulse powers we observed the spin echo of the nuclei 
in the domains themselves. The spectrum of the spin echo of 
the nuclei in domain walls and the spectra of the echo signals 
excited at the second harmonic and in the presence of the rf 
pulses in the combination ( f / 2 ,  f ) are plotted in Fig. 2. As 
in the case of the echo signals excited at NMR frequency, the 
echo signals excited at the subharmonic frequencies disap- 
peared on magnetization of the sample when the domain 
walls disappeared (this happened for 477M/3 = 2.2 kOe for 
MnFe,O, at T = 77 K, see Fig. 3 ) .  

The transverse relaxation time for the investigated echo 
signals observed at the subharmonics was found to be con- 
stant over the spectrum and equal to T, = 2.6 + 0.2 ps. At 
f = 582.2 MHz for the ( f; f / 2 ,  f ) sequence of rf pulses the 
decay time constant of the stimulated echo was T, z 10 ps, 
which was close to the value for the ordinary stimulated echo 
at the same frequency. Special investigations carried out at 
different NMR frequencies using different rf pulse durations 
and powers established that the properties of the spin echo 
excited at the subharmonic frequency did not differ from the 
properties of the Hahn echo.8 The maximum intensity of the 
echo for the ( f / 2 ,  f / 2 )  sequence was approximately an or- 
der of magnitude less than the intensity of the ordinary echo 
signal. However, one should point out that in our case the 
powers of the subharmonic rf pulses did not reach the opti- 
mal value. At the optimal power one could expect, as in Ref. 
1, the intensities of the echo signals excited at the subhar- 
monics to be of the order of the itensities of the echo signals 
excited by the resonance frequency pulses. 

A qualitative idea of the relationships between the opti- 
mal rf pulse powers for these signals was obtained by deter- 
mining the dependence of the ordinary echo and that excited 
by the ( f / 2 ,  f ) sequence on the duration 7, of the first pulse. 
The two cases were characterized by practically the same 
power of the second resonance rf pulse optimal for the obser- 
vation of the echo signals. The measurements indicated that 
the echo signal excited by the sequence ( f / 2 ,  f ) of the same 
intensity as that of the ordinary echo at low values of T, 
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required at least an order ofmagnitude higher power of the rf 
pulses. 

These experimental results indicated that the echo sig- 
nals excited at the subharmonics in MnFe20, at T = 77 K 
were due to the 55Mn nuclei located in the domain walls and 
they were formed as a result of the Hahn mechanism. 

THEORETICAL MODEL 

We shall consider the simplest case of a 180" domain 
wall, which represents a transition layer bztween two planar 
domains, in one of which the spins are parallel and in the 
other antiparallel to the z axis. The angle O,, which deter- 
mines the equilibrium direction of the spin in the xz plane, 
varies in accordance with the law9 

sin 0,=i/ch ($1, 
where 6 is the domain wall width. 

The Hamiltonian of such a domain wall can be repre- 
sented in the form of a sum of the energies of magnons of two 
types: specific intradomain magnons and magnons which 
are a modification of ordinary spin waves in a single-domain 
f e r r ~ m a g n e t . ~ ~ ' ~  We shall consider only the first type of these 
elementary excitations. In this case the Hamiltonian of the 
electron-nuclear system representing a domain wall with lo- 
cal coordinates in which the z axis coincides with the equilib- 
rium magnetization can be represented in the f ~ r r n ~ . ' ~  

+ z 2o. (S t  cos (Rj+rp) +S; sin (0,+ 9) ) cos of, ( 1 ) 
j 

where 

ek= {[2K1S+2JS(ak) [[4ny.M.+2JS(ak)2])'", 

Sj+=P ($) ' N-"Z r-"'~ sin @j(ukak++vko- J , 
k 

~ - = s ' L  (I)' N-"Z cikRi sin Oj(ukak+vka-kt), 
6 k 

J is the exchange interaction constant, N is the total number 
of spins, M, is the equilibrium magnetization per unit vol- 
ume, a is the lattice constant, q, is the angle between the 
direction of the rf field and the z axis, w ,  = y, h , is the ampli- 
tude of the rf field in units of frequency y, is the gyromagne- 
tic ratio, k is a two-dimensional vector lying in the plane of 
the wall, and K ' is the anisotropy constant corresponding to 
the quasielastic energy of the wall. 

We shall now go over in Eq. ( 1 ) to the interaction repre- 
sentation with the Hamiltonian 

where 

(n, ) is the average temperature. 
The time-dependent Hamiltonian is 

w (t)  = $ ( I  ( ~ 1 4 .  (+) sin 0, 
j, k 

+ 2 ; sin p % (e" f e - i l  [(ukS + 0.2) ak+ak 
k 

+ + iaolrt + ukvk (ak a-ke + aka-ke-i2akt) J 
6 '11 + 2s'" (_) N"' cos (P (UO + vo) (ao+eiwot f aoe-ioet ) (3)  

where H.c. denotes the Hermitian conjugate terms: 
w ,  = A  (Sf). 

Equation ( 3 )  is simplified by dropping the terms pro- 
portional to If and the terms which do not contain magnon 
operators, because they do not contribute to the resonance 
processes of interest to us. We can conveniently calculate the 
probabilities of many-quanta resonances using the formal- 
ism of the effective Hamiltonian developed in Refs. 11 and 
12. To fourth order, the effective Hamiltonian is 

% e t f = X + 1 ~ , [ ~ ] + i ~ 3 [  (a) [a), %+i~,.%] 1 

+i~,[(a> [ < a )  [ (a), a + i ~ B ]  1 ] 

+11,[<[<%), a+%])[<%>,  %+%I], (4)  

where 
T 

and the average operation in Eq. (5)  is applied only to the 
fast variables, i.e., to the variables for which the oscillation 
frequency is much higher than the "magnitude" of the Ham- 
iltonian expressed in frequency units. 

Substituting Eq. (3)  in Eq. (4) ,  we find in the second 
order that the Hamiltonian describing a one-quantum reso- 
nance process is 

where 

qj(i)=xASy.M, sin oj/y~eoAj, Aj=o,j-oa, 0~1=y1h1. (8) 

In the derivation of this expression it is assumed that 
I A, I <wo, wn, , which is well satisfied in the case of manga- 
nese ferrite. Equation (8)  is the usual enhancement of the rf 
field in domain walls. Substituting in Eq. (8)  the numerical 
values of the parameters for MnFe,O, taken from Ref. 13 
( M ,  ~ 5 0 0  Oe, w ,  ~ 6 0 0  MHz, A = 100 MHz, 
A, z 2 X erg/G, y ,  -2 x erg/G), we obtain the 
following order-of-magnitude estimate: 
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ble to obtain fuller experimental information on the echo at 

We can similarly obtain expressions for the effective 
Hamiltonians describing two- and three-quantum resonance 
processes at frequencies w -an /2 and w -wn /3: 

Numerical estimates of the quantities in Eqs. ( 11 ) and ( 12) 
give 

rl,(2)-10J , qp)-ioa. 

Expressions (7),  ( 9 ) ,  and ( 11 ) contain the same factor 
sin 8,. Hence, it follows that the echo spectrum for subhar- 
monics should be identical with the echo spectrum at the 
fundamental frequency. In the case off /2 this is well sup- 
ported by the experimental results (see Fig. 3) .  

Since the pass band of our detector was - 1 MHz and 
the line width for the NMR in a domain wall was - 10 MHz, 
we can assume that the echo is entirely due to a narrow band 
of spins in the domain wall. If we assume that the echo is due 
to the Hahn mechanism and that the angles of rotation of the 
magnetization under the action of the pulses are small 
(gi), the amplitude of the echo signai is proportional 
to14.'5 

where A is the amplitude of the effective rf field described by 
Eqs. (7)-(1 I ) ,  and r, and r2 are the durations of the first 
and second pulses. 

In the case of small angles of inclination, we have 
Ar, 4 1 and the dependence of V on r, is linear, in good 
agreement with the experimental data on one- and two- 
quantum processes. 

CONCLUSIONS 

We were able to demonstrate experimentally that the 
echo signals excited at subharmonic frequencies in MnFe20, 
held at T = 77 K are due to the "Mn nuclei located in do- 
main walls and the mechanism responsible for the observed 
echo signals is that proposed by Hahn. The proposed theo- 
retical model allows for the specific properties of internal 
wall excitations and the predictions of this model are in 
qualitative agreement with the experimental data. An im- 
provement in the experimental method should make it possi- 

the third subharmonic and to carry out a more detailed com- 
parison of the theory and experiment. 

Bearing in mind the results obtained in the present 
study and those reported in Ref. 16, we may assume that the 
excitation of echo signals in thin cobalt films' is due to a 
mechanism similar to that proposed in the present study, 
whereas the echo signals exhibited by lithium ferrite1 are due 
to the magnetoelastic effects. 

It is of considerable interest to study the properties of 
subharmonic echo signals at low temperatures because of the 
possible dynamic frequency shift of the nuclei located in do- 
main walls. The use of manganese ferrite makes it possible to 
extend the frequency range of the controlled delay of a signal 
with frequency multiplication (with transformation to the 
NMR freauency ) . I  

We can expect that investigations of the properties of 
the subharmonic echo will make it possible not only to iden- 
tify directly the spectrum of the nuclei located in domain 
walls, but also to find the parameters of these walls in magne- 
tically ordered crystals. 
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