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The phase-anomalous NMR signal from 57Fe nuclei in FeBO, was investigated. The results can be 
explained by assuming that the magnetoelastic interaction can lead to an additional phase shift of 
the NMR signal relative to the RF  field. 

1. INTRODUCTION 

The antiferromagnetic compound FeBO, differs signif- 
icantly from other substances in its class (easy-plane antifer- 
romagnets) by many features: it has one of the highest Niel 
temperatures (T, = 348 K),  a large magnetostriction con- 
stant B,, = 3.69. lo7 J/m3, a strong Dzyaloshinskii field H, 
-- 100 kOe, rather weak sound damping (at least at frequen- 
cies lower than 100 MHz), good optical transparency, and 
others. These features ensure an unusual behavior of FeBO, 
under various conditions, particularly NMR.'-4 

This paper is devoted to a study of the NMR features in 
iron borate, primarily to the anomalous values of the signal 
phase. 

It is known that at exact resonance (w = on ) the nor- 
mal NMR signal is shifted in phase by n-/2 relative to the 
exciting field h(t).  The existence of such a shift is illustrated 
by Fig. 1, which shows the precession of the nuclear magnet- 
ization m in a coordinate frame that rotates with the field 
h ( t ) .536 In such a coordinate frame h ( t)  does not depend on 
the time t and is described by a vector H ,  llx [HI is the ampli- 
tude of h(t) 1. 

If the motion of the nuclear magnetization m starts out 
from an equilibrium state (mollz), then the m precession 
begins in yz plane so that the transverse component m(t) 
responsible for the NMR signal has only a component along 
the y axis [m, ( t )  l(ylH, 1, which corresponds in fact to a 
n-/2 phase shift of m, ( t )  relative to h(t)  in an immobile 
coordinate frame. The anomalous NMR signal described be- 
low corresponds to a component m,, IIH,IIx, with Im, I com- 
mensurate with Im, I. 

Note that in magnetically ordered substances the anom- 
alous NMR signal corresponding to the component m, can 
be due to an amplification e f f e ~ t , ~  wherein the hyperfine- 
field oscillations at the nuclei have an amplitude 

AH, ( t )  =AM(t) =Axh ( t )  s q h  ( t )  , (1) 

much larger than the h(t)  oscillation amplitude ( A  is the 
hyperfine-interaction constant, M( t )  = xh( t )  are the oscil- 
lations of the electron magnetization M and are due to h(t),  
and x is the magnetic susceptibility). 

The gain 

depends on the static magnetic field Ho and ranges from lo2 
to lo6 ferromagnet domain walls. Damping of the oscilla- 
tions M(t )  produces between AH, ( t )  and h( t)  a phase shift 
Aq, defined by the relation 

where we and Soe are the frequency and half-width of the 
electron magnetic (antiferromagnetic in our case) reso- 
n a n ~ e . ~  

Since the oscillations of m, ( t )  are phase-shifted under 
amplification conditions by 7112 relative to AH, ( t )  [but not 
h( t)  1, the phase shift p between m, ( t )  and h(t)  

differs from n-/2. This difference, however, can be significant 
only where the frequencies o, and w, are superimposed 
(we - w, (<Sw,.Inourexperimentsw,~w, (oe--,lO1's-', 
w, z 10' s - ' therefore 

and the mechanism described above of formation of the 
anomalous NMR signal cannot explain the experimentally 
observed relation between the amplitude m, and the normal 
NMR signal amplitude my : 

We shall s'i~ow below, however, that the anomalous NMR 
signal we observed can be explained with the aid of the mag- 
netoelastic mechanism observed and interpreted by M. P. 
Petrov and  associate^.^ 

2. EXPERIMENTAL PROCEDURE AND MEASUREMENT 
RESULTS 

We investigated the free-induction drop (FID) at a fre- 
quency v = 76.445 MHz and a temperature T =  4.2 K 

FIG. 1. Precession of nuclear magnetization m(t) in a coordinate frame 
rotating around the z axis at a frequency o at exact resonance w = 0,; w, 
-NMR frequency; m, (t)-transverse projection of m(t) under the ini- 
tial condition m(0) ( (z .  
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(Brooker CXP pulsed spectrometer). The rf pulse duration 
( T ~  ) was set at 2ps  and the pulse ac field was varied between 
lo-' and 10 Oe. 

The spectrometer quadrature-detection system has two 
reference-voltage channels (channels U and V) shifted in 
phase by ~ / 2 .  The FID signals of each channel were record- 
ed simultaneously in different parts of the "ASPECT 2000" 
file. The signal phase in the Uchannel was displayed shifted 
in phase by ~ / 2  relative to the field h (t). The value of H, 
was determined by a standard procedure with relative error 
AHl/Hl = f 20%. 

Two mutual orientations of the samples relative to the 
fields Ho and H,( t)  were investigated. In the first Ho was 
perpendicular to H l ( t )  and both were in the easy plane 
( I l l ) ,  whileinthesecond (H,JJHo)l l ( l l l ) .  

In the (HoIIHl) 1 1  ( 11 1 ) geometry the FID signal was 
observed only in the U channel, its shape was described by a 
single exponential, and had an amplitude monotonic in Ho. 

All the unusual NMR features listed above were ob- 
served only in the (HolHl)  1 1  ( 1 1 1 ) configuration, when the 
FID signal was observed in both channels. Figure 2 shows 
the FID signals in NMR U and V channels at different am- 
plitudes H ,  of the resonant RF-field signals. At HI( 1 Oe 
(Fig. 2a) the NMR signal was considerably weaker in the V 
channel than in the U channel. When H, was increased to 

J ,  rel. units 

t 

several Oe, however, the amplitudes of the NMR U and V 
signals became commensurate (Fig. 2b). It follows from 
Fig. 2 that the FID signal in the U channel is described by a 
single exponential function, and that in the Vchannel is sat- 
isfactorily approximated by two exponentials with short and 
long damping times, the former corresponding to damping 
of the magnetoelastic oscillations. The damping time of the 
elastic oscillations (T,, ), determined by known rne th~ds ,~  
was - 2ps, the same as cited in Ref. 8. The magnetic-oscilla- 
tions relaxation rates determined for the FID plots for the U 
channel and for the Vchannel (with long damping time) are 
comparable with 1/T: - 50 ps  determined in Ref. 9. 

The dependences of the signals in channels U and V on 
the constant field Ho are also different. As seen from Fig. 3, 
the dependences of the U- and V-signal NMR intensities on 
Ho are the same when H, is low (Fig. 3a) and differ when HI 
is large (Fig. 3b). 

To attenuate the magnetoelastic oscillations, the sam- 
ple was coated by a thin layer of paraffin. At H, = 9 Oe this 
corresponds to the case illustrated in Fig. 3b, the intensity of 
the anomalous NMR signal was considerably weakened 
(Fig. 4), whereas the intensity in the U channel changed 
little. The lower relaxation rate represented by curve 2 com- 
pared with curve I is due, in our opinion, to the appreciably 
decreased contribution of the short-lived magnetoelastic os- 

3; rel. units 

2o t 

FIG. 2. Free-induction signal falloff in U ( 0 )  and V ( 0 )  channels at 
H,, = 700 Oe. The dashed curves show the resolution into two exponents FIG. 3. and V ( O )  NMR signal intensities vs Ho: a) H I  = 0.9 Oe; b) 
of the FIF signal in channel Y: a) H ,  = 0.9 Oe; b) H I  = 9 Oe. H I  = 9 Oe. 
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J ,  rel. units the speed of sound), and on the sound damping. From the 
resonance condition 

FIG. 4. Free-induction falloff signal in V channel at H, = 9 Oe and 
H, = 1500 Oe. 0-pure sample, W-paraffin-coated sample. 

cillations, since curve 2 is described mainly by a singly expo- 
nential function. 

3. DISCUSSION OF RESULTS 

Consider the magnetoelastic mechanism of NMR-sig- 
nal excitation. It is effective under several conditions, which 
we must list to explain the onset off the anomalous NMR V- 
signal. The first condition is excitation of sound waves 
U(q,t) with nonzero wave vector q with the aid of a spatially 
homogeneous magnetic field h ( t )  . The main obstacle to such 
an excitation is the wave-vector conservation law. It can be 
surmounted by exciting a standing wave (i.e., a pair of waves 
with q and - q),  but to this end the sample must be spatially 
inhomogeneous, having for example finite dimensions L. In 
particular, for a plate with normal to thez-axis direction the 
magnetization oscillations that are homogeneous in the inte- 
rior of the sample can be represented by a Fourier series in 
the wave vectors q, : 

where 

are the Fourier components of the M(t )  oscillations; each 
component can excite a sound wave U(q,,t) with a corre- 
sponding wave vector q, . 

It follows from (9)  that the amplitudes M(q,,t) of the 
harmonics decrease with increase of the number n, so that 
the efficiency of exciting the wave U(q, ,t) with sufficiently 
large q, depends also on several conditions, namely: on the 
magnetostriction constant B, on the proximity of the NMR 
frequencies w, and of the acoustic wave S1(qn ) = u,q, (u, is 

we can estimate thenumber n of the harmonic. At u, = 4. lo5 
cm/s,w, =2ir.75.106 s - '  andL=0 .2cmwehaven~31 ,  
meaning that the amplitude (9)  of the resonant harmonic 
M(q, ,t) is 3 1 times weaker than the amplitude of the funda- 
mental M(q,,t) = 2M(t)/77. If the wave amplitude U(q,,t) 
is to be appreciable at such values of n, the constant B must 
be large enough and the sound damping must be small. As 
noted at the beginning of the article, FeBO, is in both re- 
spects the most suitable easy-plane antiferromagnet. In par- 
ticular, the good resolution of the acoustic-resonance lines, 
i.e., the inequality 

where 6S1, is resonance-line half-width, has been observed 
for our samples in experiment [2].  This means that each 
harmonic M(q, ,t) excites only one acoustic harmonic, so 
that this excitation turns out to be the most effective. 

It was stated above that the conditions listed ensure 
excitation of a sound wave of sufficient amplitude, but no 
,sufficiency criterion was formulated. To this end it must be 
taken into account that owing to the magnetoelastic interac- 
tion the elastic oscillations U(q, ,t) must be accompanied by 
magnetization oscillations 

where the coefficient A depends on the constant B, on the 
wave vector q, , and on the frequency difference between the 
spin [ w e  (q, ) ] and elastic [S1(qn ) ] waves (see, e.g., Ref. 
10, p. 160). Clearly, it makes sense to take into account the 
magnetoelastic mechanism of nuclear-spin excitation only if 
the amplitude AM, (q,,t) exceeds M(q, ,t) (3) consider- 
ably, i.e., 

AMu(qn, t )IM(qn,  t ) s v u ( q n )  ~ 9 .  (13) 

The condition ( 13) is in fact the sought criterion of sufficient 
effectiveness of the magnetoelastic mechanism, and it is con- 
venient to refer to 77, (q, ) as the magnetoelastic gain of the 
oscillations of the magnetization M. In the FeBO, samples 
investigated in Ref. 3 the amplitude AM, (q, ,t) turn out to 
be larger not only than M(q,,t) (9),  but also than the fun- 
damental M(q,,t) = 2M(t)/a that corresponds to the 
v,, (q, ) > (2n + 1) .=20 value. [The samples investigated in 
Ref. 3 were thinner than ours, so that the resonance condi- 
tion ( 10) corresponded to n = 101. 

Figure 5 shows the sequence, described above, of the 
transformations of the oscillation energy of a uniform mag- 
netic field h( t )  into oscillations of electronic (M) as well as 
nuclear (m) magnetization. Since the amplitudes m(qo,t) 
and m (q, ,t) are fully determined by the values of M(q,,t) 
and AM, (q, ,t), it follows from IM(q,,t) 1 z I AM, (q, ,t) I 
that 

To clarify the nature of the anomalous NMR signal in 
FeBO, we must estimate not only the amplitudes m(q,,t) 
and m (q, ,t) of the oscillations but also their phases. When 
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FIG. 5. Sequence of transformations of oscillations of a uniform field h( t) 
into homogeneous (with q = go = n-/L--,O) and inhomogeneous [with 
q = q, = (2n + 1)n-/L ] oscillations of the electron intensity M, of the 
sound wave U(q, , t ) ,  and of the nuclear magnetization m. 

homogeneous m (qo,t)  oscillations are excited, the largest 
change in phase occurs during the stage of transformation of 
M(qo,t)  and m (q,, t) ,  when the phase shift is n-/2. When the 
inhomogeneous m ( q ,  , t )  oscillations are excited, two sub- 
stantial phase changes takes place: by Ap, when a u(q ,  , t )  
sound wave is excited and by n-/2 when the nuclear magneti- 
zation m ( q ,  , t )  is excited. The value of Ap, is determined by 
a relation similar to ( 3 ) : 

where n ( q ,  ) ( 10) and SKI, ( 1 1 )  are the elastic-resonance 
frequency and half-width introduced above for the wave vec- 
tor q, . The quantity Ap , in contrast to Ap ( 5 )  is comparable 
with n-/2, since magnetoelastic gain takes place only near a 
resonance, when (w ,  - f l (q ,  ) I  , < S f l , .  It is this quantity 
which determines the difference between the phases of the 
homogeneous m (qo,t)  and inhomogeneous m ( q ,  , t )  oscilla- 
tions of the nuclear magnetization. 

To estimate the contribution of the harmonics m (qo, t )  
and m ( q ,  , t )  to the observed NMR signal it is necessary, 
firstly, to take into account the effect of the amplification of 
the NMR signak6 Its gist is that the oscillations of the elec- 
tronic magnetization AM, ( t ) ,  which are due to oscillations 
of the nuclear magnetization m ( t )  exceed considerably 
m ( t )  in amplitude: 

where 77 is the same gain as in Eq. (2).  Secondly, the magne- 
toelastic amplification of the component AM, (q , , t ) ,  de- 
fined by the relation 

Thirdly, it must be recognized that the observed NMR sig- 
nal is determined by oscillations of the total magnetic mo- 
ment of the sample. To calculate it we must substitute the 
Fourier amplitudes of the components AM, (qo,t) ( 16) and 
AM,, (q ,  , t )  ( 17) instead of m (q ,  , t )  ( 7 )  [in which case the 
left-hand side of ( 7 )  becomes dependent on z] and integrate 
over the sample volume V. The result is 

where 

is the NMR signal excited via the usual electromagnetic 
channel. and 

is the NMR signal excited via the magnetoelastic channel. It 
was shown above that m (qo,t)  and m ( q ,  , t )  become compar- 
able if 7, ( q ,  )/(2n + 1 ) -- 1 .  Under this condition, as fol- 
lows from ( 1 9 )  and ( 2 0 ) ,  the quantities AM,, ( t )  and 
AM,, ( t )  are also of the same order. 

It is necessary next to determine the phases of the sig- 
nals AM,, ( t )  and AM,, ( t )  to estimate their contribution 
to the anomalous NMR signal. Since AM,, ( t )  has almost 
the same phase of m(qo, t ) ,  which differs by n-/2 from the 
phase of the reference signal, it influences only the U-signal 
NMR. The AM,, ( t )  phase ( 2 0 )  is shifted from m ( q ,  , t )  as a 
result of magnetoelastic amplification by Ap, ( 1 5 ) .  Recog- 
nizing that the phases m (qo,t)  and m ( q ,  , t )  also differ by 
Ap,, we obtain for the phase difference between the signals 
AM,, ( t )  and AM,, ( t )  

At exact resonance w,  = f l ( q ,  ) ( 10) when Ap, = n-/2, the 
phase difference is ( p ,  - p, ) = n; so that the AM,, ( t )  os- 
cillations contribute only to the U-signal. Exact equality of 
the frequencies w,  and ( q ,  ), however, is only an accident, 
so that in the general case these frequencies can differ some- 
what. Their difference by a half-width of the acoustic reso- 
nance Sfl ,  yields Ap, = n-/4, and ( p ,  - p ,  ) = n-/2. In this 
case the oscillations AM,, ( t )  contribute only to the NMR 
V-signal. Since the frequency n ( q ,  ) depends on the magnet- 
ic field Ho via the speed of sound Vo (Ref. 1 1 ), Ap, should 
also depend on Ho. This effect ensures an additional depend- 
ence of the V-signal excited via the magnetoelastic channel 
on Ho compared with the field dependence of the U signal 
(Fig. 3b). 

The authors thank Professor E. A. Turov for helpful 
discussions of the results. 
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