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A large number of echoes—called muitiple echoes—following two isolated NMR radio-
frequency pulses separated by a time 7, have been observed in becc 3He. A quantitative theory
of this phenomenon is given, taking into account the ncnlinear effect of the nuclear demagnet-
izing field in the equation of motion of the magnetization. In a magnetic-field gradient G, just
before the second pulse at time 7, the nuclear-spin transverse magnetization has a helical confi-
guration of pitch yG 7 = kg, which is converted by the second radio-frequency pulse into a
sinusoidal modulation of the magnetization along the magnetic field gradient. The correspond-
ing sinusoidal demagnetizing field modulates spatially the NMR resonance frequency so that thé
transverse magnetization is a superposition of helical configurations with pitch pky (multiple of
kq), yielding multiple echoes at times p7. A detailed comparison with the experimental results
obtained at high temperatures (300 mK <.7 <1 K) and low temperatures (1 < 7 < 20 mK),
ieads to a satisfactory agreement with the experiments. The main practical application of the
multiple-echo study is to provide a method of measurement of the absolute value of the
nuclear-spin susceptibility without knowing the shape or the number of spins of the sample.
The transverse relaxation time 7T, and the diffusion coefficient D are also obtained with this
analysis. When applied to the low-temperature measurements, the multiple-echo analysis has
pointed out, for the first time, the increase of the magnetic susceptibility of solid 3He in the
paramagnetic phase near the ordering temperature 7T, while in contrast the relaxation times T
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and T, and the diffusion coefficient D do not change appreciably, even just above 7.

I. INTRODUCTION

In usual NMR pulse experiments, a sequence of
two radio-frequency (rf) pulses at times 0 and 7 gives
a single echo at time 27.! In recent pulsed NMR ex-
periments in solid *He, an unusual phenomenon was
observed?™: the same two-pulse sequence was fol-
lowed by a large number of echoes at times
27,37,47,...,n7,.... These experiments were first
performed at low frequency (f =125 kHz) and low
temperature (7T-=1 to 20 mK). The solid sample,
prepared by adiabatic compression (Pomeranchuk
cooling) was in equilibrium with the liquid along the
melting curve; in these conditions we observed a
transition in the solid at 7. =1.07 mK but there were
many converging indications that the multiple echoes
were not related to this transition: they appeared far
from T, at temperatures as high as 20 mK; more-
over, the same echo pattern was obtained when vary-
ing both the magnetic field Ay and the temperature 7
such that the ratio Hy/T remained the same. This
feature has been corroborated by a new set of experi-
ments performed in solid *He at higher temperatures
(T =0.5 K) and higher fields (Ho=1 T). In these
conditions, solid *He was in the well-known paramag-
netic phase, the low-temperature effects were absent
(T >> T.), and the ratio Hy/T was roughly the same
as in the experiments considered above. Large multi-
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ple echoes very similar to the low-temperature ones
were actually observed in the 1-K range, showing
without any doubt that the multiple echoes must be
explained within the framework of the paramagnetic
phase.

The aim of this paper is to show that multiple
echoes are explained quantitatively by the effect of
the demagnetizing field H; — 47 M, created by the
nuclear-spin magnetization M. In conventional
NMR this field, being small, has usually a negligible

- effect compared to that of the external applied field.

In solid He this is not always true: the large
nuclear-spin exchange frequency due to the large
zero-point motion of the He atoms leads to a mo-
tional narrowing of the NMR line and thus to a long
transverse relaxation time 7, (7, =250 msec at
molar volume V,, =24.25 cm®). The demagnetizing
field H; acting on the transverse magnetization dur-
ing a time of the order of T, has a significant effect
when yH,;T, > 1. This condition is fulfilled in bcc
3He when Hj is of the order of a few tenths of a mil-
ligauss. In our low-field experiments (Hy=38.6 G),
this condition is satisfied for temperatures lower than
40 mK. The demagnetizing field is a nonlocal func-
tion of the magnetization at each point and intro-
duces complex nonlinear terms in the equation
describing the evolution of the sample magnetization.
When applying rf pulses, we change the orientation
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of the magnetization with respect to the external
field; if the spin system has been prepared in such a
way that the initial magnetization is not homogene-
ous over the sample, an rf pulse produces nonuni-
form NMR frequency displacements which yield
low-frequency beats in the observed magnetization.
The effect of the nonlinear terms due to the demag-
netizing field can be seen as a mixing of the spatial
Fourier components of the magnetization which then
do not evolve independently of one another.

The effect of the demagnetizing field on spin sys-
tems is actually related to the more general problem
of the evolution of nonlinear systems, regardless of
the origin of the nonlinear terms. Various kinds of
multiple echoes should appear whenever the reso-
nance frequency of a system is a function of the exci-
tation level and thus they could be observed in many
physical systems exhibiting echo phenomena, e.g.,
piezoelectric crystals,’ type-II superconductors,® plas-
mas,’ and solids in which the "boson echoes"
phenomena® can be achieved. In spin systems the
same kind of equations for the spin precession as
those in solid 3He appears also in uniaxial antifer-
romagnets.® In ferrimagnetic materials!® a series of
multiple echoes is also expected to follow a two-pulse
sequence. Let us mention the distinction between '
two kinds of nonlinearity:

(i) The strong nonlinearity which is active during
the pulse and whose effect depends strongly on the
strengthof the pulse. This is the case in the uniaxial
antiferromagnet considered in Ref. 9.

(ii) The weak nonlinearity which acts over the long
time between the pulses as is the case in solid 3He.
However, in most of these systems strong physical
simplifications are necessary to carry out the calcula-
tion in detail, whereas for solid *He the expression
for the nonlinear terms is well established. Thus, for
solid *He detailed and exact calculations can be made
for certain easily fulfilled experimental conditions,
from which we can deduce microscopic parameters
like T,, the spin-diffusion coefficient D, and the ab-
solute value of the magnetic susceptibility X.

This paper is organized as follows: In Sec. II, we
give the physical ideas governing the creation of mul-
tiple echoes in pulse experiments and we show that
the relation between the magnetization and the
demagnetizing field, which is in general nonlocal, be-
comes a simple local relation in our experimental
conditions. We then give an exact solution of the
problem in the case where the spin diffusion is negli-
gible, leading to an analytic expression for the ampli-

tude of all the echoes following a two-pulse sequence.

Taking into account the diffusion, we then show that
the problem can only be solved completely by calcu-
lating the evolution of the spatial Fourier com-
ponents of the magnetization with a.computer, the
precision obtained for the echo amplitudes being lim-
ited only by the computing time.

In Sec. III, we test the validity of the theory by
comparison with our experimental results and in par-
ticular we show how the parameters X, T, and D are
obtained from fitting the experimental curves to the
theoretical predictions. Let us mention that the
agreement between theory and experiments at low
temperature, which was already quite satisfactory
neglecting the diffusion effects, as reported in Ref. 2,
is significantly improved when these effects are in-
cluded.!! In conclusion, we claim that the study of
multiple echoes, in solid *He in particular, but also in
other systems, provides a new method for the meas-
urement of the diffusion coefficient, the transverse
relaxation time, and especially the absolute value of
the nuclear magnetization without knowing the total
number of spins in the sample; to our knowledge,
this last determination cannot be achieved with any
other method.

II. GENERAL THEORY

A. Physical hypothesis of the model

We study the response of solid *He after two
radio-frequency pulses of angles «; and «; occurring
at times 0 and 7. The volution of the magnetization
is governed by the nuclear-spin Hamiltonian

H =3z +Iex HICp

where 3Cz =y £HS, is the Zeeman Hamiltonian, JC,X is
the exchange Hamiltonian, and

h—Z 2
Xp=3— L=
i<j |,l','—rj|

«|5,.5,— 38 G-I, F-T))

|7, =12
M

is the dipole-dipole Hamiltonian.

The 3Cex Hamiltonian has been taken for a long
time as an Heisenberg Hamiltonian with a two spin
interaction. The experimental behavior of solid *He
at temperatures below 5 mK shows that a more com-
plex Hamiltonian must be considered.!? Different
models have been proposed: four-spin interac-
tion, 3715 zero-point vacancies,'® or large spin-phonon
coupling.'>!7 Nevertheless, the exact nature of 3Cey is
not of great importance for the present problem and
could even be that of a classical liquid. The unique
property used is the motional narrowing of the NMR
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line (3C. >>3C p) so that the transverse relaxation
time T, is much larger than that observed in the ab-
sence of any motion.'® This property can be ex-
pressed by T, @3Cp'?)2 >> 1 if we note by @3cp'?) the
second moment of the NMR line where 3Cp' stands
for the secular part of 3Cp.

This motional narrowing comes from the fact that
the motion of the spin on an atomic scale, due to the
exchange interaction!? is about 10° times larger than
the dipolar interaction on the same atomic scale.
Nevertheless, because JCp is a long-range interaction
and JCex a short-range one, the fluctuations of the re-
lative orientations of two spins due to JC become
slower and slower as the distance r between these two
spins increases, so that, for r larger than a critical
value r, the fluctuations due to 3C,, become smaller
than that due to the dipolar energy JCp. Thus the
long-range effect of the dipolar interaction is not
changed by the exchange motional narrowing and
consequently this long-range part of 3Cp is described
by the macroscopic model.of a local demagnetizing
field

M) — IIM@(T) - (F-T)I(F—T)

X T
|7—1"2

’

()

where M (T) is the local magnetization at T, The
NMR frequency being a function of the distribution
of the magnetization M (F) over the whole sample,
this gives nonlinear terms in the precession equations
for M(F), which are the physical origin of the multi-
ple echoes.

We can describe the effect of exchange and dipolar
interactions on a microscopic range by effective equa-
tions which are the Bloch equations used in the
high-temperature paramagnetic phase, i.e., with a
transverse and longitudinal relaxation times 7 and
T, and a diffusion coefficient D

-7 0 L DVEIM(T) . (3)

In this equation, the field H(T) is taken parallel to Z
and M, is the equilibrium magnetization. We note
that this model describes the behavior of our system
to zero order in JC/kg T when high-temperature ex-

pansion is a valid approximation. The long-range
demagnetizing field, proportional to M, is used here
to first order in y£HS,/kgT and thus, in order to be
consistent, we need to include into the microscopic
effective equations the terms of order 1 in 3Cex/kp T
and y#HS,/kgT. Apart from changes in T and T,
the most important effect of these terms is to change
slightly the NMR frequency as function of the orien-
tation of the magnetization with respect to crystal
axis and external magnetic field. These terms con-
tain JC; to first order; thus in bee *He their anisotro-
pic_effect is zero because a second-order tensor such
as JC, is isotropic in a cubic symmetry. Thus, in our
experimental situation in bcc He, the nonlinear an-
isotropic effect comes only from the local demagnet-
izing field. On the contrary, this is no longer true in
hcp crystals where the NMR frequency is expected to
be a function of the magnetization orientation with
respect to the crystal axis; this change is estimated to
be of the same order of magnitude as that produced
by the long-range demagnetizing field. Consequent-
ly, although multiple echoes are also expected in hcp
crystals, their quantitative behavior is not described
by the theory presented in this paper.

We remark that at very low temperature, i.e., near
or even below the spin ordering temperature, the in-
trinsic dipolar anisotropy on the microscopic scale can
be larger than the demagnetizing effect in low field,
especially in the hcp phase. In the spin ordered 3He
bee phase, the microscopic anisotropy energy, of or-
der JC3/3Cex, can be easily made smaller than the
long-range demagnetizing energy JCp (v £HS,/3Cex)
when H >> Hy, i.e., H >> 10 G. Thus the assump-
tions of our theory of multiple echoes in bce 3He still
hold below the ordering transition temperature
(T. ~1 mK) as soon as H >> 10 G. This remark
proves that this theory can be used near the ordering
temperature of bcc *He to measure the magnetic sus-
ceptibility of the solid, as explained in Sec. IIl.

Due to the nonlocal nature of H,(F), Eq. (3) is
very difficult to solve in general. Nevertheless, it can
be significantly simplified if one can suppress the ef-
fect of the sample shape on the demagnetization dis-
tribution; this can be achieved by applying a strong
uniform external field gradient G along the direction
of a unit vector 5. Let us specify this important con-
dition for the field gradient: at time ¢ =0, after the
first rf pulse of angle «y, the magnetization is uni-
form over the sample and thus the demagnetizing
field H4() is a function of both T and the shape of
the sample. At ¢ > 0, the magnetization has evolved
following Eq. (3); if t << T} and T,, the main term
of the right-hand side of Eq. (3) is

yM(P)H(T) +Ha(T)]
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Under the action of H(T) alone, the magnetization
forms a spatial helix along the direction § with a pitch
27 /yGt decreasing with time. The free precession
time t, =2m/yGl is defined as the time at which the
pitch of the helix is equal to the characteristic size /
of the sample. During times of order ¢, the distribu-
tion of H4(T) is very complex, due to the spatial dis-
tribution of the magnetization. Thus we make the
important assumption that H; ~ 47 M, is small
enough not to disturb the formation of the helix by
the gradient G or, equivalently, that H, is negligible
with respect to the magnetic field variation over the
size / of the sample, i.e., GI >> Hy; ~4mM, or

1
47 M, Ve <<1 . )
With this condition, at times much larger than ¢, the
" helical magnetization over the sample produces a
simple helical demagnetizing field as calculated in
Sec. IIB. The demagnetizing field effect (H, of order
47 M, is independent of time) becomes larger than
the gradient effect when the magnetic field variation
over the helix pitch 27/yGt) G is smaller than H,,
i.e., at times larger than #, defined by

o~ 2w 1
¢ yH;  2yM,

Thus, the demagnetizing field H, is expected to have
an important effect at times ¢ > 7, which must occur
before the relaxation effects appearing in Eq. (3)
reduce strongly the local transverse magnetization.
Therefor T, > ¢,, or

ydmMyT; > 27 (5a)

is the condition for observing large multiple echoes.
Actually, multiple echoes can be experimentally ob-
served as soon as

vdnMoT, > 1 . (5b)

It is worth noting that conditions (4) and (5a) are
independent. Following Eq. (5a), large multiple
echoes can appear even if the condition (4) is not
fulfilled. But in this case, the structure of the echo
pattern is a very complex function of the shape of the
sample so that the condition (4) is necessary in order
to obtain well defined and useful results. Let us re-
mark that the condition (4) can be always fulfilled by
increasing the magnetic field gradient. A short
analysis of the experimental results obtained when
the condition (4) is not satisfied together with the ex-
planation for the apparent very fast longitudinal re-
laxation of M, then observed at short times, are
given in Sec. 111 D.

In a first step, we derive simple analytical results
neglecting the diffusion (D =0). This can be seen as
follows: we suppose that the spatial helix pitch
remains large enough so that the diffusion time #p

over the pitch is much larger than the experimental
time ¢, ie., tp ~ [D(yG)H™! >> tor, as tis of the
order of T,

Dy*G’T3 << 1 . . 3)

The conditions (4) and (6) are not independent. Ac-
tually, the field gradients required to satisfy Eq. (4)
often result in violation of condition (6). Thus in a
second step, we present complete calculations includ-
ing the diffusion effects; these are more complex
than without diffusion and require numerical calcula-
tions; however they are much simpler than the calcu-
lations needed in the case of an unfulfilled condition
(4) for which the very complicated results depend on
the shape of the sample.

B. Relation between magnetization
and demagnetizing field

Equation (2) relates the magnetization M () and
the demagnetizing field Hy(F). As Ho >> Hy, we
can neglect the demagnetizing field components at
frequencies Q¢ =yH, >> yH; ~ y4mMy; this is done
by taking only into account the secular part of 3Cp
which is invariant with respect to a rotation around
Ho.2! We get the usual expression of the dipolar field

i 1 -3 cos?9,,
-y _ 3.1 r
AP = [ & S
x BM, (T3 -M(T)] , @)

where Z is the unit vector parallel to ﬁo and 0, is the
angle between (F—T') and 2.

This nonlocal relation becomes simpler and local
after a Fourier transformation of H,(T) and M(T)

A8 = [ ¥ e ®TH,(F)

M(K) = [ & TR

. We find?®

Ha(K) =3 @m 311 -3k -2)2
x [M(K) =3M,(K)z) =CM(K) , ®

where k£ =k/|X|.

We note that the tensor Cis a function of the
orientation of vector K and not of |k |. Thus, if the
magnetization M (T) is a function only of the one-
dimensional variation § -T=s, i.e., if it has nonzero
Fourier components only for K parallel to §, we have
again, in the real space, a simple local relation
between H,(T) and M (T) instead of the complex re-
lation (7)

Hy(F) =C;-M(T) =H,(s) . )
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Furthermore, we see that if at some time ¢, M(F) is
one dimensional (which means that it is a function
only of s =5§-T), the evolution equation (3) shows
that it remains one dimensional at later times ¢ > #o,
as only the one variable terms M (s) and 82 M (s)/ds?
appear in this equation. Now, we saw in Sec. Il A
that at times ¢ > t. =2x/y G/, the magnetization
M (F) in the sample is a helix along the direction §
and so is a one-dimensional function of s. Thus at
later times, although M (T) is no longer a simple
helix under the action of Hy(s), it remains a function
of s only, so that the relation (9) can be used exactly
in Eq. (3). To do that is equivalent to neglecting
edge effects of the sample: this is a very good ap-
proximation in as much as condition (4) is fulfilled.
Thus, later on we shall take M(§) =M (s) to be a
function of the one-dimensional variable s.

The relation (9) can be rewritten

Ha(s) = G- M(s) = BM,(s)3 — 3 8M(s)
with
B=2m3(5-9)2-1]

This means that ﬁd(s) produces only a change in the
NMR precession frequency

80 =yBM,(s) , (10)

as the transverse component of ﬁd(s), parallel to

M (s), does not affect the precession of M(s). Thus
the apparent effect of ﬁd(r) is identical to a change
in the local external field. If M(F) were not one di-
mensional, the precession of M () around H,(T)
would give not only a change in the precession fre-
quency but also a change of M,(T) with time, an ef-
fect which is discussed in Sec. III D.

M, () = My[1 + (cosay —1)e M1

_ . . iyHor ikgs —1/T.
M*T(77) =—iMysinaje  %e Ye 2

where we have introduced the wave number
ko=vGr.

The second rf pulse at time 7 rotates the magneti-
zation by an angle «; around the radio-frequency
field Hy, so that the helical structure is converted into
a sinusoidal modulation of the magnetization along
the gradient direction $. Just after the second pulse,
we have

SN gl =
M, (") =M,(77) cosa, + M*(x )2iM () sina;

o
M*(r%) =—iM,(77) siney + Li(ll(l +cosay)

+3 M~ (+)1(1 —cosay)

expliBMyylr— Tl(e-T/Tl -1 (cosa; — 11} ,

C. Theory of multiple echoes
neglecting diffusion

Just after the application of a rf pulse of angle a; at
time 0, we have the following equations:

Mz(0+) =MOCOS¢11 ,
M0 =FiMysina; = M, +iM,| - an

After the pulse, M, remains spatially uniform and
there is no particular effect of the demagnetizing field
during times between 0 and 7, except for a negligible
change of the free precession frequency

3Q =vyBM,(0,), which can be included in the exter-
nal field. The truncated Eq. (3) (D =0) gives

dM,
s =——;—1<M, ~My
amr_ iv(Hy+Gs)M* +iyBM,M* — Y
dt T,
The solutions of these equations for ¢t < 7 are
M,(1) = Mol1 + (cosay —1)e™"1]
M*(t) =—iM, sinaleiy(GH”o)' (12)

X e /Tzexp[iﬁyj;le(t') dt'] .

The last term in the M*(r) expression shows that the
phase of the local magnetization is changed propor-
tionally to the time integral of the longitudinal mag-
netization M,. Just before the second pulse, at time
77, the magnetization has a helical distribution over
the sample given by

(13)

This can be written in a compact form emphasizing
the spatial variations k

MZ(T+) =[4 +BSin(Qo‘r + kgs +¢0)]M0 »

M*(z*) =(C —D*e ~o? s

ik
ikqs )MO i
with

+D"e

A =cosay[l + (cosay — 1)e_T/T2] ,

. . —/T.
B =sina; sinage 2,

'—T/Tl

do=vBMylr — (cosa; —1) Ty (e -l .

C=—iAtga, ,

I, . —=7/Ty i
Di=7/(1 +cosay) sinage  Ze ° .
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The demagnetizing field corresponding to M,(r™)
generates a spatially sinusoidally modulated Larmor
frequency which -acts on the transverse M™* helix as it
did before the second pulse so that the expression of

iyl[Hy+Gs(t—1)] —(t—1)/T.
M*(t) = M* (s e 70 T T T exp(

ivBM, [(t —-7)

M*(¢t) in Eq. (12) remains valid if we use the correct
initial values and time evolution, i.e., M*(+") replac-
ing My and 7 being the initial time instead of 0. We
find

_ M,(+") —1
Moy

Tl(e—(z_f)/r1 B 1)” .

Making explicit only the gradient dependent terms of this equation, we obtain

ik, o’

M*(t)=(C—D%e " +D"e

with
=(t/Ty)

~8(t) =8, =yBMjsina,; sina; Tie a —e('_')/rl) ,

—ikos) Eeiko.t[(t/‘r)—lleia(r) sin(k(s +é)-

E= Moe'—‘/r2 expiyBMylt + T (e

’

—(t-7)/T,

-1D(1-4)]
(15)

As for conventional NMR echoes, we experimentally measure the uniform part of the magnetization M*(¢), i.e.,

the spatial Fourier component k =0.
Using the Bessel-function expansion

oMttt _ >, J.(8) explin (kos + ¢o)]

we can obtain the different Fourier components of M™*(¢).

At time ¢ = p 7 with integer p =2, the amplitude of the echoes is given by the Fourier component of k =0, i.e.,
a combination of Bessel functions with n =1—p, n=1—p+1,andn=1—-p —1

i(1-p) ~ipd iQ-p)é,
A,=Ce' PNy (5,0 —Dre "MI_,(5,) + D' N1, (5,
which gives
—(p7/T,) 1 +cos . 1 —cosa
4,1 = Moe™ "2 |siney | —52 ]J,,(s,,,)+sma, ——2 (8,0
—(#/T)), —(7/T,)
+isinayll + (cosay —1e / Te /Ty Jo-1(8,7)] .

With two 90 ° pulses (a; = a; =90 °) the expression simplifies, by virtue of .

5,(8) +J,2(8) = L}:1—)1,,_1(5) ,

to

-i/T)p—1 ~(+/T), —(=/T,)
|4, = 72 -26—1—+i(1—e Ty~ (5,0

pr

The amplitude of a given echo at time p 7 oscillates
like |J,-1(3,,)| with perfectly well defined zeroes
which are damped for values of a; or a; different
from 90°. If there is no demagnetizing field, i.e., if
BM, =0, we find the usual single echo at t =27. As
BM, increases, multiple echoes appear; for small
values of BM,, their amplitudes are given by expan-

(16)

sion of the Bessel functions

~(pr/Ty) . 1 —cosa
A,=e "2 sma,'Tz

5.’
x| —— =3 .
[2 l G- forr=3
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The characteristic parameter which governs the echo
pattern is b = yBM,T;; the multiple echoes become
easily detectable as soon as b =1. For two 90° rf
pulses, the echo amplitudes exhibit zero values when
b is greater than 11 (the exact b value is a function of
the ratio 7/T,) as can be seen from the expression
(15) giving the argument 3(¢) of the Bessel func-
tions: if T; and T, are very short, as ¢ increases this
argument remains smaller than the value correspond-
ing to the first zero of the Bessel function.

In order to satisfy the important condition (4), it is
often necessary to use a large field gradient and con-
sequently the diffusion effect can no longer be
neglected. It is for this reason that we shall now
calculate the multiple echo amplitudes when taking
into account self-diffusion.

D. Theory of multiple echoes
in presence of diffusion

The diffusion term of Eq. (3), D 8*M/ds?, damps
the spatial variation of M so that an analytical expres-
sion of multiple-echo amplitudes cannot be obtained.
A perturbation theory becomes rapidly invalid as the
parameter d =D y2G?t®, which measures the strength
of the diffusion effect, is larger than 0.1, especially
near the minima of the echoes. A numerical calcula-
tion is then necessary.

Let us recall that the essential assumption prescrib-
ing that M(F) is only function of the one-
dimensional variable s remains valid even in the pres-
ence of diffusion. The equations to be solved are

aMm, 1 2
i T (M, — My +DV*M, ,
a* 1
L =iy(Ho+ oMt |
dr I‘y( 0 GS)M T2 (17)
+iyBM,M*+DV2M*

which gives

4ST(S) _ i (5)S*(s) + D
dt

325+ (s)
ds?

with
w(s) =y(Ho+BM,) +i/T, .
Then, after Fourier transform of S*(s) and w(s)
Sk+=fS+(s)e""ds mk=fw(s)e”“ds
we obtain

dasgt ..
d: =flwlek+_k1 dky — D[k +yG(t — DSt .

We make a spatial Fourier analysis of M, and M*

Mk=fﬁ(s)e’k’ ds

which gives for M,

szk
dt

1
— + Dk?
T

My

so that each Fourier component of M* relaxes with
an apparent relaxation time

T =T +Dk? .

On the other hand, the transverse component M+
equation remains complicated because the demagnet-
izing field product BM,(s) M*(s) becomes a convolu-
tion integral after Fourier transformation. However,
before the second pulse (0 <t < 7), M,(s) is spatial-
ly uniform so that the equations of evolution of M,
and M*, nonaffected by the demagnetizing field, are
the same as usual?! with only the classical diffusion
effect for M*. At time 7~ we obtain

M,(77) = Myl1 + (cosay — l)e_T/T‘]

»

_ X . ~1/T5 iy i(yHpr+kos)
M*(17) =—iMysinaje  2e 0 ) 00

with
T3 =T ++Dy*G*? .

Thus, formula (14) of Sec. I1C giving M () ‘after
the second pulse remains valid if we replace T, by
T,*in order to take into account the diffusion at
times before 7*. We need now to solve Eq. (17) for
times greater than 7*. As noted above, we take into
account the diffusion for each Fourier component of
M,(t) by replacing Ty by T1x . For M*(r), this sim-
ple procedure is not possible as, under the action of
the field gradient, the k values change linearly with
time. It is convenient, before Fourier transforma-
tion, to make the substitution

M+(S) =S+(s)ei-ycs(1—1-) - S+(s)eikos(l/r—1) ,

+2iyG (i — T)-@“—;s&‘l — 2621 = 1)28*(s)

(18)

19)
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At t =1 [initial time for Eq. (19)], we have only three nonzero Fourier components for k =0 and k =k, [see
Eq. (14)]. Thus in Eq. (19), we have only nonzero components for k multiple of ko. k = pky, p integer <0, or
=0. The expressions of the three Fourier components of w(s) for every time t = 7 are

i —(t-7)/T
wo=yHy+ 7’: +yBMpll + (cosay—1)e '+ cosay(cosa; —1)e
2

LT

wko

In the same way, the three Fourier components of
Si(7%) are '

So+ (T+) =—iMo Sil’laz[l + (COSal —1)€~7/T2] ,

+ . . —/Ty
Sk, (%) =FiMysinoy (1 2cosay)e 2

Without demagnetizing field effects, Eq. (19) reduces
to the usual simple equation including the diffusion
(wk1 = w08kl 0) in which each component evolves in-

dependently of the others. In order to suppress this
trivial evolution, we make the transformation

Si() = Uk(t)eif(,)ei@k(l)’ ,
with

ro=f o ar

» t

¢x (1) =—D j; [k + yG(t'— Dlde

The equation of motion for U, (¢) is

dU, (1)
dt

(@, ~,)
=Eiwk..kl(t) Ukl(t)e 1 , (20)
ky

with
k —k1= tko and k1=pko .

Starting from the initial conditions wx (%) and

Ui (%), we have calculated on a computer the com-
ponents Uy as a function of time, using a-Runge-
Kutta?? integration method. The stability of the solu-
tion has been satisfactorily tested by varying the
width of the integration time step and the number of
the Fourier components (of the order of 60). We
made a further precise test by calculating with this
method the echo amplitudes when D =0 and we
found again, with a good accuracy, the values ob-
tained using the analytical Bessel functions solutions.
The amplitude of the echo of order (p —1) at time
p7 is given by the component of My(p7) at k =0,
i.e., by SV“)"o(p 7). The results of this calculation
are postponed to Sec. III in order to compare them
directly with the experimental results.

1 . . _
=—7 (yBM)) sine; sineze e =0k, -

—1/T2]

’

III. EXPERIMENTAL RESULTS

We already mentioned that solid *He was a good
candidate for the study of multiple echoes, owing to
the following interesting properties: large gyromag-
netic ratio y giving a large dipolar magnetic field,
large transverse relaxation time 7, due to the "mo-
tional narrowing of the line" and hence large value of
the coefficient b = yB8M,T, which mainly governs the
behavior of the echoes, facility of varying the molar
volume and hence T,, and the diffusion coefficient
D. "Furthermore, this solid can be studied over a
very large temperature range as illustrated by the two
sets of experiments analyzed in this paper; one set
performed at temperatures between 750 and 300 mK
we call the "high-temperature" experiments and the
other performed between 20 and 1 mK, we call the
"low-temperature" experiments.

A. Experimental situation

1. Low-temperature experiments

In the low-temperature and low-field experiments
(19 < Hy <77 G) the solid *He sample was formed
in a Pomeranchuk cell and consequently was in con-
tact with liquid *He along the melting curve at a.
molar volume of about 24.25 cm®. Both the main
magnetic field Hy and the gradient G were produced
by the same large dimension Helmoltz coil pair and
hence both Hy and G were uniform over the whole
sample. With these conditions, reproducible
multiple-echo patterns were easily obtained.

2. High-temperature experiments

On the other hand, some experimental difficulties
were encountered in the high-temperature experi-
ments, which will be described below. We made this
set of experiments in order to test the validity of the
theory in a region where the magnetic properties of
3He are well known, without low-temperature (or
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pretransitional) effects. In the half degree tempera-
ture range, where we needed a high magnetic field,
we used Hy=9250 G produced by a conventional 9
in. Varian electromagnet. This rather high value of
Hy had some important consequences:

(i) With such a field, the intrinsic inhomogeneity
of the magnet is of the order of 0.2 G cm™; thus in
order to obtain a rather well defined linear field gra-
dient, the applied external field gradient must be

~larger than 1 G cm™!. We produced it by a set of two
coils in Maxwell positions attached to the external
bottom end of the cryostat and we controlled its am-
plitude by varying the current in the coils. )

(ii) In such large gradients, the rf field H; is not
much greater than the static field variation AH = G/
along the length / of the sample; thus the rotation an-
gle a of the magnetization due to the rf pulse is not
homogeneous in the whole sample. For instance
with H;=13 G, [=0.6 cm, and G =7 G cm™, the
maximal dispersion of a during a rf pulse is of the
order of 2'—01r [this means that a %rr pulse is actually

seen as a pulse ranging from 2—10(977) to 710—(1177), ac-

cording to the location of the spin in the sample].
Fortunately, this dispersion of tipping angle has only
a small effect on the amplitudes of the minima of the
echoes and has no effect—to first order—on their po-
sitions, as we verified by computing the echoes am-
plitudes with various pulse angles.

second refrigerator pumping
first refrigergtor pumping
” copper
2 o brass
3
[ KelF He copillary
*He
copper bar
Tem ,
| L= -1 [~
| — -
e
~
R

KelF high pressure cell

- E.____ﬂmo_ﬂ

cold finger
R ’

isolgtion box

FIG. 1. Schematic view of the cell and of the two 3He
refrigerators. Ry and R, are carbon resistors thermometers.
The blocking of the 3He capillary is prevented by maintain-
ing its temperature slightly above the melting temperature
by thermal contact with the second pumped 3He refrigerator.
The bottom of the cell is cooled down by the cold finger in
thermal contact with the first 3He refrigerator.

(iii) Vibrations of the sample in a field gradient
generate field fluctuations which may modify strongly
the echo pattern if the fluctuations amplitudes are
equal or larger than the sample magnetization. With
Hy=9250 G and T =500 mK, the internal field is of
the order of 5 mG, corresponding to a vibration am-
plitude of 10> cm in a 5 G cm™! field gradient.
Thus, the high-pressure sample cell must be tightly
connected to the other parts of the cryostat. In our
experiment, this mechanical brace leads to some
thermal loss which accounts for the poor minimal
temperature (Tmin =315 mK) obtained for our one-
shot 3He refrigerator.

(iv) Both theoretical calculations®® and experimen-
tal data?® show an increasing anisotropy of the
transverse and longitudinal relaxation times 7, and
T, with increasing external magnetic field Hy. In the
38.6 G average magnetic field used in the low-
temperature experiments and with a 24.25 cm?® molar
volume samples, Ty and T, are isotropic, owing to
the large ratio ,./Qg of the exchange frequency of
the solid €, to the experimental Larmor frequency
Qy. On the other hand, the anisotropic effect is ex-
pected to be large in a 9250 G magnetic field. Con-
sequently, in samples made of several monocrystals
randomly oriented, as they are produced by the
"blocked capillary" growing method,?26 very compli-
cated echo patterns are expected inasmuch as the
evolution equations for M [see Eq. (17)] which
depend on T and T,, are different for each mono-
crystal. For this reason, we must use a constant
pressure growing method which is known to produce
rather good monocrystalline samples.?*2’~? Qur con-
stant pressure cell together with the refrigerators are
shown on Fig. 1. During the solidification, the bot-
tom of the cell is cooled with a cold copper finger
thermally linked to a pumped 3H_e refrigerator while
the blocking of the capillary is prevented by maintain-
ing its temperature slightly above the melting tem-
perature by thermal contact with another pumped
3He refrigerator. The capillary then allows liquid *He
to flow freely so that the solid grows at constant pres-
sure with a well defined solid-liquid interface. We
did not perform a systematic study of the quality of
our crystals and thus we cannot be sure that we al-
ways obtained good single crystals. Nevertheless, the
rather well pronounced minima of the experimental
echo amplitudes may be a good indication that our
samples were monocrystalline.

B. Analysis of the high-temperature data

Among the large number of data that we obtained,
we report in this section two sets of representative
results: (i) With a given sample placed in a fixed field
gradient, we report the multiple echoes measured at
four temperatures between 750 and 315 mK with the
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corresponding calculated amplitudes, and (ii) At fixed
temperature, multiple echoes are measured in a sam-
ple placed in three different field gradients, em-
phasizing the diffusion effect.

Figures 2(a) and 2(b) represent typical multiple-
echo patterns following sequences of two 90 ° pulses
with different spacing times 7. It is worth noting that
more than 30 echoes can be detected and that the
echo amplitudes behavior can be strongly nonmono-
tonic, as shown in Fig. 2(b). The set of Figs. 3—6
‘shows:

(a) [Figs. 3(a) to 6(a)], the amplitude of the four
echoes appearing at times 27,37,47, 57, measured at

90 90'

T=9.5ms,20ms/div.

90° 90 .
) T=15.7ms, 50ms/div.

FIG. 2. Photographs of typical multiple echo patterns ob-
tained for two values of the time interval 7 between the 90°
radio-frequency pulses. The temperature was 7 =320 mK,
the magnetic field was Hy=9250 G and the molar volume
was V,, =23.6 cm3. At =9.5 msec, there is no minimum
amplitude for any echo. At 7=15.7 msec, the echoes 4 and
12 reach their first and second minimal amplitude, respec-
tively, so that the behavior of the whole pattern is strongly
nonmonotonic. Owing to the strong field gradient, the free
precession following the two pulses are narrow, thus the
recovery time of the receiver prevents the observation of
their early decay. Consequently, the observed free preces-
sion appearing in these photographs are not scaled with the
echoes. Compared with Fig. 2(a), the gain is multiplied by 7
in Fig. 2(b).

four temperatures, and obtained with the same sam-
ple (molar volume =23 cm?) placed in the same field
gradient G =3 G cm™!. The amplitudes are normal-
ized with the height of the free precession signal fol-
lowing a 90 ° pulse after complete recovery.

(b) [Figs. 3(b) to 6(b)], the calculated amplitudes
obtained as explained in Sec. II D when taking into
account the diffusion. T is experimentally obtained
through the recovery of the free precession signal
after the second 90 ° pulse. T,, D, and b =yB8M,T,
are introduced as parameters in the computer calcula-
tion. For each temperature, T, is used as time unit
in the time scale of all the figures (a) and (b).

The resulting values of Ty, T3, D, and b are col-
lected in Table I. We also calculated the ratio of the

1 T T T T

@7

03 -
L | l l J

0 05 1 s wT, 2

1 T T T‘ T
e

DY26273 =053

0 b=Y4XM,T, =9.9

102

103 .

1 1 1 1
0 05 1 15 T, 2

FIG. 3. Experimental (a) and calculated (b) amplitudes of
some multiple echoes. The measurements were made at
740 mK with a sample of molar volume V,, =23 cm?3 placed
in a magnetic field Hy=9250 G (Q4/27 =300 MHz) and in
a field gradient G =3 G cm~L. In this figure as in the Figs.
4, 5, and 6, for the sake of clarity only four or five echoes
are reported though more than 40 echoes could be ob-
served. For every experimental figure the continuous lines
drawn through the data are only given as interpolation lines.
The amplitude calculations were made as explained in the
text, taking into account both the demagnetizing field effect

- and the diffusion effect.
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\ T=500mK 2 :
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15 2

FIG. 4. Experimental (a) and calculated (b) amplitudes of some multiple echoes obtained under the same conditions as those

described in Fig. 3, excepted the temperature which was 7'=500 mK.
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1 T T T T —'_’—1
(a)

0 05 1 15 2
T,
1 T T T T
o T1 =512 ms (b)
AN Ty Ty =146 ms
LA [7= 06 mK] DY262T73-055
10 H \ b=Y 43 MoT, =17.9

FIG. 5. Experimental (a) and calculated (b) amplitudes of some multiple echoes obtained under the same conditions as those
described in Fig. 3, excepted the temperature which was 7 =406 mK.
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FIG. 6. Experimental (a) and calculated (b) amplitudes of some multiple echoes obtained under the same conditions as those
described in Fig. 3, excepted the temperature which was 7 =315 mK. As an example we have reported on (b) the expected

‘amplitude of the first echo when neither demagnetizing field nor diffusion occurs, i.e., A/A0=%cxp(A2T/T2)‘ This comparison
emphasizes the amplification of the first echo due to the demagnetizing field, which appears here in the time interval
137, < 7<22T,.
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TABLE I. Longitudinal and transverse relaxation times T, and T,, diffusion coefficient D, and
magnetic susceptibility X of a given sample, as determined by the analysis of the data reported in
Figs. 3—6. The calculated magnetic susceptibility was obtained using Xgye =[N/ (I +1)y2#%/3kgT1,
where N is the number of spins per unit volume. The experimental susceptibility was obtained us-
ing a demagnetizing coefficient 8 equal to 4w. The variations of the parameter b proportional to
the magnetization M, govern the variations of the echo pattern with the temperature.

3He V,,=23 cm®

X
T. Tl T2 measured D

xcalculaled

(mK) (msec) (msec) b=y4wM,T, (1078 cm? sec™!)

740 545 146 0.97 4.6

500 525 145 0.98 4.7

406 512 146 0.96 4.7

315 535 142 0.98 ) 5.2

theoretical value of the magnetic susceptibility
X=INI(I +1)y*5?/3kgT] ,

where N is the number of spins per unit volume,

7 T T T T r T 2
//
6 - 3He, Vm=23cm3 Calculated //’ |
//
1)
5 /// .
2 . experimentol
B A 3
o 7
o z
@ z
o 3 s i
py
x
2F 4
1 [ -~
0 1 L L
0 1 2 3
UT(KT)

FIG. 7. Magnetic susceptibility X solid 3He, Vip =23 cm3
deduced from multiple echo experiments, using the demag-
netizing coefficient 8 =4m. The calculated values of X are
shown for comparison.

with the experimental susceptibility deduced from

b =vyBM,T; using the limiting value B=4w. The
use of B=4 is justified in this case because the size
of the sample grains was always much greater than
the pitch of the helix magnetization and hence could
be considered as infinite when calculating the demag-
netizing field. We note also the satisfactory Curie
law behavior of the experimental susceptibility re-
ported in Fig. 7.

The same kind of comparison between the experi-
mental data and the corresponding theoretical calcula-
tions is presented in Figs. 8—10 for a sample of solid
’He maintained at fixed temperature T =402 mK and
placed in three different field gradients. These
results demonstrate the crucial enhancement of the
diffusion effect when the gradient increases. The de-
duced values of the diffusion coefficient D, as report-
ed in Table II, are in agreement with earlier pub-
lished data.?® We note again that the measured sus-
ceptibility deduced from the fit using 8 =4 is equal
to that calculated to less than 1%. The surprisingly
small difference between the relaxation times of the
two different molar volume samples considered here,
V=23 cm?® and V,, =23.6 cm?®, may be accounted
for by the anisotropy effect. expected in these single
crystals; however more precise and independent
measurements of T, are necessary to be more confi-
dent of this point.
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FIG. 8. Experimental (a) and calculated (b) amplitudes of the multiple echoes for a given sample (V,, =23.6 cm?) at 7 =402
mK, Hg=9250 G (Q¢/27 =30 MHz), when the applied field gradient is G =1.95 G em™L
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FIG. 9. Multiple echoes for the sample of Fig. 8 when the applied field gradient is G =3.8 G cm™!. (a) and (b) give the ex-

perimental and calculated amplitudes, respectively.
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FIG. 10. Multiple echoes for the sample of Fig. 8 when the applied field gradient is G =7.3 G em™L.

perimental and calculated amplitudes, respectively.

(a) and (b) give the ex-
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TABLE II. Longitudinal and transverse relaxation times T} and T,, magnetic susceptibility X,
and diffusion coefficient D as determined by the analysis of the multiple-echo data reported in Figs.
8—10, for a given sample placed in three different field gradients. The determination of the calcu-
lated and measured magnetic susceptibilities was made as explained in Table I. As expected, the
three experiments measure the same magnetization M.

3He, V,,=23.6 cm®

Xmeasured

T G T T, D
Xcalculated

(mK) (G em™) (msec) (msec) b=vydnMyT, (107% cm? sec™)

402 1.95 510 151 18.8 0.99 7.6

402 3.8 500 151 18.8 0.99 8.2

402 7.3 495 151 18.8 0.99 8.3

C. Analysis of the low-temperature data

We made the same kind of analysis as presented
above, determining 7, D, and M, by adjusting these
parameters in the theoretical calculation of the echo
amplitudes. Figures 11(a) and 11(b) are an example
of the comparison between the data and the calculat-
ed curves. T, was found to be constant and equal to
T, =250 ms for all temperatures between 20.5 and
1.07 mK. As for the high-temperature experiments,
we determined the magnetic susceptibility X using
B=4m. The values of T,, D, and X are reported in

Table III. The enhancement of the susceptibility
when the temperature approaches the ordering tem-
perature agrees with other published data®3! and we
show in Fig. 12 the comparison between our X values
and the Prewitt-Goodkind values®! obtained by
SQUID measurements. The diffusion coefficient D
was found to be constant within less than 10% in the
whole temperature range considered. This surprising
result has already been reported elsewhere!! and
compared with the predictions of the various theories
for solid *He. In this paper devoted to the explana-
tion of the multiple echoes, we only want to point

TABLE HI. Longitudinal and transverse relaxation times 7 and T,, magnetic susceptibility X,

and diffusion coefficient D as determined by the analysis of the multiple-echo data obtained at low
temperature with a sample formed in a Pomeranchuk cell. The absolute value of D'is not accurate,
owing to the lack of precise knowledge of the experimental field gradient;, nevertheless D is con-
stant to better than 10% in the temperature interval 20.5—1.07 mK. The magnetization M varies
by a factor 10 in the same interval. The experimental magnetic susceptibility was obtained using a
demagnetizing coefficient 8 equal to 47 while the calculated magnetic susceptibility was obtained
using Xege=NI(I +1)y2#2/3kg T, where N is the number of spins per unit volume. The ratio
Xmeasured/ Xcalcutated €Mphasizes the increase of susceptibility in the paramagnetic phase when ap-
proaching the spin ordering temperature.

3He, V,, ~24.25 cm® (melting curve)

. X
T T,=T, b=y4aM,T, —measured yith D
Xcalculated

(mK) (msec) ®=-2.6 mK (1078 cm? sec™)
20.5 250 2,25 +£0.25 : 1.01 ~15
10.5 250 4.05+0.3 1.04 ~15

4.45 250 9.0+0.5 1.24 ~15

2.54 250 13.3+0.8 1.33 ~15

1.47 250 20 +1 1.59 ~15

1.07 250 23 %1 1.65 ~15
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FIG. 11. (a): Experimental amplitudes of the multiple echoes for a sample cooled in a Pomeranchuk cell (V,, ~24.25 cm3)
at T=1.47 mK and at low field (Hy=38.6G, Q¢/2m =125 kHz). (b) gives the corresponding calculated amplitudes using the
theory exposed in Sec. I1D.
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FIG. 12. Solid 3He on the melting curve (V,, =24.25
cm?3) in the vicinity of the spin ordering transition: the in-
verse susceptibility X~ and the diffusion coefficient D are
determined by the multiple echo analysis as explained in the
text. The figure is taken from Ref. 11; it compares our
(x71) result with the Curie-Weiss behavior and with the ,
results of Prewitt and Goodkind (Ref. 31) obtained by
SQUID measurement. The spin diffusion coefficient D is
found to Be constant even near the spin ordering transition.

out that taking the diffusion into account improves
significantly the agreement between theory and ex-
periment; this point is illustrated in Fig. 13 where we
compare the experimental amplitudes of the first
echo (1a) at 7=1.47 mK and the corresponding cal-
culated amplitudes with and without diffusion (18
and 1y, respectively). When diffusion is taken into
account it is easier to obtain an agreement between
theory and experiment and hence, the susceptibility is
also determined more precisely. The straight line
gives the amplitude of the first echo in the absence
of demagnetizing field and diffusion (D =6 =0); it
emphasizes the amplification due to the action of the
demagnetizing field, which appears clearly in this case
for1 <71/T,<2.3.

We point out that the multiple echo method
determines the absolute value of the susceptibility as
it is sensitive to the magnetization M which is an in-
tensive quantity when usual methods measure the
magnetic moment of a sample, which is an extensive
quantity. Thus, in Fig. 12, we were not obliged to
normalize our low-temperature data with the extrapo-
lated high-temperature one as it is usually done when
the experiments yield only relative values of M.
Consequently, our X results are plotted on an abso-
lute scale while the Prewitt-Goodkind data are scaled
according to the absolute Curie-Weiss law with
®=—2.6 mK.

The results presented in this section show that the
multiple echo method can clearly provide interesting
physical results for 3He at very low temperature.

1 T T T T T

2

~ AlAg=L exp(-2T/T;)

T/Tz

FIG. 13. Comparison of the analysis of the data when
taking into account the diffusion and when neglecting it.
The curve (1) reproduces the experimental amplitude of
the first echo of Fig. 11(a). The curve (18) gives the
corresponding calculated amplitude as it appears in Fig.
11(b) of this paper. The curve (1y) gives the calculated am-
plitude of the first echo when the diffusion effect is neglect-
ed, as it appeared in Fig. 2 of the Ref. 2. The experimental
conditions are: V,, =24.25 cm3, T =1.47 mK, Hy=38.6 G,
G =0.8 G cm™!. The straight line gives the expected ampli-
tude of the first echo in the absence it demagnetizing field
(usual spin echo). As in Fig. 6(b), we note the amplification
due to the demagnetizing field in the time interval:
Ty <7<23T,

D. Discussion of the results

\ 1. Results when the condition (4) prescribing
a strong linear field gradient
is not fulfilled

The comparison between theoretical and experi-
mental multiple echo behavior shows evidently that
the agreement is not always perfect. For instance the
initial decrease of the first echo (at short 7) is always
faster in the theoretical curve than in the experimen-
tal curve [see for example Figs. 6(a) and 6(b)]. At
larger 7, the experimental decrease of high-order
echoes disagrees with the theory [see Figs. 8(a) and
8(b), for example]. We believe that these discrepan-
cies are mainly due to the fact that the field gradient
was not perfectly uniform over the sample and that
consequently the behavior of the magnetization was
not described by a real one-dimensional equation.

We already mentioned in Sec. II that an apparently
very fast longitudinal relaxation of M, may appear
after the second pulse, which could be misinterpreted
as a fast intrinsic T relaxation. An example of such
a behavior is-shown in Fig. 14. We see that the free
induction decay following the second rf pulse rises ra-
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FIG. 14. Example of the anomalous behavior of the free
precession signal following the second 90 ° rf pulse when the
applied field gradient is smaller than the minimal value re-
quired by the condition (4) of Sec. II. This figure represents
a multiple exposure picture where the second pulse is ap-
plied at times 7 =20, 40, 60, and 80 msec. The deformation
of the second free precession signal is emphasized at 7 =60
msec by superimposing on it the first free precession signal.
This shows clearly that the two signals are not proportional.
The dotted line gives the envelope of the second free pre-
cession when 7 varies; for 7 > 15 msec, the exponential in-
crease defines the usual longitudinal relaxation time 7 but
at short times, the increase is much faster, though hidden
by the first free precession signal. These signals were ob-
tained at 7 =1.5 mK and w/27 =125 kHz for a solid 3He in
contact with liquid in the Pomeranchuk cell.

pidly at short 7 and that its shape is different from
that of the first free induction decay. In short the
explanation is the following: when the field gradient
is so small that the condition (4), 4w M, << Gl is not
satisfied, the transverse precession becomes very
complicated and depends on the shape of the sample.
As the magnetization is no more unidimensional, the
transverse component of the magnetization and the
demagnetizing field are no longer parallel in all parts
of the sample. Thus, the local precession of the
transverse magnetization around the transverse
demagnetizing field produces a longitudinal magneti-
zation which appears during the characteristic time of
the free precession. This initial rapid increase of M,
is illustrated by the dashed line in Fig. 14. For a
quantitative analysis of multiple-echo behavior, this
complex effect must be suppressed and this can be
done by increasing the magnetic field gradient G.

2. Clue for a rapid evaluation
of the magnetization

The determination of My and D discussed in Sec.
III D1 has been obtained using the entire multiple-
echo pattern. We would now like to show how to
determine the magnetization M, if one knows only
the short-time behavior of the multiple echoes. This

AmaxfAo | ]

0V - 7 7 //.V 24.25 em?
S 00 o0 | Ymehaoem +echo 3
L |wiexs 125 khz vecho & ]
;) HT, =1 [

T
1072 I/ Amax/Ao -

T

w0l

W/2X = 30MHz

7T, = 36 *
L 1 1
5 10 15 20
b=Y4XMT,
1 1 L 1 1
0 5 10 15 20 25
bey4RMgT,

FIG. 15. Calculated first maximum amplitudes of the
echoes 2, 3, and 4, as a function of the parameter
b=vy4wMyT,. When b <10, they are very sensitive to the
value of b and hence, they can be used to determine this
parameter. The reported values are taken from the theoreti-
cal curves 3b to 6b for the inset and from similar calculated
curves corresponding to the low-temperature data for the
others.

point is illustrated in Figs. 15 and 16. Figure 15
shows the normalized first maximum amplitudes

A max/ Ao for the echoes 2, 3, and 4, as a function of
the parameter b = y4wMyT,. When b > 10, these
amplitudes are nearly constant as b varies (the same
is true when T,/T,# 1, as shown in the inset).
When b <5, as the whole echo pattern varies
smoothly with b, the precise determination of M,
may become difficult to obtain, but Fig. 15 shows

T T T T T
o T T s echo 2 ﬁ
('/T) T T e +echo 3
'2/max T __ "] eechod
///"/’ ,—”_"
020 77 7 B
- T
,/// e 05 >( /H)mux /
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005 - / V2= // -
I/ //
/ 0 | L L . L
/ 0 @05 01 0% 02 VWEM,
1 1 1 1 1
0 0 01 02 03 04 05

b= VY4TM, T,

FIG. 16. Positions of the maximum amplitudes of the
echoes 2, 3, and 4, as a function of the parameter
b=vy4aMyT,. When b > 10, they can be used to deter-
mine the parameter 6. This property is still valid when
T,/ T, is different from 1, as shown in the inset.



19 ' NMR MULTIPLE ECHOES OBSERVED IN SOLID 3He 5687

that, in this case, the maximum amplitudes of the
successive echoes which are strongly sensitive to b,
can be used to determine this parameter. On the
other hand, Fig. 16 shows that the position (7/7T73) qax
of the successive maxima of the echoes can be used
to determine the parameter b for high values of b.
Thus, according to whether b is low (<5) or high

(>10) it can be determined rather accurately by con- °

sidering either the amplitudes or the positions of the
first maxima of the echoes 2, 3,4,....

IV. CONCLUSION

In this paper a complete solution of the equation of
motion of the magnetization of solid *He in the
paramagnetic phase has been presented, including the
non-negligible effect of the nonlinear term due to the
demagnetizing field and the effect of the spin diffu-
sion. It has been shown that this theory gives a satis-
factory description of the experimental multiple
echoes observed at high and low temperature. This
calculation was carried out without physical simplifi-
cation, except for the assumption—which was actually
satisfied in the experiments—that the magnetization
was a one-dimensional function of space variable,
i.e., that the uniform magnetic field gradient was
sufficiently large. Thus, this theory may be a useful
quantitative example when considering the general
problem of more complex nonlinear systems which
were mentioned in the Introduction. We point out
again that the main practical application of the
multiple-echo phenomenon is the direct and absolute
determination of the magnetization of a sample,
without knowing the number of spins contained in it.
The multiple-echo feature has provided the first
measurement of the magnetization of solid *He near
the ordering temperature? in a Pomeranchuk cell
where the number of spins in the sample is strictly
unknown. The susceptibility was found to be larger
than the extrapolated Curie Weiss value, in contra-
diction with an antiferromagnetic Heisenberg
model'?; this behavior has been confirmed later by
SQUID?! and thermodynamic measurements.’® We
remark that the fundamental condition (5b))
v4wMyT, > 1 is fulfilled in very pure water at
H =10 kG and T =300 K if T, > 6 sec; nevertheless
the observation of the multiple echoes in water needs
a very homogeneous magnetic field (the maximum

field gradient allowed is of the order of 0.1 mG cm™,

in order to avoid strong diffusion effects), which may
be difficult to achieve for such an experiment which .
could be amusing but of little interest.

We mentioned in the Introduction that nearly the
same spin precession equations also appear in uniaxi-
al antiferromagnets® although the demagnetizing field
is quite negligible. In these systems, the Shul-
Nakamura interaction3?3? induces a dynamic frequen-
cy shift of the resonance frequency proportional to
the longitudinal spin magnetization, which is identical
to the frequency shift in solid *He expressed by Eq.
(10) of this paper. Thus, in principle, the same
equations are valid in these substances and the same
multiple echoes should be observed. Unfortunately
there is a large experimental spread of values of b
which smooths the zeroes of the Bessel functions and
prevents the observation of a large number of
echoes: in Ref. 9, the second echo is nearly undetect-
able and no well defined zero of Bessel function has
been observed. Probably for the same reason, in all
the physical systems where the same kind of multiple
echoes isiexpected (plasmons, photons, phonons,
etc . .. ), it appears that the number of echoes actu-
ally observed is much smaller than the 40 echoes we
can easily detect in solid *He.

In any pulse NMR experiments—in solid *He and
probably in some other substances—one must always
bear in mind the demagnetizing field effects even
when using a single rf pulse, if the spin polarization
is non-negligible. We point out that in the fer-
romagnetism of liquid *He in contact with a sur-
face,3* 3 multiple echoes can occur; related to the
demagnetizing field of the two large susceptibility
layers near the surface. The observation of these
multiple echoes could give some informations about
this surface layer; spatial variation of X and diffusion
coefficient near the surface. However in a Pomeran-
chuk cell the signal due to the surface layers remains
small compared to the solid signal. This prevented us
to obtain any significant information about these
layers.
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FIG. 2. Photographs of typical multiple echo patterns ob-
tained for two values of the time interval 7 between the 90°
radio-frequency pulses. The temperature was T =320 mK,
the magnetic field was Hy=9250 G and the molar volume
was ¥, =23.6 cm®. Al r=9.5 msec, there is no minimum
amplitude for any echo. At 7=15.7 msec, the echoes 4 and
12 reach their first and second minimal amplitude, respec-
tively, so that the behavior of the whole pattern is strongly
nonmonotonic. Owing to the strong field gradient, the free
precession following the two pulses are narrow, thus the
recovery time of the receiver prevents the observation of
their early decay. Consequently, the observed free preces-
sion appearing in these photographs are not scaled with the
echoes. Compared with Fig. 2(a), the gain is multiplied by 7
in Fig. 2(b).



