the tricritical point. In this case, however, it must be as-
sumed that both B and C are “accidentally” systematically
small compared with the coefficient of Q°.

")'We note that Filev?® has proposed a method of measuring the
exponent v by an optical procedure, with which it is possible
to distinguish between the behavior near the isolated point and
the tricritical point.

$)This can be done by using the formulas obtained by
Pokrovskii and Kats,?* but we are trying to avoid additional
complications which are of no fundamental significance for us.
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p*t-meson spin relaxation in rare earth metals at various

temperatures

V. G. Grebinnik, I. I. Gurevich, V. A. Zhukov, V. A. Nikol'skii, V. I. Selivanov, and

V. A. Suetin .

I V. Kurchatov Institute of Atomic Energy
(Submitted 29 December 1978)
Zh. Eksp. Teor. Fiz. 76, 2178-2184 (June 1979)

We measured the temperature dependences of the rates of relaxation of the x*-meson spin in Pr, Nd,
Sm, Eu, Tb, Dy, Ho, and Er, at T = 5-300 K. We demonstrate the possibility of identifying
antiferromagnetic phase transitions and of measuring the Néel temperature Ty by the u*-meson method.
The value of Ty of praseodymium measured by the p* method was found to be 6 K. A method is
proposed for measuring the frequency of the oscillations of the electron spin of the atoms of a metal in

the paramagnetic state.

PACS numbers: 75.30.Kz, 75.50.Cc, 75.50.Ee, 76.90. +d

The spin of a ' meson in a metal relaxes because of
the interaction of the magnetic moment of the u* meson
with the magnetic moments of the surrounding electrons
and nuclei. A study of these interactions is of interest
both for the investigation of the properties of a singly
charged impurity particle in a metal and for the investi-
gation of the properties of the metal itself. An example
of a study of ferromagnets (iron, nickel, cobalt and gad-
olinium) with the aid of u* mesons is Ref. 1.

In this paper we study the relaxation of the y*-meson
spin in rare-earth metals. The metals of this group,
depending on the temperature, can be in a paramagnetic,
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antiferromagnetic, and ferrofnagnetic state. We used
polycrystalline samples of metals with less than 0.2%
impurities. The relaxation rate A of the spin of the p*

FIG. 1. Experimental set-
up: T—target, P—poles of
electromagnet, 1-6—scin-
tillation counters.
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FIG. 2. Temperature dependences of the relaxation rate A
and of the precession amplitude a of the y*-meson spin in
praseodymium. Ty—Néel temperature of the transition into
the antiferromagnetic state, measured by the neutron diffrac-
tion method.®

meson was determined from the damping of the spin-
precession amplitude of the y* meson in a transverse
magnetic field H =300 Oe. Individual results of the de-
scribed experiments were published before.?

The setup for the observation of the u*-meson preces-
sion is shown schematically in Fig. 1. The longitudinally
polarized " mesons were slowed down and stopped in a
target T of the investigated metal, in the form of a disk
of 80 mm diameter and 10 mm thickness. The instant ¢,
of the stopping of the ;* meson was fixed by a system of
scintillation-counter signals 1234 (coincidence of signals
1, 2, and 3 and anticoincidence of signal 4). The in-
stant ¢, of the emission of the positron of the y* —e* de-
cay was registered by signals 4563, The parameters
characterizing the precession of the ' meson in the tar-
get T were determined from the experimental depen-
dence of the count N,,,(¢) of the positron telescope 4563
on the time ¢=¢,-{,. This dependence was approximated
by the expression

N(t)=N,e"(1—ae~* cos wt) (1)

in the entire investigated interval of temperatures T.
Here 7,= 22X107% sec is the lifetime of the yu* meson;
w=eH/mc is the Larmor precession frequency of the p*
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FIG. 4. Temperature dependences of A(T) and a(T) in neo-
dymium.

meson in the external field H; m is the mass of the u*
meson; q is the experimental asymmetry coefficient of
the angular distribution of the positrons of the y* —e*
decay; A is the relaxation rate of the y*'-meson spin in
the target material. The values of the parameters N,,
a, A, and w were determined by comparison the N(¢)
dependence (1) with the corresponding experimental
spectrum N, () by the maximum likelihood method.

exp

Figures 2-10 show the temperature dependences of
a(T) and A(T), which characterize the precession of the
it meson in praseodymium, neodymium, samarium,
europium, terbium, dysprosium, holmium, and erbium.
The values of ¢ and A shown in these figures were de-
termined by the maximum-likelihood method, as de-
scribed above. The only exceptions are three values of
a for terbium at 7=230-236 K, which were assumed
equal to the mean value ¢=0.286 of the parameteraatT
>250 K. This was done to decrease the number of pa-
rameters to be determined in (1) and by the same token
to improve the accuracy of the determination of A at T
=230-236 K, when the value of A in terbium increases
sharply. Here and hereafter we indicate only the statis-
tical errors of the parameters ¢ and A. The possible
systematic errors §A due to inhomogeneity of the extern-
al magnetic field in the investigated samples does not
exceed 5A ~0.03 ysec. For each metal, Figs. 2-10 (and
also Table II) show the temperatures T, of the Neel
phase transition from the paramagnetic (T >T,) into the
antiferromagnetic (T < T,,,) state, measured in neutron-
diffraction experiments.
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FIG. 5. Plots of A(T) and a(7T) in samarium.
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FIG. 6. Plots of A(T) and
a(T) in europium.
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Figures 7-10 show also the value T, of the Curie tem-

perature of the transition of the metal into the ferromag-
netic state.

It follows from Figs. 2-10 that the functions a(7T) and
A(T) are similar for all the rare-earth metals and un-
dergo abrupt changes on going from the paramagnetic
into the antiferromagnetic state. In the paramagnetic
state is observed a damped precessionof the u*-meson
spin, and the damping rate A increases with decreasing
temperature as T'-T,. When the temperature drops be-
low the Néel point the value of A increases so much that
observation of the '-meson precession becomes impos-
sible, since the amplitude a of the precession at T< T,
is practically equal to zero. The experimental values a
= 0,02 at these temperatures make up the background due
to the u* mesons that are stopped in the cryostat walls.
The background values of A at T < T, which are of no
physical interest, are not shown in Figs. 2-10.

To determine the relaxation rate A it is not obligatory
that the u*-meson precession be observed in a trans-
verse magnetic field. It is possible to measure the spec-
trum (1) of N(¢) in a longitudinal magnetic field H, (see
TableI) or at H=0. In all these cases the measurement
of the large values of A typical of the antiferromagnetic
state of the rare-earth metals is limited by the dead
(unobservable) time t.,= 15 nsec of the electronic appar-
atus used by us, so that only the lower limit of this
quantity can be indicated, namely A(T < T,) >10% sec™!.
So large a value of A means that the relaxation of the p*-
meson spin at T < T, is due to interactions with the

A, usec a
15 l
] FIG. 7. Plots of A(T) and
" by a(T) in termbium, T
TR L =223 K is the Curie temp-
erature of the transition
} 122 into the ferromagnetic
51 state.
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tre,
* . g
D200 70 760 260 300
H a4
12
1102 Sov. Phys. JETP 49(6), June 1979

A,usec}' a
* r R P
I
5 i a
- { 0.2 FIG. 8. Plots of A(T) and
vl f% a(T) in dysprosium, Tc
=87 K.
N i “ % A
L b : 1%
? -H . $
Mt
R
ﬂliﬂ 200 250 Jlﬂ”
{ 7K

atomic electrons that are in a magnetically ordered
state.

The abrupt changes of the quantities A(T') and a(T) at
T allows us therefore to identify quite definitely the
antiferromagnetic phase transition by the u*-meson
method. The relaxation of the u*-meson spin in the pa-
ramagnetic state, i.e., at T>T,, will be considered be-
low.

Particular notice must be taken of the temperature de-
pendence of the u*-meson spin relaxation in praseody-
mium. It is seen from Figs. 2 and 3 that the y*-meson
spin precession in praseodymium is observed down to the
the temperature T =8K and only at 5 K does a sharp de-
crease occur in the experimental precession amplitude
and attests to the rapid decrease of the relaxation rate
of the u*-meson spin, i.e., to the transition of the metal
into a magnetically ordered state. It follows from Figs.
2 and 3 that the Néel temperature measured by the u*-
meson method is Ty=(6+1) K. This result contradicts
the previously measured® T,=25 K of a polycrystalline
praseodymium sample. The reason for this discrepancy
is not clear and may be due to differences between the
investigated praseodymium samples, all the more since
this metal is a very “delicate” antiferromagnet and un-
dergoes antiferromagnetic ordering only in polycrystal-
line form. No transition of single-crystal praseodymium
into the ferromagnetic state could be observed down to
T=0.4 K (Ref. 4).

We consider now the relaxation of the u*-meson spin
in rare-earth metals at T >T,, i.e., in the paramagnetic
state. As seen from Figs. 2-10, the relaxation rate A,
at sufficiently high temperatures 7 >7T,, becomes al-
most constant and in a number of metals (terbium, dys-
prosium, holmium, erbium) it amounts to A > 10° sec™?.

FIG. 9. Plots of A(T) and
Ve a(T) in holmium, T =20 K.
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For the investigated metals of the cerium subgroup
(praseodymium, neodymium, samarium, and europium),
the experimental values of A(T >T,) are smaller by ap-
proximately a factor of ten. These values of A can be
attributed to the dipole interactions of the magnetic mo-
ments of the ;* meson with the paramagnetic atoms of
the metal. The expected relaxation rate A at 7>T,
can be estimated at

Acac=20"/v~10° sec™'. 2)

Hereo =y, H, ~ 10°sec " isthe rate of relaxation of the u* -
meson spin on account of the dipole interactions with the
system of non-oscillating spins of the surrounding atoms
of the paramagnet; v, is the gyromagnetic ratiofor the y*
meson; H, & u,/r*~ 10°Oe is the magnetic field produced
at the u* meson by the electron magnetic moments (., ) of
the metal atoms; » ~ 10~ cm is the distance from the p*
meson introduced into the crystal cell to the nearest metal
atoms. The parameter v~ 10" sec "' is the frequency of the
oscillations of the atomic spinsat T > T, and canbe esti-
mated from the relation hv =kT,, where k is the Boltz-
mann constant and T, ~100 K is the magnetic ordering
temperature. Formula (2) describes thus the decrease
of the rate of dipole relaxation ¢ of the spin of the y*
meson on account of the oscillations of the spins of the
surrounding atoms, and is analogous to the correspond-
ing expression for the decrease of the rate of dipole re-
laxation on account of diffusion.® Formula (2) is valid
at v >0, which in our case is satisfied with good accur-
acy.

The described electronic relaxation of the spin of the
u* meson at T >T is confirmed experimentally. Table
I lists the values of A at T >T for terbium, dyspro-
sium, and holmium as functions of the intensity of the
longitudinal magnetic field H, (along the direction of the
w-meson spin). It is seen from Table I that longitudin-
al fields H,<40000 Oe hardly change the value of A. It
follows therefore that the local magnetic fields, which
lead to the relaxation of the u*-meson spin in these met-
als, greatly exceed the value H =4000 Oe and can be

TABLE I. Plot of A(H))
{10° gec?] at T=300 K.

Metal H | =50¢| H ) =i3000e

Terbium 1.2+04 1.0+0.1
Dysprosium | 2.4+0.2 2.4+0.2
Holmium 1.9+04 2.2+0.2
1103 Sov. Phys, JETP 49(6), June 1979

TABLE II. Experimental values of A at T=300 K.

Metal [TN,K bo g [ATEI0N0 |y T K| namp [ATEIOE
Praseodymiumi 27 0.7 0.09+£0.02 | Terbium 229 9.6 1.3£0.4
Neodymium 19 2.0 0.10+0.02 | Dysprosium | 179 10.7 1.9x0.4
Samarium 106 | 04 0,04+0.02 [: Holmium 132 10.9 1.7£0.4
Europium 89 | 59 0.340.02 || Erbium 84 9.8 1.2£02

produced only by electrons. The calculated value A
=~10° sec™! obtained from formula (2) agrees qualitative-
ly with the experimental values of A at T>T), (see Figs.
2—-10 and Table I1); this also confirms the electronic
mechanism of the u'-meson spin relaxation.

Table II gives the values of A(7T =300 K) of the rate of
relaxation of the y*-meson spin at 7=3 300 K, when the
values of A of almost all the investigated metals are in-
dependent of temperature., The experimental values of
A(T =300 K) listed in Table II are compared with the val-
ues of u, of the electronic magnetic moments of the pa-
ramagnetic atoms of the corresponding elements in the
metallic state. The correlation between the values of
o and of A(7 =300 K) which follows from Table II ex-
plains qualitatively the observed difference between the
relaxation rates of the y'-meson spins of the investigated
paramagnets.

The increase of the experimental values of A as T~ T,
in the paramagnetic region can be attributed to partial
ordering of the spins of the metal atoms, and conse-
quently to the effective decrease of the frequency v(T):

v (T) =26*/A(T). (3)

Formula (3) which follows from (2) can be used for an
experimental determination of the frequency v(T). The
quantity ¢ in (3) can calculate under the assumption that
the u* meson is in one of the interstitial pores of the
crystal lattice of the metal. In principle it is also possi-
ble to estimate ¢ experimentally in measurements of the
relaxation rate A of the y*-meson spin in the magnetic-
ally ordered state at T < T,. These measurements, how-
ever, require not only a high time resolution but also

the ability to measure small time intervals, Af~1 nsec.

We note that in expression (3) for v(T') no account is
taken of the diffusion of the yu* meson over the crystal;
this diffusion, generally speaking, leads to an additional
decrease of the experimentally measured relaxation rate
A. Neglect of diffusion in this case is justified because
of the low frequency of the diffusion jumps of the u* me-
son from one unit cell to another, compared with the
frequency v ~10®® sec™? of the oscillations of the electron
spins of the metal atoms.
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Dipole-reservoir cooling and dynamic polarization of nuclei
in saturation of inhomogeneous EPR line

V. A. Atsarkin and V. V. Demidov
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The temperature of the electronic dipole-dipole reservoir (DDR) and of the dynamic polarization of
nuclei are calculated under conditions of stationary saturation of an inhomogeneous EPR line. The
solution is obtained by two methods: using the model of thermal mixing in a rotating coordinate frame,
and in terms of spin packets. In the latter case it is shown that allowance for the DDR leaves the
spectral-diffusion valid, but only for a definite combination of the Zeeman and dipole-dipole
temperatures. Estimates of the maximum attainable DDR cooling coefficients and of the polarization of
the lattice nuclei are presented, and it is shown that they do not depend monotonically on the width of

the “hole” produced in the EPR line upon saturation.

PACS numbers: 76.30. — v

1. INTRODUCTION AND FORMULATION OF
PROBLEM

It is known that not-strictly-resonant saturation of a
magnetic resonance line in a solid can lower substantial-
ly the temperature T of the spin-spin interaction
reservoir (DDR).? Upon saturation of the EPR line of a
paramagnetic impurity in a magnetically dilute param-
agnetic crystal, this cooling can be transferred to the
Zeeman subsystem of the nuclear spins of the lattice,
thus causing dynamic polarization of the nuclei (“dyna-
mic cooling”).2® This phenomenon was reliably estab-
lished in experiment and plays a substantial role in mag-
netic resonance and its applications, especially at low
temperatures.*””

The theory of effects connected with the cooling of the
DDR was initially developed for magnetic-resonance
lines homogeneously broadened by dipole-dipole interac-
tions.!”® In practice, however, the main contribution to
the width of paramagnetic-impurity EPR lines are made
as a rule by inhomogeneous mechanisms, and it was
therefore necessary to extend the theory to cover this
case, too. So far this problem could be solved only for
two limiting situations: neglecting the spectral diffusion
inside the inhomogeneous line, and for very strong spec-
tral diffusion that covers the entire EPR line.*'® At the
same time, for the more general case (and perhaps of
greatest practical importance) of limited spectral diffu-
sion, corresponding to the appearance of a stationary
“burned hole” in the inhomogeneous line, only qualita-
tive estimates were proposed.®*® These, as will be shown
below, do not agree with the true result even in order of
magnitude.

1104 Sov. Phys. JETP 49(6), June 1979

0038-5646/79/061104-05$02.40

In this paper we solve the problem by two methods.
The result is first obtained using a simplified model of
thermal mixing in a rotating coordinate frame, after
which it is generalized within the framework of the de-
scription of an inhomogeneous line in the form of an ag-
gregate of spin packets.

The object that we consider is a solid paramagnet at a
temperature T, = 8;*, with », nuclear spins I and g
electron spins S per unit volume (n,/ns >1), and located
in a stationary magnetic field H, 2. We assume that S
=3, so that the EPR spectrum consists of a single line,
assumed to be inhomogeneously broadened (with width
26;,,), and the distribution of the resonance frequencies
of the electron spins does not correlate with their distri-
bution over the crystal volume, so that the electronic
DDR is common to all spins S.® Let furthermore the
sample be acted upon by a high-frequency magnetic field
2H, cosQ#(H, 1 z), that saturates the EPR line with a de-
tuning A =Q - w, relative to its “center of gravity” w,,
determined from the relation

[ s6(®)ds=0, 1)
where 6=<;)— w,, and G(6) is the form factor, normal-
ized to unity, of the inhomogeneous line.

It is well known that the action of the saturating field
leads under the conditions considered above to the ap-
pearance of the so-called “burned line” which is ob-
served when the EPR is recorded with a second (unsatu-
rated) high-frequency field. The width 26, of this hold
depends on the saturation factor s(2), on the homogene-
ous width 25, of the spin packet, and on the effectiveness
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