PHYSICAL REVIEW B

VOLUME 9,

NUMBER 11 1 JUNE 1974

Nuclear spin-lattice relaxation in ferromagnetic EuO

J. Barak, A. Gabai, and N. Kaplan
The Racah Institute of Physics, The Hebrew University of Jerusalem, Jerusalem, Israel
(Received 30 November 1973)

The spin-lattice relaxation time T, of Eu'*®

in powder EuO was measured at temperatures from 1.7

to 20 K and external fields above magnetic saturation from 24 to 60 kOe. The results were analyzed
using the multimagnon scattering theory previously proposed by Beeman and Pincus. The observed
relaxation rates are well explained by the dipolar-induced two-magnon process and
exchange-scattering-enhanced three-magnon process. It is found that the first is dominant at low
temperatures (T < 14 K) and the second at higher temperatures.

I. INTRODUCTION

In pure magnetic insulators, at temperatures
which are low compared to the Curie or Néel tem-
peratures, the excitations of spin waves through
the hyperfine and the dipolar interactions between
the nuclei and the electrons provide the main mech-
anism for nuclear spin-lattice relaxation. The
contributions of the different processes with one
or more magnons are obtained by expanding the
electron spin operator S of the above interactions
in magnon-creating and -annihilating operators.
The direct process which involves one magnon is
usually not allowed by energy conservation. First
calculations of the nuclear spin-lattice relaxation
rates 1/7, for the two-magnon process in antifer-
romagnets were made by Moriya' and by Van
Kranendonk and Bloom?, who found qualitative
agreement between their theory and the experi-
mental results of Hardman et al.? on the protons
in CuCl, - 2H,0. First calculations of the two-mag-
non mechanism for ferromagnets were presented
by Mitchell* and the three-magnon relaxation pro-
cess was first considered by Oguchi and Keffer.®
Second-order mechanisms like the ferromagnetic
exchange-scattering three-magnon process® may
enhance the first-order processes. Beeman and
Pincus’ (BP) review the theory of the first-order
processes, extend the theory of the exchange-scat-
tering three-magnon process and develop the theory
of the two-magnon process which is induced by the
exchange interactions in canted antiferromagnets
and by the electron magnetic dipole-dipole inter-
action in both ferromagnets and antiferromagnets.

In order to prevent relaxation through interac-
tions with impurities in a quantitative experimental
study of the intrinsic spin-lattice relaxation pro-
cesses, one should have very pure samples. Suc-
cessful application of the multimagnon scattering
treatment in the study of 7, in a pure insulating
ferromagnet was made by Narath and Fromhold®
and in a pure antiferromagnet by Kaplan e? al.®
In the first case, 7T, of Cr*® was measured in the
ferromagnetic phase of CrCl;. The relaxation rate
was attributed to the enhanced three-magnon pro-
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cess. In the second case, T, of F* in pure MnF,
was measured and the results were well explained
by the two-magnon process.

EuO was found to be a good system for further
examination of the theory. It is nearly an ideal
Heisenberg ferromagnet with comparatively high
T,=69.4 K, '° which enables measurements at
T <« T, without undue difficulty. The structure of
EuO is very simple (fcc NaCl type) and its thermo-
dynamic and magnetic characteristics were widely
studied. The first observations of T, of Eu®® in
97% pure EuO in zero external magnetic field and
at 4.2 and 20.3 K, were made by Uriano and
Streever.!! They attributed the spin-echo signals to
nuclei in domain walls and the relaxation mecha-
nism to thermal fluctuations of these walls. Guen-
ther et al.' extended these measurements in the
range 1.2 K< T<4.2 K and external magnetic fields -
0< Hy<14 kOe. They compare their results with
Honma’s theory, ** which was developed for ultra-
low temperatures (7'< 0.15 K).

In our measurements we have studied 7 of Eu
in a powder sample of pure EuO in the range 1.7 K
< T< 20 K and using external magnetic fields 24
kOe < Hy< 60 kOe. The excitations of the electronic
system in the range T « T, are well described by
noninteracting magnons'* and the magnetization
M is not much different from the zero-temperature
magnetization M,."® The external magnetic fields
were high enough (H, > 47M, =24 kOe) to ensure
that the sample contained single-domain particles.
The experimental procedure and results are de-
scribed in Sec. II. The relaxation rates due to
two-magnon and three-magnon processes are cal-
culated-and compared with the experimental values
in Sec. III. It is shown that the relaxations come
from the dipolar-induced two-magnon process and
the enhanced three-magnon process. The first
process is dominant for 7< 14 K and the second
is dominant at the higher temperatures.
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II. EXPERIMENTAL PROCEDURES AND RESULTS

The sample preparation and the spin-echo spec-
trometer system utilized are essentially similar
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to those described in a recent paper.'® Because

of the distribution of demagnetization fields caused
by the distribution of shapes and directions of par-
ticles in the powder sample, the macroscopic line-
width is about 47M/3 (see Fig. 1). During pre-
liminary measurements it was found that by using
the method of a saturating comb of rf pulses fol-
lowed by 37-7 pulses, a “hot spot” in the line was
created. The recovery of the nuclear magnetiza-
tion of this “hot spot” is caused by spin-lattice
relaxation as well as by spin diffusion, resulting
in a nonexponential echo recovery. In order to
overcome this difficulty, most of the macroscopic
line was simultaneously saturated by a long (100
msec) frequency-modulated high-power rf pulse
transmitted by a sweep generator, followed by
high-power amplifier connected to the sample coil
through a Reed relay, to prevent noise at the time
the echo appears. The nuclear magnetization was
then sampled by a 37-7 echo at a time ¢ after the
modulated pulse. Exponential recovery A(t)=
=A(x)(1 - e7t/T1) was always observed by using this
method.

1/T, was measured at the center of the macro-
scopic lines (see Fig. 1) for 1.7 K< T< 20 K and
24 kOe < Hy< 60 kOe. The effective anisotropy
field H,, acting on the Eu ions, is obtained'® by add-
ing to H, the demagnetization field at the center
of the macroscopic line, —27M (Fig. 1), the Lo-
rentz local field +47M /3 and the weak internal an-
isotropy field (~—190 Oe).!® Thus H,~H,-27M/3
~H, -4 kOe,

The temperature-dependent experimental 1/7,
is given in Fig. 2 for H, =20, 29, and 56 kOe. The
effective field dependence of the observed 1/T; at
1.7, 2.2, 3, and 4.2 K is given in Fig. 3.
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FIG. 1. Macroscopic spin-echo line profile of Eu
in EuOat 126 MHz. The profile is nearly Gaussian with
20=9 kOe.
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FIG. 2. Spin-lattice relaxation rates of Eu!® in pow-

der EuOvs temperature for various external magnetic
fields. The solid curves give the calculated1/T; for
these fields, with an enhancement factor of 4 for the
three-magnon process, and the dashed lines represent
those calculated with an enhancement factor of 8.

III. CALCULATION OF RELAXATION RATES
A. Raman relaxation process

The processes which lead to nuclear spin-lattice
relaxation in magnetic insulators were summarized
by Beeman and Pincus.” Following their theory,
the direct process in which a single magnon is
created while the nuclear spin is flipped is not al-
lowed because of energy conservation; the change
of energy due to the nuclear spin flip is much
smaller than the minimum magnon enérgy ggH,.
Particularly in our experiments, where H, >20
kOe, this process does not exist and the first pro-
cess to be considered is the Raman relaxation pro-
cess.

The Raman process involves two magnons. As-
suming that the hyperfine interaction is isotropic,
this relaxation process takes place only when there
is an angle 6 between the axes of quantization of
the nuclear and electron spins. The relaxation
rate is then proportional to sin?6.” In an ideal fer-
romagnet, with a cubic structure, the resultant of
the hyperfine field and the dipolar fields acting on
the nucleus is parallel to the magnetization M and
one expects that 6=0. Quadrupolar interactions,
however, may deviate the axis of the nuclear quan-
tization from this direction. Charap and Boyd!’
observed a quadrupole splitting of Eu'®® line in EuS.
Very recently we found a similar splitting of the
Eu'®? line in preliminary studies of a spherical
single crystal of EuO. The angular dependence of
these lines shows an anisotropy which is equivalent
to an anisotropy field of H,, =~ 1 kOe , acting on the
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FIG. 3. Field-dependent spin-lattice relaxation rates
of Eul®in EuO for liquid-helium temperatures. The
solid curves give the theoretical 1/T; calculated for the
dipolar-induced two-magnon process which is dominant
at these conditions.

nuclez The resultant magnetic field on the nuclei
is H, =H,, +H, +H,,, where H,, =303 kOe'® is the
hyperfme f1e1d For H, perpendicular to H,

may be estimated by §~H,,/H,~0.2°. Thus it is
reasonable to take an upper limit of one degree

for §. This value will be used in the calculations.
Following Beeman and Pincus (BP),” the relaxation
rate, induced by the Raman process, is given by

;1 —%_(%) sin%6 E ny (1 +n3) 6 (B3 - Eg. — AS),
ki )
where n; = (eZ8/*sT - 1)"!| A is the hyperfine con-
stant, and E; is the energy of the spin waves for
the wave vector K. Charap and Boyd!? calculated
E; by first considering the exchange Hamiltonian

Ko =—2J, 05 -5,-2%, 1 §,-5,, @
nn nnn

the summation being for i <j, where sites 7 and j
are nearest neighbors (nn) or next-nearest neigh-
bors (nnn). J; and J, are the corresponding ex-
change constants. This Hamiltonian leads to spin-
wave energy given by

e,-ZSJ,E(l e""1)+ZSJZE(1 e®h) | (3)
1 2
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where '1.1 denotes the displacement vectors to nn
and 1, to nnn. When the dipolar interactions be-
tween the electron spins and the Zeeman energy in
an external magnetic field are added to iC,, the
spin-wave energy becomes!’

Ey=(eg+gupH) (1 +¢gsin®6)/2 . @)

Here H is the sum of the anisotropic field, the
demagnetization ﬁeld and the external field, 6; i
the angle between k and M and

op=dngugM/(eg+gupH) . (5)

For ¢3 «< 1 (which is the case in the present ex-
periments), sin?6; may be replaced by its average
value 3 to give!’

Ei=€;+gusH, , (6)
where H, =H +47M/3 is the resultant field on the
electron, considered in Sec. II and 47M/3 is the
Lorentz local field.

Returning to Eq. (1) and replacing (1/N) ¥; F(E3),
where F(E;) are the summed terms in (1), by
| F(E)v(E)dE, where v(E) is the density of states
of the spin waves, and assuming that AS< gugH,,
Eq. (1) becomes
E'/kar

1 ﬂAzsme
f-[(ex""a" 1)(e®/*sT ~1)

X 5(E - E"YW(EW(E"YAEJE' . (7)

The integration is over the interval where v(E)#0.
Defining N(¢) as the density of states for H,=0
gives v(E) =N(E - gug H,) =N(¢) and (7) becomes

1 _7A%sin6 ele*¥uBio) /kpT  N¥(¢)de .
'T—l" f (e(e*s=BE) 2T 12 (8)

The density-of-states spectra for fcc lattice with
various values of J,/J, were analyzed by Loly and
Buchheit'® and by Swendsen and Callen.® Because
of disagreement among various groups concerning
the appropriate values of J,, J, [Egs. (2) and (3)],
we have calculated N(¢) for two different sets of
Jy,J, values, Using J,/kp=0.75 K, and J,/kg
=-0.0975 K**2° N(¢) is shown by the solid line in
Fig. 4. Using J,/kp=0.53 K, and J,/J,=0.5, 2122
N(¢) is plotted in Fig. 4 as a dotted line. At low
energies, which correspond to small 2 values, Eq.
(3) may be approximated by

€,=2JSPR? (9)

where J=J, +J, has similar values in both cases.
The two N(¢) curves coincide here since, in ad-
dition to the same shape at low energies, the cor-
responding e€; have a similar energy range. Be-
cause of Bose-Einstein distributions in (8), the
low energies give the principal part of the integral
and it was found that the calculation of 1/7; is in-
sensitive to the difference between the two sets of
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the exchange constants. The calculations also
give the same 1/7, when using Eq. (4), confirming
the validity of the approximation (6).

The temperature-dependent 1/7, curve, com-
puted from (8) with A= hfo/S where f, =141 MHz, !¢
6=1°, H,=29 kOe, and S=%, is plotted in Fig. 5,
Where it is labeled “Raman relaxation process.”

B. Three-magnon process

In this process the relaxation of the nuclear spin
is accompanied by the destruction of a magnon and
the creation of two magnons. The interaction pro-
ducing this process is’

- 1/2
sl - =A A(ZS) I

SoN AR (10)

£, B kg

+ -

k1, Kz, K3

which connects between an initial state |7) with a
magnon k3 and a nuclear-spin quantum number m,
and a final state |f) with magnons k1 and kz and a
nuclear-spin quantum number » +1. Following
the method used by BP in deriving Eq. (1) " we
substitute 3¢’ in Fermi’s golden rule

W= T (rlse' | oz~ B ()

where W is the transition probability, from which
one deduces T, by using the relation®

=[(I=-m)(I+m+1)]/2W , (12)

provided the spin system is initially at a well-de-
fined spm temperature (see Sec. II).
With (b‘ b;)=n;, this gives

Substituting }; with an integration over energy leads
to

1 A2 ele1*eupgt )/ kpT
T1 BhS,[,/ e“l*‘"’B”a’/"BT—l

e (€2*€npHg) / kBT

% N(e,)N(&,)N(eg, +€5,)
e (€2%€upH)[RBT _ 1 gle1+e2 “2¢uBHa) / RBT _ 1
Xde,de;, . (14)

In addition to the above process, it has been
pointed out previously® that the fourth-order ex-
pansion of the ferromagnetic exchange interaction
in magnon operators may scatter, by means of a
thermal magnon, the virtual magnon being emitted
when the nuclear spin is flipped i a dirvect process.
The result is® a second-order three-magnon pro-
cess which enhances the first-order process. The
enhancement factor for gugH, <« kzT and small-%
approximation (9), was estimated by BP to be 8.
In our case gugH, is of the order 2,7 and the
process is field dependent. Freyne?* has found
that three-magnon relaxation rates calculated
from (11) are enhanced by a factor of 4. The tem-
perature dependence of this 1/7, process, labeled
“enhanced three-magnon process, ” is displayed in
Fig. 5 for H, =29 kOe.

C. Dipolar-induced two-magnon process

Besides the influence of the dipolar interactions
on the spin-wave spectrum, taken into account in
Eq. (4), they may scatter via their S,S* terms a
virtual magnon created in the direct process. The
net result is a second-order two-magnon process.
For H> M, BP used the quadratic approximation

1 _7A 2 .
= 1+ 1+ (9) and obtained
T, 8ISN® klzkz ka( n )L +ng,)ng
1 A gupM <5 kpT ga)
- " - — +
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where » is the number of sites in the unit cell (four
for fce) and

©4x=T e

I= A o oI dx . (16)
and

_ e dx 4x - 3% €&

Ia—[ x—xoln< pou (7Y 2 amn

0

with xg=gupH,/kpT. The temperature dependence
of 1/T, due to this process, labeled “dipolar-in-
duced two-magnon process,” is given in Fig. 5 for
H, =29 kOe.

D. Comparison with experiments

The sum of the relaxation rates of the various
processes is plotted as a heavy solid line in Fig.
5. The dipolar-induced two-magnon process is
shown to be dominant at low temperatures, while
the enhanced three-magnon process is dominant at
higher temperatures. The first-order two-magnon
process is negligible throughout the whole range.
This behavior is similar to BP calculations for
Fe’” in YIG.” The summed 1/7, values for H, =20,
29, and 56 kOe are plotted as solid curves in Fig.
2. These theoretical curves, which were computed
without any adjustable parameter, are in reason-
able agreement with the experimental results over
more than four orders of magnitude. A better
agreement is obtained if one assumes an enhance-
ment factor of 8 for the three-magnon process (see
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0 4 8 12 16 = ]
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FIG. 5. Contributions to the temperature-dependent
1/Ty of Eu!® in EuO at 29 kOe, calculated for the two-
magnon process with 6=1°, the dipolar-induced two-
magnon process, and the enhanced three-magnon process
with an enhancement factor of 4. The sum of these re-
laxation rates is displayed by the heavy solid curve.
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discussion in Sec. IIIB), as is shown by the dashed
curves in Fig. 2.

The calculated field-dependent 1/7; at liquid-
helium temperatures are compared with the ob-
served values in Fig. 3. Intrinsic mechanisms
other than the dipolar-induced two-magnon pro-
cess are of no significance at these temperatures.
For low fields the agreement is good, while at
high fields this process predicts 1/7, smaller than
observed.

IV. DISCUSSION AND CONCLUSIONS

The theory of Beeman and Pincus was found to
give a good description of the spin-lattice relaxa-
tion in a Heisenberg ferromagnet. At temperatures
T > 14 K the dominant mechanism for the relaxation
is the enhanced three-magnon process. Calcula-
tions of 1/7, due to this process were carried out
by exact numeric integrations using the density-of-
states spectrum. The enhancement factor, how-
ever, was calculated with the small-% approxima-

. tion (9). This may account for the small difference

between calculated and observed results at these
temperatures. The expression (15) for the dipolar-
induced two-magnon process is also based on this
small-£ approximation, leading to E; higher than
the exact value (6) and giving rise to lower relaxa-
tion rates, particularly for high magnetic fields.
This might explain part of the discrepancy be-
tween theory and experiments at low temperatures
and high fields (Fig. 2). The discrepancy may be
further explained by interactions with impurities
and free electrons which may exist, in small con-
centration, even in the stoichiometric sample.?
These interactions might dominate at these ex-
treme conditions (low T and high H,), where 1/T,
is small.

The experimental results of Guenther ef al.?
which were found at liquid-helium temperatures,
may also be explained by the dipolar-induced two-
magnon process. As noted by BP, for k5T < gugH,,
1/T, is proportional to (T/H,)?. This is in agree-
ment with the temperature dependence of the ob-
served T, for Hy=0, where the main contribution
to the echo comes from the domain walls. In the
walls the external and the demagnetization fields
are screened and H, is composed only of the local
Lorentz field.'® H,=2.6 kOe is in best fit with
these results. This value is to be compared with
4.1 kOe, found for the local Lorentz field in do-,
main walls'® by comparing the resonance frequency
of Eu'®® in EuO above saturation H, >47M and the
zero-field frequency. When H; >0 the signal of
the walls is reduced and a greater part of the echo
comes from the domains where H, is different and
may be smaller than in the walls, giving rise to -
greater 1/7T,. This may explain the behavior of
the observed 1/T, vs H,,'® where there is a mini-



9 NUCLEAR SPIN-LATTICE RELAXATION IN FERROMAGNETIC EuO 4919

mum at H,=6 kOe, indicating that above this field
the signal is mainly from the domains.
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