Tunnel states in an amorphous ferromagnet
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A model of an amorphous ferromagnet containing atoms that form two-level systems is considered. The time
of relaxation of such systems via interaction with spin waves is calculated, and it is shown that this time can
be shorter than the phonon relaxation time. The law governing the damping of the spin waves in such a
system is determined and the magnetic contribution to the heat conduction is calculated. In a definite

temperature range this contribution can exceed that of the phonons.

PACS numbers: 75.30.Ds

1. INTRODUCTION

The low-temperature properties of amorphous sub-
stances are being explained at present on the basis of
the concept of structural excitations of a special type,
known as two-level systems. The idea of this descrip-
tion is due to Anderson, Halperin, and Varma' and to
Phillips,? and consists of the assumption that the amor-
phous system contains a definite number of atoms (or
groups of atoms) that can be on one of two levels and
tunnel between these levels with participation of acous-
tic phonons. By making certain assumption concerning
the statistical distribution function of the tunnel states,
Anderson, Halperin, and Varma' calculated the con-
tribution linear in the temperature to the heat capacity
of glasses and the quadratic temperature dependence of
the thermal conductivity, i.e., precisely the tempera-
ture dependences of the quantities experimentally ob-
served in glass insulators.

Two-level systems were shortly after observed also
in metallic glasses.>*

It is assumed in the present paper that an amorphous
ferromagnet also contains a number of atoms that form
two-level systems. The atoms can be either magnetic
or nonmagnetic. It is clear that the tunnel states due
to the magnetic atoms modulate the exchange-interac-
tion energy, the dipole energy, and the magnetic-
anisotropy energy. If, however, the tunnel states are
formed by nonmagnetic atoms, the latter, participating
in the production of an indirect exchange interaction and
of the crystal field, also modulate the exchange-inter-
action and the magnetic-anisotropy energies.“ Ob-
viously, tunnel transitions in this amorphous ferro-
magnet should be produced not only by phonons but also
by spin waves. It is these phenomena to which this
paper is devoted. In particular, it has turned out that
if the dipole-dipole interaction is neglected the spin-
wave contribution to the thermal conductivity is pro-
portional to T5/2, but contains a large coefficient; A
temperature region in which the spin-wave thermal
conductivity exceeds that of the phonons can therefore
exist. Furthermore, the spin-wave damping is also
found to be anomalously strong and to have a rather
strong momentum dependence.

A direct experimental check on this prediction of the
theory is most important for the study of how the spin-
states are made up in magnets. We wish to propose
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here one variant of such a verification, which we re-
gard as quite attractive.

It is well known (see, e.g., the paper by Laermans
et al.”) that bombardment of crystals by fast electrons
and y rays causes local amorphization and the onset of
two-level systems. On the other hand, in ferrite crys-
tals the spin-wave damping is investigated in detail
with the aid of parametric-resonance experiments
(Gurevich and Anisimov®). By irradiating a crystal
whose spin-wave damping is well known, it is possible
to track the variation of the damping as a function of the
irradiation dose, and ascertain the role played in this
case by the two-level systems.

It must be noted that the question of the interaction of
spin waves with two-level systems in ferromagnets was
recently considered by Continentino.® He, however,
took into account only the modulation of the exchange
interaction by two-level systems. But in this case, in
view of the law of total-spin conservation, the spin
waves can not cause transitions between tunnel states
in the homogeneous limit (* —0). The tunnel modulation
of the exchange interaction is therefore inessential in
the low-temperature region and it is necessary to study
the interaction of spin waves with tunnel states that
modulate the magnetic anisotropy.and the dipole forces.
The smallness connected with the total-spin conserva-
tion law was not noted in Ref. 9, so that the energy and
temperature dependences obtained there for the physi-
cal quantities do not hold in the exchange approxima-
tion. Furthermore, the quadratic approximation in-
vestigated in Ref. 9 for the spin-wave spectrums is not
sufficient at low temperatures, and one must use for
the spin-wave energy an exact expression that takes
into the dipole forces, as will be done below.

2. CHOICE OF MODEL

We consider (for the sake of argument) a ferromag-
net with “easy axis” anisotropy, described by the Ham-
iltonian

1 2
9g=_5- E J,jSISj"DE (87)
1 2
— 5 (gwa) Zﬂ (SSR.~3(SRy) (SR)), (1)

where S? denotes the a-projection of the spin in the
i-th lattice site (a=x,y, z); Jy, is the exchange interac-
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tion of the spins at sites ¢ and j; D is the magnetic
anisotropy constant; D is the magnetic anisotropy con-
stant; the z axis is the easy axis.

We write the two-level-system Hamiltonian, as
usual,'® with the aid of a Pauli matrix in the form

#.,="/,(Ac.+A0s), (2)

where A is the difference between the level energies of
the levels in two wells, and 4, is the tunneling energy
in the usual form'®:

Ag=woe™ (3)
(we use a system of units in which 7= kg=1).

It is quite clear that the exchange-interaction energy,
the dipole energy, and the magnetic-anisotropy energy
are all different, depending on the potential minimum
at which the tunneling object is located. Therefore the
Hamiltonian of spin interaction with two-level systems
can be represented in the form

‘g (_ 1 (@) 2, (@
=36 +38. _—7251,.,5..5,0, —ZD.—(S.-n.-) o (@)
.,, -

The summation here is over all the tunnel states and
over the spins that interact with them. The vector n,
is the direction of the random anisotropy axis. Gen-
erally speaking, one should add to (4) the modulated
part of the dipole forces, which decreases rapidly with
distance (like R~%). This part, however, does not lead
to any new phenomena, and can therefore be taken into
account effectively by redefining the constant D,.

In the spin-wave approximation the Hamiltonian (1)
takes the form (see, e.g., Ref. 11)

%=Z Ek(lk+ai, ex= (Alz_'Bklz)‘h, (5)
k
where ¢, is the spin-wave energy, and for the quantities
A, and B, we have the expressions

Av=a(ak)*+2BpuMo+2uH+4npoM, sin? Oy, ©)
6
By=4np.M, sin® Ox exp (—2ipx).
Here aa?® is the spin-wave rigidity coefficient, n is the
interatomic distance, « is a quantity of the order of the
Curie temperature, M, is the saturation magnetization,
and H, is the internal magnetic field. The constant D in
(1) was rewritten by us in the form D=8u,M,/S, where
now B is the magnetic-anisotropy constant.

The Hamiltonian (4) contains terms that describe tran-
sitions that take place between levels of two-level sys-
tems and are accompanied by emission and absorption
of one or several spin waves, as well as terms de-
scribing the elastic and inelastic scattering of the spin
waves. The volume part of the Hamiltonian describes
in our approximation only the scattering processes. Ob-
viously, the principal role in the low-temperature re-
gion is played by the single-quantum processes (the in-
terlevel transitions accompanied by emission of two
and more spin waves are small because the phase space
is small). That part of the Hamiltonian (4) which corre-
sponds to single-quantum processes is of the form

K —=— 17(25) %Z D: sin 2y:[ e/ exp (i) +ciexp(—ip) 165" . (7)
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Here c¢; and ¢; are the spin-deviation Bose operators
and are connected with the spin-wave creation and an-
nihilation operators by the known (u,») transformation
(see, e.g., Ref. 11), while ¥; and ¢, are the azimuthal
and polar angles of the vector n,.

Changing over in (7) to the spin-wave operators «;
and @,, we represent &, in the form

9@,,’:-2 D,-Z {out @’ exp (—ikR;) +o Oy exp (ikR,) } ot
ia k

(8)
@, =ux exp(—ip:) +vx exp (igs).

Here D, =1/4(25)*/?D, sin2y,, and u, and », are trans-
formation coefficients given by"
Axtex \'h By
w= (G ) e
It must be noted that in the case of a noncollinear fer-
romagnet (asperomagnet) the exchange part can acquire
terms responsible for single-quantum transitions, but
by virtue of the total-spin conservation in the exchange
interaction they must inevitably vanish in the homo-
geneous limit k=0. The Hamiltonian exchange part
analogous to (8) must therefore include the factor %
omitted in Ref. 9. After diagonalizing the tunnel Hamil-
tonian (2), the interaction (8) takes the form

#.=Y (00 +a" 0",

Av—ex )‘/z

2€x

©)

Q,.=Z‘ e/l @y exp (—ikR,) +o Dy exp (ikR)) 1, (10)

ik

¢ =DiAJ/E, ¢,)=—DA/E, E=(A2+)\%)".

Thus, the final form of the Hamiltonian of our problem
is

1 (a) (a) (a) (@) ~(8)
H= exaktak +“ E“e, + (0; 0: +0. Qx ). (11)
2{ 2 ; uZ

It should be noted that this Hamiltonian describes the
principal effects of the interaction between spin waves
and two-level systems in any ferromagnet, including
noncollinear ones. In the latter case, however, the in-
teraction of the two-level systems with the longitudinal
fluctuations of the spins can also be significant. At
present, however, we know almost nothing about such
fluctuations, other than the experimental fact that they
exist.

3. RELAXATION TIME OF A TWO LEVEL SYSTEM
The time of relaxation of a two-level system on ac-
count of spin-wave absorption and emission can be
easily calculated from the Hamiltonian (18) by the same
method used in the case of interaction of a two-level
system with phonons 1, 2,3. As a result we obtain from
(9)-(11) for the two-level-system reciprocal lifetime
governed by the part of the interaction proportional to
o

x

1 (AE—°) I(E)cth%, (12)

Tm
where
(4npoM,) "’Ezv

4na®

= Javsino {[antor (2m) | -(52) —swo}
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where D} is the average over both the angle 7, and the
quantity D,. By regarding in this integral the energy E
as being of the order of the temperature T assuming T
> Buo/M,, we can neglect in I(E) the contribution due to
the anisotropy. Calculating next the integral for E

> 4npuM, and E <47u,M,, we obtain for the relaxation
time the expressions

11— A" E
— =—"_D3&(—) E"cth— (E>

= D (E ) cth 57 (E>4np,M,), (13)
1 14— Ay? : E

- D.-’(—) (4nupoMy)—"E cth—  (E<bnpoMy). (14)
T 8aV2 E oo o HelMe)

Equation (13) corresponds to the case when the dipole-
dipole interaction is neglected, whereas (14) corre-
sponds to the case when the dipole-dipole interaction is
significant.?’

We compare now the relaxation time introduced by
the spin waves with the contribution due to processes
in which phonons participate. The relaxation time due
to the phonons is well known (we use the notation of
Ref. 10)

1 v’ Ye E* 1 Ap\? E E \*/ A \? E
() g () engr=2(5) () enlar)-

(15)
where E, is of the order of several dozen degrees. The
contribution of the spin waves to the relaxation time
will obviously prevail over the phonon contribution if
the following conditions are satisfied

DE pa " E\"
() (%)
4aa* \E, E,

bi—’ o Y E \*
(50 2 (8
8a’¥2 \au.M, E

(E>4npoM,), (16)

(E<4npoM,). (17)

It follows from these inequalities that there can exist a
temperature region in which the spin-wave relaxation
is faster than that of the phonons, i.e., the two-level
system “feels” only spin waves.

It must also be noted that in the general case in amor-
phous magnets the total lifetime of two-level systems is
determined by both interaction processes:

1/ 1=1/1p+1/1..

4. SPIN-WAVE SPECTRUM

We study now the influence of the tunnel states on the
energy spectrum of the spin waves. To this end we con-
sider the dispersion equation for the spin waves

o—er—2(k, 0) =0,

where T is the self-energy part of the spin waves and
is due to their interaction with the tunnel states.

% (k, w) can be accurately determined by the technique
developed in Ref. 13. However, just as in the phonon
case (see, e.g., the review in Ref. 14), it is clear that
in the lowest order of perturbation theory T(%, w) con-
sists of contributions of two types, resonance and re-
laxation. These contributions are obtained by averaging
the following quantities over all the tunnel-state types:

el b S e
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z:::=—E( ) 104 (0)——— /

1 eFT

T (19)

%= (0)=
These quantities are averaged by the standard method
developed in Refs. 1 and 10. This averaging operation
can be represented in the form

A‘=ﬁ:f dEEEj I e (20)
0 Bomt, Ao (E*—AP)™ ’ ’
where 13,,, is the density of the tunnel states that modu-

late the magnetic anisotropy, E, is their maximum en-
ergy, and 4, , is the minimum tunnelingenergy and
is determined, for experiments that are fast enough,
by their reciprocal times (a detailed discussion of this
procedure can be found, e.g., in Ref. 10). In addition,
in the calculation of the mean values it is necessary
also to average over the polar angle ¢, of the spin
wave, in which case the factor |®,|® is replaced by
A,,/Ek. As a result of the described procedure, we ob-
tain for the resonance contribution to the self-energy
of the spin wave in the case w<<E,

— Ay _ Enm
Sres(k, ©) =—3D;2 —“pmva{ I

+z—)}—mﬁ VD ﬂth (21)

—Red ( oaT Py

where V, is the volume per magnetic atom and ¥ is the
logarithmic derivative of the T function. This expres-
sion is obviously valid in the case

[S(k, &) | <t (22)

For the energy and damping of the spin wave we have
then

I
te=ex—2D,V,Dit —"{ In
Ex

1o e )} ,
2aT

En
Sar  Re¥ (2
(23)

— A €
(k) K K
res =nPn VD& —th—-.
i T * €x ! 2T

The factor A, /g, in this expression stems from al-
lowance from the dipole forces in the unperturbed spin-
wave spectrum. If the magnetic anisotropy is neglected,
it becomes infinite as k—0. The equations in (23) can
therefore be correct only at a sufficiently high mag-
netic anisotropy, when the corrections to the spectrum
are small. However, even in this case the correction
to the spectrum may not be small because of the large
logarithm in (23). The situation here is essentially the
same as in the case of resonant interaction of the pho-
nons (see the review in Ref. 14), where a similar large
logarithm is present. This indicates that it may be
necessary to investigate higher-order approximations
in the density of two-level systems, where powers of
large logarithms are present.

The relaxation contribution is more complicated. It
follows from (13)—(15) that the relaxation time of the
two-level system varies in a range from 7,,, corre-
sponding to &45=F to T, at &;=8, .. In the case
Agoia < T which is of greatest interest the relaxation
part of £ can be easily represented in the form
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A _ dE e*/T

(mtmin)2+1
Srer=—D7 ——pmv —
! ! " T U+ 12

. (@Tmas) *+1

2ex

1
z(V1—z—z) |
M R

OTmin O Tmax )

Tmin

1 KRN (0Tmin) *+1 jd

(©Tmax) 241 k(e ]}

224 (0 Tmas)?

(24)

Comparing this expression with Z_,,, we see that
owing to the large logarithm (21) the real part of T,
is in practice always smaller than ReZ . At the
same time, in the frequency region 7;},(T)>» 0> 771
the combination of arctangents in (24) is equal to 7/2

and the contribution of I, to the spin-wave damping is

1isl =D7- 24——:115 V. (25)

This quantity is of the same order as 7,%’; outside this

interval the relaxation damping is negligibly small.

5. THERMAL CONDUCTIVITY AND INTERACTION
ENERGY OF TWO-LEVEL SYSTEMS

Obviously the equation for the heat capacity of two-
level systems remains unchanged when the interaction
with the spin waves is turned on. The situation with
the thermal conductivity is here different.

The thermal conductivity due to spin waves can be
easily estimated by using the known formula » < (1/
3)C,lv, where C, is the spin heat capacity, v is the
spin-wave group velocity, and / is their mean free
path. It is convenient here to consider two cases. We
first neglect the dipole-dipole interaction; this corre-
sponds to temperatures T > 4wu M, In addition, we
assume in both cases that the influence of the gap in the
spin-wave spectrum is negligibly small, i.e., we con-
sider our system at temperatures higher than the mag-
netic-anisotropy energy (T > Bu,M,). In this case we
obtain for the thermal conductivity the estimate

e aﬁtV« Zf(i) S (26)

Comparing this expression with the phonon contribution
to the thermal conductivity,

I A
oo 6HF”(YIZJF#)T, (27)

we see that owing to the large coefficient in (26) the
spin-wave contribution to the thermal conductivity, at
temperatures

7o) (P7vt)

exceeds the phonon contribution.

T>a(

In the other limiting case, when the dipole-dipole in-
teraction is significant, i.e., at Bu M < T <4nuM,,
an estimate of the thermal conductivity due to the spin
waves yields

WO S S TEARS (28)

aP,V, D \dnp.M,

In this case a comparison with the phonon contribution
(26) shows that the temperatures at which »> %, must
satisfy the inequality
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X . 1
a(ak)*+28u M+ 2y H, [

4drpoMo \* | Pm pea \*
T>q( ——— 2
o () (22 (w22’
At lower temperatures T ~Bu,M, we can no longer
neglect the gap in the spin-wave spectrum, and the

spin-wave contribution to the thermal contribution is
exponentially small in this temperature region.

The resultant picture for the thermal conductivity of
an amorphous ferromagnet is thus the following. At
low temperatures the thermal conductivity is governed
by the phonons and has a quadratic temperature depen-
dence. With rising temperature, a large contribution is
made to the thermal conductivity by the term due to
the spin waves, and at sufficiently high temperatures
the thermal conductivity is proportional to T°/2,

We consider, finally, the question of the interaction
of tunnel centers on account of spin-wave exchange,
using the standard perturbation-theory method. From
Eqgs. (5), (6), and (8)—(10) we obtain the equation

ab (ﬂ) (),
m——— E E Jw G oy

uwb oy

J,N =c,’¢.’ cos ($a—p) ——— f dk exp (ikR,;)

(" )3

_ 4ripoM, sin® Oy ]
a(ak)*+2BpoMo+2uHi+ 8 oM, sin® O

(29)

The second term in the square brackets of this ex-
pression is smaller than 1/2, and allowance for it does
not change the qualitative picture of the interaction be-
tween the centers. This interaction takes the same
form as the known Suhl-Nakamura interaction, i.e., at
large distances it is proportional to R;bl exp(- qoR 35
where

1 ;
qo= 7[ (2BH0M0+2”0H')“_‘] i

but the presence of the factor D, D, cos(¥, - ;) makes
the sign of the interaction uncertain. We note also that
such a simple formula for 57, can be used at n #v only
when the distances between centers are not too large;
the corresponding criterion can be written in the form

IEa_Ebl<Eh=Rab" . (30)

In conclusion one of the authors, Yu. N. Skryabin of
the Metal Physics Institute of the Urals Scientific
Center of the USSR Academy of Sciences, is grateful
to the Leningrad Institute of Nuclear Physics for hospi-
tality.

D1t is well known (see, e.g., Refs. 5 and 6) that random an-
isotropy destroys the long-range magnetic order. A constant
magnetic field or else a constant magnetic anisotropy, how-
ever, ensure stability of the ferromagnetic ground state. The
existence of this stabilization is in fact assumed hereafter.

» An expression similar to (13), with replacement (in our nota-
tion) of D% by (5J)2, was obtained in Ref. 9 in the exchange
approximation. As already noted, however, in this approxi-
mation the interaction between spin waves and two-level sys-
tems in weak at low energies; in the corresponding expres-
sion it is then necessary to replace l—)'f by (—cS—J—)zE/ a. At
high energies the exchange approximation becomes decisive.
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Corresponding to this case are the equations obtained in this
paper, provided I)? is replaced in them by (6J)ZE/a or by
6N/ a.
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