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Anomalously large damping of long-wavelength quasiparticles caused by long-range interaction
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We demonstrate that long-range interaction in a system can lead to a very strong interaction between
long-wavelength quasiparticles and make them heavily damped. In particular, we discuss magnon spectrum
using 1/ expansion in three-dimensional Heisenberg ferromagnet (FM) with arbitrary small dipolar forces at
T<Tc. We obtain that a fraction of long-wavelength magnons with energies €, <<T has anomalously large
damping I'y (I'y/ € reaches 0.3 for certain k). This effect is observed both in quantum and classical FMs.
Remarkably, this result contradicts expectation of the quasiparticle concept according to which a weakly
excited state of a many-body system can be represented as a collection of weakly interacting elementary
excitations. Particular materials are pointed out which are suitable for corresponding experiments.
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I. INTRODUCTION

The concept of elementary excitations or quasiparticles is
one of the most powerful tools in discussion of low-energy
properties of strongly interacting many-body systems.!? Ac-
cording to this concept a weakly excited state of a system
can be represented as a collection of propagating weakly
interacting quasiparticles which carry quanta of energy ¢
and momentum k. Elementary excitations, being wave pack-
ets of stationary states, have finite lifetime (or damping I'y)
which is interpreted as a result of quasiparticles spontaneous
decay and interaction between them (at 7# 0). According to
the quasiparticle concept supported by quite a general line of
argument!= (not considering, however, long-range interac-
tions in a system), long-wavelength elementary excitations
are well defined (i.e., g>1"). It is usually the case also for
short-wavelength quasiparticles but a limiting number of sys-
tems is known in which their lifetime is very short or zero.
Thus, the spectrum of short-wavelength elementary excita-
tions in liquid *He crosses a two-particle continuum at
threshold momentum k.. As a result spontaneous decay of an
elementary excitation into two quasiparticles is allowed at
k>k. by energy and momentum conservation laws written
as

€k = €q+ €k_q- (1)

Decay processes are so strong in liquid “He that k=k, is a
termination point of the spectrum. A similar behavior of
short-wavelength quasiparticles (magnons) has been ob-
served recently in a number of magnetic systems: quasi-two-
dimensional (2D) spin liquid,>® quasi-one-dimensional (1D)
gapped spin system,®’ and in quasi-2D antiferromagnet with
§=5/2 in strong magnetic field.® The one-magnon branch
disappears completely at k>k. in the quasi-1D material
while the ratio I'y/ €, amounts to 0.1 above the threshold in
the quasi-2D systems.

We demonstrate in the present paper that in contrast to the
quasiparticle concept expectation even small long-range in-
teraction in a system can lead to a very strong interaction
between long-wavelength quasiparticles and make them
badly defined. In particular, we show that a fraction of long-
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wavelength magnons with €, <T is heavily damped (I'y/
reaches 0.3 for certain k) in three-dimensional (3D) Heisen-
berg ferromagnet (FM) on a cubic lattice with arbitrary small
dipolar forces at small temperature 7<<7. which Hamil-
tonian has the form
1

H==3 2 Undyp+ OL)SIS), @)

Im
sor. Although this model was extensively studied before and

it describes well a class of magnetic materials (see below),
renormalization of the magnon spectrum by thermal and
quantum fluctuations has not been analyzed thoroughly yet.
It is well known that the spectrum in the linear spin-wave
approximation (classical spectrum) at L™'<k<<1 has the
form?®10

where OPP=(gu)*(3R, R} —5,4R},)/R), is the dipolar ten-

€ox = V(DI + guH ) (DK + guH" + Sw, sin® 6,), (3)

wy=4m(gu)?, (4)

where we set the lattice spacing equal to unity, o, is the
characteristic dipolar energy, D is the spin-wave stiffness
which is equal to SJ for cubic FM with exchange coupling J
between nearest neighbors only, 6 is the angle between
magnetization and k, H® is the intrinsic magnetic field
which is zero, e.g., in the multidomain sample,'' and L is the
characteristic length of a given domain. We assume below
that T<<SD~ T (i.e., we do not consider frustration which
can reduce D considerably and assume that T~ SD ~ S%J)
and D> Sw, as it usually is.

Long-wavelength magnons are well defined in the model
Eq. (2) with Q?P=0 at T<T which damping has the form
[, T%k* In k.>!% Notice that this previous finding is in full
agreement with the quasiparticle concept because 3D FM is
weakly excited at 7T<<T.. We demonstrate below that dipolar
forces, despite their smallness and due to their long-range
nature, give rise to great renormalization of the bare spec-
trum Eq. (3). Renormalization of the real part of the spec-
trum has been discussed in our previous paper.!> We show
there that fluctuations lead to the gap in the spectrum which
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resolve problems of infrared singularities of some observ-
ables obtained by other authors (see discussion below). We
turn in the present paper to calculation of the magnon damp-
ing.

Dipolar forces lead to three-magnon vertexes giving rise
to processes of magnon decay Eq. (1). However, we obtain
below that confluence processes reduce the magnon lifetime
much stronger. They arise only at 7# 0 and have the follow-
ing conservation law [cf. Eq. (1)]:

€k = €q~ €k—q- (5)

The important role of these processes for magnon relaxation
was recognized long time ago in Ref. 14. These works were
motivated by nonlinear ferromagnetic resonance experi-
ments. Therefore large external magnetic field was taken into
account there leading to guH"” = Swy. It is seen from expres-
sions obtained in Ref. 14 that ,>T at guH"” ~ Sw, but
I'y—> as k,H(i)—>O and results should be reconsidered if
H'"=0. We perform this reconsideration below.

We derive magnon damping using 1/S expansion. It is
shown that in accordance with previous results'* I'y diverges
as k— 0 in the first order in 1/S that is a consequence of the
Goldstone character of the bare spectrum Eq. (3) at H?V=0.
This divergence signifies that the spectrum cannot be found
using the conventional 1/§ expansion. One notices, however,
that this singularity should be screened by the gap in the
spectrum. That is why the easiest way to find the spectrum in
this case is to perform the self-consistent calculations. As a
result we show that the main corrections to the spectrum
comes from diagrams of the first order in 1/S whereas those
from higher order ones are small by the parameter Swy/D
< 1. We demonstrate below that magnons are well defined at
T=0 while thermal fluctuations lead to a great enhancement
of the damping: a peak arises in the ratio I'y/ ¢, at small k
which height reaches 0.3 for momenta directed nearly along
magnetization. The fraction of overdamped magnons is small
and one could expect small influence from them on the sys-
tem properties (magnetization, specific heat, etc.). By reduc-
ing dipolar forces radius of action we demonstrate that it is
their long-range nature that is responsible for such a remark-
able suppression of the long-wavelength quasiparticles. We
show that this suppression can be seen both in quantum and
classical FMs because thermal fluctuations are responsible
for it.

Interestingly, quantum and thermal fluctuations lead to
smaller I'y/ g in lower dimension 2D FM on square lattice
with dipolar forces that is discussed in our previous paper
Ref. 15. We find there that thermal fluctuations also lead to a
peak in I'y/ €, at small k in 2D FM which height, however, is
on the order of T/T-<<1 for S~ 1 and reaches the value of
0.16 for §> 1. We show below that the origin of the greater
role which plays fluctuations in higher dimension is that di-
polar forces give rise to larger three-particle vertexes in 3D
FM.

The rest of the present paper is organized as follows. The
Hamiltonian transformation and the technique are discussed
in Sec. II. Renormalization of the energy and the real part of
the spectrum are discussed briefly in Sec. III. Magnon damp-
ing is considered in Sec. IV. In Sec. V, we (i) show that the
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observed anomaly in the damping can be seen both in quan-
tum and classical FMs, (ii) compare the damping in 2D and
3D FMs and make a counter intuitive conclusion that it is
smaller (compared to the real part of the spectrum) in lower
dimensional FM, and (iii) discuss particular compounds suit-
able for corresponding experimental verification of our re-
sults in 3D FM. Section VI contains our conclusion. An Ap-
pendix is included with some details of calculations.

II. HAMILTONIAN TRANSFORMATION

After the Fourier transformation Hamiltonian (2) is writ-
ten as

H=- —E (JxBup+ OLP)SKSP — gUHNSG,  (6)

where szzl‘]lm eXP(ilem) and Qaﬁ_ lm exp(llem)
Notice that we take into account the Zeeman term —guH>S?
in Eq. (6) that is necessary to do in order to describe the real
finite-size samples: H is the field in a given domain produced
by all other domains in the multidomain sample in zero ex-
ternal magnetic field. We will assume that H=0 in the uni-
domain sample that is magnetized in the direction in which it
can be considered to be infinite. The dipolar tensor Ql”("g pos-

sesses the well-known properties”!%16
0, ko k 1
aB _ Zap _ Ta™p if —<k<l1 7
Qk wO( 3 k2 )’ 1 L > ( )
af 1
QO =g\ 3 Na 5(1 s (8)

where N, are demagnetizing factors. After Dyson-Maleev

transformation
oy Sansaty- )
=1\/=|lag+a,-——1,
Kk AL 2

S (a'a®)y
&= \/j( _ 7 _ ,
BTN (T T g

=S—(a'a)y. 9)

Hamiltonian (6) has the form H=E,+3% H,;, where E, is
the classical ground-state energy and H; denote terms con-
taining products of i operators a and «'. In particular,
'H =0 because it contains only Q(‘;‘B with a# B and

®

By By
H,= E [Ekakak+ 5 —dapd_y + > akalk , (10)
K

Sy

m k| +ky+k3=0

+ay(0y° —i0%)las, (11)

al\[al, (05 +i0%)
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_LE

- 4m ki +ky+k3+k,=0
+a’\[a) (05" - 2i05 - 0F)
+aly (05 + 0F - 205.3)]asay}, (12)

where 91 is the number of spins in the lattice, we drop index
k in Egs. (11) and (12) and

Hy {2(J, - J1+3)ai1ai2a3a4

S 2w
Ek=suo—AJ—E(Qk+Q¥—~;ﬂ>+mAH—4ngmw%)

k<l S
Wy

~ DI* + TSin2 O + gu(H — 4mguSN’), (13)

S . =gy .
Bi=— (0 - 20 - ) = —sin® e, (14)
k<1
where expressions after = are approximate values of corre-
sponding quantities at L™'<k<1 and ¢, is the azimuthal
angle of k. The expression in the brackets of the last term in
Eq. (13) is the intrinsic magnetic field H”. In the multido-
main sample the term 47guSN, is the demagnetizing field of
the considered domain that is equal to H in the domain vol-
ume so that H?=0."" The intrinsic field is zero also in a
unidomain sample that is infinite in the direction of magne-
tization if the external field is zero because N,=0 in this
case. One leads to Eq. (3) from Egs. (10), (13), and (14) for
the spectrum given in the linear spin-wave approximation by

eox = VE, — [By[*. (15)

To perform the calculations it is convenient to introduce
the following retarded Green’s functions: G(w,k):(ak,abw,

F((L) s k) = <ak s a—k>w9 6((‘) 5 k) = <aik 5 a—k>a): G*(_w 5 —k), and

Ff(w,k) =<aik,a£)w=F*(—w, -k). We have two sets of

Dyson equations for them. One of these sets has the form
G(w.k) =GV(w.k) + GV(0.k)Z(0,k)G(w,k)

+GO(w,K)[By + TI(0,k) ]F(w,k),

Fi(0,k) = G(0,K)3(0,k)Ff(w,k)
+G%w,k)[By + IT(w,k)|G(w,k), (16)

where GO(w,k)=(w—E+id)~" is the bare Green’s function

and 3, 3, I1, and II7 are the self-energy parts. Solving Eq.
(16) one obtains

o+ E+2(w,k)

ST D
By + (w,k

F(w,k)=-“;T(;‘:)),

C_;(w,k)z_w+Ek+S(w’k),

D(w,k)
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+ _ Bk + HT(w,k)
F (w’k)__—'D(w,k) , (17)
where
D(w,k) = (0+i8)? - €, - Uw,k), (18)
Q(w,k) = E (3 +3) - B I1 - BT
~(0+i8) (S -3)-TIT" +33, (19)

and €y is given by Eq. (15). The quantity }(w,k) describing
the spin-wave spectrum renormalization is considered below.
The last two terms in Eq. (19) give corrections of at least
second order in 1/S.

III. RENORMALIZATION OF THE ENERGY AND THE
REAL PART OF THE SPECTRUM

The classical ground state of the model Eq. (2) is continu-
ously degenerate: magnetization can be oriented in any di-
rection. It is well known, however, that quantum fluctuations
lead to anisotropic corrections to the energy selecting a lim-
iting number of states.'”!® Intrinsic anisotropy of the dipolar
interaction is the origin of this effect. Anisotropic part of the
first 1/S correction to the energy E, has the form

AE  SPwj
TR A )
D (0 -09)-4(0y)
C_w(z)m% de, ’ @1

where v; are direction cosines of the magnetization and com-
ponents of the dipolar tensor in Eq. (21) are taken relative to
cubic axes. The constant C can be calculated numerically
and one obtains in accordance with Refs. 17 and 18 that it is
positive for simple (C=0.012) and negative for face-
centered (C=-0.005) and body-centered (C=~-0.04) cubic
lattices. Then, an edge of the cube is easy direction in the
simple cubic lattice whereas a body diagonal of the cube is
easy direction in face- and body-centered-cubic lattices.

It is well known that fluctuations leading to anisotropic
corrections to the energy which low the energy symmetry to
a discrete one naturally lead also to a gap in the spectrum. To
mention only a few, examples are antiferromagnet containing
two coupled antiferromagnetic sublattices'® and square pla-
nar rotator model with dipolar interaction.’? As we show in
Refs. 13 and 15, it is also the case in the considered 3D FM
and in 2D FM with dipolar forces.

Renormalization of €y, in the first order in 1/S comes
from two diagrams shown in Fig. 1. Both diagrams contrib-
ute to renormalization of the real part of the spectrum and
only the loop diagram Fig. 1(b) leads to magnon damping.
Renormalization of the real part of the spectrum was dis-
cussed in detail in our previous paper Ref. 13. It is demon-
strated there that renormalized spectrum has the form

DA?
6 = \/ €+ 2S—wok2 + A2 sin’ 6, (22)
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a) b)

O

FIG. 1. Diagrams for self-energy parts of the first order in
1/8.

S2w3
L T <\SDw,
D 0
A’ = ) 3 (23)
I S“wpT —
Zisna, 1T P
0

where Y=C/2~0.006 for simple cubic lattice and
Y=-3C/4 for face- and body-centered-cubic lattices. Notice
that we present in Eq. (22) only corrections which change
drastically the bare spectrum €, at 7<<T. The rest correc-
tions observed in Ref. 13 lead to only small renormalization
of constants D and w, in Eq. (3). In particular, the term in
Eq. (22) proportional to k> makes the spectrum linear at suf-
ficiently small k and sin 6,=0 whereas €, > k>. The last term
under the square root in Eq. (22) is the square of the gap
value. Observation of the gap induced by dipolar forces re-
solves problems of infrared singularities of longitudinal spin
susceptibility and corrections to the spin-wave stiffness in
3D FM.!3 Equation (22) can be simplified as follows in three
limiting cases which are considered below:

p
s
DI A2 <<
D
A S
——<k< 2 (24)
SD(UO D

€k = < k\’SD(.OO Sin Hk \J;

A
A sin Hk k< \/SD_(,[)’
0

\
where we assume in the second and the third lines that sin 6
is not too small: sin 0k>k\’D/Sw0< 1.

IV. MAGNON DAMPING

Imaginary part of the loop diagram shown in Fig. 1(b) can
be obtained quite straightforwardly as it was done, for in-
stance, in our previous paper' devoted to 2D FM with dipo-
lar interaction. Some details of these simple but tedious cal-
culations together with general expression for Im Q(w,k) in
the first order in 1/S can be found in Appendix. The value
Im Q(w,Kk) is an odd function of w and we calculate it for
w= € only. According to Eq. (18) the spin-wave damping I
at momentum k is given in the first order in 1/S by the
relation

r=— Im Q(w= ek,k)- (25)

ZEk
Strictly speaking, one has to put the bare spectrum €y, in Eq.
(25) instead of €, in the first order in 1/S. It is shown in
Appendix that Im Q(w=¢€y,k)=0 at sin 6,=0. But, as we
show below, the damping diverges as k—0 at T#0 and
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sin 6, # 0. This divergence signifies that the spectrum cannot
be found in conventional way as a series of integer powers of
1/S. Meantime one may try to find a solution of the equation
D(w,k)=0 self-consistently using general expressions for
self-energy parts obtained within the first few orders in 1/S.
It was the way in which the real part of the spectrum Eq. (22)
was obtained in Ref. 13. The only assumption we made there
is that Ty <€, at k>A/\SDw, (that is really the case as
results show presented below). Notice, lll particular, that the
spectrum Eq. (22) is on the order of VS at k=0, sin 6, #0
and T< VSDw,, while the bare spectrum is on the order of S'
and corrections to it of the first order in 1/S are on the order
of S°. Such dependence of the spectrum on fractional powers
of § is the result of the self-consistent procedure being used.

We obtain below Iy self-consistently using the expression
for self-energy parts in the first order in 1/S and assuming
that € is the renormalized spectrum given by Eq. (22). In
particular, the gap in the spectrum screens the divergence of
I'y, obtained in the first order of the conventional 1/S expan-
sion. The results presented below for k> \Swy/D are valid
for all ¢, whereas the damping was found at k<< VSwy/D
under assumption that sin 0k>k\D/ Swy<<1. The analysis
becomes more complicated at k<<vSw,/D in the narrow in-
terval of angles given by inequality sin 6 <k\VD/Swy<<1.
The damping is expected to be small at such 6, because
I'y=0 at sin =0 in the first order in 1/S, as it is noted
above. It is shown below that expressions for self-energy
parts of higher orders in 1/S involved in the self-consistent
calculations give negligibly small contribution to the result
by the parameter Sw,/D << 1. It is convenient to consider two
regimes, 7=0 and T> Sw,, in which only quantum and ther-
mal fluctuations determine the damping, respectively.

A.T=0

Decay processes [Eq. (1)] lead to magnon damping at
T=0 which has the form

1 Sw? Sw
¥ Dok(4 3 sin? G )sin® 6 k> 4/ DO

1 < 6]()3/2 .2 Swo
——wy| — | sin k< \—,
672\27 \D i D

Fk:

(26)

where ¢ is given by Eq. (22) and it is taken into account that
€. ~DKk? at k> \Sw,/D. It is seen from Egs. (24) and (26)
that I'y is much smaller than ¢, by the parameter
Swy/D<<1 and magnons are well-defined quasiparticles at
T=0. It is seen from Egs. (24) and (26) that the damping
decreases monotonically as & decreases in the interval
A/\SDw0<k<l and it is flat at k<A/\SDw0

B. T>Sw,

As we note above, the damping diverges at T#0 as
Fk_,OOCTw(S)/ 2/ €y, but one obtains a finite T as a result of
self-consistent calculation. We obtain assuming that 7> ¢,
after tedious calculations some detail of which are presented
in the Appendix
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1 TSw) Di*
———5 | (4=3sin* )In{ — | +
2w D% Sw,

16 cos® 6,
1 +|cos 6
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S(J)()) ) Swo
In| — O \/ <k<1
n( A :|Sln k D
A S(,UO
—<k< A\
\J’SD(,!)O D
A

Iy = 27
=1 ko (27)
— — (2 —sin” G)sin” 6y K<k<
1927 D ¢ VSDw,
1 T
2o —sm O k<IC,

\ 168&’277 D D

where K=max{A>?/(S?w} \D),A/\TD},

sin?(6— 6y)

2
f(ek):f do ,—H(sm O —
0

2 sin 6)
Vsin G — 2 sin 6

(28)

and H(x) is the Heaviside step function. As is seen from its
graphic shown in Fig. 2, values of the function f(6) lie
between 1.2 and 3.1. Both decay Eq. (1) and confluence Eq.
(5) processes contribute to the damping at k> \Swy/D
whereas confluence and decay processes dominate at
K<k<\Swy/D and k<<C, respectively.

It is seen from Egs. (23), (24), and (27) that the damping
rises as_Twj/ (D) upon the momentum decreasing up to
k~A/ \'SDwQ it decreases linearly as Dwok at
K <k<A/\NSDw, and it is flat at k<<XC. Thus there is a peak
in the damping at k~A/SDw,. We draw T schemati ically
in Fig. 3 using Eq. (27) in the particular case of 7> VSDw
when A is given by the second line in Eq. (23).

The ratio I'y/ ¢, follows qualitatively the behavior of I
and has a maximum at k~A/ \SDwO too. The peak height
can be_estimated from the third line in_Eq. (27) at
k~A/\SDw0 that gives Ty /g~T/\VSDw,<1 at
T<\SDw, and I'y/e~1 at T>\SDw,. The peak height
cannot be calculated analytically. We perform numerical in-
tegration to find I'y/ €, at k~A/\VSDw, in the particularly
interesting case of T>\SDw, which results are shown in

0 /4 /2 3n/4

FIG. 2. Function f(6) is shown that is given by Eq. (28).

Fig. 4 (see Appendix for detail). Asymptotics obtained from
Egs. (22) and (27) are also shown in Fig. 4 by dashed lines.
As the asymptotic for A/\SDw0<k< VSwy/D was found
with the “logarithmic” precision, we have introduced a factor
on the order of unity under the logarithm in order to improve
the quantitative agreement in the near vicinity of the peak
between results of the analytical consideration and numerical
integration. In particular, the factor introduced was equal to
1.03, 1.45, and 2.25 for ,=m/2, w/4, and /8, respectively.
It is seen from Fig. 4 that the peak becomes sharper and
higher upon decreasing of sin 6 and its position moves to
smaller momenta. Characteristics of the peak, its height and
position, as functions of 6 are presented in Fig. 5. It is seen
that the value of the peak height increases from 0.185 at
O=m/2 to0 0.296 at sin 6 <<1. The rapid decrease to zero at
sin G, <kVD/Swy<<1 discussed above is not shown in Fig.
5.

V. DISCUSSION

Classical-spin limit. It should be noted that anomalously
large damping obtained above can be seen both in quantum
and classical FMs because thermal fluctuations are respon-
sible for it. Really, we conclude from Egs. (22) and (27)

1—‘k
> o
Tay
Dk
A5/2 A A k
max = ——
S2ap~/D "TD Da,

FIG. 3. Sketch of the damping I'y at 7> \fm given by Eq.
(27). Thermal fluctuations are responsible for the peak at
k~A/\SDw,: damping at T=0 given by Eq. (26) rises monotoni-
cally as k increases.
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FIG. 4. (Color online) The ratio is shown of the magnon damp-
ing I'y and the real part of the spectrum ¢ at 7> \SDw, as a
function of reduced momentum K:k\e“’SDwO/ A in the vicinity of the
peak for three particular values of 6. Asymptotics at
k<A/\SDwy and k> A/\SDw, are shown by dashed lines which
are obtained from Egs. (24) and (27).

taking into account that T~ S2/ at large S that at fixed ratio
T/T one has €, I'y~S. Thus both I'y/ ¢, and the peak po-
sition are S independent. As it is explained in Refs. 15, 21,
and 22, the spectrum and corrections to it in the classical
limit can be obtained from expressions found above by mul-
tiplying them by § and taking the limit

S — oo,

h—0, Jwy—0 (29)
assuming that

hS=const, JS?=const, ,S”=const. (30)

Quantum corrections (i.e., T-independent ones) die out as a
result of this procedure.

Role of the long-range character of the dipolar forces. It
should be stressed that the long-range nature of dipolar
forces is the origin of such a large damping obtained. It can

0.28

0.26

i 0.24 -
Ek -

max

0.20

0.18

FIG. 5. (Color online) The peak height (I'y/ &) . and position
pmax= KmaxA/ VSDw, of the ratio I'y/ €, at T> VSDwy as functions

of 6.
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OO <> <>

FIG. 6. Some diagrams of higher order in 1/S.

easily be shown by restricting dipolar forces radius of action
to a few lattice spacings. Such a restriction leads to small
damping because the value of three-magnon vertex Eq. (11)
becomes on the order of wok? if k; 3~ k<1 rather than w.
It is well known that small short-range interactions of other
types lead to small damping as well.”?

Comparison with 2D FM with dipolar forces. Interest-
ingly, quantum and thermal fluctuations lead to smaller I'y
(compared to €) in lower dimension 2D FM on square lat-
tice with dipolar forces. It is demonstrated in Ref. 15 that
thermal fluctuations lead also to a peak in I'y/ € at small k in
2D FM which height, however, is on the order of T/T-<<1
for S~ 1 and reaches the value of 0.16 for > 1. The origin
of the greater role which plays fluctuations in higher dimen-
sion is that Qf(‘ﬁ * wpk in 2D FM whereas Q;’B *w, in 3D FM
that leads to larger three-particle vertex in 3D FM.

Higher order diagrams. The interesting property of the
results discussed here is that higher order diagrams, some of
which are presented in Fig. 6, being included in the self-
consistent calculations, give a negligibly small contribution
by the small parameter Sw,/D. The origin of this fact is that
singularities of higher order diagrams are screened by the
gap and all vertexes are small being by the order of magni-
tude not larger than w, when corresponding momenta are
much smaller than \Sw,/D.

Experimental verification. The main obstacle for experi-
mental observation of anomalous damping in FMs discussed
above is magnetocrystalline anisotropy which contribution to
the gap in the spectrum A, is much larger than A at T<<T in
the majority of materials. The isotropic gap A, in contrast to
anisotropic one of the dipolar origin A sin 6y, leads to expo-
nential decay of the damping

AZ
ATDK?

/

A
) at k< — (31)
NTD

Iy exp(—

screening the effect we discuss. However, there is a class of
insulating FM materials which magnetism is due to magnetic
ions in S state and which, as a consequence, have very small
magnetocrystalline anisotropy. The most suitable compounds
for corresponding experiments seem EuS (7-=16.6 K,
§=7/2, D=1.68 K, ;=058 K, and A,=~0.005 K)
(Ref. 24) and CdCr,Se, (Tc=130 K, §=3/2, D=39 K,
wy=~03 K, and A,~0.002 K).?* It should be noted that
because Sw,> D, asymptotics [Eqgs. (26) and (27)] for I'y, are
not valid for EuS. However, calculations of I, at
k~A/NSDwy and sin 6~ 1 showing the peak remain valid
for EuS. Particular estimations demonstrate that the maxi-
mum of the damping in EuS and CdCr,Se, at 6 =7/2 and
T=0.1T-—0.2T is at k=0.01 A~" and 0.002 A~', respec-
tively.
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VI. CONCLUSION

To conclude, we demonstrate by the example of 3D
Heisenberg FM with arbitrary small dipolar forces at
T <Tc that long-range interaction in a system can lead to a
very strong interaction between long-wavelength quasiparti-
cles and make them heavily damped. We show that magnons
are well-defined quasiparticles in 3D FM at 7=0 which
damping is given by Eq. (26). Thermal fluctuations give the
main contribution to the damping at 7> Sw, which is given
by Eq. (27) and which is also sketched in Fig. 3. There is a
peak in the damping at such 7 at k,,,~A/VSDw,. There is
also a peak at k~k,, in the ratio I'y/ ¢ which height be-
comes on the order of unity when 7> \SDw,. The ratio
I'y/ € is shown in Fig. 4 in the vicinity of the peak. The peak
height and position are plotted in Fig. 5. The maximum value
of I'y/ g approaches 0.3 at small sin 6. It should be noted
that only small fraction of magnons with €, <<T appears to be
overdamped. That is why one could expect small influence
from them on the system properties. However, the observed
suppression of long-wavelength magnons is remarkable be-
cause it contradicts expectation of the quasiparticle concept.

Because thermal fluctuations are responsible for the peaks
in 'y and T’y /¢, they can be seen both in quantum and
classical FMs. We demonstrate that it is the long-range na-
ture of dipolar forces that is responsible for the anomalously
large damping observed in 3D FM: magnons are well-
defined quasiparticles if one restricts dipolar forces radius of
action to a few lattice spacings. We make a counterintuitive
conclusion that dipolar forces lead to smaller magnon inter-

Swy 1
Qiwk) =- D227 3 3

4N w+wr)=w q+qr=k |:(i(‘)l)2 - 6%][(1(‘)2)2 - 6%]

—2sin 2t9k(Sa)0Dq% sin 26, sin® 6, sin(¢, — ¢,)sin( P, — Py) — (Dq%Dq% + w w,)sin 20, cos(P; — dy))

+(2DgIDg; sin® 26, + SwyDq’ sin? 6, sin*26, + (DgiDq5 — ww,)sin 26, sin 26, cos(¢; — ¢»))}

1

X {Sin22 Bk(B]B; + E1E2 + (,01(1)2::

2 3
S wosin2 o.T 2 E

T

w+wy=w q+qr=k [(iw1)2 - é][(in)z - 6%]
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action in lower dimension 2D FM discussed in our previous
paper,'® where the peak in the ratio I'y/ € is also observed
which height, however, is on the order of T/T-<<1 for
S~1 and it reaches 0.16 for $>1. We show that magneto-
crystalline anisotropy leading to isotopic contribution to the
gap A, screens the enhancement of the damping we discuss
because, in contrast to anisotropic gap A sin 6, of the dipolar
origin, it leads to exponential decay of the damping at small
k [see Eq. (31)]. Seemingly surprising fact that such a re-
markable anomaly of the damping was not obtained before
can be explained by small value of &, and by large value of
A, as compared to A in the majority of materials. We show
that this effect can be observed experimentally in materials
with small magnetocrystalline anisotropy the most suitable
of which seem EuS and CdCr,Se,.
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APPENDIX: DETAILS OF THE DAMPING CALCULATION

Taking into account that summation over small momenta
is essential in calculation of the damping at k<1 and
T<T, one has for the contribution to Q(iw,k) from the loop
diagram shown in Fig. 1(b)

(Ala)

(Alb)

(Alc)

X {DgDq5 sin® 26, + SwyDq’ sin® 6, sin*26, cos*(¢p,

— ¢w) + DqiDg5 sin 26, sin 26, sin(¢; — ¢y )sin(¢, — Py) — w @, sin 26, sin 26, cos(d; — Pi)cos(d, — By}

.(1)]

l
w+wr=w q+qr=k [(iwl)2 - E%][(iwz)z - E%]

X {Dg5 sin 26,(sin 26, + sin 26, cos(¢; — ¢»)}

(Ald)

(Ale)

+sin 26,,(Dq3 sin 26, cos(¢h, — ¢y) — Dgi sin 26, cos(d; — dy) — Swy sin 26, sin®6; cos(p, — dy)cos(pr — by))}

(A1)
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We obtain after summation over imaginary frequencies and
analytical continuation on w from an imaginary axis to the
real one

Im{ >,

1
[(iw) — &][(iw; - i)’ - 62]}

(1 + N+ Ny)sgn(w) || - € - &)

€16

2 (N -N)[dw—€ +6)-dw+e—-¢)],
€16

(A2a)

(i) (iw—iw))
Im{ T% [(Ge)? = ]l = i)’ - e%l}

T
= Z(l + N, +Ny)sgn(w)N|o| - €, - &)

+ jf(Nl CN)[Sw—€ +6) - Hw+e—e)l,

(A2b)

iw
Im{@l [Gien)? = &1 - i) - eé]}

au
= _6(1 +N+Ny) || - € - €)
2

~N)[dw-€+ &)+ dow+e-6)l

(A2c)

l(N
462 !

The first and the second terms in Eq. (A2) describe magnon
decay and confluence processes, respectively. It can be
straightforwardly shown using Egs. (Al) that Im Q(w,k)
=0 at sin 6,=0 if €, and ¢ are bare spectra given by Eq.

(3).

1. T=0

Only decay processes contribute to the damping at 7=0
because N;=N,=0 in Egs. (A2). The main contribution at
1>k>\Swy/D comes from terms (c) and (e) in Eq. (Al).
Summation over momentum ¢, ~k is essential in this case
that leads to the first line in Eq. (26).

The main contribution at k<\Sw,/D comes only from
term (d) in Eg. (Al). Summation over ¢,>k and
sin 6, <q,VD/(Swy) is essential that leads to the second line
in Eq. (26), where €, should be replaced by € in the first
order in 1/8S.

Although there is no problem with infrared singularities at
T=0, one has to go beyond the first order in 1/S to obtain
correct expressions for the damping. It is the consequence of
the fact that the bare spectrum is renormalized greatly by the
first 1/S corrections at small momenta. The easiest way to do
it in the present case is to find the damping self-consistently

PHYSICAL REVIEW B 82, 024432 (2010)

by using “dressed” Green’s functions in the loop diagram
and showing that higher order diagrams are negligible some
of which are shown in Fig. 6. Self-energy parts in numerators
of Green’s function Eq. (17) are negligible at k<1 and
T<Tc and one can use Eq. (A1) for the self-consistent cal-
culation assuming that €, , and € are renormalized spectra
given by Eq. (22). As a result one leads to Eq. (26) for the
damping.

2. T>Sw,

To simplify the consideration we assume that 7> ¢ that
allows to replace N, in Eq. (A2) by T/€, to obtain the
main contribution to the damping. Terms (c) and (e) in Eq.
(A1) play the main role at k> Sw,/D and one leads to the
first line in Eq. (27) after self-consistent calculations. Notice
that Im Q(w,k) has a logarithmic singularity in the first or-
der in 1/S [the factor In(Swy/A) diverges in Eq. (27) as
A — 0] that is screened by the gap in the self-consistent pro-
cedure.

The main contribution at k<<\Swy/D comes from term
(d) in Eq. (Al). It can be readily shown that the energy
conservation law of the confluence process Eq. (5) cannot be
fulfilled in the limit of small £ due to the gap in the spectrum.
It is easy to realize that the correspondmg contribution be-
comes exponentially small at k<<A/\ 'TD. In contrast, equal-
ity describing magnon decay Eq. (1) is fulfilled by momenta
which are nearly parallel to magnetization: g>k and sin 6
<q\’D/(Sw0) Confluence processes make the main contrl—
bution to 1mag1nary part of term (d) in Eq. (Al) at
A/ \SDw <k<\Swy/D. But their contribution decreases at
k< A/\SDwO as k decreases and it becomes of the same
order as that from the decay processes at k~IK
—maX{AS/z/(.SQw VD) A/\TD} Term (d) in Eq. (A1) can be
represented in the form at X <k<\Swy/D

4 A K -
szgzsinﬂkf dﬁf dq

sin?26[2¢* + A*(sin® 6 - 2q2)]

H(1-A%),
(24% + 1)(g* +sin 6)*%\1 -
(A3)
V1+ &2 \g*+sin® 6 24° cos 6
= 2 . + 2 . cot 0](,
k  (g°+1)sin & (2g°+ 1)sin 6
(A4)

where k=k\SDwy/A and H(x) is the Heaviside step func-
tion. Integrals in Eq. (A3) can be taken if k> A/\SDw, and
k<<A/VSDuwy that leads to the second and the third lines in
Eq. (27), respectively. The peak height which is located at
k~A/\SDw, cannot be calculated using Eq. (A3) analyti-
cally. Results of numerical integration at 7> VSDw, using
Eq. (A3) are shown in Fig. 4.

Decay processes come into play at k<K in term (d) of
Eq. (Al), where summation over ¢;>k and
sin 0, <q;\VD/(Swy) is essential. One leads to the last line in
Eq. (27) that is simply the last line in Eq. (26) multiplied by
4T/ .

024432-8



ANOMALOUSLY LARGE DAMPING OF LONG-WAVELENGTH...

*syromyat@thd.pnpi.spb.ru

TA. A. Abrikosov, L. P. Gor’kov, and L. E. Dzyaloshinskii, Quan-
tum Field Theoretical Methods in Statistical Physics (Dover,
New York, 1963).

2E. M. Lifshitz and L. P. Pitaevskii, Statistical Physics II (Perga-
mon, Oxford, 1980).

3B. 1. Halperin and P. C. Hohenberg, Phys. Rev. 188, 898 (1969).

4L. P. Pitaevskii, Sov. Phys. JETP 9, 830 (1959); A. J. Smith, R.
A. Cowley, A. D. B. Woods, W. G. Stirling, and P. Martel, J.
Phys. C 10, 543 (1977); B. Fék and J. Bossy, J. Low Temp.
Phys. 112, 1 (1998).

SM. B. Stone, L. A. Zaliznyak, T. Hong, C. L. Broholm, and D. H.
Reich, Nature (London) 440, 187 (2006).

9A. Kolezhuk and S. Sachdev, Phys. Rev. Lett. 96, 087203
(2006); M. E. Zhitomirsky, Phys. Rev. B 73, 100404 (2006).

7T. Masuda, A. Zheludev, H. Manaka, L.-P. Regnault, J.-H.
Chung, and Y. Qiu, Phys. Rev. Lett. 96, 047210 (2006).

8T. Masuda, S. Kitaoka, S. Takamizawa, N. Metoki, K. Kaneko,
K. C. Rule, K. Kiefer, H. Manaka, and H. Nojiri, Phys. Rev. B
81, 100402 (2010).

°T. Holstein and H. Primakoff, Phys. Rev. 58, 1098 (1940).

10A 1. Akhiezer, V. G. Bar’yakhtar, and S. V. Peletminskii, Spin
Waves (North-Holland, Amsterdam, 1968).

L. D. Landau and E. M. Lifshitz, Electrodynamics of Continous
Media (Pergamon, Oxford, 1984).

12V, N. Kashcheev and M. A. Krivoglaz, Sov. Phys. Solid State 3,

PHYSICAL REVIEW B 82, 024432 (2010)

1117 (1961); V. G. Vaks, A. I. Larkin, and S. A. Pikin, Sov.
Phys. JETP 26, 647 (1968); A. B. Harris, Phys. Rev. 175, 674
(1968).

3A. V. Syromyatnikov, Phys. Rev. B 74, 014435 (2006); 81,
139901(E) (2010).

I4E. Schlomann, Phys. Rev. 121, 1312 (1961); M. Sparks, R. Lou-
don, and C. Kittel, ibid. 122, 791 (1961).

I5A. V. Syromyatnikov, Phys. Rev. B 77, 144433 (2008).

I6M. H. Cohen and F. Keffer, Phys. Rev. 99, 1128 (1955).

17J. R. Tessman, Phys. Rev. 96, 1192 (1954).

I8F. Keffer and T. Oguchi, Phys. Rev. 117, 718 (1960).

19E. F. Shender, Sov. Phys. JETP 56, 178 (1982).

204, Carbognani, E. Rastelli, S. Regina, and A. Tassi, Phys. Rev. B
62, 1015 (2000).

2l A. B. Harris, D. Kumar, B. I. Halperin, and P. C. Hohenberg,
Phys. Rev. B 3, 961 (1971).

22P. D. Loly, Ann. Phys. (N.Y.) 56, 40 (1970).

M. 1. Kaganov and A. V. Chubukov, Sov. Phys. Usp. 30, 1015
(1987).

2H. G. Bohn, W. Zinn, B. Dorner, and A. Kollmar, Phys. Rev. B
22, 5447 (1980); G. E. Everett and R. A. Ketcham, J. Phys.
(Paris) 32, C1-545 (1971).

2P, K. Baltzer, P. J. Wojtowicz, M. Robbins, and E. Lopatin, Phys.
Rev. 151, 367 (1966); S. B. Berger and H. L. Pinch, J. Appl.
Phys. 38, 949 (1967).

024432-9


http://dx.doi.org/10.1103/PhysRev.188.898
http://dx.doi.org/10.1088/0022-3719/10/4/011
http://dx.doi.org/10.1088/0022-3719/10/4/011
http://dx.doi.org/10.1023/A:1022299227239
http://dx.doi.org/10.1023/A:1022299227239
http://dx.doi.org/10.1038/nature04593
http://dx.doi.org/10.1103/PhysRevLett.96.087203
http://dx.doi.org/10.1103/PhysRevLett.96.087203
http://dx.doi.org/10.1103/PhysRevB.73.100404
http://dx.doi.org/10.1103/PhysRevLett.96.047210
http://dx.doi.org/10.1103/PhysRevB.81.100402
http://dx.doi.org/10.1103/PhysRevB.81.100402
http://dx.doi.org/10.1103/PhysRev.58.1098
http://dx.doi.org/10.1103/PhysRev.175.674
http://dx.doi.org/10.1103/PhysRev.175.674
http://dx.doi.org/10.1103/PhysRevB.74.014435
http://dx.doi.org/10.1103/PhysRev.121.1312
http://dx.doi.org/10.1103/PhysRev.122.791
http://dx.doi.org/10.1103/PhysRevB.77.144433
http://dx.doi.org/10.1103/PhysRev.99.1128
http://dx.doi.org/10.1103/PhysRev.96.1192
http://dx.doi.org/10.1103/PhysRev.117.718
http://dx.doi.org/10.1103/PhysRevB.62.1015
http://dx.doi.org/10.1103/PhysRevB.62.1015
http://dx.doi.org/10.1103/PhysRevB.3.961
http://dx.doi.org/10.1016/0003-4916(70)90003-5
http://dx.doi.org/10.1070/PU1987v030n12ABEH003065
http://dx.doi.org/10.1070/PU1987v030n12ABEH003065
http://dx.doi.org/10.1103/PhysRevB.22.5447
http://dx.doi.org/10.1103/PhysRevB.22.5447
http://dx.doi.org/10.1051/jphyscol:19711184
http://dx.doi.org/10.1051/jphyscol:19711184
http://dx.doi.org/10.1103/PhysRev.151.367
http://dx.doi.org/10.1103/PhysRev.151.367
http://dx.doi.org/10.1063/1.1709697
http://dx.doi.org/10.1063/1.1709697

