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An analysis is made of the physical information which can be obtained from the scattering of polarized
neutrons in ferromagnets subjected to a magnetic field at temperatures above T.. It is shown that an

investigation of the polarization-dependent component of the scattering cross section makes it possible to: 1)
investigate triple dynamic spin correlations in the paramagnetic phase; 2) verify predictions of the Polyakov-
Kadanoff operator algebra and generalize it to the dynamic case; 3) select between two variants of the critical
dynamics in the dipole range of temperatures. Moreover, an analysis is made of the question of verifying by
nonpolarized neutron scattering the operator algebra predictions for quadruple correlations in the static case.

PACS numbers: 75.25. + z

1. INTRODUCTION

Okorokov etal.' investigated small-angle critical scat-
tering of polarized neutrons in iron subjected to a mag-
netic field at temperatures above the Curie point. They
found that the scattering cross section depends on the
orientation of the initial polarization P, relative to the
magnetic field H and, when the momentum of the inci-
dent neutrons is not perpendicular to the field, it also
depends on the sign of the projection of the transferred
momentum perpendicular to the incident beam.

Our main purpose is to identify the physical informa-
tion which can be obtained from experiments of this
type. First of all, we shall show that such experiments
can be used to study experimentally triple dynamic spin
correlations in the paramagnetic phase, discussed ear-
lier? and discovered by Okorokov ef al.® Next, we shall
demonstrate that by analysis of the angular and tempera-
ture dependences of the component of the cross section
proportional to P, we can both check the predictions of
the Polyakov principle of merging of correlations* (or,
in other words, of the Polyakov—Kadanoff operator alge-
bra®) generalized to triple dynamic vertices and select
between two variants of the critical dynamics in the di-
pole temperature range. Finally, we shall show how
scattering of neutrons in ferromagnetics subjected to a
magnetic field can provide information on the behavior
of quadruple vertices and check the validity of the cor-
relation merging principle for these vertices.

We shall consider the critical scattering in cubic Hei-
senberg ferromagnets allowing for the exchange dipole
interactions of atomic spins and we shall neglect com-
pletely the crystal anisotropy effects. The whole analy-
sis of the behavior of the critical fluctuations in a mag-
netic field will be based on the hypothesis of dynamic
similarity and will be of phenomenological nature.

In the second section we shall obtain general formulas
for the scattering of polarized neutrons in a magnetic
material subjected to a magnetic field and we shall con-
sider the structure of these formulas. In the third sec-
tion we shall analyze, in limiting cases, the investigated
quantities and compare the theory with experiment. In
the fourth (final) section we shall discuss the question
how nonpolarized neutrons canbe usedto verify the prin-
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ciple of merging of correlations for four quadruple ver-
tices in the static case.

2. MAGNETIC SCATTERING CROSS SECTION OF
POLARIZED NEUTRONS

We can easily show that this cross section, represent-
ing magnetic scattering (by an angle 6) of polarized neu-
trons in a magnetic material subjected to a magnetic
field, is related to the retarded spin Green function G
as follows:

T pde K
= (roy)* f Im {GaBL(qy o, H) (8aptieaprPor) }, (1 )
T o k

where w=E’~E is the transferred energy; q=k’-k is the
transferred momentum; E and k is the energy and mo-
mentum of the incident neutrons; E’and k' are the cor-
responding properties of the scattered neutrons; 7, is
the classical electron radius; 7 is the gyromagnetic ra-
tio of a neutron; Gt,a is the part of the retarded spin
Green function G5 perpendicular to the transferred
momentum q

Gas* (4, 0, H) =G,y (q, 0, H) (bau—eae,) (5p—epey), e=qq™'.  (2)

Equation (1) is derived bearing in mind that, as fre-
quently found in experimental situations, a typical en-
ergy transferred by scattering is low compared with
temperature; in a more general case the factor 7T/w
should be replaced with — N(— w), where N is the Planck
function.

We shall first consider the case of low fields such that
in the expansion G,g(H) in powers of H we need consider
only the linear approximation (the relevant criterion
will be given below). Moreover, we shall assume that
initially only the exchange interaction acts between
spins in the investigated material. It is well known
(see, for example, Ref. 6) that this exchange approxi-
mation can be used to describe critical fluctuations if
the magnetic susceptibility of the material is low, i.e.,
when 47x <1. Then, expanding G, (H) in powers of H,
we find that

Gas(q, 0, H)=Gay' (g, ©)+guH:Gas) (4, 0; 0, 0; —q, —0), 3
Gap' (g, ©)=Ga(q, ©, 0) =G (q, ©)8up, Gipr= —itarG, ®)

where G is the triple dynamic spin Green function
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which vanishes at w=0. Its properties are discussed in
detail in Refs. 2 and 8. Substituting this expansion in
Eq. (1) and using Eq. (2), we obtain

do

do K
=5 = (1m 6 (g,0) +eu (He)(eP) Im 67 (4, 0)). (4)

T
=2(roy)*—
n

As expected, if H=0, the scattering cross sectionis in-
dependent of P,. The term in Eq. (4) proportional to P,
can be described by an integral of the triple Green func-
tion with respect to w. Thus, selection in the scattering
cross section of a term linear in H and proportional to
P, makes it possible to investigate triple dynamic spin
correlations.

We described earlier? a method for investigating triple
correlations in zero field. The basis of the method is
asfollows. The contributionto the scattering cross sec-
tion calculated in the third order in respect of the mag-
netic interaction of a neutron with a medium is express-
ed in terms of an integral of a triple dynamic spin cor-
relation function. In general, the relative magnitude of
this contribution is governed by a small parameter ro/a
~107%, where a is of the order of the interatomic dis-
tance, and only near T there is an increase in this con-
tribution by approximately an order of magnitude. How-
ever, this part of the cross section includes components
proportional to k Xk’ P, sothat it canbe investigated in-
dependently. The results of relevant experiments® are
in qualitative agreement with the theoretical estimates,?
but these experiments are difficult to perform because
of the smallness of the effect.

On the other hand, the term in Eq. (3) proportional to
H and P, may represent a few percent of the isotropic
part of the cross section. Therefore, it is more realis-
tic to investigate triple correlations using magnetic
fields and modern apparatus. Nevertheless, we must
bear in mind that information on triple correlations
found by this method differs slightly from that obtained
from measurements of the scattering asymmetry in
zero field, because the two effects are expressed in
different ways in terms of G'®

We shall now analyze in greater detail the second term
in Eq. (4). As a rule, small-angle critical scattering of
neutrons is quasielastic and, therefore, the dependence
of k' and w is usually neglected. However, the formulas
for the expansion of G'® in terms of intermediate states
readily show that ImG®® is an even function of w, where-
as ReG'® is an odd function. Therefore, in this quasi-
elastic approximation the contribution to the cross sec-
tion proportional to P, vanishes. This contribution is
finite only if we continue expansion of %#'(w) right up to
terms of the order of w®. As a result, we find that the

FIG. 1.
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part of the cross section under investigation is (as
shown in the next section) extremely sensitive to the
spin dynamics of the scatterer. Obviously, the contri-
bution to the scattering proportional to P, can be sepa-
rated by reversing the direction of polarization. Let

us assume that P,, H, and q are in the same plane and
P, is directed parallel or antiparallel to H. Then, in
the coordinate system shown in Fig. 1 the angular factor
in the second term of Eq. (1) has the form:

(eh) (eP,) =e.2h.Pote.h.Potese, (hePor+h.Py), h=HH-'.  (5)

In this expression the signs of the last two terms are

reversed when 6 is replaced with — 6. Therefore, if

the angle between the magnetic field and the incident

neutron momentum k differs from the right angle (¢ #0),

the scattering cross section depends on the sign of 6; in

other words, in this case we have an asymmetry in the
scattering plane., Therefore, in analyzing the polariza-
tion experiments it is convenient to separate the parts
of the cross section which are symmetric and antisym-
metric with respect to 6 by introducing the quantities

P{p) and P,(6) both proportional to P,:

Pa(0) = 1(8, P,)—1(8, —P,)+I(—8, P,)—I(—8, —P,)

1(8, Po) +1(8, —Po)+1(—8, Py)+I(—6, —P,) '
1(0, Py)—1(8, —P,)—1(—0, P,)+1(—6, —Py)
1(8, Py)+I(8, —P,)+1(—0, Po)+I(—8, —P,)

2(rex)*TI(8, Po) =do (8, P,)/dQ.

P,(8)= ) 6)

The denominator in these expressions is independent of
P, and it is governed by the symmetric (with respect to
6) part of the cross section. Substituting in Eq. (6) the
expression (4) and separating in the integrand of Eq. (4)
the part even in respect of w when w<<E and <1, we

obtain
Ps (0, ) =Ps,(0) cos 29+Ps, (0) sin® @, P,(0, 9) =P, (6) sin 2g;

(0/E)*+26?

@ -

O'gul 1
Pe,(0) =Py —2" {_—
I,(8) =n [ (0/2E)*+6%])?
0= (0/2E)* | P .
-r-——————((‘)/211:)2_*_9z K _6q’}lm(’ (g, @),
guH 1
Py (6) =P, { +o*— B } ®
s52(6) 7,0 =) 3E 1+[0°—(0/2E)?)] Im G (g, ®),
gui 1 0
Pa(8)=P, 2t — _ImGY(q, @),
O =P 5= ZE weEe me (e
k,
zo(e)_—[z(e P)+I(-6, Po>1|,._o——j——1mct"(q. ®).

First of all, we note that the dependence of Pson the
angle ¢ allows us to separate experimentally Pg,(6) and
Ps2(6), which is necessary for the fullest analysis of the
experimental results. It follows from Eqs. (4)-(6) that
in the expression for P,, there is an odd factor e, *w/E,
in the integral, even in the main order, whereas in the
formulas for Ps,,, odd factors appear only after expan-
sion of the integrands in powers of w/E. 1t is thenfound
that the order of magnitude is given by P,,(6) ~ 6™*Pg,(6).
Therefore, with the exception of very small angles and
for almost all values of ¢, the symmetric contribution
to the cross section is small compared with the asym-
metric part.

When the approximation linear in H is inapplicable,
the tensor G, can be represented as follows:

Gap(g, 0, H) =G (q, 0, H) (8ap—hahs) +G® (g, @, H)hahy
—iBaptG®(q, 0, H), 8)
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where h=HH™!. In the above expression the first and
third terms describe fluctuations perpendicular to the
fields, whereas the second term describes fluctuations
parallel to the field.

We can show that the functions G*’ are independent of
the direction of H., Substituting the system (7) into Egs.
(2) and (1), we obtain

d Tdo k'
d—;.-z(m)wz(e, H, P)=(ra)*— —mﬂ—k {{1+(eh)*] Im G(g, o, H)

+[1—(eh)*]Im G (g, o, H) +2(eh) (eP,) Im & (g, o, H)}. (9)

If H is small, then G'¥=gpHG'®, and G'*) and G'? differ
from G'Y) by a quantity of the order of H?. The terms
proportional to (e*h)? give rise to an asymmetry with
respect to the angle of 6 also in the case of nonpolarized
neutrons. In low fields H this asymmetry is proportion-
al to H?, which allows us in principle to study four-spin
correlations. It is also clear that the expressions for
Ps in a strong field are obtained from the system (7) if
gLHG'® is replaced with G(®.

The formulas (4) and (9) are valid if only the anisotrop-
ic interaction is allowed for. However, in the direct
vicinity of T, the anisotropic and long-range dipole in-
teractions of atomic spins play an important role, Itis
well known (see, for example, Ref. 8) that when these
interactions are allowed for, G,z is given by the follow-
ing expression:

Giaveve G
1+ 0oeesGuy

Gas=Gas— 0 (1 0)
where w,=47(gu)?,™ is the characteristic energy of the
dipole interaction; v, is the volume of a unit cell; G, is
a function related to the inhomogeneous magnetic sus-
ceptibility of the material by

(J)aGmﬁ (tl. ‘9) =4"Xnﬁ (q, ‘l’) . (1 1 )

The function G, 45 has the same symmetry as the spin
Green function Gz in the absence of dipole forces, and
it can be described by the expansion given by Eq. (8).
Substituting this expansion into Eqs. (10) and (1), we
find that simple calculations yield

do _do,  dor do, T pdok” 2y grth)
B mtm . =(roy) - j ™ Im{(i+(eh) e
(eh)*(G" -G ") +(@\")* }

2 <:,—.
+(1—(eh)?) [Gg (01 1+(,,,[(1—(eh)')G‘,"+(eh)'G‘,”]

do T cdo ¥ (12)
I3 2 ol (3
r=20ra)* —[ 22 (e) (ePo)Im{G, [1

—®o

(1= (eh)") (6"—6.") 1}
1+o),[(1—(0'!)‘)0(1”""(0'!)’0(‘”] )

where do/dS is the differential scattering cross section
nonpolarized neutrons.

In weak fields we have G{*) - G\¥ «H?, and G{® < H,
i.e., in the formulas of the system (12) the terms pro-
portional to w, are small. Therefore, inclusion of the
dipole forces in the case of H results only in the re-
placement in Eq. (4) of the functions G'* and G'® with
G¥ and G{?, respectively. We can easily write down
also the expressions for Ps, , in this case. However,
we shall not need them later.
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3. ESTIMATES OF THE POLARIZATION EFFECTS
IN THE SCATTERING BY CRITICAL FLUCTUATIONS

We do not know the explicit form of the functions G
occurring in Egs. (4), (7), (9), and (12). However, we
know their structure which follows from the theory of
dynamic similarity, and also the explicit form (apart
from numerical coefficients) in limiti.g cases. This
makes it possible to obtain estimates for the q_a..tities
P 4, and to find their dependences on the parameters in
those cases when one can use asymptotic formulas for
the functions G.

We shall first consider the case of weak magnetic
fields. It is well known (see, for example, Ref. 5) that
in the static theory of similarity the criterion of low
fields is the condition®

guH<T (xa)™. (13)

Here, H is the internal field in the sample of » is the
reciprocal radius of critical fluctuations. We recall
that n=a"'7”, where 7=(T - T,)T,™, a is a distance of
the order of the interatomic spacing, and v=%. Clear-
ly, this criterion applies also in the dynamic theory.
The only exception is the hydrodynamic exchange re-
gion, which we shall consider later.

Obviously, the function G'® occurring in Egs. (4) and
(7) can be written in the form?

G (g, 0)=(G" (¢, ©))*G" (0, 0)Ts(g, ®), (14)

where T, is a three-spin vertex. In accordance with the
theory of similarity, the scaling size of I'; is governed
by the factor ¥ (see Refs. 2 and 8).

Polyakov* formulated the principle of merging of cor-
relations in the static similarity theory (this principle
is also known as the Polyakov—Kadanoff of operator alge-
bra), according to which if one of the momenta ¢ at any
vertex is large compared withthe others, the dependence
on this momentum can be separated in the form of a fac-
tor which has the scaling size ¢'/*"1¢'/2, If we assume that
this principle applies also in the dynamic case for I'; in
the critical region, where ¢>«, we have

Ii(g, ©)=T.(ga)" (xa)vs(0/Q(q)). 5)

Here, Q(q) is the characteristic energy of critical fluc-
tuations with the momentum ¢. In the static limit, we
have I';=0 and, therefore, 7;(0)=0. The static Green
function G(0, 0) is proportional to »~2, It therefore fol-
lows from Egs. (15), (14), and (7) that throughout the
critical range of angles 26>>n the temperature depen-
dences of the quantities Ps,, are governed by the factor
w1 7-25, This conclusion is based only on the princi-
ple of merging of correlations and it is valid both in the
exchange range of temperatures as well as in the dipole
range if the condition of low fields (13) is satisfied.

We shall now obtain more detailed estimates of the
quantities P, s in the critical region. We shall first
consider the exchange range of temperatures, where
4my <1, In this range the dipole forces are weak and,
as is well known (see, for example, Ref. 9), the energy
of critical fluctuations is ,(9) =T,(qa)*?. In estimating
Ps, , we have to know the asymptotic behavior of the
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functions G{*) and 7, at high and low values of w. In ac-
cordance with the theory of dynamic similarity, we
shall assume that if w<§,, we have

G (q,0)= 1+ig, (16)

Tc(zqav( sz,“()q>)‘ 7’(93@) "Q. ( )’

where 2>0, g,>0, and %, is a constant of the order of
unity. In the opposite limiting case of w>Q,(q), we find
that G and 7, are described by

G (g, 0)= (q;j’( ) [ +zgzgi)q) ], (17a)
w(a) = (o) [ (1)

where g,>0, g,, %, and ¥, are constants of the order of
unity. The first term in Eq. (17a) was obtained earlier
by one of the present authors!® and the first term in Eq.
(17b) is a consequence of the usual requirement that in
the main order when w>Q,(q) the value of I'; should be
independent of q. However it then follows fnom Eq.
(14) that G xw” 3 and, consequently, this quantity is
odd in respect of w and real. Therefore, in the brack-
ets in Eqs. (17a) and (1b) we should include also the
next higher corrections to G’ (w/R,) and ¥,(w/9,).

We shall now consider the kinematics of scattering.
If w<E, then

¢~k [0+ (0/2E)"],

i.e., ¢* consists of two terms: elastic and inelastic.
Then, the condition w ~Q,(q) may be satisfied only for
some values of 6. We shall first assume that £6=0.
Then the equality w=8,(q) applies both at w=0 and for
characteristic inelastic values of w; and g; given by

2E \ ¢ 1 9OE \ B
=T, <——) =T.(q.a)", .‘=—( ) .
@ T.ka @a)™ 0=\ 77

If k6#0 and q; <k, it then follows that for k6 < q; there
are two ranges of the values of w where w~%,(q9). In the
first range the scattering is quasielastic, i.e., w<<2E#6
and w ~2,(g). In the second range, the scattering is
strongly inelastic, i.e., ¢ ~kw/2E and the condition w
~Q,(q) can be written in the form w ~ w;=Q,(q).

(18)

In the other limiting case when 26>>q; the transferred
energy is always small compared with €,(¢), so that G
and I', are described by the formulas (16). Then, the
main contribution to the integrals (7) is clearly due to
the range w ~2E60<<Q,(q) and 1,(6) and Ps ,(6) are de-
scribed by

1 q‘ h
L) Tc(kae)Z(E) ’ 19
o __p &ul qi
Poi~Psy~0Pai~—Py 2 (w) ) (20)

We can see because of the strong inelasticity the scat-
teringintensityl,(6) decreases more rapidly on increase
in the angle than in the quasielastic approximation when
we have I,(6) > 67%; this result was first obtained by one
of the present authors.!' The negative sign in the ex-
pression for Ps , is a consequence of matching to the
hydrodynamic region, which we shall discuss below.

Next, if n <k6<gq;, the integrals with respect to w in
Eq. (7) split into three parts: 1) 0<w<®,(k6); 2) Q,(k06)
<w<w;; 3) w>w;. Then, in estimating first and third
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parts we have to use the formulas in Eq. (16), and in
estimating the second part we have to use the system
(17). 1t is thus found that the main contribution to the
investigated quantities is made by the quasielastic range
where w<<2E6. Therefore, the scattering intensity has
the usual quasielastic Ornstein-Zernike form and

H kO
Pm""Psz""epu"""PoiL—. (21)
E x

Comparing Egs. (20) and (21), we can see that the quan-
tities Py, , have an absolute maximum at 26~q;.

We shall now analyze the hydrodynamic range k0<<x.
For this angular range we have to allow for a new physi-
cal phenomenon, which is the homogeneous precession
of the magnetization. Therefore, even when the condi-
tion (13) is satisfied, the field is weak only if it is low
compared with the precession damping. If it is not low,
then the Green functions longitudinal and transverse to
the fieldare described by the following simple formulas;

—guH+il,

G,-(g,0,H)=G_,(g,0,—H)=GV"—-G=G _—
+- (g, 0, H) +(g, @ ) G o(%) o—guH+T,

(22)

T,
Gy(q, 0, H) =G (g, @, H) =Gy (%) ——
o+il’

Fy=Dg*+T., Go(x)=2/T.(xa)*

Here, G, is the static Green function, D~T, (xa)*2 is the
spin diffusion coefficient, and I'; is the homogeneous
damping which is of the form®!2

@o* .
Iy~ W ~Q. (%) (4mx) "’Qc(")( ),

where g,=a™ (wo/Tc)l/2 is a characteristic dipole momen-
tum (see below). If the condition (13) is satisfied, then
G,, %, D, and I'; are all independent of H.

@3)

Usmg Eq. (22), we can readily determine the functions
G% occurring in Eqgs. (8) and (9) and use them to calcu-
late both 7,(6) and Ps, 4:

E@ H)*? 2
1,(0, 9) =Gy (x) {1 - (guH)* cos 29 };
2E0+T, (2E0+T,)*+ (quH)?
Fs, a=Ps .1,7'G,, DPg,=—P.gull/2E,

Pommp, guH(zEe)z (2guH)*+3(2E0+T,)*+T\*— (2E0)*
[(2E6+To)*+ (gnH)*]*

guH-2E0
(2E0+T,)*+ (guH)* "

(24)

P.u:—Po

We can see that, firstly, the scattering intensity de-
pends—in spite of the condition 26 <% —on 6 andalso on
¢. Both I, and Ps 4, depend only on I'; and are indepen-
dent of D. This is due to the fact that in the case under
consideration only the poles w=iD(k6)? and w=+2E6 are
effective. We can also see that all Ps ,are negative. It
then follows from the matching conditions that these
quantities are negative also for other values of 6. Fig-
ure 2 shows schematically the dependence of | Ps, 4| on
ké.

In a strong field when the condition (13) is reversed,
all the formulas still apply if we replace » with »n,
=a™'(gunHT )%, naturally provided the condition %
< gq; is satisfied.

We have assumed so far that the condition » <g; is
obeyed. In the opposite limiting case of »>gq;, the in-

Lazuta et a/. 785



17 4 (k6))
~
] ‘\
[
[
[
I
| \
i \
] \
i \
i \
1 \
AN
| TTTTS
Lip,1 1850 \
1 11 L
Im 0 % 9; ko

FIG. 2. Schematic representation of the dependences of the
asymmetry effects on k6 in the exchange temperature range
N> Qyy Gy~ Bingy) /%, a;= a~'@QE/T ka)* /3.

elastic part of the expression for Dg? becomes domin-
ant, and quantities I, and Ps , are large only well inside
the hydrodynamic range 26 <<% and they depend strongly
onD, T, 6, and guH. The condition »>g; is general-
ly difficult to attain experimentally. However, the rele-
vant experiments would be very interesting because they
would permit us not only to determine D and T',, but al-
so to verify the hydrodynamic formulas (22). The ex-
pressions for I, and Ps 4 can be derived directly from
Eqgs. (22) and (9), but they are cumbersome and are
therefore given in the Appendix. Here, we shall simply
mention that an interesting feature of the behavior of

Ps, ,(6, H) in the range T'y<guH < T (#a)*'? is the fact
that it is governed entirely by the spin diffusion coeffi-
cient and by the magnetic field. Therefore, an experi-
mental investigation of Ps, 4(6, H) under these conditions
allows us to check directly the existence of a diffusion
mode in a weak field. One should point out that the in-
equality ¢; > » can be rewritten in the form of the con-
dition of smallness of the characteristic fluctuation life-
time ©,7(») introduced in Ref. 11, compared with the
time taken by a neutron to travel a distance »~!. There-
fore, the smallness of the scattering cross section in
the 26<<n case is then a consequence of the fact that
during the time taken by a neutron to travel a distance
of the order of »™ the action of the fluctuating field is
strongly averaged out.

We shall now discuss the dipole temperature range
where 47y >>1, In this range the dipole momentum ¢,
introduced in Ref, 6 plays the dominant part and this
momentum is defined by w,G,(q,)=47x(q,)=1. Its order
of magnitude is ¢, ~a“(wo/T,_.)‘”; clearly, in the dipole
range we have n <¢,. We shall consider the most in-
teresting, from the practical point of view, case when
d,<<q;; then, if k6>q,, the formulas obtained above for
the exchange temperature range are still valid.

The main difference between the dipole and the ex-
change ranges is the change in the nature of the charac-
teristic energy of critical fluctuations if 4<¢,. A meth-
od developed in Ref. 6 gives the following expression for
this energy:

Qu(#) =":Gor™* (%) {2 (goa) "+ [0* (qua) *+4BT Gos (%) (g0)°]"},  (25)

where @ and B are numbers of the order of unity, and
» should be replaced with ¢ if ¢>«. In the limit T~ T,,
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we have

Qu(x) ~T$"(qua) "a. (26)

This form of €,(») is obtained in Ref. 6 including dia-
grams “with rescattering.” As pointed out in Ref. 6,
these diagrams may be numerically small which means
that < o?. Then, in a wide range of temperatures
where 47y >>1, we can ignore the term 8 in Eq. 25 and
Q,(n) has its “usual” form, i.e., its temperature depen-
dence is governed by the factor x~'. We cannot exclude
the possibility that the onset of transition from conven-
tional to the hard dynamic range described by Eq. (26)
was observed in Ref, 13 in an investigation of the criti-
cal dynamics in EuS. One should mention that in the
case of ferromagnets with a large atomic spin S the val-
ue of B should be considerably less than for S=3 or 1,
because an increase in S suppresses strongly the pro-
cesses of “rescattering” associated with odd vertices.

We will consider weak fields once again. In the criti-
cal dipole region we can easily demonstrate that for
both variants of the dynamics the inelastic part of g% is
small. Then, using Eqgs. (14) and (15) and the dynamic
similarity for G{*(q, w) and T,(q, w), we obtain

ps,,z~ePA.~—Po§'”—H 9. (k0) k_e,
E Q.(k9) x

Here and later we shall retain the negative sign in the
expressions for Ps 4, because it corresponds to the sign
obtained for these quantities in the exchange hydrodynam-
ic range. The denominator of Eq. (27) contains a factor
Q,(k6)=T (ka6)”2. [In the hydrodynamic range k<< if
the inelasticity is weak, i.e., if 2E 6> Q,;(x), it is nec-
essary to modify Eq. (27) by replacing k6 with ».] Fin-
ally, it should be noted that Eq. (21) is obtained from
Eq. (27) by the replacement of £,(k6) with ,(k6). Thus,
in a very wide range of values of parameters the quan-
tities Ps 4, are proportional to the ratio of the charac-
teristic dynamic similarity energy to the exchange en-
ergy of critical fluctuations. Therefore, an investiga-
tion of the angular and temperature dependences of Ps 4
will make it possible to study the whole range of transi-
tion from the exchange to the dipole dynamics. We do
not know even one experimental method which canachieve
this.

*<Lk0<q,. (27)

In the hydrodynamic range the inelastic part of g is
large if 2E0<<Q4(»). Consequently, in the case of hard

1P (k8))
M
[Pz
1A
c
M) B e
/
/
il l Il | |
c n
Im 9m * 7, q, k6

FIG. 3. Schematic representation of the dependences of the
asymmetry effects on k6 for the hard 1P’;| and conventional
1P¢ | variants of the dipole dynamics ¢$ ~»’q}/%q7%/?, 4%
~nq3/%q/%. The values of ¢#'C=k9#:C correspond to the max-

ima of the functions |PfC(s) I~071 | PH:C(9)]1.
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dynamics we have

guH  (EB)*
Poy~0Pa~—Py o ——
A TE Qu(x)Q.(x)

H [ qi\ " [k0)\* 0\ %
~P I (ge) () () 250

H £
P",-.._Png_u_(&) , ke<x‘
E %

whereas in the conventional case, we obtain

H E0)* z
Ps.~9P,u~—Pa§L#—~— oguH (_‘Z‘_) ﬂr,
E Qu(%)Qe(x) E \%/ (gx)"
o\ %2 (28b)
k6 < (—) -—_
qs qs
H "
Peo~—P, 52 (ﬂ) . kB<x.
E 3

Figure 1 shows qualitatively the angular dependences
of the quantities | Py, ,| for both cases. The right-hand
maximum at 26~g; lies in the exchange range, and its
temperature dependence 773 g governed by the princi-
ple of merging of correlations. The minimum at k6~q,
and the left-hand maximum at 26=n occur only in the
hard dynamics case. The amplitude of this maximum
depends on temperature® as 7!, We have not included
a graphical illustration of the behavior of P,, because
this behavior differs little in the two cases under dis-
cussion. However, the maximum of | P,,| lies in the hy-
drodynamic range k6<<n and the magnitude of the effect
of the maximum is of the order of guH/Q (%) inboth cases.
On the other hand, the dependences of the angles 6,(7)
at which | P,(6) reaches its maximum differ greatly in
the hard variant 6,”(r)< 7% and in the conventional case
0,°(T) 743, The dependences P,,(7) is the hydrodynam-
ic range are also different for these variants. For ex-
ample, to the right of the maximum we have P, < 77! in
the hard dynamics case and P4, = 7%/% in the convention-
al case.

We shall not estimate Ps 4 in strong fields because in
this case, inaddition to the replacement of » with »y,
we have to allow for the second term in brackets in Eq.
(12) in the expression for do,/d2, which is difficult to
do. We shall simply note that if » <n,, all the quan-
tities should be independent of 7.

We shall conclude this section by considering briefly
the experimental situation. Okorokov ef al.! observed
the asymmetry effects discussed above. Their depen-
dences on temperature, scattering angle, and field are
in qualitative agreement with the conclusions reached
by us above. It is worth noting a tendency for a mini-
mum to appear on the Ps(6) curve at 26~¢, in the dipole
temperature range, although because of the small num-
ber of results and the small difference between g, and ¢;,
a definite conclusion is difficult to draw. Moreover, the
fairly poor angular resolution in the experiments of Oko-
rokov etal.! prevented the authors from attaining the re-
gion 6~ 6,,(7) and the observed position of the maximum
of the effect P,(6) was clearly associated with the in-
strumental angular width. For this reason there is in-
sufficient justification for a comparison of the experi-
mental data with the theoretical predictions for the hy-
drodynamic range. In particular, in spite of the fact
that near an experimental maximum the value of P,(T)
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is proportional to 77!, it is not yet possible to draw a
final conclusion from this observation in favor of the
hard dipole dynamics.

We can thus regard the experiments of Okorokov et al.!
as preliminary and demonstrating the basic potentiali-
ties of a new experimental method for investigating criti-
cal dynamics, triple dynamic correlations, and critical
phenomena in a magnetic field.

4. POSSIBILITY OF VERIFICATION OF THE
PRINCIPLE OF MERGING OF CORRELATIONS
BY APPLYING A STATISTICAL THEORY

We shall consider the exchange range of temperatures
and assume that 26<<g,. It then follows from the above
discussion that the scattering is quasielastic and the
cross section can be expressed in terms of the static
Green functions. Applying Eq. (9) to nonpolarized neu-
trons, we find that

(29)

where G and G‘? are static Green functions perpendi-
cular and parallel to the field, and the angle ¢ is defin-
ed in Fig. 1. In weak fields [Eq. (13)], the functions
G'"? can be expanded as series in terms of H?, and in
the lowest order we have

G 2 (k6, H) =Go(k0) +Go* (kB) Go* (0) (guH) T, . (8, 0),

do/dQ=(ry)*T { (1+cos* ) G (k®, H)+sin? 4G (k8, H)},

(30)

where I', is the vertex part with pairwise coincident ten-
sor components (T';=T'g,¢; the p axis is along the field),
whereas in the case of T, the tensor components are
identical (T,=T'ppp ).

Thus, an investigation of the dependence of the cross
section on the angle ¢ in a weak field can be used to in-
vestigate the tensor structure of the static vertex I'.
Next, if 26> n, it follows from the principle of merg-
ing that I" is described by

Ty, ,=T.(kad)" (xa)"A,, 2, (31)

where A, , are constants of the order of unity. Using
the formulas (16) and (22) for the functions G,, we can
represent the expression for the cross section in the
form

3—;=(r01)’{200(k9)+ ( ) [Au(t+eos' ) +Assin' o]}

kZe ) (fo+)’
(32)

We can thus see that investigations of the temperature
and angular dependences of the field correction to the
cross section makes it possible to verify experimentally
the principle of merging in the static case. In strong
fields, we have to replace % in Eq. (32) with ng. Then,
the second term is of the order of (»,/k6)*?; clearly,
this dependence is correct B6>n.

We shall conclude by thanking A. I. Okorokov, A. G.
Gukasov, V. V. Runov, and V. E. Mikhailov for many
interesting discussions and an opportunity to see the
results of their experiments well before publication.
Moreover, we are grateful to E. M. Pavlenko for the
great help in the preparation of the manuscript.
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APPENDIX

We shall give the expressions for I,(6, ¢) and Py, (6) in
the » > ¢; case for the hydrodynamic temperature range
k6<n assuming that the field is weak so that guH
< Q). The formulas for Py, are very cumbersome
and the values of these quantities are small; for these
reasons we shall not give the formulas. Using Eq. (22),
we find from Eqgs. (8), (9), and (24) that

- 1 _ 0(0)+®(-8)
Pai=—Poguil 2Ee{(zzze+r.,)2+(g;ur1)z 25 (2(AotA)) ™ } ' a.1)
A=[A2+(guH)?1", A=E*/Dk*+D(k0)*+T,, (A.2)
0(0)= 2%(A+A,) " +D"kO+ED-"k- (A.3)

A+ (D*k8+ED~"k~*) [2"(A+A,) "+D"*k0+ED-"k"']

The first term in Eq. (A.1) is governed by the poles
w=+2E 0 and it is identical with Eq. (24) for P,,. The
second term is due to inelastic poles of the Green func-
tions G, _ and G_.. In the range of very small angles
we have P,, © 6. However, if 6> 2E/Dk? and 2E0 is
greater than '), guH, and E?/Dk?, we find that

p P, gpH (2E )’
“"79 D(k8)* \ Dk

In the case when gi.H is large, we have
E \%  E \*
ra==p (7)) (2w) -
Under the same conditions, I,(6, ¢) is described by
@@+a))" 1 A+A)" 1y
A (? A TAS ) oo q’]
(guH)*
[ (2EB+T,)*+ (guH)*1[2E0+T,]

E
I,(8, ‘P)=TGnm[

—EB cos 2¢ {

1
— 55 1P (H,0)=F 0,0)~F (H,~8) +F (0,~0)] } (A.4)

Avt/,(2(A+A,)) " (D*kO+ED"k"*)
A+ (D"k®+ED-"k~*) [ (2(A+A,)) "+D"k0+ED-"k~]"
(A.5)
In the range % >>gq; (and k9<<n) it is quite difficult to
carry out experiments because the scattering cross sec-

F(H,0)=
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tion is fairly small. However, the asymmetry can then
reach a few tenths of percent and it should be possible
to measure it easily.

DHere and later we shall always assume that the Fisher ex-
ponent n vanishes.

DIf allowance is made for the dipole forces. Eq. (14) is valid
also for the function G2’ which occurs in Eqgs. (4) and (7),
provided we replace 6™ in this formula with G(ln.

3)If we introduce a critical index of the dynamic similarity
using the formula €, (%)~ T,»*q;’/*>~# and consider it as a
free parameter, we can show that the minimum of the func-
tion |Pg;| occurs only if z< 3/2.
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