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A study is made of amorphous magnets having a strong random anisotropy. On the
assumption of a long-range interaction it is shown that the correlations in such a system at
high temperatures are ferromagnetic in nature, and the maximum correlation length is large
compared to the range of the interaction. The phase transition to the disordered phase turns
out to be equivalent to the phase transition in an Ising spin glass. The ordinary and nonlinear
susceptibilities are calculated for different temperature regions above the transition point.

1. INTRODUCTION

Concentrated amorphous magnetic alloys based on rare
earth metals are disordered systems for which a configura-
tional disorder substantially alters the form of the magnetic
state. In some cases this is due to an exchange interaction
which can be of either sign, as in classical spin glasses. In
another class of systems, which we shall consider here, the
exchange interaction is ferromagnetic in nature and the con-
figurational disorder enters through the creation of a single-
ion anisotropy with randomly directed axes. The simplest
Hamiltonian for such a system is that proposed by Harris,
Plischke, and Zuckermann':

H= —%;J(rij)sisj—D‘Z, (sfg‘)=—h‘2 S. (L1)

Here S; is the Heisenberg spin at site i, J; >0 are the ex-
change integrals, &, is a random unit vector (director) indi-
cating the direction of the anisotropy (of magnitude D) at
site i, and h = gu 5 77 is the reduced magnetic field.

As we know,” the ferromagnetic state of such a system is
disrupted (for 2 = 0) evenif D € J. In this case a frozen state
should arise®~ at low temperatures, with a spin correlation
length L~ (J/D)*> and a magnetic susceptibility
¥~ (J/D)*. Experiments®’ on the system Dy,Gd, _,Ni,
for which D varies with x, have confirmed these predictions.
The critical behavior of such a system [for the case of planar
(XY) spins] was investigated theoretically in Ref. 4, and it
was predicted that the susceptibility should have a peak at
T=T..

A number of experiments have not been done on the
amorphous systems DyNi (Refs. 6 and 7), DyCu (Refs. 8
and 9), TbCoGa (Ref. 10), and DyFeB (Ref. 11), which are
characterized by a large value of the random anisotropy:
D= J (or even D> J). It has been shown®®!! that in this
case the susceptibility increases on decreasing temperature
in the paramagnetic phase and then goes to saturation at
T~T.. At low temperatures the magnetic structure has an
appreciable short-range order, with a correlation length
L~15A (Ref. 9), substantially larger than the average dis-
tance between spins. Measurements of the behavior of the
magnetic moment in an external field as a function of tem-
perature”'® have revealed the existence of a characteristic
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line on the 4, T plane beyond which the irreversible magnetic
response typical of spin glasses appears. The T(4) curves
obtained in Refs. 7 and 10 are very similar to the de Al-
meida-Thouless (AT) line 7(0) — T(h) = const & 2’3 pre-
dicted'? for an Ising spin glass.

Amorphous magnets with D> J thus combine proper-
ties of the Heisenberg ferromagnet and Ising spin glass. In
this paper we show that this behavior can be explained with
the aid of the Hamiltonian (1) for D> J if one assumes a
rather slowly decaying exchange interaction J(7). Assuming
that the interaction range » ' is much larger than the dis-
tance a between neighboring spins, we show that the suscep-
tibility grows appreciably in the paramagnetic region,

X(Te)~ (na)~*x(2T.),

and that the maximum spin correlation length is substantial-
ly larger than the range of the interaction: L ~»~"'(ax) ~>.
We then find the slow variables which describe the thermo-
dynamics of the system near the phase transition (for this we
must use the 1/ expansion, where N is the number of spin
components). It turns out that the effective Hamiltonian for
these variables is the same as for an Ising spin glass with a
long-range interaction.'> We thereby explain the oberva-
tion’ of the AT line noted above and predict the asymptotic
form of the static and dynamic anomalies at 77— T .

We note that the idea that Ising spin glasses and mag-
nets with random anisotropy belong to the same universality
class (in the sense of phase transition theory) has also been
stated previously: in Ref. 14, on the basis of a 6-¢ expansion
for the case of weak anisotropy, and in Ref. 15, on the basis of
a numerical simulation of a two-dimensional system (where
a phase transition was seen at 7= 0). In the present paper
this statement is first proved directly for a three-dimensional
system with strong anisotropy.

2. FERROMAGNETIC CORRELATION REGION

Under the condition D>J it can be assumed that each
spin is directed along its own easy axis: S; = o0;,, where o;
= + 1. Therefore, we obtain from (1.1) the Hamiltonian
for the Ising variables o; in the form

H,=— % Zj J(ri;) §:800,—h ngﬂ.—. (2.1)
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The random vectors §, are assumed uncorrelated:

@=1/36a366 2.2)

(the superior bar denotes a configurational average). The
interaction range » ~ ' is defined through the relation
1
®EP=— jrzl(r) d'r, Jo=j J(r)d'r. 2.3)
67,

In what follows we set J, = 1 and assume that cx 3> 1 (cis
the volume density of spins). As usual in problems with
long-range interactions, it is convenient to change from the
discrete variables o; to a continuous field S(r) [S(r;) is the
molecular field acting at site 7]:

7= Yo (- 7)

(o)
= J‘DS(r) Zexp{—-——fj S() (J7Y) .S drdr

{0}

+ TLZ‘ [h+S(r;) ]%iﬁf}

= _YDS(r)exp {% Sdﬂr(sz +% (VS)’)

~Zln ch——iz—,g,-(S(r,-) +h) } (2.4)

In deriving the last relation in (2.4) we have used (2.3) and
neglected the higher derivatives of the field S(r), as we may
do for cx 3> 1. We expand the argument of the exponential
function in (2.4) in a power series in S up to the S*term (we
assume an N-component spin and & = 0):
ﬂﬂ——jdz { S“+——(VS)2+— 26(1‘

—r)8Ee ] SuSe o () (88} (29)
Here 7 = 1 — ¢/NT, and the expression multiplying S,,.S; in
the third term averages to zero. For T'=c¢/N (7 =0) the
average value of the coefficient of S* vanishes. We shall
study the system in the vicinity of the presumed phase transi-
tion, |7| € 1. Here we will be interested in the large-scale
fluctuations of the field S(r), and we can therefore neglect
the fluctuations of the coefficient of S*in (2.5) and treat the
coefficient of S, S as a Gaussian random field ¥4 (7). Then
the Hamiltonian becomes

HlS] jda{ Si (vs.y

G IACTACEE SCy ByeX)

whereg = N /c¢(N + 2) and we have made the change of no-
tation S— T''/2S. The correlator of the field ¥,z (r) is

Vs (r) Vi (r') = '%‘ 8 (r—r") (8asbyst0urBpst8usBer) - (2.7)
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The “bare” correlator, corresponding to (2.6), of the
field S, (r) has the usual form for an isotropic ferromagnet.
In the Fourier representation we have

Ga.ll (28)

() _
¢Sa(p)Ss(—P)>=GCep ()= TR

There are two kinds of corrections to (2.8): from the interac-
tion term and the random potential. We can easily satisfy
ourselves that these corrections are of the same order of mag-
nitude and are small if

v>1,= (%%/c)?(N/4n)? (N—1)*/ (N+2)2. (2.9)

In the actual situation for amorphous magnets we have
N=23 and ¢=~0.5a7% (a is the characteristic distance
between atoms in the alloy), so that 7. =~ (xa)®/25; the re-
gion of isotropic ferromagnetic correlations exists for
x~'2a. We note that 7, ~10~2 at an interaction range of
only »~! = 1.5a. In the region 7> 7, the correlation length
r. and susceptibility y are given by

=x~tth, g~ (T (2.10)

We show below that these quantities do not grow for 7S 7,
so that the maximum value of the correlation length is

L=r¢ max®5%~ ! (na) —*>%~% (2.11)

We shall show that an external magnetic field # will
alter the pure Lorentzian shape of the correlator (2.8). We
addto (2.6) aterm — AS,(r) and write the field S, (r) in the
form S, (r) =ms,, +3S,(r), where (S,(r))=0. For
727, thethird termin (2.6) can be treated as a small pertur-
bation, so that m is given by the usual equation

tm+gm®=h. (2.12)

Assuming § (r) to be small, we obtain from (2.6)

1§ e[ L (rom) st amsut J5.5

+ L (Vsa>2+va,sus,+zvmmsa}. (2.13)
2%

The last term in (2.13) means thal a random external field
has arisen, acting on the variables S,. As we know, this will
give rise to a squared Lorentzian term in the correlator:

<85 (p)Ss(—P)>=GL(P) (8as—01a01s) TGy () b1ab1s,

1 gm?
G = 2.14
+(p) TP /nt (ttpi/w?)t ] ( )
1 4 gm?
G = — (2.15)
1 (P) T +p /% + 3 (g tp/x®)?’

where

T =ttgm?, Tt,=t+3gm.

The additional terms are not small in strong fields
which satisfy AR h (T) = (7°/g)"/%. Expressions (2.14)
and (2.15) for the total correlators determine the form of the
structure factors for scattering; the irreducible correlators
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FIG. 1.

which determine the values of the differential susceptibilities
are given by the first terms in (2.14) and (2.15). We note
that the squared Lorentzian term is observed more easily in
G,(p),since T, =~7,/3 in the high-field region.

From a theoretical standpoint it is interesting to consid-
er condition (2.9) at large N and »~'. We see tht 7, €1 for
N<«Z, where Z =4mcx—3/3 is the effective number of
neighbors. In the opposite limit N> Z there is no ferromag-
netic correlation region, and our model is completely equiv-
alent to an Ising spin glass.

Indeed, if we consider the high-temperature expansion
for the initial Hamiltonian (2.1), taking into account only
those diagrams in which every bond J =J(r;)§,&; appears
twice (as for spin glasses; see Fig. 1a), we get a singularity of
the high-temperature series at 7' ~J,(Z /N)'/2. Now let us
estimate the contribution of diagrams for which there are
correlations between different .7,.j (Fig. 1b). The contribu-
tion of each triangle goes as ~7 ~ J,,J,ka, ~J3T3N~2
and the number of such triangles as Z 2, so that their total
contribution goes as ~ (Jo/T)*(Z /N)2~(Z /N)"/? and is
small for Z € N. Analogously, the contribution from any m-
gons is of order (Z /N) ™ ~ 272 & 1. Thus the leading contri-
bution to the high-temperature series is from the same dia-
grams as for the Ising spin glass. We note that the decrease of
the correlation length with increasing N has been detected
previously'’ in a numerical simulation of a two-dimensional
system.

3. SLOW VARIABLES IN THE CRITICAL REGION

1. In the last section we showed that appreciable correc-
tions to the behavior of an isotropic ferromagnet should arise
for 757, ~(xa)®/25. The problem of summing the dia-
grams in this region is equivalent to the problem considered
in Ref. 16 for a model with a weak random anisotropy. In
Ref. 16 it was shown (by means of a 4-¢ expansion) that the
renormalization group equations have no fixed points corre-
sponding to a phase transition to a ferromagnetic phase.
Here we consider the region 7S 7, in a three-dimensional
system with the aid of a 1/N expansion and show that the
critical behavior of the system for N> 1 is the same as in an
Ising spin glass with a long-range interaction.'® Here the role
of the individual spins in the spin glass is played by ferro-
magnetically correlated regions having a dimension of the
order of L =r_,,, [see (2.11)]. We shall start from the
Hamiltonian (2.6) but with the constant g and the coeffi-
cient in correlator (2.7) redefined in such a way as to have a
well-defined limit for N— oo

Vas (r) Vio (r') =aN-'6 (r—r") (8as0rotOa1Ops+8asbs1)
g=B/N, a=9/20c~1, B=9/5c~4

These are the usual dependences on N chosen in the study of
the spherical model with a weak random anisotropy,'” where

(3.1
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T, is assumed independent of N, whereas for the initial Ham-
iltonian (2.1) [and, accordingly, for (2.6) ] we would have
T, ~N . The numerical coefficients in (3.1) are chosen so
that (3.1) goesoverto (2.7) for N = 3. For N = « the prob-
lem can be solved exactly'’; the phase transition is due to a
macroscopic occupation of the mode W% (r) corresponding
to the maximum eigenvalue of the operator M,,
= (V¥/%*)8,5 — V,5(r). Before constructing the 1/N
expansmn with the eigenfunctions W2 (r) of the operator

M, (Maﬂ \I/B = E; ¥1); as the basis, let us first examine the
properties of these functions.

For N = « all the eigenfunctions W2 (r) are deloca-
lized, and the density of states p (E) has a precise edge E,,
near which p(E) ~ (E, — E)'/? (Ref. 17). For finite N the
edge of the spectrum is smeared, and localized states appear.
This effect is conveniently studied by the technique that was
used in Ref. 13 to analyze the spectrum of the matrix J; fora
long-range interaction. In this technique the average
Green'’s function

Rs(')———f dr’ 2 W) W (r+r)

3.2
E—E,+id (3-2)

is written in the form of a functional integral

Ry (r)=1lim | DQuy(r) [ (E+i6)8ap — ;‘V—z Sast Qs ] i
m—>0
1
ol o Lsve
exp j r 4aSpr

1 V?
+ > Spln [ ( -7 +E+i6) 6¢,+Q.,g] ]} .

(3.3)
Here (and below) lengths are measured in units of @, and
Q.5 (r) is an r-dependent tensor in replica space, with the
number of replica indices m assumed equal to zero in the
final calculations. Evaluating (3.3) by the method of steep-
est descent for N> 1, we obtain the density of (delocalized)
states p (E) in the form

3

p(E)=—n"Im Ry (0) = — (E,~E)",
JU

E,=—o*%x*/(8n)*.
(3.4)
Estimating the fluctuations of Q4 (r) near the saddle point,

we find (in analogy with Ref. 13) that formula (3.4) is valid
for

1 %®

T 3:3)

3 2
—e=E,—E>¢g,= (7 o )

In the region £ > ¢, the states are localized, their density be-
ing determined by nontrivial saddle points in the integral
(3.3). In analogy with Ref. 13 we find

p(e)~exp [—A4 (efes)™], A~1. (3.6)
The localization length of these states is
l(e)=Axn*(e/x*)"=L(e/x*)~", A~1. (3.7

In the energy region € ~ £, there is a localization threshold ¢,
which separates the delocalized states \llﬁ (r) (for e<e,)
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frqm the localized states. For energies near the threshold
(e —¢€.) €€, we use the scaling hypothesis of localization
theory, according to which

(3.8)

o=n ()", e

E—E&,
The value of /, is determined by joining this expression with
(3.7) at e ~&,. The exponent v is evidently close to unity; for
simplicity we shall henceforth assume v = 1 (see Ref. 13 for
details). We will also have need of a correlation function of
the form

Ke(r)=N"'¥.*(r) ¥o* (rtr') =—(np (E) )" Im Re(r).
(3.9)

Evaluating K (r) for —e>¢, by the method of steepest
descent [using (3.3) and (3.9) ], we get

. o\
Ko (r) _sin(x( e). r) e L_Sﬂu - (3.10)
4rn (—e)"r o
For £ <% Eq. (3.10) reduces to
(3.11)

Kz (r)=(4m)~te /%3

as this expression is independent of ¢, we expect that (3.11)
will remain valid for |e| ~&,,.

2. We write the vector field S, (») as the spectral decom-
position:

Sa(r)= Zahq'rax(r)v
(3.12)

2

B () =~y Wa 1) = Vo 1) W () =B ().
As we have mentioned, for N = « the phase transition is
due'” to the onset of a macroscopic average of the amplitude
a,, corresponding to the maximum eigenvalue E,, = E,.
We shall show that for a large but finite N the critical behav-
jor is governed by a macroscopic number of amplitudes
(modes) a, with energies E; in the interval |, | = |E;
— E,| ~¢, These amplitudes are the correct slow variables
of our problem. Let us write (3.12) in the form

Sut)= LA+ D0 (1) =5 (1) +5.(0),

» " (3.13)
where the summation in the first term is over states with £,
> — &, (corresponding to the slow variables), and that in
the second term goes over the rest of the spectrum: —¢,
> £,; the parameter ¢, is chosen in the interval £,<¢, <.

We must now take the thermodynamic average over
amplitudes b, and obtain an effective Hamiltonian for the
slow varlables a, . For this it is convenient to write the parti-
tion function of the field S, (#) with the Hamiltonian (2. 6),
(3.1) in the form

= SDS,z (r)D® (r) exp {— j d’r [ —12— Sy (t8ap— M ap) Se

+—12—SZ(D——2—,E(D’(:)]}, (3.14)
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We now substitute (3.13) into (3.12) and integrate over b,
to get

Z= jDS,,"”D(D (r)
Xexp{ fd’[ 55 (Bap (T+® (1)) = Mas (1)) S5

N 1 __
i ®2(r) ]— ESP In (8 (TH® (r) ) — Mop(r) }

P (3.15)
The wavy line over the trace symbol Sp means that the sum-
mation over the spectrum is restricted to the interval —¢,
>€&,. The condition N> 1 allows us to evaluate the integral
over @ (r) by the method of steepest descent; this same con-
dition allowed us to neglect the cross terms S ©S in deriving
(3.15). For sufficiently large 7 (a criterion is given below)
we have for the saddle-point configuration ®,(r)~P,
= const. The equation for P, is of the form

E,—ed

-4

p(E)dE

TFO—EF T (3.16)

1
o7 Dot
)
Here V is the volume of the system, and

G=L'=[8ap (1+®0) — Mop ] '=NR (E=1+®,)

[see (3.2) and (3.4) ]. In the region under consideration the
last termin (3.16) is small, and the integral is determined by
the spectral region in which p(E) is given by (3.4). The
integral over E formally diverges for |E | - «, and it must be
regularized by subtracting the same integral with 74 ®,
= 0, leading to a T-independent shift . Actually, this same
shift was made back in the calculation of E, in (3.4). We are
interested below in the quantity @ = 7 + ®, — E,; (which
has the meaning of a renormalized temperature), in which
these shifts cancel. As a result, we obtain for w the following
equation [assuming that @> ¢, and neglecting the last term
in (3.15)]

0—T= ——B—xam", T=1—E, (3.17)
4n
which has the solution
- LA } 3.18
m-—{[t+ (8n)” ] Sk ( )

For 7« ( B/87)%x° we have w = (47/3)*7*/x°. The main
contribution to the integral (3.15) is from the region
—e=E,— E~w, and so the approximations we have
made are valid for w > €,. As a result, the applicability condi-
tion of solution (3.18) is

3af  x° (3.19)
N S N
Substituting ®(r) = P, into (3.15), we obtain the quadratic

part Hy[S (] of the effective Hamiltonian H [§ 1] in the
form
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Ho[Sa!O)]=‘/1 Z ((D-Ex)axz- (3'20)

In region (3.19) there are exponentially small [see (3.6)]
eigenmodes a, with £, > . For these modes the states with
a, =0 are unstable [see (3.20)]; to find the correct states
we must evaluate the Gaussian integral over @ (r) = ®(r)
— @, with the term @ () (S ‘“(r))? in the argument of the
exponential functionin (3.15) treated as a perturbation. We
obtain the following contribution to H [S {”]:

HolS] = —;—J [ (s® @) (s @)D r)dr d’r'.3 N
(3.

where D, the correlation function of the field ¢ (7), is given
by the equation [see (3.15) and (3.16)]
N 1
D' (r,¥)=——8(r—1r")+ —Sp G*(r,r"). (3.22)
2p 2
Let us examine the second term in (3.22) as a function of
r —r’ andr. In region (3.19) the r dependence is weak, and
in (3.22) we can go over to the Fourier components D(q).
Using (3.10) and (3.11), we can show that the characteris-
tic scale of the function D(r) is smaller than L ~ 4, while
(S9(r))? varies over lengths of the order of /(w) > L [see
(3.7)]. Here we assume that e,<w<x® Therefore, in
(3.21) we can make the replacement D(r,r')—-D(gq
=0)6(r —r'), where
_ 1 ¢ & N »3w-":
1 (g —0) ~ — 2 Vd3r! ~ ——
Dl g=0)~~ SSpG (r, V) O = 5 S
Collecting (3.20), (3.22), and (3.23), we obtain the effec-
tive Hamiltonian of the field S’ (r) in the form

(3.23)

HISL 1=i22 (0—ex)ar?

2
mes Z azlahahaauj VWAL YL B dor. (3.24)

Mhghghy

+2n

Let us now consider the consequences of the instability of the
states with a, = 0 for £; >w. For o>¢, (i.e., 7> 7,), such
states are few in number, and we can therefore neglect the
overlap of different W§; then (3.24) reduces to

N 1 "
E;Ho‘ = ‘V,"'{ = (o= o +2n aﬂ,}, (3.25)

where

5 =5 dr (W% (r) ¥,2(r) 12~1-%(e,). (3.26)

Minimizing (3.25) with respect to a;, we get [see (3.7)]

3 3

Nx Nxn
ar= P (es—0) Lt = o (er—@) P (ea).

(3.27)

We note that expression (3.27) holds for £ —w~w>&,,
where the fluctuation contribution to {(a;?) can be neglect-
ed.

3. With decreasing temperature, 7 and @ decrease, and
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the number of modes with (a;)#0 (“condensed modes’)
increases. For 7~7, the average number of such modes
V¢ (r) in a volume 13(g,) is of order 1, and we must take
into account the interaction of different modes, i.e., the
terms with 4, #4; in (3.24). We note that on scales larger
than L, ¥4 (r) is a random N-component vector with zero
mean [see (3.10) ], and the main contribution to the interac-
tion is therefore from the terms in (3.24) with 4, = 4, and
Ay =A4

_—];)%; a;_zauZIh(‘o)’ I;.(pm:. S (qrhu)Z(q,pa)Zdzr. (328)
n

The remaining “matrix elements” in (3.24) are much
smaller than I {©, by a factor of order N ~'. This means that
in the leading approximation the interaction of the con-
densed modes can be taken into account in a Hartree-type
approximation, which reduces to a renormalization of . We
note that such a renormalization occurs automatically if the
last term in (3.16) is taken into account in the calculation of

o. Instead of (3.18) we then get

[ L ]'/' B 3}2 (3.29)
m={ T+q+ 8:12% _8_:1“ , .
where
1 , | . .
= —— = — 0 >‘
0=y Al = 587 0)

Now we must replace (S (r))? in H,,, with §(5(r))?
=(S(r))2 — g [cf. (3.21)]:

HISS = Y (0—en)a
A

Wi—:’ _‘-[Za,“ahl{fh“l{fha_Nq -lzdzr

Agdp :

(3.30)
and determine w from (3.29), with ¢ calculated using
(3.27). Equation (3.27) retains its form. Strictly speaking,
Eqgs. (3.29) and (3.30) no longer apply when 7~ 7,, since
condition (3.19) is violated, and the method of steepest des-
cent cannot be used to calculate the functional integral over
®(r) in (3.15). However, on qualitative considerations we
can understand what happens in this temperature region and
progress to the most interesting region, — 7> 7.

It is extremely important that the leading (in magni-
tude) mode-interaction terms which we have taken into ac-
count depend only on the absolute values |z, | and do not
determine the signs o, =a,/|a;|. Therefore, these terms
cannot lead to a real phase transition; those terms in H,,
that do depend on the signs are small at |7| ~7,. Thus, for
|#| ~7, there is no phase transition but rather a smooth
growth of the spin correlations.

We now recall'” what happens for N = «, i.e.,
To = @o = 0. In this case Eq. (3.29) holds everywhere, and
for 7 <0 we get

a*=qV8(es),

+2n

=|%], =0, (3.31)

i.e., there occurs a macroscopic condensation into the mode
with the maximum eigenvalue £, = E,.
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Returning to the case of finite &, let us seek a solution
analogous to (3.31) for g in the region — 7>7,, i.e., ]et us
assume that

9=| 7> 1. (3.32)
We note that relation (3.32) does not imply a phase transi-
tion, since g#0 does not require {a,)#0. We shall show
that (3.32) holds only for w — £, €w,. We write the self-
consistency equation with allowance for (3.26) and (3.28):

q=7}17 af=fp(a)a2(a>ds
N P

" (e—o)ly’ (-8——)3 de.

(3.33)

We have replaced p(¢) by p,~x’c)’* [see (3.4) ], since
the density of states has no singularities near the localization
threshold. The integral (3.33) is of the order of 7, for v ~ ¢,
and increases as w —€,:

3v-2
2-3v
q=ClT0 ( ) ~ TOC ‘,
W—E,

where C,~ 1, {(w — €,.)/€,, and the exponent v is known to
be larger than 2/3; we shall henceforth set v = 1 (see Ref. 13
for details). Taking (3.32) into account, we get

C"’To/lfl.

Thus, with decreasing temperature the condensation of lo-
calized modes occurs closer and closer (in “energy”) to the
localization threshold. The signs o, of the amplitudes a,
fluctuate strongly at the absolute values |a, | determined by
equation (3.27). Thusfor — 7> 7, a superparamagnetic pic-
ture appears: there are many independent collective degrees
of freedom o, = + 1, and the change of each sign o, leads
to a rearrangement of the spin configuration in a large vol-
ume ~/3. We emphasize that this picture differs from an
ordinary superparamagnet in that in our case there are no
rigid, spatially separate clusters (see Ref. 13 for details).

In deriving (3.34) and (3.35) we used expression
(3.27), which we obtained by minimizing H §*’ from (3.25).
Actually, the expression for the “interaction vertex” (i.e.,
for the coefficient of a,*I,) given in (3.25) does not apply
when w ~¢_, but it can be shown that the corrections reduce
to a factor of order unity, which is unimportant for our anal-
ysis.

(3.34)

(3.35)

4. When the temperature and the value of § decrease
[see (3.35) ] the sign-dependent part of the mode interaction
grows. The binary interaction of the signs 0, =a,/|a;| is
given by the second term in (3.30) and is of the form
(0 ~&p)

wma, jd’r‘l& (r) ¥, =(r)dg(r)= ZIMAGAG;J

Azn AsEp

_Nf

(3.36)
Here
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Comt,  Bq()=N-' Y al (.0 ()"~

v

We recall that the absolute values |a, | are determined by the
sign-independent terms of the interaction. From the second
statement in (3.36), which defines the quantities / 10 WE See
that 7, takes both signs and has a zero mean. Moreover, the
presence of the random function 8¢ (r) in the integral implies
that I, is not correlated for different pairs (4,u). Interac-
tion (3.36) is thus of the same form as for an Ising spin glass.
The effective value of this interaction is determined by the
parameter I, =Z'? (T, )", where Z is the effective
number of interactmg nelghbors," i.e., the number of states
with energies in the interval (¢, —€.)/e,~¢ and in a vol-
ume of the order of /*( £). It is easy to see that Z~¢ 2.
estimating 1,,~ 4~ we should take into account that the wave
functions W§ (r) and W§ (r) are correlated within a length
L~x~* and are not correlated over larger scales [see
(3.10) ]; the scale of the fluctuations [ (8¢(r))?]'/? goes as
~7, for all 7, since the states with (¢, — £,)/g,~¢, which
give the leading contribution to g, overlap one another
strongly, and their contribution to &q(r) is of order
gZ ~'?~|F|¢ ~7,. Finally, for the “glass” interaction pa-
rameter I, we have

1,=2"(I,7) " » —11V tth~ | T /%S (3.37)

For — 7~x%> 1, the interaction of the ‘‘spins” o, becomes
strong, and one is dealing with the problem of a phase transi-
tlon in a spin glass. Here the effective number of neighbors is

~¢ “2~N*%33 1, so that we may apply the results of Ref.
13 for an Ising glass with a long interaction range. A freezing
phase transition will occur at — 7 =17,~7..

4. PHYSICAL QUANTITIES IN THE CRITICAL REGION

In Sec. 2 we calculated the magnetic susceptibility and
structure factor in the ferromagnetic correlation region. Let
us do the analogous calculations for the superparamagnetic
region — 7, <757, using the representation of eigenmodes
a, . For the average spin correlator we have

G(r)=<(S(r)S(0)>= 172 {aa,> ¥, (r) W, (0)
n

=_:7£ @O T DT 0). (4.1

In the region 7> 7, the sum over the spectrum is predomi-
nantly from delocalized states with — ¢, >¢&,, for which
(a;)? = (o + |e,]) ~". Using (3.4) for the density of states
and (3.10) for the correlator of the wave functions, we ob-
tain
x® [ sin(rxe™)
Glr)=N 4nr ‘E etw

dae—-r/L

=N -’—‘z——exp {—I’(L““i‘x(ﬂl")}, (4.2)

4nr

wherew is givenin (3.18). For the homogeneous susceptibil-
ity y and correlation length r, we have
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1
[ (L) -*+ (p*x®/64n*+T) ""—px*/8n ] ’

(4.3)

X < jG(r)d’rw

o X"
For 7> 7, expression (4.3) goes over to the paramagnetic
formula (2.10), and for 7 S 7. it goes to a constant. Behavior
of just this kind was observed in a recent experiment.®

In the temperature region 7 <0, 7,2 |7|> 7, the sum
over the spectrum in (4.1) also contains a contribution from
the condensed states, for which the wave-function correlator
is of the form (3.11). As a result, for the structure factor
S(p) we have

1 d

pz/,xz_l_x_l ('DZ/.K’Z_*_X—l)Z :

It is also of interest to calculate the nonlinear suscepti-
bility y = — d2y/dh?, which increases anomalously'’ at
the phase transition in a spin glass. Above the freezing point
it can be written in the form

1 2
g e Y (a=N | p(e)<a*(e) > de.
7 Z A Sp

S(p)= j. G(r)d’re'r= (4.4)

(4.5)

For 7> 7, the leading contribution to (4.5) is from the re-
gion of delocalized states with — £~w. In analogy with
(4.3) we have

Ny 3 { N%*/%" for

™>nt,
(T+pB*»%/64n*) ""—Bn*/8n Nx¢/% for

T LT’
(4.6)
For 7 <0, 7,<|7| %7, the main contribution to y is from

condensed states with (¢ — €.)/gy~¢. A calculation analo-
gous to (3.33) gives

X

A~N"s(|T] /20>, (4.7)

Formula (4.7) is valid in a region not too close to the phase
transition, viz., for (7 — 7r) X %, where the interaction of
the signs o; can be neglected [see (3.37)]. Closer to T, the
nonlinear susceptibility behaves the same as in an Ising spin
glass.'?

5. CONCLUSION

We have considered a three-dimensional amorphous
magnet with a strong random anisotropy on the assumption
of a long interaction range 1/x>c~'/>. At a temperature
close to T, = (¢/3) f J(r)d?r is the density of magnetic
ions) there is a transition to a disordered phase. This phase is
macroscopically similar to a spin glass but has a relatively
large spin correlation length, so that it could naturally be
called a correlated spin glass. We have shown that at tem-
peratures 7 = (T — T,)/T,>0.01(c™'%*)? the random an-
isotropy is unimportant, and the correlations in the system
are the same as in a pure ferromagnet. Here the maximum
ferromagnetic correlation length is found to be L ~ 10 ¢/»*,
i.e., much larger than the range of the interaction. At dis-
tances smaller than L the system thus behaves the same as a
ferromagnet. For 750.01 (x3/c)? we used the 1/N expan-

568 Sov. Phys. JETP 64 (3), September 1986

sion to separate out the slow degrees of freedom responsible
for the critical behavior of the system. The effective Hamil-
tonian for these variables turned out to be the same as for an
Ising spin glass.'® It was thereby demonstrated that these
two problems belong to the same universality class from the
standpoint of the theory of phase transitions. We are hopeful
that this conclusion wil remain valid at N = 3. The equiv-
alence of the two Hamiltonians can explain the experimen-
tally observed”'' AT line, which is characteristic of Ising
spin glasses. In addition, amorphous magnets with a strong
anisotropy are described by the same hierarchical picture
that was studied in Ref. 13. At T =T, =T (1 —7/), where
7,~0.01(c™'%*)?, a freezing phase transition occurs, char-
acterized by the appearance of correlations of arbitrarily
large spatial dimensions.

We have found the temperature dependence of the mag-
netic susceptibility y above the freezing point T, [see (4.3) ].
In the ferromagnetic correlation region 73 0.1(c™'»*)? we
found y ~7~ ', while at lower temperatures y approaches a
constant. This behavior of the susceptibility has been ob-
served experimentally.® The nonlinear susceptibility y
= — d%y/dh? begins to grow strongly in the region where
x approaches a constant [see (4.6) and (4.7)]. We also
found the form of the structure factor S(p) in different tem-
perature regions above 7. For 7$0.01 (¢~ '»?)? and in zero
external field, S(p) has a Lorentzian shape with a correla-
tion length r, ~7~ /2. The application of an external field
will lead to a decrease in 7. and to the appearance of an
additional term having the form of a squared Lorentzian
[see (2.14) and (2.15)]. For 7<0, |7| &7, the additional
term in S(p) should be observed even without an external
field [see (4.4)]. We emphasize that this additional term
arises in the region above the freezing point (in our notation
T'=T, corresponds to 7= — 7,) and is due to the purely
exponential behavior of the correlator of the eigenfunctions
W2 (r) with “energies” E, near the edge of the spectrum [see
(3.10)]. We assume that as the temperature is decreased
further in the region T'< T, the relative contribution of the
squared Lorentzian should increase smoothly.

We have thus shown that the assumption of a relatively
long interaction range in amorphous rare earth magnets
with strong random anisotropy permits explanation of both
the ferromagnetic and ““glass-like” properties of these sys-
tems. In fact, it is sufficient to have an interaction range » ~'
~ 1.5 lattice constants, which is quite realistic. It was recent-
ly pointed out'® that one can obtain a qualitative explanation
of these properties in a model with a nearest-neighbor inter-
action if it is assumed that the random anisotropy axes are
correlated over a large length L equal to the low-tempera-
ture spin correlation length (recall that we assumed these
axes to be completely uncorrelated). Setting aside the ques-
tion of whether such correlations are possible, we note that
in this case the temperature dependence of the susceptibility
and correlation length in the paramagnetic region should be
of the scaling type with the exponents of the “pure” Ising
model, while the nonlinear susceptibility should not exhibit
any critical anomalies.

We wish to thank L. B. Ioffe for helpful discussions.
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