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ON THE REMANENT MAGNET]ZATION IN CuMn

H. Hasegawa and M. Toda

Department of Physics, Kyoto Universlty
Kyoto 606, Japan

Recent experiments have revealed that the remanent magnetiza:
tion j-n Cul4n (and in similar a1loys) involves a peculiar
aspect of instability that seems beyond proposals to account
for from the current spin-glass theories. After a summary of
the reported facts available, we present a model based on a
conduction-electron spin instability. (A ful1 account of the
present studies is to be published t13l . )

1. Experimentally Reported Facts

Stati-c magnetizations - Old results of Schmitt-Jacobs [1j and Kouvel [2]
The concepts of isothermal remanent (IRM) and thermo-renament (Tnu) magne-

tization vrere present in the early experiments performed by these authors
before the spin-g1ass phase has been recogni-zed. Moreover, a remarkable asym-
metry of the hysteresis M-H cycle of TRM, when the system is cooled in presence
of a magnetic fleld, was described by Kouvel. (In general, TRM> IRM and the
equality holds when IRM is prepared by an infinitely strong fie1d, ca1led the
saturation (S)TRM. The asymmetry is such that the center of the cycle is
shifted to the opposite direction to the cooling field of TRM. ) Another point
of interest manifest in these experiments is, though not discussed there or
even left unnoticed afterwards, is a scaling characteristic:
(1) The dependence of STRM o- on the Mn concentration is that
regime (C <"' Z%l"In) or - C, and f;umerically

. 10.3 ernu/cc, c'l (0.04pr/Mn by s = 2) (1.1)

C < 7O%) o, n g2-e (The spin-glass characteristic is

New aspects reported by Monod, Pr6jean, Tissier [3] and Pr6iean, Joliclerc,
Monod [4]. Main features are as follows:
(2) The hysteresis cycles in the 1ow C regime involve a very sharp reversal
of o, and are square shaped, implying a short duration (Iess than second) of
the reversal and its near completeness. ft has been described adopting the
Landau-Lifshitz model of rigid dipole subject to a rotary instabillty with a
varying external field. It necessitates that a domain-theoretic explanation
of the phenomena is inadequate, because in such a regime the system is essen-
tial1y in a single domain.
(3) or, once formed and when the external field H is removed or varied to the
opposite direction, becomes urlstable (maybe in a metastable state) subject to
a logarithmic time decay. The reversal time and the reversal field are
sensitive to alloying with third, nonmagnetic impurities depending largely on
the irnpurity atom spin-orbit strength. This suggests the conduction (s-)
electron spin-lattice rate to prevail the instability. A related fact is that
no such instability exists in the M-H curve for AuFe whose electronic struc-
ture 1s similar to CuMn apart from the largeness of the spin-orbit effect.
(4) Some remarkable temperature characteristics exist: For TRM, the magnitude
of o1 changes with the temperature of the field cooling, but the width AH of

the 1ow C

n7

the hlgh C regime (2% <
lost above C*lO% l2l .)
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the hysteresis cycle also changes so that
orAH = 4K (K: "anisotropy energy")- = nearly independent of temperature. (1.2)

For IRM, temperature varlations in the course of a hysteresis cycle do not
change the magnitude o. but change the displacement field H6 (the center ordi-
nate of the cycle) such that the negative displacement incraases by a cooling
-this 

j.s not a f ield cool due to the smallness of H6.

Supplementary information from dynamical experiments The zero field NMR on
Cu in Cul,ln performed by A1.loul [5J revealed a resolved spin-echo spectrum due
to lst and 4th neigbor Mn sites, a direct evidence of the very strong (RKKy)
exchange fj-e1d acting on Cu sites ( t 10) gauss for LZ Mn in the electronic
unit). Including the non-zero field NMR results, A11ou1 was able to confirm
the rigid-dipole instability mode1, emphasizing the monodomain narure of the
magneti-sm. This 1ed him to perform static transverse susceptibility measure-
ments [6] to examine more details of the model. on the other hand, ESR by
Monod and Berthier [7] shed a light on the nature of thettantiferro resonance"
which has long been puzzLing: it is essentially the ESR of rRM subject to a
riBid rotation and instability where the anisotropy field (1.2) also plays a
role of determining the resonance frequency. (The zero-fie1d cooled case of
ESR is sti11 mysterious.) For more details, see schultz et al [8] who demon-
strated a clear Cl scaling of K and its temperature dependence.

Thus, it would be an urgent question to construct a model, consistent wit.h
all the main features above, to understand the origin of the rigid dipole
formed macroscopically in the spin-glass state. our basic starting poi-nt in
what follows is that the RKKY coupled d-spin system is not the all to form the
remanent magnetization in Cul"ln but rather that the conduction electron spins
in the Fermi shell act primarily.
2. A Retreatment of the s-d interacti,on

The Kasuya-Yosida theory of the s-d interaction [9] [10] coritains a vari-
ational treatment i.e. free energy minimum of a part of the s-d interaction,
diagonal in regards the wave vectors of the s-electrons, which determines the
s-magnetization uniform in space. The off-diagonal parts are subsequently
taken into account by the usual perturbation approach to second order. Conse-
quentlyr Kasuya derived three types of the effective spin coupling; an indirect
exchange knovrn as RKKY, the pseudo-scalar type and the residual s-d type (a
term involving the Kondo type logarithmic singularity t11l ); the latter two
types of the effective coupling depending stil1 on the s-spin densities and
hence active only on the Fermi she1l of a width 2AE (-M") singly occupied.

Thus, we reformulate the perturbation theory on the s-d system for free
energy in such a way that the perturbation is performed first, under a suitable,
yet undetermined distribution for both spin directions, and then the resulting
free-energy expression is minimized. To be adapted for the spin-g1ass state,
moreover' a relevant renormalization procedure is necessary so that the RKKY
interaction is incorporated into the unperturbed part of the hamj.ltonian. A
consj.stent formulation is possible by dividing the s-d hamiltonian into two
parts i.e. the high frequency part and the 1ow frequency part (see Fig.(1)):

,)gl 
"O(fo"; 

: wlth those matrix elements JUUr such that
(s) l.u - .rl . AE , l.k, - .rl I AE ;

!."d(trietr) : with JUn, of k and kr all other rhan (2.1).
(2.L)

The consistency is assured by incorporating !s6(high) into the unperturbed
part as the RKKY (by a canonical transformation similar to the BCS theory),
where the smallness of AE(-10-3eF) retained will not modify the short-range,
part of the RKKY coupling, and by calculating the 2nd order perturbation ofp=a
(1ow) with each d-spin being assumed as acted on by the strong molecufar field.
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Fig.1. Specification of the matrix
elements Jkkt to be included into the
1ow-and hi[h-frequency parts,{"4.
The shaded area is denored bV (S).

A significant effect that arises from
including the molecular field as the propa-
gation factor of the individual d spins in
conjunction with the kinetic propagation of
the Fermi-shel1 spin density in ly'sd(1ow),
characteristic of the spin-g1ass regime
because of the absence of the molecular
field for T > Tg, is represented by

with uo = Irit") ,rrri,l") ,

ep

_2

-u. 
ti' 'ur' ,

"k,kt N'

+-
^+

f. =f- +f-Kk+k

ft-

(2.2a7

(2 .3)

(2.3a)

and H[" =

with ES = 
I,r;t"')2suuHl(") ,

where Ho. stands for the molecular field acting on the d-sire n. These are the
twokind5ofthez;thetermino1ogyduetoorback
and spencer, @iform zeernan field tr2l . An important
difference between their formula and (2.2,3) is that the summation k,kr in the
latter is restricted to (s) specified by (2.1), because the molecular field
acting as if it were the Zeeman field actually stgms from the isotropic RKKy
coupling and should not be present to propagar" ;p"d(high) ro deriveffRgy
itself.

Another point of speciality in the above formulas must be mentioned. The
molecular field axis depends generally on the individual d-spins. The quanti-
zation axis of the Fermi shell spins cannot accordingly be well specified. So,
we sha11 adopt the followlng simple assumptions that may conform, as the rough-
est allowance, to the actual spin-g1ass situation: a field cooled state (TRM
formed):Everymo1ecu1arfie1daxesarepara11e1to@1east
centering at) the direction of the cooling fie1d. Then, the Fermi distribution
function f1.. with the specified spin direction makes sense as usual, and inparticular at absolute zero temperature

ft =1 andfn*-ft_=sgn(An), ke(S) (2 .4)
the zero-fie1d cooled state : The molecular field axes are directionally com-
pletely ,rtliior*l-Et,t tte "-ituation 1s different from the paramagnetic state in
that the exj-stence of the molecular field in a particular direction means the
exlstence of an ordered phase in the groupwise sense : (2.4) is then sti1l
applicable to each group. By summation all over the groups, however,

\LQ) = ,,B J or simPly Eg = O ,r.t,
Note that even in thj-s state E^10, in fact E6>0 to lower the magnetic free
energy. Note also that the no:het-magnetization implies

Inurr, = O (characterisric of the spin-g1ass state). (2.6)
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One more simplifying assumption that IH"-l =Hg (already meant in (2.2,3))
enables us to carry out the double sunim5'iion k,kr to give

. I.(x+P)loslr+x/nl.PI" . #1" = -(a+bssn(Ms))o(Ms) ; o(x) =+,:;:;;;:;lr;i;i ,

P = STXOHU (X, : Pauli para susceptibility)with

and ^=z(xxo)2*ir;4", b = 2(rxr)2*1 -;r;r;" .

(2.7)

(2.8)

It j.s now ready to calculate the magnetization and to show its instability
at absolute zero temperature where M6 = 0 (d-spins are frozen)

M2
F(Ms)=#-r.* -(a+bssn(M"))o(Ms) Q.9)Xrs

M"H F'(Ms) = 0 i.e. M" = * = xr(tt+(a+bsgn(x))o'(x). (2'10)

The nonlinear equation (2.10) for x is shown to have a root r.(*0) for H=0 ln
a branch of O(x) and to exhibit a bistable transition from the branch corre-
sponding to x(H=o) =0 to the above. Further, if F is considered as the
function of 0=Md^H, it causes a rotary instability of the Landau-Lifshitz type
(Fie.2) .

3. Two-Component Thermodynami-cs of s-d Magnetizations

To examine the actual features of the observations, it is necessary to
extend the above idea to non-zero low temperatures (T .. Tg): The relevant free
energy i-s, then 

z
M-

F(Ms,Md) = # .flu'*oro -,1'(M"+Mo) -
p

where K(Ms// ) represents the 2nd order ex-
change self-energy (2.7) with a complex
order parameter, 11=p+il(fcspin-lettice rate).
Our consi-deration of the Fermi-shell insta-

rMs.Md - K(Ms// ) (3.1)

bility results in
o. = Xplr+txorrl ttr.

This is shown to fit in the magnitude and
scaling characteristic (1). Detailed aspect
how (1)n,(4) can be understood is left to our
publication [13J .

Fig.2. Illustration of the instability of M" reverse by rotation.
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