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Synopsis

In the development of Niculescu et al.'s idea, the general ex-
pression of the hyperfine field of the nucleus in the Heusler alloy,
Xz(Yl_VnV)Z containing the impurity N is derived on the basis of the
phenomenological relation between the moment and the local environment
variable indicating the impurity arrangement around the nucleus. The
expression is applied to several NMR experimental results and gives a
satisfactory interpretation of the NMR satellites as well as the phe-
nomenological coefficients in Fe, 'V Si and Fe,; .
The coefficients are in good agreement with those obtained independ-
Z and Co

Mnxsi alloy systems.

ently in Fe MnZ alloy systems. The analysis of the NMR spec-

3

trum of MnZVl-yAll+y

netic moment in addition to Mn in this alloy.

2
alloy suggests that V atom should have the mag-

I. Introduction

Heusler alloy is formed in a ternary alloy system X-Y-Z with

1)

X,YZ composition, having the double ordered structure L2l as illus-
trated in Fig. 1. For a long time it has been studied only in the
type of X,MnZ constitution since the discovery of the ferromagnetic
Cu2MnAl by Heuslerz) but recently many Heusler alloys have been found
as indicated in Table 1.

If one tries to arrange the constituent elements in these alloys
in the order of Y, X and Z, it may be found that the arrangement is
in accordance with the element order in the periodic table as confirm-
ed in Table 1. Therefore, most of X and Y atoms belong to the transi-
tion metal series and thus show frequently magnetic activity in the

alloy. The transition metal capable to be magnetic occupies either A,

* The 1742th report of the Research Institute for Iron, Steel and Other Metals



Fig. 1.

and C sites.
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The crystal structure of the

Heusler alloy X,YZ. X occupies A

While Y and Z
occupy B and D site respectively.

Table 1. List of the Heusler alloy and its magnetism ( magnetic tran-

sition temperature [K] ).

ferromagnetism, A: antiferromag-

netism, CP: constant paramagnetism, TP: temperature dependent

paramagnetism, CS: canted spin structure, SS: spiral spin

structure, HA: helical spin structure. * Tetragonal deformed.
YXZZ(Ref.) Remark szz(Ref.) Remark YXZZ(Ref.) Remark YXZZ(Ref.) Remark
LiMg,T1(3) HfCo,A1(4) F(193) CrFe,Si(6) MnPt2A1(4) A(190)
KNaZSb(3) HfCo,Ga(4) F(186) CrCo,Ga(3) MnPtZGa(4) A(75)
CSKZSb(B) HfCo,Sn(4) F(394) CrRhZSn(7)* MnCu2A1(4) F(630)
HENi,A1(3) MnCu,Ga(3)
MgNiZIn(B) HfNi, Ga(3) MnBSi(8) HA(26) MnCuZIn(4) F(500)
MgNiZSn(3) HfNiZSn(4) CcP MnFe2A1(3) MnCuZSn(Q) F(530)
MgNiZSb(3) HfCu2A1(3) MnFeZSi(4) CS(210) MnCuZSb(3)
MgAg,Zn(3) MnCo,AL(4) F(693)  MnAg,Al(3)
VMn2A1(4) F(678) MnCozGa(A) F(694) MnAngu(3)
TiFezGa(3) VFeZGa(S) TP MnCozsi(4) F(985) MnAu2A1(4) SS(200)
TiFe,Sn(4) TP VFeZSi(6) TP MnCozGe(é) F(905) MnAuzln(9) Mag. ord.
TiCozAl(a) F(138) VC02A1(4) F(310) MnCOZSn(4) F(829)
TiCo,Ga(4) F(130) VCo,Ga(4) F(349) MnCOZSb(4) F Fe3Al(10) F(750)
TiCo,S1i(3) VCo,S1i(3) MnRh2A1(4) F(26) Fe3Ga(10) F(730)
TiCo5Ge(3) VCosSn(4) F(70)  MnRhiGe(4) F(450) Fe2si(10) F(805)
TiCo,Sn(4) F(359) VRhZSn(7) MnRhZSn(Q) F(412) FeCoZGa(ll) F(1060)
TiCOZSb(3) VNizGa(3) MnIrzGa(A) A FeCOZSiG) F
TiNizAl(3) VNiZSn(4) CP MnN12A1(4) HA (300) FeRhZSn(4)* F(583)
TiNizGa(3) MnNizGa(4) F(379) FeCUZSn(3)
TiNiZIn(3) NbCoZA1(3) MnNiZIn(4) F(323)
TiNi,Sn(4) CP NbCOZGa(B) MnNizGe(3) CoRhZSn(4)* F(444)
TiCuzln(B) NbCozsn(4)* F(119) MnNiZSn(4) F(410) CoCuZSn(B)
NbNi2A1(3) MnNiZSb(A) F(360)
ZrCozAl(A) F(185) NbNi.Ga(3) MnPd2A1(4) A(240) NiRh,Sn(7)
ZrCo,Sn(4) F(444%) NbNiZSn(4) cP MnPdZIn(4) A(142) NiCuZSn(3)
ZrNisA1(3) MnPd Ge (4) F(260)
ZrNiZSn(4) CP TaCoZAl(3) MnPdZSn(é) F(189) CuRh,,Sn(7)
ZrCu2A1(3) TaCo,Ga(3) MnPdZSb(4) F(247) CuanAu(3)
TaNi2A1(3)
AgCd, Au(3)
AanzAu(3)

C atomic sites as X or B site as Y with and without other magnetic el-
ement in other atomic site.

Such a various scheme of the arrangement
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of the magnetic atom makes the Heusler alloy suitable to the study of
the local environment effect upon the magnetic or electronic state of
the transition metal.

To observe the environment effect on the magnetic state of the
transition metal, it is usual to vary the combination of the constitu-
tion of the alloy keeping one or two elements unchanged. Another tech-
nique is, however, also developed by substituting X, Y or 2 atom by &,
N or 7 impurity in a XZYZ alloy and produces an interesting systematic
variation of magnetic properties with alloy composition. Especially,
in the NMR spectrum such a procedure produces a characteristic satel-
lite structure, which cannot be observed in the stoichiometric com-
position. It is the reason to study the NMR satellite structure in
detail in the present work.

; : v T v T v T
As shown in Fig. 2, the Co spectrum Mn spectrum
main and satellite peaks in- w’L at normal site
. b <
dicated as the same group are E”{ at Si site
2} -y
all produced by the nuclei of E p
the same kind of atoms in the é sl J
sl
same crysallographic atomic = 1}
ool -
sites. Therefore, the dif- % Al
2 [} 1 A 1 2

ference between them should 0 200 300 <00
be ascribed to the difference FREQUERCY (Miz)
of the local environment, in Fig. 2. NMR spin echo spectrum of
d]._z) COZMn1.04SiO.96 at 4,2 K by

) Grover at al. (ref. to 12)).
have

which they are situate
Niculescu et al.6

found the resonance peak posi-

tion of the main and satellite peaks do not so vary with alloy compo-

sition and only the relative intensity of each resonance peak varies

3-xVxS1i and Fe,

each resonance peak position is specified by the number of the excess

so remarkably in Fe Mnxsi alloys. They proposed that
V or Mn atom in the B site in the near neighbour atomic shell around
the nucleus concerned through the variation of the atomic moment of
each Fe atom in the A,C sites influenced by the excess atoms in its
1st neighbour. Combining the conventional hyperfine field expression
with the variation of the atomic moment of Fe atoms in the A,C sites,
they could explain the essential features of the NMR satellite struc-
ture of these two alloys.

However, they did not formalize their idea to establish the re-
lation between the hyperfine field and the observed moment and there-
fore did not mention several important features of the NMR spectrum
obtained experimentally and futhermore did not try to analyse the in-
tensity of the spectrum. Therefore, in the present paper as a
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development of their idea, the specification of the atom due to the
local environment is more satisfatorily defined by introducing the en-
vironment variable qw (IT), and the moment variation with the environ-
ment variable is defined and calculated including the induced moment
effect according to a certain fundamental formula proposed at present
(III) and the hyperfine field expression of each constituent atom
qualified by the environment variable is derived from the fundamental
formula (IV). Futhermore, several equations to determine the impor-
tant phenomenological coefficients, which is convenient to the experi-
mental analysis, are given and their usefulness and justification are
examined by comparison with various experiments including the analysis
of the intensity of the NMR spectra (V,VI).

II. Classification of Atom by Environment Variable

In a Heusler alloy X, Yz with L2, structure as shown in Fig. 1, X

atom occupies the A,C atomic sites aid Y and Z atom occupy the B and D
atomic sites, respectively. If £, n or ¢ impurity can substitue pre-

dominently X, Y or Z atom, respectively and such a substitution occurs
independently, we can obtain the following three kind of alloy systems

HA(£), HA(n) and HA(g).

HA(£)=(X Yz, HA(n)=X2(Yl_VnV)Z, HA(g)=X,Y (2 (1)

1-v5v) 2 1-vtv)
where v is the fraction of the impurity in its predominent atomic
site. Putting, for example, n= Z, one may treat a quasi-binary system
in the same scheme.

In Table 2, the constitution of the j-th neighbouring atomic
shell indicated by the kind of atom W (its atomic site S) and its num-
ber nj(W) are described for X, Y and Z central atoms in the ordered
and stoichiometric alloy XZYZ. In an alloy containing the impurity g
such as HA(g), then only the atomic shells with the particular atomic
site S are influenced so as to have the impurity g. Such an atomic
shell is called an impurity shell hereafter. Then, the local environ-
ment expressing the effect of the impurity on the central atom may be
described by a series of the number of impurities {nj(q)} in these
impurity shells surrounding the central atom W= X, Y or Z. This set
of the number of the impurity is represented by QW and is called envi-
ronment variable hereafter.

By the aid of Table 2, the environment variables for X, Y, Z and
the impurity g itself are easily obtained and given in Table 3 for
three type alloys HA(Z), HA(n) and HA(g), respectively.

After such a procedure, an atom W (=X,Y,Z,&,n or ) in these
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Table 2. Constitution of each atomic shell in X,YZ Heusler alloy for
X, Y and Z central atom respectively.

*.Center
.gtom X Y 7
Shell’.

No. °.

0 X(A,C) Y(B) Z(D)

1 4Y(B), 47.(D) 8X(A,C) 8X(A,C)

2 6X(A,C) 6Z (D) 6Y(B)

3 12X(A,C) 12Y(B) 12Z(D)

4 12Y(B), 12Z(D) 24X(A,C) 24X (A,C)

5 8X(A,0) 8Z(D) 8Y(B)

6 6X(A,C) 6Y(B) 6Z(D)

7 12Y(B), 12z(D) 24X(A,C) 24X(A,C)

8 24X(A,C) 24Z(D) 24Y(B)

9 24X(A,C) 24Y(B) 24Z(D)
10 12Y(B), 12z(D) 24X(A,C) 24X(A,C)
10' 4Y(B), 47 (D) 8X(A,0C) 8X(A,0)
11 12X(A,C) 12Y(B) 12z (D)
12 24Y(B), 24Z(D) 48X(A,0) 48X(A,C)
13 6X(A,C) 6Z(D) 6Y(B)
13" 24X(A,C) 24Z(D) 24Y(B)
14 24X(A,C) 24Y(B) 24Z(D)
15 12Y(B), 12zZ(D) 24X(A,C) 24X(A,C)

three type alloys is specified by the environment variable ﬁw,

such as W.= (W,§..), where W, means the atom W in the alloy containing
Iy

S S
impurity g occupying S atomic site predominently and §W= {nj(q)}=
[nls(q),nZS(q),...] as shown in Table 3. Clealy nj(q) is an integer

variable from zero to sj(q)= nj(q) , which is easily obtained in

Table 2, putting sj(q)= nj(S). Inmiﬁe right side of Table 3, Qw(max)
= {sj(q)} is also given for convenience.

Since the nearest neighbour impurity g must have the stronger ef-
fect on the central atom W than more outer impurities, nj(q)= nls(q)
with the least j in each QW is the most important component in the
environment variable. 1In fact the corresponding sj(q) gives the max-
imum number of satellites permitted for the actual NMR spectrum as

can be seen in later.

III. Fundamental Equations and Moment Representation

In general the hyperfine field of a nucleus is expressed in two
terms, namely the one is supplied from the central atom containing
the nucleus itself and the others from the neighbouring atoms as fol-
lows,

_ U
Hy¢ (W,QW)— H, (W)u(w,qw)+§ﬁﬂi W) uM(W.qw)i (2)
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Table 3. The environment variable Qw= {nj(q)} for W atom in three
kind of Heusler alloys HA(Z), HA(n) and HA(z), when the im-
purity q= £, n and ¢ respectively. qw(max)= {sj(q)}, where
sj (q)= nj (Cl)max'

HA(E)= (X;_ ) ,¥2

Ex= [n,(8),n3(8),ng(E),n,(8),...]1, Ey(max)= [6,12,8,6,...]
Ee= [ngsmy(E),ny(8),ng(E),ng(E), .1, € (max)= [1,6,12,8,6,...]
Ey= [n,(8),n,(E),n,(E),n,4(E),..] €y (max)= [8,24,24,24,..]
g,= [0, (8),n,(E),0,(E),n, 0 (8),..1 £, (max)= [8,24,24,24,..]

HA(n)= X,(Y,__n)Z

fig= [a (M ,n, (M, (M, (), ..1, fig(max)= [4,12,12,12,..]
fig= [ng(M),ng(),ng(M),ny (M),..1, A (max)= [12,6,24,12,..]
fi = [ngyny(M,ng(M,ng(M,ny (M), 1, A (max)= [1,12,6,24,12,..]
ﬁz= [nz(n)ans(n);HS(n),nl:,,(n),'-]9 ﬁz(max)= [6,8’24’6,""°]

HA(Z)= X,Y(z,_ T )

8= [0, (@5, (T),n,(8),n,4(8),. 1, Cy(max)= [4,12,12,12,..]
8= [0,(2),nc(T),ng(L),n 4(0), .1, Ey(max)= [6,8,24,6,....]
2,= [n;(2) 0, (0),ng(8),ny,(8),..1 &, (max)= [12,6,24,12,..]
.= [ng,n3(8),nc(2),ng(2),nq,(0),. 1, Cc(maX)= [1,12,6,24,12,..]

where it must be noted that the nucleus is characterized not only W
atom containing the nucleus but also by its environment variable QW.
HO(W) and Hi(w)u are the hyperfine field coefficients. u(W,qW) and
M(W'qw)? are the atomic moment of the central atom W and the partial
shell moment consising of U atoms in the i-th atomic shell, respec-
tively.

Essentially the hyperfine field th(w,qw)is produced by the §
function type interaction between the moment of nucleus and the polar-
ized s electrons occupying the position of the nucleus. Since the s
electron polarization in turn is caused by the outer electron polar-
ization, especially by d like electrons, the atomic moment and shell
moment play the fundamental role in the hyperfine field as shown in
Eq. (2). The effect of the outer atomic shell moment may be transfered
through the 4s like itinerant electron, of which the polarization is
determined at the outer atomic shell in turn. Therefore, the hyper-
fine field coefficient Hi(W)u is characterized also by U in addition
to W.

In a simple first neighbour approximation for the hyperfine
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interaction from the outer shell moments, Eq.(2) is reduced to,

Hy ¢ (W)= Ho (W) u (W) + 1211{1<w)uM(ws)IlJ (2)"
where an abbreviation such as WS= W,QW is used for simplification.
Clearly the environment effect on th(ws) is only expected through the
atomic moment u(WS) and M(WS)E in Eq.(2)'. Therefore, we must consid-
er and find the environment effect upon these moments.

Regarding the environment effect upon the atomic moment, many
workers, for example, Beck13) have proposed a linear variation of the
moment with the number of a certain kind of atom in the l1lst neighbour
around the atom concerned. And Niculescu et al.6) combined ingenious-
ly this effect with the hyperfine field as described in Introduction.

At present work, in a similar but more general way the environ-
ment effect upon the moment will be defined by the aid of several phe-
nomenological coefficients and simultaneously with a consideration of
the induced moment effect.

We assume that the moment of W atom consists of two parts, namely
the bond character moment uP(WS) and the induced moment u(WS)'. For
simplification, it is assumed that all the magnetic moments arrange
perfectly at the absolute zero temperature and therefore u(WS)' is
simply proportional to the lst atomic shell moment M(WS)E as follows,

1— _ U
H(Wg) '= W(Wg)= u,(Wo)= ZK(WU)M(Wg) { (3)

while uP(Ws) is assumed to have the following expression, which is

compatible with the conventional model described aboveG)’l3).
- ]
up (Wg) = l)ZJJ(WU) [n; (U)/n,] (3)
where n,= inl(U) (3)"

The phenomenological coefficients J(WU) and K(WU) may be called
the bond character moment coefficient and the induced moment coeffi-
cient, respectively. K(WU) may be understood as a product X (W)C(WU),
where X (W) is a kind of atomic susceptibility and C(WU) a molecular
field coefficient arised from the interatomic exchange interaction.
While J(WU) may be originated together from the character of the bond-
ing and antibonding orbitals of W atom under an influence of the outer
U atom and the intra-atomic exchange interaction within itself.

If these expressions of moments are permitted, all the matter
will be developed easily in a formal way. At first it is pointed out
that the 1lst atomic shell moment may be expressed in turn in terms of
its related atomic shell moments. A related atomic shell of the lst
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Fig. 3. The arrangement of the lst
neighbour atom with its shell
number around a central atom be-
longing to the j-th atomic shell
for j= 0 v 10'. The atomic site
of each central atom and those
of its neighbour atoms are indi-
cated with and without parenthe-
sis.

The cyclic relation given in
the bottom shows the variation
of the assignment of the atomic
sites, when the central atomic
site is altered from A to B, C
and D.

A (D)

{m»eco}——{mmoA}—~@moAa}—~ﬂmAa@

atomic shell is defined as the atomic shell consisting of only the
atoms in the actual first neighbours around an atom belonging to the
original lst atomic shell of the central atom W. As can be seen in
Fig. 3, the related atomic shells of the lst atomic shell are the 0
(i. e. the central atom), 2nd, 3rd and 5th atomic shells and therefore
the 1lst atomic shell moment is expressed in terms of these shell mo-
ments by the aid of Egs.(3) and (3)' as follows,

M(Ws)g= ny (U)up (Ug)y
+ Ing (U)/nl]§mjl[K(UT)M(WS)§+K(UV)M(WS)\J.I
q
+K(Uq)M(Ws)j] (4)

_ 2
up (Ug) 1= (l/nl) ?mjl[nj(T)J(UT)+nj(V)J(UV)+nj(q)J(Uq)]
= (l/nl)2§mjl{(l/2)nj[J(UT)+J(UV)]+nj(q)[J(Uq)—J(UT)]} (4)°
]
where mjl is the number of atoms belonging to the lst atomic shell a-
round an atom of its related shell with the shell number j. Paying
an attention to the unit bcc lattice having the central atom with the

number 4§« 0, 2, 3 and 5 in Fig. 3, one may obtain Mgy = 8, my = 4, myq
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= 2 and mSl 1.

Clearly M(Ws)g
the induced moments produced by its related shell moments. In some

is also composed of the bond character moments and

shells, T= V or nj(q)= 0 relation is realized. It must be emphasized
that u(WS) is dependent on the environment variable through nj(q) or
nl(U), if U= q, as can be seen in Egs. (3) ~ (4)'.

In a similar way, we may obtain the similar expressions for
M(Ws)g, M(Ws)g and so forth, which may be expressed in terms of atomic
shell moments far apart from the central atom with increasing j. 1In
such a procedure up to the m-th shell we may have t relations con-
cerning u(WS), M(W )l,.....,M(W ) m’ where t is dependent on m as well
as q. Then, from the definition and taking into account the succes-
sive decreasing of the impurity effect upon the central atom, when the
impurity is far apart from the central atom, one may put the following
two relations,

M(Wg) o= M(Wg)p= (W) (5)
M(ws)tj’= ng (MUY 7 32 ml (5) "

Then, the simultaneous linear equations for u(WS) and M(WS)? ; (3£ m)
are obtained and they are solved as functions of atomic average mo-
ment ETWET and the environment variable §.= {nj(q)} together with
J(WU) and K(WU) coefficients. An example of the simultaneous equation
will be given in the next section.

In the final of this section, we give the population p(W )=
p (W, QW) of the atom W characterized by its environment varlable Qg
{nj(q)}. This is easily performed in the conventional manner®’ +13)
by the aid of the binominal distribution function, namely,

p(Ws)= p(W,qw)= C(W)gp(nj(q),sj(q)) (6)

p(n,s)= C_(1-v)577" (6)"

where c(W) is the atomic fraction of W atom and is obtained from Eq.
(1) as a function of v.

The sum of p(WS) in respect of ﬁw and W is equal to unity and
therefore p(WS) plays a role of the probability function of any physi-
cal quantity in the alloy HA(q). ﬁTWgT used in Eq. (5)' is also de-
fined by this function as follows,

u(Ws)=q§p(WS)u(WS)/C(W) (7)

The intensity of the NMR resonance peak is supposed to be direct-

ly proportional to the population of the resonating nucleus and thus
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is given in the following expression,

I(Wg)= I(W,§,)= k(W)p(W,) (8)

where k(W) is the weighting factor of the intensity of W nucleus. It
may be ascribed to its natural abundance etc. and determined experi-
mentally but may be constant through the same alloy system irrespec-
tive of the alloy composition as well as the environment variable ﬁw.

IV. Simultaneous Linear Equation for Moments,
their Solution and Hyperfine Field
1. Simultaneous equation and moment expression

According to the previous section, we can obtain the simultaneous
linear equation for moments. An example of the equations for the mo-
ment of X atom characterized by the environment variable ﬁx= [nl(n),
n4(n),n7(n),...] in HA(n) alloy is described in the following, when
the chain of the interaction is cut at m= 1.

u(XB)—K(XY)M(XB)i—K(XB)M(XB)?—K(XZ)M(XB)§= (1/2) [T (XY)+T(X2)]
+[ny (n) /8] [T (Xn) =T (XY) ]
- [4-n (n) IK(YX) u (Xg) +M(Xg) [= [4-ny (n) ] [T (¥X)+7K (YX) i (X))
-n; (MK (MX) 1 (Xg) M (Xp) 1= ny (1) [T (1X) +7K (NX) W (X))
—4K(ZX)u(XB)+M(XB)i= 413 (2X)+7K (2X) 1 (Xg)]

. Y n Z
Clearly the solutions for u(XB), M(XB)l, M(XB)l and M(XB)l are

functions of the compnent of the environment variable nl(n) and atom-
ic average moment ETXET together with J(WU) and K(WU) coefficients.
Other equations and solutions have also similar form and character.

Since the exact solutions are rather lengthy, all the results on
the moments are given in the first order of K(WU). Then, for the
alloy HA(n)= XZ(Yl_vnv)Z, the atomic moments are,

u(XB)= uO(X)+(l/4)6nl(n)
u(YB)= uO(Y)+(l/2)K(YX)5n3(n)

(9)
u(nB)= uo(n)+(1/2)K(nx)6n3(n)

u(zg)= uo(Z)+(l/4)6[4n2(n)+n5(n)]

and for the stoichiometric alloy X,Y2Z,
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.0 0 -
Hg ()= 1g (Y)+8K (YX) 1y (X) ug ()= J(¥x)
0 0 (10)
uo(n)= uo(n)+8K(nX)[uo(X)+(G/4)], uO(Y)= J (nX)
- .0 0,y
uO(Z)— uo(Z)+8K(ZX)uO(X), uotZ)— J(ZX)
where, 23,= J(XY)+J (X2), (KJ) p= K(XY)J (¥X)+K(XZ)J (ZX) (11)

28= 2Jl+8 [K(Xn)JT(nX)-K(XY)J(¥YX)], 2J1= J (¥Xn)=J (XY) (12)

In these expressions the quantity of the stoichiometric alloy is
expressed with the lower suffix "0" such as uo(x). ug(x) means the
moment of uo(x), when all K(WU) coefficients are zero. The same nota-
tion will be used hereafter.

In a similar way, the lst shell moments are described as follows,
Y_ Y - - -
M(XB)l— MO(X)1+28K(YX)[uZXB5 uO(X)] [uo(Y) K(YX)6]nl(n)
= (1/4)K (¥X) §n (n) 2
M(xy) 1= g (M)ny (0)=2K(nX) 0y (n)+(1/4)K (nX) 6n; (1)
yA
1

M(X,)

B) o= My (x) $+28K (2X) [WTXLY -1 (X) 14K (2X) §n) (n)

M(Yp) = MO(Y)§+24K(XY)[iTY;T—uO(Y>1+32[u(zB)-uo<Z)]

(13)
+(1/2) 8n4 (n)
M(ng) = Mq(n)§+z4x(xy>[HT?gT—uO(Y)1+3zK<xz>[u(zB)_uo(Z)]
+(1/2) éng(n)
_ X _ ——r_
M(ZB)l— MO(Z)1+24K(XZ)[u(ZBi uo(Z)]+32K(XY)[u(YB) uO(Y)]
+(1/4) § [4n, (n) +ng (n) ]
M (X) Y= au, (v) M_(X)2= 4u,(2)
0% 1T ity 017 *Fo
X_ X_
MO(Y)l— MO(Z)l— 8u0(X) (14)

My (n) Y= 8Ly (X)+(8/4)]

In these moment expressions, it must be emphasized that the bond
character moments play the most important role in the magnetism of an
alloy. If there is no nonvanishing ug(w) or Jl ;, the alloy could not
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be magnetic and shows constant paramagnetism. On the contrary, any

atom with a finite bond character moment can produce some induced mo-

ment on all other atoms in this Heusler alloy system. Therefore, we

call the atom W with nonvanishing ug(W) magnetic and n atom capable

to contribute a finite J(Xn) an active impurity hereafter.

2. Hyperfine field

From the above results, we can easily obtain the hyperfine field

according to Eq. (2)"'.
For the stoichiometric alloy XZYZ,

Hy e (X) o= Ho (K)o (X)+4 [Hy (X) g (9) +H (X) g (2)]

= [Hy (X)+320 (), T (X)+4 [H) (X) ug (¥) 48 (X) 0 (2)]
Hyg (¥) o= Ho (Y)1g (¥)+8H, (¥) g (X)

= Hy(Y)ug () +8e (¥) g (X)

H e (n)g= Hy()ug(n)+8H, (n)  [ug (X)+(8/4)]

Ho (n)ud(n)+8e (n)_ [y (X)+(8/4)]
Hy g (2) o= Hy (2)u (2)+8H, (2) i (X)
= Hy(2)ud (2)+8e (2) g (0)
where e(x)yz= Hl(x)yK(YX)+H1(X)zK(ZX)
€ (W) = H) (W) +H) (WK(WX) ; W= ¥, n, 2

For the HA(n)= xz(Yl_an)Z alloy,

Hy e (Xg)= Hy o (X) (+B(Xp) [HTX) =1 (X) 14C; (Xg)ny (n)+C, (Xp)n) (n) 2

H e (Yg)= th(Y)o+B1(YB)[u(YB)-uo(Y)]+B2(YB)[u(ZB)-uO(Z)]
+C (Yp)ng (n)

th(nB)= th(n)0+Bl(nB)[u(YB)-uO(Y)]+Bz(nB)[u(ZB)-uo(Z)]
+C(nB)n3(n)

th(ZB)= HHF(Z)0+B1(ZB)[u(ZB)—uo(Z)]+B2(ZB)[u(YB)-uO(Y)]

+c(zB)[4n2(n)+n5(n)]

(13)

(16)

(17)

(18)

(19)
(20)

(15)"

(16) "

(17)?

(18) "

where the related parameters Bj(w) and Cj(W) are given as follows,
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B(XB)= ZBO(X)Yz

(15) "
+[9(X)yz—2Hl(X)nK(nX)]6
C, (Xg)= (1/4) [R(nX)-K(YX)]$
B, (Yp)= 24K (XY) e (Y) , B, (Yp)= 32K(Xz)e (Y),
(16) "
C(Yp)= (1/2)e(¥) 8
By (ng)= 24K(XY)e(n),, B, (ng)= 32K(XZ)e(n)
(17) n
C(ng)= (1/2)e(n) ¢
B (Zg)= 24K(X2)e(2) , B, (Zp)= 32K(XY¥)e(2)
(18) n

C(ZB)= (1/4)€(Z)x6

In the expression for the stoichiometric alloy XZYZ, one may
easily find that it consists of two parts, namely the self hyperfine
interaction and the 1lst neighbour hyperfine interaction. It will be
shown in the next section that the latter is comparable with the for-
mer in some cases.

In the hyperfine field expression of the alloy HA(p) containing
the impurity n , two additional terms are recognized besides the term
of the stoichiometric alloy. They are the composition dependent term
with the factor ETW;T—UO(W) and the nj(ﬂ) dependent term. In the NMR
spectrum of HA(n) alloy, the stoichiometric term corresponds to the
main peak of the resonance spectrum, the composition dependent term
to the shift of the resonance peaks with alloying and the nj(n) de-
pendent term to the satellite peaks.

In fact the last one is the origin of the occurrence of satel
lite peaks of the NMR spectrum and determines the separation between
two adjacent satellite peaks. As can be seen in Egs. (15)' ~ (18)°',
the component of the environment variable QW, which causes the occur-
rence of the satellite peaks, varies with the central atom containing
the resonating nucleus; nl(n), n3(n), n3(n) and nz(n) to X, ¥, n and
Z, respectively, as alredy appointed by Niculescu et al. ‘. Each of
these component is that with the least j in each environment variable
in Table 3 and therefore its maximum corresponds to the maximum avail-
able number of satellites.

As to the parameters Hh (W)o, Bj(WB) and Cj(WB) that determine

£
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the main peak position, peak shift and satellite separation, it must
be mentioned that they are all expressed in terms of the phenomenolog-
ical coefficients HO(W), Hl(w)u, K(W,U) and the moments uo(W) and §
that are obtainable directly from experiments. Because J(WU) coeffi-
cients are replaced by uO(W) and § by the aid of the simultaneous e-
quations for the stoichiometric alloy. This fact is helpful to the
analysis of the experiments as described in later.

3. Atomic average moment

According to Egs. (6) and (7), the atomic average moments are easi-
ly obtained as follows,

HXgr= uO(X)+ v
H(YB)= uO(Y)+ 6K (YX) &v
(21)
u(n37= uo(n)+ 6K (nX) 8v
ﬁTZET= po(Z)+ 8K (ZX) &v

These expressions assure the possibility to determine §, which is
necessary to analyze the hyperfine field. Furthermore, it is to be
noted that § is certainly measurable, if there is any appreciable
change in the hyperfine field by alloying. Because the satellite term
of the hyperfine field is almost proportional to § in any case as can
be seen in Egs. (15)" ~ (18)".

4. Comparison with Niculescu et al.'s idea

If we imagine that all K(WU) coefficients are zero, then the ob-
tained results should correspond to the results by Niculescu et al.6).
Even in such a case, however, there is an important difference between
the present model and theirs. They noticed that the impurity effect
upon the atomic moment of X in A,C site, which in turn affect the hy-
perfine field of X, ¥, n and Z atoms but did not dare to use the ob-
served moment of uo(x), uo(Y), uo(n) and 6§ as the important parameters
to analyze the experiments. Instead they used a hypothetical relation
between the moment of X and the number of Y atoms in the lst neighbour
of X to analyze the NMR spectrum. This indirect relation made them to
fail to find several important relations obtained experimentally, such
as the relation between the G/UO(X) and C(W)B/th(W)o, which is easily
obtained in the present model, as described in later.

Futhermore, in the present model we can interprete the shift of
the resonace peaks with alloying by introducing the induced moment ef-

fect, which is observed by them but is not interpreted. The induced
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moment effect should be necessary in the phenomenological approach to
the hyperfine field to interprete the nonvanishing value of th(Z)0 in
the case of X,YZ with nonmagnetic X element. This is one of the most
interesting problems of the NMR study in Heusler alloys and many work-
ers have tried to interprete itl4). In the present model, th(Z)O is
able to be finite through Egs. (10), (11) and (18), while it vanishes
when one stops in the same step as Niculescu et al.6). In spite of
such a weakness, their idear is a very progressive one as already de-
scribed in Introduction.

V. Determination of Phenomenological Coefficients

In the present hyperfine field expressions and the atomic average
moment ones, we have 13 relations for fields and four for moments in a
single HA(n) alloy system as described in Egs. (15) ~ (20). In these
expressions ten hyperfine field coefficients ( four for HO(W), three
for Hl(w)x and three for Hl(x)w ) and six induced moment coefficients
( three for K(WX) and three for K(XW) ) are to be determined.

Though 17 relations are enough to determine 16 coefficients, it
is difficult to obtain in practice the hyperfine fields of all the nu-
clei because of the lack of the natural abundance of some of them
and also to determine precisely the composition dependence of HTW;T
for W= ¥, n and Z.

Therefore, several ratios of the hyperfine field to the moment,
which is useful to the analysis of the NMR spectrum, are given in the
following.

(1) For the main peak of NMR in X,YZ and HA(n) alloys

2

When X and W are magnetic, W= Y or n

Q(X) = Hp g (X) 0/ug (X)= Hy (X)+4H) (X) [ug () /1 (X))
+32H1(X)ZK(ZX) (22)
BAY) = Hy - (¥) o/ug (Y)= Hy (V) +8H, (V) [1g (X) /ug (V)] (23)
B(N) = Hy (M) /1y ()= Hy(n)+8H () {Tug (X)+(8/4)1/uy(n) } (24)

When X is magnetic but W is nonmagnetic, W= ¥, n or 2

€(¥) = Hp o (¥) o/8ug (X)= Hy (¥) +H (Y)K(¥X) (25)
€(N) = Hy (M) o/81ug (X)+(8/4) 1= Hy (n) +Hj (MK (nX) (26)

e(Z)x= th(Z)O/Buo(X)= Hl(Z)X+H0(Z)K(ZX) (27)
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When X is nonmagnetic but Y is magnetic

B(Y)X= Hy o (¥) /g (¥)= Hy(Y)+32H, (¥) K(XY) (28)
S(X)y= th(X)0/4u0(Y)= Hl(X)y+HO(X)K(XY) (29)
Y(2) = Hye(2) 0/32u, ()= H) (2) K(XY) (30)

(2) For the satellite peak of NMR in HA(n) alloy

e(x)yz= B(Xé)/28= Hl (X)yK(YX)+H1 (X)ZK(ZX) (31)

P (X) gy, = 4C) (Xp) /8= Hg (X)=4H; (¥)  [ug (¥) /8]

+4H, (n)  [1g (n) /8140 (K) (32)

O(K)= 4[0(X) ,~2H) (X) K(nX)] (32) "

€ (Y) = 2C(Yy) /8= Hy (¥) +H, (Y)K(YX) (25) "
e(n) = 2C(ng) /8= Hy (n) +Hy (N)K(nX) (26) '
e(Z)X= 4C(ZB)/6= Hl(Z)X+H0(Z)K(Zx) (27)"

Regarding the application of these ratios to the analysis of NMR

spectrum, the following technique may be mentioned.

(a) When both X and Y are magnetic in XZYZ, HO(Y) and Hl(Y)x may
be obtained from a series of observation of th(Y)O, uO(X) and
uO(Y) in the alloys with the same X and Y but different Z el-
ments according to Eq. (23).

(b) If K(zZX) is assumed very small, HO(X) and Hl(X)y are also
obtained in a similar way as above according to Eq. (22).

(c) When both X and Y are magnetic in HA(n) alloy system, HO(Y)
and Hl(Y)X are obtained from th(Y)o, uo(x), uo(Y), § and
C(YB), on an assumption Hl(Y)x= E(Y)x, according to Egs. (23)
and (25)°

(d) When both X and n are magnetic in HA(n) alloy system, Ho(n)
and Hl(n)X are obtained in a similar way as above according
to Egs. (24) and (26)°'.

(e) When X is magnetic but W (=Y, n or Z) is nonmagnetic in HA(n)
alloy system, E(W)x is obtained independently either from
th(W)O/uO(X) or from C(WB)/S according to Egs. (25) ~ (27) and
(25)' ~ (27)'. In such a case, two values of E(W)x from dif-

ferent sources should be equal giving the following relation.
G/UO(X)= 16C(YB)/th(Y)O= 32C(ZB)/th(Z)0 (33)

6/[“0()()"'(6/4)]: l6C(nB)/th(n)0 (33)"
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Fig. 4. Determination of HO(Y) and Hl(Y)x according to the relation B(Y)X=
HO(Y)+8H1(Y)x[u0(x)/uo(Y)], where B(Y)x= th(Y)o/uo(Y)- (a) Co,MnZ
(ref. to (15)~(17))and (b) Fe3Z (ref. to (10)).

In the next section, we will apply these techniques to the anal-

ysis of several NMR experiments to obtain the HO(W) and Hl(W)x coeffi-
cients.

VI. Comparison with Experiments

1. Stoichiometric alloys and determination of HO(Y)

Since both X and Y are magnetic in Connle) 3 10) alloy

and Fe,Z
systems and the hyperfine field measurements have been also performed
in these systemslo)’IG)’l7), the technique (a) is applicable to these
systems. 1In Fig. 4, by applying the linear relation to the th(Y)0
/uO(Y) vs pO(X)/uO(Y) plot, one may obtain Ho(Mn)= -86.57 and Hl(Mn)Co
= ~-4.66 [kOe/uB] in (a) and Ho(Fe)= -90.19 and Hl(Fe)Fe= -12.25 [kOe
/ugl in (b).

In Fe3z alloy system, the obtained coefficients may be applied
immediately to estimate th(Fe)0 in A,C sites according to Eq. (22) and
on an assumption of small K(ZX). The calculated value is equal to
-236.54 for Fe3Al and -225.83 [kOe/uB] for Fe3si. Whilelg?e experimen-
tal value is =246 for Fe3A1 and ~222 [kOe/uB] for Fe3Si + The agree-
ment between the experimental and the calculated is fairly well and
seems to give a support to the present model.

2. Off-stoichiometric Fe, . V.Si alloy

In this alloy system, the detailed NMR spectrum has been obtained
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Table 4. The hyperfine field, atomic moment and their related para-

meters in Fes_xVxSi, FeS-anxSi and anvl_yAl1+y alloys.
HA (n) Fe3_xVxSi Fe3_anxSi MnZVl-yAll-Py
H ((X), [kOe] -217.8 -217.8 -66.3
B(Xy) [kOe/yy] +12.38
€, (Xp) [koe] +50 +35 -29.2
C, X/ () -0.23 -0.16 +0.44
H (Y), [koe] -337.7 -337.7 -85.7
C(¥p) [kOe] +7.5 +7.5 -9.9
C(¥p) /H, (¥) -0.023 -0.023 +0.12
H (n), [koe] 47.7% -258.8
C(ng) [kOe] -4.7 +5.5
C(ny)/H,__(n) -0.099 -0.022
th(g)oﬂ?£0e]o 37* 37* ~25.4
C(zp) [kOe] -1.65
C(zg) /M, (Z) . +0.064
1o (X) [ugl 1.35 1.35 0.953 0.607
8§ [ug] -1.35 -1.35 0.897 1.24
1o (¥ [yl 2.2 2.2 0 0.346
Ho (M) [ugl 0 2.2 0 0
e(x)yz [kOe/uB]# +0.442
e(M),, [kOe/uB]’ ~11.24
" -11.11 -11.11 -22,07 ~15.96
eim, [koe/ugl’ 5.8
" .96 -8.15
e(2) [kOe/uB]# 3.42 3.42 -3.33 -5.3
" -7.36 -5.3
HO(X) [kOe/uB]
Hl(x)y [kOe/uB]
Ho(Y)  [kOe/ugl -98.23 -98.23 -23.60
Hy (Y) [kOe/yy] -11.11 -11.11 -15.96
Ho(n) [kOe/uB] -87.09
Hy(n) [kOe/ug] -8.15
K(YX) -0.018 -0.018
K(nX) -0.003

* Absolute value,

**% Numerical values in the left side are calculated on the assumption

# Upper from th(W)O and lower from C(WB)

of u,.(V)= 0, and those in the right side are obtained uO(V)# 0,
and by the aid of G/uo(X)= 32C(ZB)/th(Z)0 with nonmagnetic Z.
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by Niculescu et a1.6). Fe(A,C) and Fe(B) have the moment of 1.35 and

2,2 [uB], respectively but V is nonmagnetic. Furthermore uO(Fe)A c=
14

-8 is confirmed. 1In Table 4, several parameters obtained from their
experiments are described together with those of Fe anXSi and Mn
Vl—yAll+y alloys

As the hyperfine field of the nonmagnetic elements is extensively

3- 2

studied only in V, the examination of €(n)x described in the technique
(e) is made in this case. The value of €(n)x obtained from th(n)0
and C(nB) are 5.88 and 6.96, respectively with n= V, which shows the
relation of C(nB)/th(n)0= -1/33(n)= -1/12 is also approximately real-
ized in this case according to Eq. (33)' because of uo(x)= -§, as can
be seen in Table 4.

In respect of th(x)o, according to Egs. (22) and (32) the follow-
ing relation may be derived approximately on account of uO(X)= -8 and
Hy(n)= 0 in this alloy,

Hy g (X) o= Ho (X)ug (X) +4H) (X) ug (¥)
Cy (Xp)= = (1/4) [Hy (X) g (X)+4H (¥) 1o (V)]

Then, putting Hl(x)y= Hl(Y)x because of Y= X= Fe in this case, we ob-
tain Cl(XB)/th(X)0= -1/4, which is comparable with the experimental
result of -0.23 as described in Table 4.

Regarding th(YB), HO(Y) and Hl(Y)X may be obtained by the tech-
nique (c). According to Egs.(23) and (25)°', HO(Y)= -98.23 and Hl(Y)X
= -11.11 [kOe/uB] are obtained. These values are well comparable with
those obtained previously in Fe3Z alloy systems. If a small discrep-
ancy in HO(Y) is ascribed to K(FeFe), it is estimated to be -0.018.

In Fig. 5, the relative intensity calculated according to Egs.

(6) and (8) is given together with the experimental results obtained
by Niculescu et al.6). As can be seen from this figure, the calcu-
lated one is in satisfactory agreement with the observed one, except
those for the alloys with x>0.50, as indicated by the thick vertical
lines. If we imagine that some disordering occurs between the atoms
in B and D sites and one third of V atoms enter the D sites, the
population of V at B and D sites under the influence of V impurities
are caluculated, resulting the intensity indicated by the fine solid
and dotted vertical lines, respectively. Therefore, some irregular-
ity of the intensity at high V concentration may be ascribed to such
a disordering of atoms between B and D atomic sites.

3. Off-stoichioemtric Fe MnxSi alloy

3-x

This alloy system is also investigated by Niculescu et al.6).
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Fig. 5. NMR spin echo spectrum in Fe3_xVxSi ( x= 0.02 ~ 0.90 )
by Niculescu et al. ( ref. to 6)7) and the calculated rel-

ative intensity of V according to Eq. (6).

The thick ver-

tical line corresponds to the relative intensity as all V
While the fine solid and dotted
vertical lines correspond to the lines when V atoms occupy
the B and D site in a ratio of two to one, respectively.

Except the alloys with x= 0,02 and 0.04, the calculated

maximum population is reduced to the value of the maximum
peak in the experiments.

atoms occupy the B sites.

79
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In this case, the moment value does not change in respect of pO(X), §
and uo(Y) but change in uo(n) from 0 to 2.2 [uB] in comparison with
the former alloy system. Therefore, it is concluded at first that
the same value of C(YB) as before is expected and in fact is realized
experimentally as described in Table 4 according to Eq. (25)°'.

However, Cl(XB) is varied with Hl(n)xuo(n) term, which is finite
because of nonvanishing uo(n) in this case. According to Eq. (32), the

differece in Cl(XB) from that of Fe VxSi alloy system gives Hl(Mn)Fe

= -8,91 [kOe/uB], which has the sam: :ign but is twice as large as the
value of Hl(Mn)c° obtained in Co,Mnz alloy system previously.

While th(n)o and C(nB) with n= Mn gives HO(Mn) and Hl(Mn)Fe by
the aid of the technique (d). The obtained value of HO(Mn)= -87.63
and Hl(Mn)Fe= -8.15 [kOe/uB] are in good agreement with that obtained
Co,Mnz alloy system for the former and that obtained from Cl(nB) in
this Fe3_anxSi alloy, respectively. A small discrepancy in Ho(Mn)
gives K(MnFe)= -0.003.

4, Off-stoichiometric anvl—yAll+y alloy

Recently in this alloy system, NMR experiments have been perform-
edls)’lg). As can be seen in Fig. 6, the NMR spectrum is not so well
resolved, especially in high frequency range in comparison with those
of CoyMn; ,8i, g¢ in Fig. 2 and of Fe; V.Si in Fig. 5.

Therefore, it is somewhat difficult to assign each satellite
peak. In the stoichiometric composition, three main peaks are observ-
ed at 28.2, 71.5 and 104.2 [MHz] and assigned to 2’/aAl, °1v and >°Mn,
respectively from the behavior of each peak concerning with the relax-
ation time Tl and the increasing rate of the peak position with exter-
nal field'®). The rate for the 71 and 104 [MHz] are -1.11: 0.02 and
-1.03+0.02 [MHz/kOe]. While the expected rate is 1.1193 [MHz/kOe] for
51y and 1.0553 [Mhz/koe] for >omiEl)

peak seemed to be appropriate.

Therefore, the assignment of the

However, the satellite structures of the NMR spectrum observed at
higher Al concentration shows a contradict feature with the above as-
signment, if the present model is also applicable to this case. The
present model predicts that the number of Y satellites should be
greater than X satellites. The maximum possible number is twelve for
Y and four for X. The relative intensity of W= X, Y varies according
to Egs. (6) and (8). Terefore, in each alloy composition one may ex-
pect that the actual peak of spectrum should correspond to the reso-
nance peak with the maximum population in a given alloy composition.
Assuming the main peak of V is situated at 71 [MHz], the resonance
peak with the maximum population, which corresponds to the satellite
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Fig. 6. NMR spin echo spectrum in Mn V by Yoshida et al. )

and its analysis described in the %eXt. +¥he open and closed

vertical narrow bars give the relative intensity of Al and
Mn, respectively. The open vetical wide bar indicate that of
V.

with n3(n)= 5 at the highest Al concentration, i. e. v= 0.40, must be
assigned to somewhat broad peak at about 142 [MHz] in Fig. 6. Unfortu-
nately, however, other four satellites could not be found between the
main peak and the satellite peak with the maximum intensity. There is
only one satellite peak. On the contrary, if the main peak of Mn is
assumed to be situated at 71 [MHz], the satellite peaks with n (Mm=1,
2 and 3 are fairly well situated at the relatively sharp peaks
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observed in the NMR spectrum at v= 0.40, as indicated by the closed
vertical bar with the relative population in Fig. 6. At other alloy
compositions, the correspondence between the calculated satellites of
Mn and the relatively sharp peaks in experiments seems to be fairly
good.

Therefore the remained peak observed at about 130 [MHz] for the
alloy with v= 0.24 is used to determine the separation of the satel-
lites of V spectrum. The parameters in Table 4 are thus obtained.

In this anaysis, the value of v is a little varied from that estimated
from the chemical analysis, taking into account some disordering be-
tween B and D atomic sites. Original compositions of three alloys

are Mn50V25A125, Mn51V20A129 and Mn51V14Al35. After such a correction
the relative intensity of all the peaks are calculated according to
Egs. (6) and (8) with the weighting factor of k(X):k(Y):k(Z)= 1:10:1,
and each peak is situated according to the parameters in Table 4.

It may be recognized that the calculated one correspcnds fairly well
to the observed spectrum. In this analysis, the abnormally broad peak
at 104 [MHz] may be understood naturally due to the superposition of
the main and satellite peaks of V and futhermore the lst satellite
peak of Mn, suggesting some disordering occurs in this alloy.

Regarding the hyperfine field, we tried at first to analyze data
on the assumption that Mn only is magnetic. However, either e(Y)X or
E(Z)x obtained from the satellite separations is twice as large as
that obtained from the main peak as described in Table 4, suggesting
V atom is magnetic. Therefore, combining the results of the magneti-
zation measurements with the value of 5/UO(X) obtained from C(ZB)
/th(Z)0 according to Eq. (33), the atomic moments ”0(x)= 0.607, uo(Y)
= 0.346 and 6= 1.24 [“B] are obtained on the assumption of a simple
ferri- or ferromagnnetic structure in this alloy.

Utilizing these values and Ho(Mn)= -86.57 [kOe/uB] obtained pre-
viously, one may calculate th(Mn)O= -59.00 [kOe], if Hl(Mn)Co= -4.66
[kOe/uB] is used instead of real Hl(Mn)V or HO(Mn) = -63.82 [kOe], if
Hl(Mn)Fe= -8.15 [kOe/uB] is used. While experimentally th(Mn)0=
-66.3 [kOe] as described in Table 4. Since in this case V is magnetic
HO(V)= -23.60 [kOe/uB] and Hl(V)Mn= -15.9%6 [kOe/uB] are obtained in a
similar way as made in FeB-xVxSi alloy for Fe(B) However, an obtained
uo(V) is rather suspicious and therefore the conclusive analysis must
be postponed until the direct determination of the magnetic structure

is made on this alloy by the neutron diffraction measurements.

VII. Conclusion
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6)

Developing the idea of Niculescu et al. ', we obtained the phe-
nomenological expression of the hyperfine field of a nucleus as func-
tions of the moments of the constituent elements in Heusler alloys.
Even in an alloy such as X2(Y1_vnv)z containing the impurity n, the
moments in the expression are only limited to those in the stoichio-
metric alloy X,YZ as well as the increment of the moment of X, which
are able to be determined by neutron diffraction measurements direct-
ly. This fact is helpful to the analysis of the NMR experiments.

The hyperfine field of a nucleus in an alloy containing impuriti-
es consists of three parts, namely the constant term, the composition
dependent term and the discrete term dependent upon the number of the
neighbouring impurities around the nucleus. In the NMR spectrum, the
first term corresponds to the main peak of the nucleus, which express-
es the hyperfine field of the nucleus of the stoichiometric alloy, the
second one gives the shift of each resonance peak with alloy composi-
tion and the third one causes the occurece of the satellite peaks and
gives their separation.

Several ratios of the field to moment are also given and applied
successfully to the analysis of the NMR experiments. By the aid of
these ratios, two set of the hyperfine field coefficients are obtained
in CoZMnZ and FeBZ alloy systems and their usefulness is verified in
the determination of the hyperfine field of a nucleus in another atom-
ic site. The hyperfine field coefficients are also determined in two
alloy systems FeB_XVXSi and Fe,_..
formation of the satellite separation and give values, which are in

MnxSi independently by use of the in-

good agreement with those obtained from ConnZ and Fe3z. Futhermore,
the predicted relation between the ratio of the satellite separation to
the hyperfine field of the main peak and the ratio of the moment vari-
ation rate to the moment of X atom of the stoichiometric alloy for the
nonmagnetic element in general and for X element in special, is con-
firmed satisfactorily. This relation is also applied to anvl-yAll+y
alloy system and suggests strongly that V atom is also magnetic in ad-
dition to Mn in this alloy system.

The relative intensity of the main and satellite peaks of a nu-
cleus is calculated on the assumption that the intensity of each reso-
nace peak is propotional to the population of the resonating nucleus
characterized by its special local environment, which determines the
position of each resonance peak. The calculated relative intensity is
in fairly good agreement with the NMR spectrum in Fe3—xVxSi alloy sys-
tem and is useful to the analysis of a rather complex spectrum in
Mn,Vv 1 alloy system.

l—yA 1+y
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Since the fundamental equations used to develop the hyperfine
field expressions are applicable to any magnetic alloy with the struc-
ture other than L2l structure, one may expect that the validity of the
present model will be examined also in other magnetic alloy systems as

made in the present work in Heusler alloys.
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