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Interpretation of the magnetic properties of pseudobinary Sm2(Co, M),7 compounds.
II. Magnetization
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The data available from paper I of this series offer the opportunity to ascertain the cause of the variations in

both Sm'+ and transition-metal magnetic moments upon substitution of Co by Fe, Mn, and Cr in Sm, Co».
The exchange- and crystal-field parameters derived from the magnetocrystalline anisotropy are used in the
calculation of the Sm + ionic moment in fields of hexagonal symmetry. Both the moment reduction at 0 K and

the change in the temperature at which the moment changes sign are found to agree well with the values

observed experimentally. The Sm'+ ion changes to an L+ S type ion at higher temperatures but not at
absolute zero. The itinerant-electron moment varies in a manner indicative of electron donation to 3d band in

the presence of virtual bound states. The Sm, Co» crystal structure becomes unstable at high 3d-electron
concentrations.

INTRODUCTION

Paper I of this series was concerned with the an-
alysis of the magnetocrystalline anisotropy of
Sm, (Co, M)» compounds. The subject of this paper
is the magnetic moment exhibited by both the
transition-metal and samarium atom.

In Paper I a number of references were made to
the electronic structure of these alloys. This is
dominated by the transition-metal (TM) band struc-
ture, upon which the bulk magnetization is sensi-
tively dependent in the eventuality that the Sm mo-
ment is small. An analysis of the TM magnetic
moment will therefore yield some indications,
though not unambiguous ones, of variations occur-
ring in the electronic structure upon cobalt substi-
tution.

The Sm" ionic moment is also obtained from the
measurements of the samarium- and yttrium-based
compounds. The value measured represents only
a few percent of the bulk magnetization and is
therefore subject to rather large experimental un-
certainty. However, a variation both between
alloys and with temperature is observed which re-
quires explanation. To this end the ionic moment
was calculated utilizing the exchange- and crystal-
field values derived from the anisotropy investiga-
tions of Paper I. The general agreement obtained
represents an independent indication of the correct-
ness of these values and an additional confirmation
of the sensitivity of the Sm" moment to its environ-
ment.

EXPERIMENTAL AND RESULTS

The materials studied are the same as those of
Paper I; namely, Sm, (Co, ,M„)» and Y,(Co, „M„)»
with M = Fe (0 ~ x ~ 0.4), Mn (0 ~ x ~ 0.25), and
Cr (0 ~x ~0.10). Details of sample preparation,

characterization, and measurement are also as
reported there. The bulk magnetization, M„was
measured for temperatures between 77 & T &1000 K
for a number of compositions throughout the series
named. The results represent an average of at
least four separate samples in each case.

The data for the three Sm series are reproduced
in Figs. 1(a)-1(c) which show the temperature and
composition dependences M, (x, T). Figures 2(a)-
2(c) contain the molecular moments at 0 K, obtain-
ed by extrapolation of the curves in Fig. 1, for both
Sm and Y compounds. Figures 3(a)-3(c) indicate
the excess in molecular moment per Sm, (Co, M)»
molecule over and above that of the corresponding
Y, (Co, M)» unit. This has been expressed as the
moment per Sm ion. In Figs. 4(a) and 4(b) the
temperature and composition dependences of the
excess moment per Sm ion are shown normalized
at 0 K. The lines have been drawn as a guide only.

THEORY

The Sm" ion in Sm:Co compounds is subjected to
both crystalline electric fields and magnetic ex-
change fields due to its environment of magnetic
and ionized atoms. As has been shown, it is pre-
cisely these interactions which are responsible for
the rare-earth anisotropy of these compounds. In
a similar way their influence upon the Sm atomic-
energy levels in the crystal also affects the atomic
magnetic moment.

The perturbation theoretical treatment of Paper
I is inappropriate for the present case. The
reason for this is that mixing into the J = 2 ground
state of the J= —,', —,', . . . , —, excited states owing to
the crystal and exchange fields substantially alters
the calculated ionic moment. ' ' Various authors
have treated the dependence of the Sm" moment
upon the mentioned interactions. ' ' However, its
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FIG. 2. Magnetic moment per formula unit (FU) at
absolute zero for Sm2(Co& „M„)&7and Y2(Cof M ) f7
alloys where (a) M = Fe; (b) M=Mn, and (c) M= Cr and
Al. Al data originate in Ref. 16.
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temperature dependence was not accurately cal-
culated and only a cubic environment was con-
sidered. We carry out similar calculations using
the Hamiltonian of Paper I [Eq. (1)]:

X= XL' S+X,+ 2 p.~H,„'S .
The same forms of the spin-orbit, crystal-field,
and exchange-field interactions are used as in that
case. For the spin-orbit coupling X=410 K was
used, corresponding to a J=-,'- —,

' energy separation
of 1435 K. The assumption is made that the mo-
ment lies fully along the z direction which is
parallel to the hexagonal c axis. Its value is then
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FIG. 1. Saturation magnetization of Sm2(Cof pe) f7

compounds. (a) M= Fe; (b) M= Mn; (c) M= Cr.

FIG. 3. Excess magnetic moment in Sm2(Cof pe) f7
expressed as the Sm3+ ionic moment. (a) M= Fe; (b)
cVI= Mn; (c) &VI=Cr.
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T„, is reproduced in Fig. 6 as a function of
In this instance the exchange

field was kept constant at all temperatures. It
may be seen that the Sm" mo t 'momen is strongly re-
duced by both crystal and exchange fields. How-

ever, within reasonable limits of H,„
(r ), the moment at 0 K remains positive. This is
in marked contrast to the situation for cub
tal fields" i

ion or cu ic crys-
a ie s in which certain combinations of

6'~A' and( ) 4 an (r )A, yield a negative value for the
moment at absolute zero. The shifts in the cross-
over temperature within the same range of 1ge o vaues

so e as large as 30%. Whereas the 0 K
moment is more sensitive to the exchange field
than the crystal field, the reverse is true of the
crossover temperature. For negligibly small val-
ues of psH, „a dn(r')A, ', the ionic moment is

and E n are the energy eigenvalues dan eigen-
unc ious obtained by diagonalizin E (1) b'

g q. etween
states from the ground state J=-,' to the

highest excited state J= —". The matrix 1 ta rix e ements of

ter
q. are evaluated in the usual manmanner in

erms of 3j and 6j symbols and reduced matrix
elements. ' The former were calculated from the
appropriate formulas. '

J-mixing effects due to crystal and exchange
p rature influence the ionic moment

to the extent that both its magnitude and si n ma
is also applies to the susceptib'1

ity, Knight shift, and hyperfine fields. '9
Figure 5 shows the dependence of the Sm" i

moment o at 0
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normalized temperature dependence for the Fe,
Mn and Cr substitution series are reproduced in
Figs. V(a)-V(c) and Figs. 8(a)-8(c), respectively.

Taking into account the large experimental un-
certainties present in the data of Figs. 3 and 4,
their broad features are in surprisingly good ac-
cord with those calculated. 0, (x, 0) shows a steady
decrease with increasing Fe concentration, but
contains a minimum between 5 and 10-at.% Mn con-
tent. The moment for the Cr compounds increases
with x. Additionally the absolute value of os is in

0.714@.~, which is the value for the free Sm" ion.
The sensitivity of both 08 and T„ to the number

of Sm" excited states used in the calculations
should not be overlooked. Changing J from —,

'
to —", decreased os of Sm,Co» by a further 5% and

T, by 14%.

DISCUSSION

The transition-atom moment and Sm" ionic mo-
ment data will be discussed separately.
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Samarium moment reduction

The preceding calculations are a satisfactory
confirmation of the broad details of the experimen-
tal data. The Sm" moment is indeed dependent
upon the prevailing exchange and crystal fields.
Furthermore it exhibits a change of sign at higher
temperatures which is also composition dependent.

It has been speculated" that the lower values of
the magnetization of SmCo, and Sm, Cogv compared
to the corresponding yttrium compounds may be
explained by crystal-f ield- induced sign reversal
of (L,+2S,) to (S,). In fact, for the 2:17 compounds
investigated here it appears that this does not
happen at 0 K. At room temperature the situation
can exist due to the reversal of sign in (L,+2S,).
The Sm" ion therefore changes its character as a
function of temperature from the I —S type expected
of the light rare earths, to L+S. Since the Sm
spin moment remains coupled antiparallel to the
TM moment, the molecular moment is reduced.

The qualitative behavior of the samarium mo-
ment in Sm:Co compounds appears then to be cor-
rect. However, the presence of the measurements
of its magnitude in Sm, (Co, I)» alloys and also
of the relevant crystal- and exchange-field param-
eters allows a quantitative check to be made. For
this purpose H,„was assumed to have the same
temperature dependence as used in Paper I;
namely, that of the TM magnetization taken from
the Y-based alloys. The results of the calculation
of the ionic moment at absolute zero and of its
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TABLE I. Transition-metal atomic moment in
Y2(Co, M)~7 compounds, B is the moment associated
with the substituting atom, assuming the Co moment to
remain unchanged.

0 (p~/transition metal) B{p,g/M)

Y2Co&&
10-at.% Fe
20-at.% Fe
30 at.% Fe
40-at.% Fe

5 at.% Mn
10 at.% Mn
15-at.% Mn
20-at.% Mn
25-at.% Mn

G-at.% Cr
10-at.% Cr

16 at.% Al

1.65
1.75
1.83
2.00
2.17

1.71
1.72
1.66
1.36
1.16

1.41
1+21

1.02

+ 2.7
+ 2.6
+ 2.8
+ 3.0
+ 2.9
+ 2.4

-3.2
-2.8
-2.3

each case in reasonable agreement. The tempera-
ture dependences o8 (x, T) are less satisfactory.
It seems certain, however, that the discrepancy
lies with the experimental data. The crossover
temperature decreases with Fe content, but is
much less sensitive in the calculated values. At
temperatures beyond crossover, the behavior is
rather satisfactory for the Fe series, but less so
for the Mn data.

Considering the sources of the data used to com-
pare experimental and calculated features of the
Sm" ionic moment, the agreement observed should
be considered very satisfactory. As was the case
in Paper I, the TM sublattice has been assumed to
exhibit identical properties in both the Sm and Y
compounds. This may not be the case.

A more obvious source of the discrepancies in
the experimental data is conduction-electron
polarization associated with the Sm" and TM ions.
In view of the number of factors which influence
this phenomenon, it seems inappropriate to con-
sider even the sign of the combined effect.

The experimental Sm" moment in SmCo, also
proves to be in satisfactory agreement with the cal-
culated values. Using the dataxo for SmCo5 and
YCo„ the zero-degree Sm" moment is +(0.29 +
0.10)ge. This compares with the calculated value
of +0.33@,~ with a crossover temperature of 355 K.

Transition-metal moment

The moment per transition-metal atom derived
from the Y,(Co, M)» data of Fig. 2 is summarized
in Table I. For the Fe series the moment behaves
in a manner closely related to that of the Co:Fe
binary alloys. Its increase corresponds to 1p.~
per (Sd+4s) electron decrease. Also the maximum

occurs at a similar composition. " The majority-
spin 3d band is therefore full as in pure cobalt, and
as indicated by the band structure of SmCo, ." The
cobalt moment reduction from its pure metal val-
ue" of 1.72@,~ to 1.65p, ~, if significant, results
from band-structure, exchange-splitting, or con-
duction-electron polarization- differences.

In contrast the moment behavior in the Cr series
does not allow a simple "rigid-band" explanation.
If the mean moment is expressed as

o(x)=o, +(B o,)x-
with cr, = 1.65 p, ~ being the Co moment in Y,Co»
and B is a hypothetical solute moment; then the Cr
moment as shown in Table I is approximately
-3 IU. ~. For the Mn series, a value of +3 p, ~ is
obtained. This behavior closely resembles that of
the ternary compounds' CoFe:Mn or Cr. The
marked difference between Mn and Cr substitution
suggests an interpretation involving virtual bound
states. One possible explanation is that the Cr
3d states are removed to completely above the
Fermi level. The Cr valence electrons are there-
fore donated to both the Co 3d band and the conduc-
tion band. Mn, however, would retain five major-
ity-spin electrons in a bound state and donate the
remaining valence electrons to the 3d and conduc-
tion bands. The moment reduction beyond 15-at.%
Mn corresponds to the minority band becoming
full. For Y,(Co, A1)»,"a similar situation is seen
to exist in Fig. 2(c) and Table I. Here the Al 3sp
electrons would be assigned: 2.3 electrons to the
3d and 0.7 electrons to the conduction band. A
significant difference between the four series is
the conduction-electron concentration resulting
from solute electron donation.

It should be noted that the 2:17 phase becomes
unstable, precisely in the concentration region
where the 3d band is becoming full. This is a sim-
ilar observation to that already made in reference
to rare-earth transition-metal compounds of 1:5,
2:7, and 1:3 stoichiometry. "

CONCLUSIONS

The bulk magnetization of Sm, Co» has been in-
vestigated under substitution of Co by Fe, Mn, or
Cr. The Sm" moment calculated using the ex-
change- and crystal-field parameters of Paper I
shows a reduction in comparison to the free-ion
moment. This is shown to correlate well with the
experimental values. The temperature at which
the samarium moment becomes negative is also
calculated. Whilst the general features agree with
the experimental ones, the discrepancies are
taken to be indicative of either differences in the
transition-metal band structure in the Sm- and Y-
based compounds studied, or of the presence of
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conduction-electron polarization due to the mag-
netic rare-earth ion. The overall agreement
between the data is an additional confirmation of
the validity of the exchange- and crystal-field
parameters derived in Paper I from the magneto-
crystalline anisotropy.

The influence of crystal fields on the physical
properties of samarium compounds has been dem-
onstrated in the case of the ionic magnetic mom-
ent and anisotropy. The parameters so obtained
may in principal be checked by additional mea-
surements of the low-temperature specific heat,
Knight shift or hyperfine field, and paramagnetic
susceptibility. Neutron diffraction could also yield
the same information in the case of non-Sm or Gd
containing alloys. An improved reliability of the
data would justify more intensive study of some of
the phenomena which have been commented upon in
these papers.

The itinexant-electron contribution to the bulk
magnetization is found to vary in a manner strongly
resembling that of the Core:M ternary alloys. The
concept of rigid-band filling or emptying combined
with virtual bound states appears to be compatible

with the experimental data. The consequence is a
strong variation in the conduction-electron con-
centration. This quantity may also be investigated
by such measurements as the plasma frequency
and anomalous skin depth. The results would also
be of relevance to the determination of both crys-
tal and exchange fields, as has been emphasized
in Paper I.

The changes in the band structure in the substitu-
tion series are correlated with the phase boundary
compositions. The region in which heaviest elec-
tron donation to the 3d band occurs is also that in
which the 2:17 structure becomes unstable. This
is further evidence for the general dependence of
rare- earth transition-metal alloy structures upon
electron concentration, and of the underlying rea-
son for the similarity in these crystal structures.
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