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ABSTRACT

Cox)2

intermetallic compounds are reported,and the changes in

Magnetic hyperfine field and isomer shift measurements in Y(Fel—x

and Ho(Fel-xCOx)Z
these quantities with concentration are related to changes in the  d-moment
and in the lattice parameter. The ofigin of the 57Fe hyperfine fields and
the proportionality between field and magnetic moment are discussed using a
simple model. The Mossbauer spectra of the Y(Fel_xCox)2 compounds show that

the direction of magnetization changes from <111> axis (in YFez) to <101>

in the samples with x > 0.17.
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I - INTRODUCTION

The structural and magnetic properties of the rare-earth-transition
metal intermetallic compoundsare the subject of a growing interest stimulat
ed by the recent development of permanent magnets based on the RCo5 comp~
ounds; the reader should refer to the review by Taylor (19 71)l for the lite-

rature.

The 3d transition metals form a large series of intermetallic comp-
ounds with the rare-earths, including many cubic Laves phases (MgCuz;"type)
of formula RT2 (where R = rare-earth or yttrium). The RFe2 aubic Laves
Phases display in some instances complete solid solubility with the cor-
responding RCo2 compound of the same crystal structure. Several of these

ternary systems have been investigated by Mansey and co-workers (Mansey et

_ 2
al. 1968) ,e.g. Ce(Fel_XCo )

R and Er(Pel_XCoX)Q.

IT - EXPERIMENTAL DETATLS

In this work we present some Mossbauer measurements of the 57Fe

hyperfine (hf) interaction in the ¥( Fe, ,Co ), and Ho(Fe, Co ), systems.
The compounds were prepared by melting the pure elements in an arc furnace;
the resulting buttons were crushed either under dry acetone or in an argon
atomosphere. The samples showed the correct crystalline structure when
examined by X-ray diffraction. The measurements were made at '7861(? and the
experimental spectra computer-fitted to a set of six Lorentzian lines (for
the holmium system) and two sets of six lines (for the yttrium system).Each
six-line pattern was assumed to be composed of three doublets (two lines of
same intensity, e.g. lines 1 and 6, or 2 and 5); the relative intensities

of the doublets was left free. The positions of the lines were constrained



309

to give the splitting of the 57Fe ground state (I = 1/2) and the splittings
of the excited state (I = 3/2);3the excited state splittings were then fit-

ted to the Hamiltonian

2 24
§, = - gyt e =290 (312 - T(T+1) —-c07 6L
4I(2I1-1)  ? 2
From a least-squares fit to the corresponding secular equations we could
obtain separately the value of the electric quadrupole interaction para-

meter e2qQ and of the angular factor (300826—1)/2. This procedure is neces-
sary when we want to compare systems that magnetize along different crystal
axes, and consequently have different wvalues of 6 (at least different
angular factors affecting the lattice contribution to the electric field

gradient (EFG)).

The experimental measurements on the absarbers with a higher concen
tration of cobalt were much more difficult to perform since the probability
of atomic absorption of the gamma ray increased with cobalt concentration;
this was particularly serious in view of the high atomic number of the

rare—earth constituents of the compounds.

The values of the isomer shifts given in Table I are referred to a

57Co(Pd) source at room temperature; the shift of the source was
- 0.450 ¥ 0.002 mm s™' relative  to  sodium nitroprusside, and
+0.175 ¥ 0.004 mm s relative to pure (4N8) iron foil.

ITT - MAGNETIC STRUCTURE OF THE COMPOUNDS

Magnetization measurements on intermetallic compounds containing

gadolinium (Nesbitt et al. 1959)3gave the first evidence of anti-parallel
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coupling of magnetic moments of the rare-earth metal and of the +transition
metal. Other studies showed that the two moments are parallel when R is a
light rare-earth, in such a way that the spins of the rare-earth and of

the transition metal are always anti-parallel.

The directions of easy magnetization can be determined from Mos-
sbauer measurements: the presence of two superposed six-line patterns in
the 57Eé spectra of TmFe2 and ZrFe2 led Wertheim and co-workers  (Wertheim
et al. 1964)'to infer that these compounds magnetize along a <111>direction.
When the magnetization lies along this axis, which coincides with a  thre-
efold axis of the tetrahedron of iron atoms, the iron sites are not ali
equivalent; in site I the axial lattice FFG forms an angle of approximately
70° with the direction of magnetization, and in site II the angle is 0.
Also the hyperfine field at the nuclei in site I is different from the
field in site II; this difference is of the order of the ionic dipole
fields (Bowden et al. 1968)°.0f the four atoms in each tetrahedron, one oc-
cupies a site of type II, and the other three, sites of type I:consequently
the two six-line patterns forming the Mdssbauer spectrum have an intensity
ratio of approximately 3:1. The fact that thr 57Fe MOssbauer spectra of the
isostructural compounds Hofé2 and DyFe2 show only six lines is due to the
circumstance (Bowden et al. 1968)5that these systems magnetize along a
<001> direction, which results in all Fe atoms being magnetically equiva-
lent. Another possibility which can arise is magnetization along a  <101>
axis: now there are two sites with equal population, but 6; = 35°16'  and
011 = 90° (this appears to be the case in the compound LuFe2 (Guimaraes

1971))°.

The direction of magnetization in the RFe2 compounds is essentially

determined (Bowden 1967, Bowden et al.19.68)7’5 by the rare~earth anisotropy,



311

since the transition metal has practically all its orbital moment quenched.
When R is an S-state ion, as in GdFez, this rule does not apply, since the
anisotropies of the transition metal and the rare~earth metal may  become
comparable. It is consequently more difficult to predict the directions of
magnetization in these cases. When R does not carry a moment, as in LuFe,,
the direction of magnetization is determined by the anisotropy of the

transition metal ion (within this "“ionic" model).

In the Ho(Fel_xCox)2 campounds the magnetization remained parallel
to a <001> direction at every concentration examined (x = 0, 0.2, 0.4, 0.6,
0.8) since the holmium anisotropy dominates that associated to the transit-

ion metal. The direction of magnetization in the Y(Fe < Cox)2 series, how-

1~
ever, changed with the addition of cobalt: YFe2 magnetizes along a <111>
direction but the other solid solutions with x > 0.17 all magnetize along
a <101> direction. This conclusion was reached from the intensities of the
lines and splittings given by the computer fits ; it can be  verified by

careful visual inspection of the experimental data that the two superposed
spectra for the alloys containing cobalt have approximately the same inten
sity, contrasting with the ratio of about 3:1 in YPe2 (Fig. 1). A similar
change is observed in the binary FeCo alloys (b.c.c structure) (Hall 1960)8;

the ordered alloys change from a <100> direction in iron to a <111> direc-

tion when the Fe concentration is reduced to 50%.

IV - HYPERFINE INTERACTIONS

The magnetic susceptibilities of Y(Fel_xCox) ) have been measured by
Abel and Craig (1968)°and by Piercy and Taylor (1968)*" and the solid solut

ions found to be ferromagnetic, with Curie temperatures ranging from 555°K



312

to 305°K (with 1 > x > 0). Since the samples used in our measurements have
Tc’s varying from 555°K to 6350K, the degree of magnetic saturation at 78%
was practically the same for all Y compounds; this is also reasonable in
relation to our Ho(Fel_XCoX)2 samples, with Neel temperatures in the range
400-600°K. The curves for the total magnetic moment and Curie temperatures
as a function of composition display maxima occurring approximately at the
compound Y(FeO.GCOO.u)Q'

in terms of a rigid band model, in the same way as the magnetic moments in

This behaviour was explained by the above authors

the binary transition metal systems (in the Slater-Pauling diagram) may be
analysed. The curve for T~ against concentration in Ho('f‘el_XCoX)2 does not
exhibit a maximum (Slanicka et al. 1971)115 the same is true of the total
magnetic moment in the series. The flatress in the curve of magnetic moment
versus x is probably due to a cancellation between a small rise due to fil-
ling of the d-band and a decrease in Ho moment with concentration. Our MSs-
sbauer measurements (Fig. 2) show that the 57Pé hyperfine fields in

Ho(Fel_XCox)2 and Y(Fel_XCoX)2 (Table 1) have maxima at about the same

concentration, at x ~ 0.4.

The iron hf fields are opposed to the total transition metal moment ;
this has been established, by applying large (~30k0e) external magnetic
fields, in the case of ZrFe2 (Wertheim et al. 196Y4), nyéz and HOFéQ(Guima—

raes 1971)6.

V - DISCUSSION

In the pseudo-binary systems of the form R(Fel_xCox)2 ‘the 57Fe

hyperfine interaction changes with concentration x because each cobalt atom

adds an extra electron to the band, filling the spin up and spin down d
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sub-bands: since the s band is practicahly flat, its contribution is 3inde-
pendent of concentration. The highest magnetic moment is reached for
x ~ 0.4, i.e. when we have 0.8 cobalt atoms per formula unit. The variation
in hyperfine field from YFe, to Y(ll’eO-BBCoO.%)2 is approximately 30 kOe;
this can be related to *the change in the d magnetization (md), which af-
fects directly the core-polarization field, and indirectly (by polarizing

the s band), the contact field.
The total hyperfine field can be written (Campbell 1969):L2

(5-1)

Since the 5 wagnetization is induced through s-d hybridization, we put (Go-

mes et al. 1972)l3mS =-a md with o d>0’ and consequently
__.d nron o yod A, s _ d
H = (aoore + “(L)ocsd)m andm=m +m = (1 asd)m

The hyperfine field is then proportional to the total band magnetization m;
this proportiocnality is actually verified from the total hyperfine fields
in the yttrium compounds at 78~K using the respective moments per Fe atom

(Piercy and Taylor 1968)10 (Table I). The mean ratio, excluding the wvalue

for the Y( Feo 3Co0 7)2 sample due to its larger experimental uncertainty,is
H (agor'e+ AlZ)a )
_—— = - - ® - 155 kOe/u
m B
- ocsd)
. d o 3 12 .
Using % re 50 kOe/uB and A(Z) = 1.78 x 10 kOe/uB (Campbell 1969) it

follows that the mixing factor O g is approximately 0.05; the s and d mag-

netizations per iron atom in YFe, are m ® -0.1yp and md ¥ 1.5ug.

The iron hf fields in the Ho(f-’el__x(.‘ox)2 series have another contri-
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bution arising from the polarization of the band electrons due to the
localized holmium spin. This term has the same sign of the two  contribut
ions given in (5-1) as can be seen from the fact that the 57Fc hf fields
in the RFe, tend to increase in absolute value with the rare-carth de Con-
nes factor (Fig. 3). In this figure we have used our unpublished results
for the hf fields averaped (with weights 3:1, or 1:1) over the two sites;
the procedure of averaging is justified whenever one wants to correlate

hf field data with the mean magnetization m or with rarc-ecarth spin.

It is interestin, to compare the magnetic properties of the

isostructural compound serics 7r(Fe —XCOX)Q with the systems presently

1

under consideration. Zirconium has a "valence" of about 4, and consequently
he band in ’Z.rFe2 has one electron more, and the d magnetization (from the

results with Y(Fe XCoX)? is near a maximum; this explains why diluting

1-

ZrFe2 with Zr*V2 (in the series Zr(Fe xvx)2) decrcases the total magnetic

1_
iR . . .
moment (Kanematsu 1968) .The maximum magnetic moment of the band in both

systems would be ldentical if the band structure was +the same; the TFe

moment in ZrFe, is l.62uB (Piegger and Craig 1963)1_5,and this is quite near

the moment  in Y(Fe )2, of 1.5Tug (Piercy and Taylor 1968)10. we

c. GGCOO .34
would therefore expect in the R( Fel_XCoX) 5 compounds the same variation of

57Fe hf field with concentration when R does not carry a magnetic  moment;
when R has a moment, the hf fields depend on the spin of the lanthanide Uf

shell (Iig. 3).

* The slight disagreement may be partly due to deviatioris in stoichiometry in the
compound: this is suggested by the studies of magnetization versus Fe concentra
tion- (Briickner et al. 1968)18.
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The electric quadrupole interactions do not show a significant
variation with concentration in either series (Table I). The isomer shifts
were expected to go through a maximum with concentration, since the maximum
in d magnetization produces a positive contribution due to the shielding of
the s electrons. The experimental shifts increase (become less negative)
in the R( Fel_xCox)2 when x increases from zero, but thc presence of a
maximum could not be established unambiguously (TFig.4).Plotting our isomer
shift results cbtained in several RFe,, compounds at 78°K versus the cor-
responding (room temperature) lattice parameters from the compilation by
Nevitt (1963)16', a linear correlation is evident (Fig.5)j;other measurements
(Nevitt et al. 1964)Y7 show the same dependence at 300°K and 800°K,and this
suggests that differences in Debye temperature of the compounds may not be
relevant. Even the compound CeFe2 , where cerium is '"tetravalent', does not

deviate much from the main trend.

Using the lattice parameters given by Piercy and Taylor (1968) for
the Y(Fel_x('lox)2 compounds and our isomer shift data we do not find a  1i-
near correlation. Comparing the variation in lattice parameter in the RFe,
compounds, where we change from ocne lanthanide to another, and the equival-

ent variation along the Y(l—"el__xCox)2 series, it appears that:

a) the change in size of the rare-earth ion (the "lanthanide contraction™)

induces an accomodation of the Fe atom, and we may in this case speak

of a size effect in the 57Fe isomer shift'g;

% The expansion or contraction of the A and B atoms to approach the ideal ratlo

of RA/RB 1.225 in a cubic AB, laves phase is well known (e.g. Dwight 1961)%°
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b) the variation in lattice parameter in a series of R(Fel_XCox)zcompomds
with concentration has a different origin, the changes in electronic
structure being of such character that they do not affect in the same

proportion the isomer shifts and the equilibrium lattice parameters.
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TABLE I  Hyperfine parameters:: and magnetic structure of the Y( I—“el_XCoX)-2 and Ho(lz‘el_XCox)2 intermetallic
compounds at 78°K.
COMPOUND |Hlkoe)  e?qoam s™H Sepglmm ™) nigiifiillii |H/m| (De/up)
TFe, 218%1.5 1.11%0.1 0.148%0.006 <111> 156
Y(Feg 5350 16572 230835 1.5 0.4 0.142%0.008 <101> 148
Y(Fe 41:C0 33505 241%7 1.8+0.3 0.128%0.006 <101> 154
Y(Fey ,40% 5705 24215 1.3£1.6 0.137%0.01 <101> 161
Y(Fey 54500 70575 23318 0.8%1.1 0.17 $0.03 <101> 183
HoFe, 221%1.5 1.1 0.1 0.163%0.004 <001>
HO(Fey Coy ,), 240%2 1.06%0.1 0.144%0.002 <001>
Ho(Fe, +Coy 1), 245%3 1.22%0.17 0.143%0.009 <001>
Ho(Fe, ,Co 4, 23213.5 1.14%0.23 0.143%0.012 <001>
Ho(Fe;, ,Coq g), 21418 1.4 2 0.149%0.03 <001>

% The hf fields and quadrupole parameters in the Y series are the mean values for the sites I and IT.
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Fig. 1 - M8ssbauer Spectra of a) YFez, b) Y(Fe0.835c°0.165)2’ c) Y(Fe0.615000.335)2’

d) Y(Feo;49600‘51)2, and e) Y(Feo.29sc°o.7os)2 obtained at 78°k.

The horizontal and vertical scales differ from one spectrum to the
other; the vertical scale is such that the largest peak in each spectrum
corresponds to a) 8.16%, b) 3.38%, o) 2.80%, a) 1.80%, and e) 0.71Z.
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Fig. 2 ~ Variation of the iron hyperfine fields in Y(Fel__xCox)2 and Ho(Fel_xCox)2

with cobalt concentration (T = 789K).
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Fig. 3 - 57Fe hyperfine fields in the RFe2 Laves phases et T=78°k (averaged
over the two iron sites) against rare~earth de Gennes factor; the
value for TmFe2 (4.2°K) is from Wertheim et al. (1964)4.
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Fig. 4 - Variation of the 57Fe isomer shifts with cobalt concentration in the
o
Y(Fel_xCox)2 and Ho(Fel_xCox)2 compounds (T = 78°K).
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Fig. 5 - “'Fe isomer shifts for the RFe2 compounds at 78°K versus lattice parameters

(room temperature values).
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