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Crystal-field-induced spin rotations in NdCo, and HoCo,: A Mossbauer study
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The magnetic anisotropy properties of *’Fe-doped NdCo, and HoCo, were studied by means of Mdssbauer
spectroscopy in the 4.2-300 K temperature range. The experimental results indicate the presence of spin
reorientations taking place at 43.5 and 16 K, for NdCo, and HoCo,, respectively. Single-ion-model crystal-field
calculations account for the experimental results and allow the determination of the crystal-field parameters.

I. INTRODUCTION

The cubic Laves-phase compounds RM,, where
R is a rare-earth metal and M=Al, Fe, Co, or Ni,
display a variety of interesting properties of mag-
netic origin.! These properties depend on the ex-
change interactions and the crystalline-electric-
field (CEF) effects, both of which can be varied
substantially by changing the R and M components.

The objective of the present study was to inves-
tigate by means of Mdssbauer spectroscopy the
nature of previously reported transitions in®
NdCo, and® HoCo,. Apart from the magnetic order-
disorder transitions at T,*'° specific-heat mea-
surements revealed the presence of additional
thermal anomalies occurring at 42 and 16 K in
NdCo, and HoCo,, respectively.

The two Laves compounds NdCo, and HoCo, differ
in the relative strength of the exchange and CEF
effects.”’”'® In NdCo, CEF effects produce a
quenched Nd ** moment of about 1.815.5*" The Ho3"
moment in HoCo, is close to its free-ion value
of 1015.5'7° The two compounds also differ in
the relative alignment of the sublattice magne-
tizations. For Nd, a light rare earth, J=L -S,
while for the heavy rare earth Ho, J=L +S. The
spin angular momenta of the R ions are coupled
antiparallel to those of the M ions.! This leads to
ferromagnetic ordering of the moments in NdCo,,°
and to ferrimagnetism in HoCo,.* Neutron-dif-
fraction measurements® did not reveal any change
in either the crystalline or the magnetic structure
of the two compounds below their respective T¢.
The specific-heat anomalies®'® can be reconciled
with the neutron-diffraction results,® if they are
assigned to spin-reorientation-like transitions.

A change of the axis of easy magnetization is not
detectable by powder neutron diffraction of a cubic
material.'!

Temperature-dependent axes of easy magne-
tization i have been observed previously in binary
SmFe,,'? CeFe,,” and HoFe,,' and in some ternary
cubic LavesR}_, R} Fe, compounds.'’*'® In SmFe,,
1 rotates continuously within the (110) plane, from
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the [110] to the [111] axis. The spin-rotation tem-
perature interval is ~100 K wide and is well below
Tc. The directions which il assumes in this in-
terval, namely, not parallel to a major axis of
cubic symmetry but contained in the (110) plane,
are [uuw] directions. The spin rotation in CeFe,
is also of the [uuw] type and extends over a sim-
ilarly wide temperature range. It, however, ter-
minates at T, 30° away from the [110] axis. In
HoFe,,' 1l is observed to rotate away from the
[100] towards the [110] axis, below 14 K. Similar
phenomena, though of various temperature depen-
dences, have been detected in the ternary

R1_,RZ Fe, compounds.''''®* The reorientation

of the axis of easy mangetization fi, from one
major axis of cubic symmetry to another was de-
scribed in terms of the single rare-earth ion
model.’?"*® The experimentally determined spin-
orientation diagrams of the pseudobinary

R!_,RZ2 Fe, systems with heavy-rare-earth ele-
ments were successfully accounted for, using con-
stant crystal-field parameters A, and A; and a
small fixed contribution to the anisotropy energy
attributed to the Fe-Fe interaction. The single-
ion model was also used to describe the spin re-
orientation in SmFe,,'® in this case, however,
significantly larger values of A, and A, had to be
employed.

The occurrence of [uuw]- and [uv0]-type axes of
magnetization could be accounted for within the
framework of the phenomenological treatment of
the magnetic anisotropy free energy.'® This treat-
ment required the inclusion of a third-order aniso-
tropy constant in the expression for the free en-
ergy. Recent calculations showed that the non-
major cubic symmetry axes of easy magnetization
can be derived in the framework of the single-ion
model, for certain combinations of the crystal-
field parameters and the exchange fields. In par-
ticular, these calculations successfully reproduced
the observed spin rotation in HoFe, at low tem-
perature.'** 7

The Mossbauer effect of 5"Fe is a highly effec-
tive tool in the study of magnetic-anisotropy ef-
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fects in cubic Laves compounds.'>™*® Data on the
spin reorientations can in turn be used to gain in-
sight into crystal-field effects and to determine
crystal-field parameters. The present work rep-
resents the first effort to apply this technique to
the study of RCo, compounds.

II. EXPERIMENTAL TECHNIQUES

The compounds Nd(Co,-*'Fe,), and
Ho(Co,-*"Fe.),, with €<0.05, were prepared by
arc melting on a water-cooled copper hearth,
stoichiometric amounts of 99.9% pure rare earth,
99.99% pure Co and 80-at. % isotopically enriched
"Fe. Several compounds, with 0.01<€<0.05,
were prepared in order to check for possible
variations of the magnetic or structural prop-
erties of the RCo, compounds due to the presence
of small amounts of iron. The arc-cast samples
were annealed in evacuated (107°-Torr) quartz
capsules at 600 °C for 14 days. The homogenized
samples were subsequently analyzed by means of
powder x-ray diffraction (Cr Ka) and by electron
microprobe analysis. Less than 1% of foreign
phases were observed and the compositional homo-
geneity was within 0.5%. The lattice parameters
of the "Fe containing NdCo, and HoCo, were in
good agreement with previously reported values of
the iron-free compounds. Variations of the lat-
tice parameter as a function cf the iron concen-
tration in the (2-10)-at.% range were less than
0.05%.

The Mossbauer-effect measurements were car-
ried out using a constant-acceleration-type spec-
trometer witha 15-mC *'Co-Pt source. The 14.4-
keV y-ray transition of ¥ Fe was detected after
passing through 300-mesh 22-mg/cm?® NdCo,(*"Fe)
or HoCo,(*"Fe) absorbers. The temperature was
stabilized to within 0.5 K in helium or nitrogen
flow cryostats, within the 4.2-300-K temperature
range.

The presence of the low-°"Fe concentration in-
creases slightly the Curie temperatures of NdCo,
and HoCo,. The M&ssbauer-effect measurements
in the present study showed Curie points of 125+2
and 95+2 K for the iron-containing NdCo, and
HoCo,, respectively, as compared with®>'* T,=116
or® 98 K for NdCo, and T =87 or® 77 K for HoCo,.
In the course of the present study, the transitions
in the magnetically ordered state were observed
to occur at 43.5+0.5 and 16 +1 K as compared
with the reported values of? 42 and®'° 16 K for
NdCo, and HoCo,, respectively. These transition
temperatures were observed to be independent
of the iron content in the (2—10)-at.% Fe range.
Moreover, ultrasonic measurements'® of iron-free
RCo, compounds, which had been prepared as de-

scribed above, revealed elastic anomalies at 120
and 43 K for NdCo,, and at 90 and 16 K for HoCo,.
Neutron-diffraction measurements of polycrystal-
line NdCo, did not reveal any structural or mag-
netic phase changes below T¢,'° in agreement with
previous studies.® These findings indicate that
the **Fe additions randomly occupy Co sites and
exert little effect only on the magnetic properties.

IIl. MOSSBAUER-SPECTRA FITTING PROCEDURES

The interpretation of the Mdssbauer spectra
follows the pattern employed in previous studies
of spin rotations in SmFe,,'? CeFe,," and
Ho,Er,_, Fe,.'® The direction of the magnetization
1l relative to the cubic cell axes of the RCo,-5"Fe
compounds, detérmines the number of the inequiv-
alent iron (i.e., cobalt) sites and their population
ratio, as listed in Table I. A detailed description
of the least-squares computer fitting procedure
for one-, two-, or three-site 3 Fe Mdssbauer
spectra was given elsewhere.’® It takes into ac-
count the angle between the direction of the mag-
netic exchange field and the CEF gradient. The
computer program calculates the positions and
intensities of the absorption lines by diagonaliz-
ing the Hamiltonian for each inequivalent site. It
is assumed that (i) the effective magnetic field
is parallel to 11, (ii) all inequivalent iron sites
possess the same isomer shift and quadrupole
constant $¢¢@, but differ in the value of the mag-
netic hyperfine constant g,u,H,,; (iii) the quad-
rupole constant is the sum of a lattice field con-
tribution, with an axis of symmetry parallel to
the local axis of symmetry and a magnetically
induced contribution with an axis parallel to the
effective field ﬁeﬂ»; and (iv) the absorption lines
have a Lorentzian shape and equal width at half-
maximum I'y. The fitting procedure described
above will be referred to as procedure I.

Fitting procedure I did not yield satisfactory
simulations of the NdCo,-*"Fe Mdssbauer spectra
below 43.5 K (Fig. 1). For these spectra a sim-
pler fitting procedure was used. It will be re-

TABLE I. Easy axes of magnetization in cubic Laves
phase RCo,-5"Fe and corresponding number of inequiva-
lent iron sites and population ratio.

Number of
Easy axis of inequivalent Population
magnetization iron sites ratio
[100] 1
[110] 2 2:2
[111] 2 3:1
[uw w) 3 2:1:1
[uvw] 4 1:1:1:1
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ferred to as procedure II. It assumes that the
spectra were superpositions of two six-line 5" Fe
patterns. The main fitting parameters were (a)
the electric quadrupole and the effective hyper-
fine field constants of each Hamiltonian; (b) the
linewidth at half-maximum of a single absorption
line T, common to all lines; and (c) the isomer
shift and relative intensity R of one of the super-
imposed patterns (that of the second pattern being
1 - R). The effectiveness of least-squares-fitting
procedure II was checked by applying it to [111] -,
[110] -, and [100] -type *Fe-spectra. Identical
values of the hyperfine effective fields, the isomer
shift, the linewidth, and the relative intensities of
inequivalent iron sites were obtained by both pro-
cedures, I and II. The only difference between the
two fitting procedures was the value obtained for
the electric quadrupole constant, ;¢9®. Proce-
dure II yields different values of this constant for
each inequivalent site. This should be expected
from first-order calculations, an example of
which will be given below. For a [111]-type M&ss-
bauer spectrum, procedure II yields (:e¢®), for
the low-intensity site, which is in agreement with
the quadrupole constant obtained following pro-
cedure I. The value for the high-intensity site is
approximately 3(3¢9®),. Assuming an angle be-
tween the hyperfine effective field and the electric
field gradient, the first-order approximation to
the quadrupole interaction is 1€¢Q[(3 cos?6 - 1)/2].
For a [111] spectrum, the axis of local symmetry
of three (out of four) iron sites, forms an angle

6 =cos™'§ with the direction of H,;. The lattice
quadrupole contribution in this case is thus equal
to — 3(7e¢®). The axis of local symmetry of the
fourth site is parallel to H .y, for the [111] di-
rection of i, and thus ;eqQ[(3 cos?6—1)/2]=1eqQ.
Similar results are obtained by procedure II fits
when applied to [110] spectra. Though procedure
I is more sophisticated and physically sounder,
procedure II yields satisfactory results as long

as W, & Her >3€4Q.

IV. RESULTS AND ANALYSIS
A. NdCo,

A cursory study of the Mdssbauer spectra of *'Fe
in NdCo, reveals the presence of three tempera-
ture-dependent magnetic states and corresponding
transition regions. Below 43.5 K complex spectra
were recorded which imply the presence of more
than one iron site. Since the iron atoms occupy
the Co sites, and excluding the possibility of a
noncubic structure below 43.5 K,°'° these spectra
indicate an axis of easy magnetization other than
[100].'* A typical spectrum of this kind at 20 K
is shown in Fig. 1. In Fig. 2, spectra taken be-

tween 43.5 and 45 K are shown, displaying a sharp
ordered-state magnetic transition in NdCo,. The
45-K six-line pattern, as well as the other ob-
tained spectra for 45 < T <110 K, are character-
istic of a single iron site and interpretable in
terms of a [100] easy axis of magnetization.
Mossbauer spectra showing the magnetic order-
disorder transition are presented in Fig. 3. This
transition extends over a ~15-K interval in which
the magnetic hyperfine effective fields decrease
rapidly and the one-iron site appearance becomes
blurred or is completely lost. The absorption
doublet at 125 K is characteristic of an iron ion
in an electric field gradient. In the 120-K spec-
trum (Fig. 3), which is essentially a doublet, the
small wings are noteworthy. These wings possibly
reflect a weak, fluctuating spin polarization caused
by the "Fe moments. The slight increase of T,
as compared with that of iron-free NdCo,,*'* can
be attributed to the presence of the iron impur-
ities. Changes in the M&ssbauer properties of
NdCo,-*"Fe, as a function of the **Fe content in
the (2-10)-at.% range, were found to be negligible.
Three computer simulations of the 20-K Mdss-
bauer spectrum of NdCo,-*"Fe are shown in Fig. 1.
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FIG. 1. Méssbauer spectrum of NdCo,-*"Fe at 20 K.
The full lines through the experimental points are least-
squares computer fits: (A) [110] procedure I type; (B)
two-sites procedure II type; and (C) [xw] procedure I
type.
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FIG. 2. Mossbauer spectra of NdCo,-5"Fe between
43.5 and 45 K. The presented least-squares fits (full
lines) are two-site procedure II type at 43.5 K; [uuw]
procedure I type at 44 and 44.5 K; and [100] procedure
I type at 45 K.

Pattern A is a procedure I [110] fit, i.e., assum-
ing two inequivalent sites with a 2 :2 population
ratio. Pattern B is also a two-site fit using pro-
cedure II, with R, the relative intensity of one
site, as a free parameter. A procedure I [uuw]-
type fit to the same spectrum is given by C. An
inadequate fit was obtained using a procedure I
[111] simulation. Corrections were made for a
broadening of the absorption lines due toboth the ran-
dom iron occupation of the Co sites and %' Fe sat-
uration effects. These corrections prove to be
negligible and of insignificant dependence on the
iron content and did not improve the fit to the
intensities of the innermost lines. Though A, B,
and C of Fig. 1 are of similar quality, one notes
that the [110] fit (A) fails to display some of the
finer experimental details. Furthermore, fit B
(Fig. 1) with R =0.56 is physically unsound, since
the presence of two inequivalent Co sites is due
either to a [110] or to a [111] axis of 1, yielding
a 2:2 or 3:1 population ratio (R =0.50 or 0.75),
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FIG. 3. Mbssbauer spectra of NdCo,~* Fe between
100 and 125 K. The least-squares fits (full lines) are
{100] procedure I simulations at 100, 115, and 120 K.
At 125 K a vanishing effective hyperfine field was assum-
ed. The blurred 115 K spectrum and the observed “wings”
of the 120-K spectrum are discussed in the text.

respectively. However, the similarity between
the fits of Fig. 1 suggests that i, at 20 K, is close
though not parallel to the [110] cubic axis. If

is contained in the (110) plane, as the [uuw] pat-
tern (C in Fig. 1) implies, then two of the three
[uuw] sites experience effective hyperfine fields

of similar magnitude. Moreover, it is possible
that 11 in NdCo, is not confined to a cubic symmetry
plane so that four inequivalent Co sites are ob-
tained. This possibility could not be verified using
the present Méssbauer data. Evidently, a four-
site fit, using more parameters, should be at
least as adequate as the two- and three-site fits

of Fig. 1.

The 43.5-K spectrum (Fig. 2) was fitted by a
two-site procedure II simulation. The resulting
R=0.65, as compared with R =0.56 of the corre-
sponding 20-K fit (B in Fig. 1), illustrates the
increasing deviation of i from the [110] axis, as
the temperature approaches the ordered-state



transition region. This trend in the temperature
dependence of 1 is further reflected in the pro-
cedure I [110] simulations of the NdCo,-*"Fe Moss-
bauer spectra below 43.5 K. The quality of these
fits improves with decreasing temperature, even
though n does not align itself completely along the
[110] axis above 4.2 K. The 44- and 44.5-K spec-
tra (Fig. 2) could be fitted adequately by procedure
I [uuw] simulations only. This implies an increas-
ing deviation of 1l from the [110] axis close to the
ordered-state transition temperature, so that the
two-site appearance of the corresponding Mss-
bauer spectra is completely lost. Between 45 K
(Fig. 2) and T. (Fig. 3), il is along the [100] cubic
axis. The occurrence of the blurred spectra just
short of T, (Fig. 3) is attributed to an increasingly
dominating indirect Fe-Feinteraction—asthe R-Co
and Co-Co exchange is rapidly decreasing. Pro-
cedure I computer fits of the [100] type were
applied to the spectra for 45 < T <120 K, and ef-
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FIG. 4. Mossbauer line width, quadrupole interactions,
and effective hyperfine fields of ®Fe in NdCo, as a func-
tion of temperature. The presented values are obtained
by least-squares computer simulations of the experimen-
tal Mossbauer spectra. Below 45 K both [uuw| procedure
I fits (open circles) and two-site procedure II fits (full
circles) were applied. The intensity-weighted averages
of the quadrupole interactions and effective hyperfine
fields, below 45 K, are shown by the dashed lines.

Above 45 K[100] procedure I fits were applied.
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TABLE II. Room-temperature quadrupole interaction
and isomer shift of *'Fe in NdCo, and HoCo,.

NdCo,-*"Fe HoCo,-*"Fe

3.59+0.02 3.23+0.02
—-0.29+0.02 -0.47+0.02

Quadrupole interaction (MHz)
Isomer shift (mm/sec)

fective hyperfine fields with a reasonable tempera-
ture dependence, even close to T., were obtained
(Fig. 4).

The temperature dependence of the hyperfine
constants of *'Fe in NdCo,, as obtained by the
least-squares fits of the various applied types,
is shown in Fig. 4. The intensity-weighted aver-
age of the two hyperfine effective fields H¢s;, be-
low 43.5 K, as obtained by procedure II fits, coin-
cides with an extrapolation to low T of the Hg-
vs-T curve of the single iron site present above
45 K. It should further be noted in Fig. 4, that
two of the three [uuw] hyperfine effective fields,
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FIG. 5. Mossbauer spectra of HoCo,-%"Fe between
4.2 and 20 K. The least-squares fits (full lines) are
[111] procedure I type at 4.2 K; [uxuw] procedure I type
at 13 and 16 K; and [100] procedure I type at 20 K.
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nearly coincide below 30 K. As the temperature
approaches 45 K, the difference between the [wuuw]
fields becomes noticeable. The weighted average
of the quadrupole interaction constants of the pro-
cedure II two-site fits below 43.5 K, coincides
with both the single [uuw] teqQ below 43.5 K and
the extrapolation to low T of the [100] feqQ@ vs T
curve above 45 K (Fig. 4). The T dependence of
the MOssbauer linewidth (Fig. 4) was obtained by
[100] fits above 45 K and by procedure II fits be-
low 45 K. The anomaly in the I’y vs T curve at

45 K, illustrates the inadequacy of the two-site
fits at temperatures close to 45 K. The similarity
between the linewidths above 50 and below 40 K
supports, however, the validity of the procedure
II two-site fits below 40 K. The room-tempera-
ture isomer shift and quadrupole constant of *'Fe
in NdCo, are listed in Table II.

B. HoCo,

The temperature dependence of the HoCo,-*"Fe
Mossbauer spectra reveals two magnetic transi-
tions at® 16 K and at T,. Mdssbauer spectra cor-
responding to the ordered-state transition and to

COUNTING
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1 1 1
-4 -2 0 2 4
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FIG. 6. Mossbauer spectra of HoCo,-*'Fe between 75
and 95 K. The least-squares fits (full lines) are [100]
procedure I simulations at 75 and 90 K. At 95 K a van-
ishing effective hyperfine field was assumed.

1 L L 1 L 1

the order-disorder phase change are shown in
Figs. 5 and 6, respectively. As in the case of
NdCo, several trial computer fits were made. At
4.2 K, fits of both the [uuw] and [111] type were
found to be adequate and of similar quality. Figure
5 displays the procedure I [111] fit at 4.2 K. As
the temperature approaches 16 K, only fits of the
[uuw] type were found to be satisfactory. Above
16 K simple six-line [100] patterns are obtained.
The 20-K (Fig. 5) and the 75- and 90-K spectra
(Fig. 6) represent this type of pattern and were
fitted accordingly. At 95 K (Fig. 6), a quadrupole-
split doublet was recorded.

Figure 7 presents the temperature dependence of
the hyperfine effective fields in HoCo,. Below 16
K, as 1 is evidently close though not parallel to
the [111] cubic axis, both the [uuw] and the [111]
hyperfine fields are shown. It is noticeable that
the [111] fits yield H.; with a reasonable T depen-
dence below 10 K, whereas between 10 and 16 K,
the [uuw] fits seem to produce better results.
Above 16 K, 1 is parallel to the [100] cubic axis,
and H.r, as obtained by [100] fits, is shown.
Noteworthy is the rapid decrease of H.y of HoCo,
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FIG. 7. Hyperfine effective fields of ® Fe in HoCo, as
a function of temperature. The presented values are ob-
tained by least-squares computer simulations of the ex-
perimental Mossbauer spectra. Below 16 K both [uuul
procedure I fits (open circles) and [111] procedure I fits
(full circles) were applied. Above 16 K, [100] procedure
I fits were applied.
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between 90 and 95 K (Fig. 7), as compared with
the smooth temperature dependence of H,; of
NdCo,, close to T, (Fig. 4). The magnetic mo-
ments of the two compounds have been found to
possess a similar temperature dependence, which
was interpreted as corresponding to a first-order
transition in HoCo,,?® and a random order-disorder
transition in NdCo,. The lattice and induced quad-
rupole constants obtained for HoCo, at 4.2 K are
1.30+0.02 and 0.65+0.02 MHz, respectively.
Similar quadrupole constants are obtained at high-
er temperatures up to T,. The room-temperature
isomer shift and quadrupole constant of *’Fe in
HoCo, are listed in Table II. In both NdCo, and
HoCo,, the "Fe quadrupole constant above T,
(Table II) is much larger than the ordered-state
value. The MOssbauer absorption linewidth in
HoCo, is comparable with that of NdCo, (Fig. 4):
I',(HoCo,-°"Fe)=0.54 mm/sec at 4.2 K.

V. DISCUSSION

Some of the spin rotations in binary and ternary
cubic Laves RFe, compounds''™® were described
using the single-ion model.’s"'? Single-ion calcula-
tions which previously reproduced experimental
spin-orientation diagrams'® were recently expand-
ed to yield also nonmajor symmetry axes of easy
magnetization.!” The observed spin rotations in
NdCo, and HoCo, will be treated similarly. The
Hamiltonian of a single rare-earth ion in a crystal
is

szJI'"scexc "Hmcrys , (1)

where E; is the energy of the state J and I is the
unit operator. The exchange Hamiltonian is

ICexc =2(gJ' - I)U'BHexcj'ﬁ-

It is assumed that the exchange interaction is iso-
tropic and that the magnetocrystalline anisotropy
of the rare-earth-containing alloy is due to the

4 f-crystal-field interaction. In order to treat a
crystal-field-induced mixture of the first excited
J state into the ground state of the R* ion, Racah
operators Uj will be used for the crystal-field
Hamiltonian. This is of importance in the case of
light N@**, and evidently negligible for heavy Ho®*.
These crystal-field effects have been verified by
the magnetization measurements of NdCo,,%? and
HoCo,.%#° Thus

Herys =Va+ Ve,

and
V,=A,(1 - o, Xr)[Us+ \/-154 Ui+ U],
Ve =Ag(r)[Ug+VI (Us+ UZH)].

A, and A, are crystal-field parameters. Previ-

ously calculated (»"),2° and shielding parameters
0,,?! were used. The Hamiltonian (1) was calcu-
lated and diagonalized for 1 parallel to the three
major axes of cubic symmetry, as well as for
various directions of n in the (170) and (001)
planes. The free energy per ion is

F@, T)=-kTInZ(®, T)= —kT1n<Z e'Ei/kT>,

()

where E; are the eigenvalues of the single-ion
Hamiltonian and m =E,(2J+ 1) is the number of
energy levels. The easy axis of magnetization for
a given R%* ion at a given temperature is that for
which the free energy (2) is a minimum.

Previous studies'®™” have shown that the direc-
tion of 1 and its temperature dependence are very
sensitive to the values of A, and A,/A, and weakly
dependent on the value of H,,.. In the present cal-
culation, sets of A, and A;/A, were obtained,
which reproduce the experimental spin-rotation
data for NdCo, and HoCo,. The exchange field,
experienced by the R** ion in RCo,, can be esti-
mated using the molecular-field approximation
for the Curie temperature.?® Since the dominant
exchange interaction in the RCo, alloy is between
the R and Co sublattices, and assuming a high-
spin Co®** with quenched orbital moment, we find
|Hex|~ 100 K. This estimated H.,. is smaller than
the 130-K,'¢ or 150-K,'® values estimated for RFe,
alloys, in which the Fe-Fe exchange is dominat-
ing, and larger than |H.|=70 K in RAL,> where
R-R is the dominant exchange. The present cal-
culations were repeated for several H,,. between
70 and 150 K. As expected, an insignificant de-
pendence of the calculated easy axis of Nl on Heyc,
in this range, was observed. The presented re-
sults were obtained with ]Hexc|= 100 K for both
NdCo, and HoCo,. From the temperature depen-

Nd3*
__045: N
N \'
K=J
L
&
<
0.10~ ™
<
© F
< ‘.
008! -
o LU i 1 [ i L i U S—
o] 20 40 60 80
As(Kag*)

FIG. 8. Nd** single-ion calculated —A /A, vs A,, which
yield a [110] to [100] spin rotation at 43+2 K in NdCo,
(solid line). The dashed line presents crystal fields
which produce a similar rotation at 50+ 2 K. |Hexc| =100K
was assumed.
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dence of the magnetization and of the MOssbauer
hyperfine fields in HoCo, and NdCo, (Figs. 4 and
7), this value is virtually temperature independent
at least up to 20 K below T, of each compound.

The solid line in Fig. 8 represents the crystal-
field parameters for which a [110] to [100] spin
rotation occurs at 43 +2 K in NdCo,, using LHCXC
=100 K. The dashed line (Fig. 8) represents crys-
tal-field parameters for which a similar rotation
is obtained at 50 K. It demonstrates the sensitiv-
ity of the calculated results to the crystal-field
parameters employed. To within 2 K off the spin-
rotation temperature, only major symmetry axes
of I were obtained. This is in agreement with the
experimental results, which indicate a very nar-
row spin-rotation temperature interval in NdCo,,
around 43 K. In contrast to the MGssbauer data,
which reveal a slight deviation of i from the [110]
cubic axis below 43 K, the present calculations
establish n || [110] for T<41 K. This inconsistency
could not be removed by changing A, and A, /A,
over a large interval. For the Ho* ion completely
different crystal-field parameters had to be used
to reproduce the experimental HoCo, spin-orien-
tation results. While negative A, were used for
NdCo, (Fig. 8), a [111] easy axis of magnetization
in HoCo, can be accounted for by positive A4 only
and relatively large A,/A,. A [111] to [100] spin
rotation in HoCo, is obtained with 10 <A,<45 Kag'
(a, is the Bohr radius) and 0.244;?<A,/A,<0.25a32.
The spin-rotation temperature is very sensitive
to the crystal-field parameters employed. For
A,=36 Ka3!, the HoCo, [111] to [100] spin rota-
tion at 16 K is reproduced with A,/A,=0.240455a72.
The calculated spin-rotation temperature interval
is always very narrow (~1 K), in agreement with
the experimental findings. As in the case of

NdCo,, nonmajor symmetry directions of n could
not be obtained for Ho** over a 4.2-300-K interval.
They present single-ion calculations assuming
|H..|=100 K.

The R-Co interaction is evidently not the only
source of magnetocrystalline anisotropy, and ad-
ditional contributions to the anisotropy free ener-
gy are present. These might cause the observed
slight deviation of N from the [110] axis in
NdCo, below 43 K, and the deviation of n from
the [111] axis in HoCo, below 16 K. These
deviations, from major axes of cubic symmetry,
have been shown to be consistent with the cubic
symmetry.!*!?” Apart from being negative in
NdCo, and positive in HoCo,, |4,/A,| is larger for
both the Nd and Ho compounds than for most of
the RFe, alloys.’®!” In previous calculations'®!?
A,=36 Ka3* and A =-0.038a;? were successfully
used for all the heavy-rare-earth ions in binary
and ternary RFe, alloys. Though significantly
larger crystal fields were applied in spin-rota-
tion'® and magnetization®* studies of SmFe,, posi-
tive A, and negative A, were obtained. We do not
have an explanation for the occurrence of so ex-
tremely different crystal fields in isoelectronic
and isostructural NdCo, and HoCo,. Since the
R-Co is the dominating exchange in RCo, alloys,
it is possible that the crystal fields are very sen-
sitive to the type of rare-earth ion, more than in
the corresponding RFe, compounds. Further
MoGssbauer and magnetization studies of the RCo,
compounds are currently underway.
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