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New aspects of the magnetic excitations in HoCo,
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We have obtained new results about the magnetic excitation spectrum of HoCo, using inelas-
tic neutron scattering. It has been possible to observe at 6 K a well-defined cobalt excitation
mode up to 14 THz. The application of a magnetic field along the easy magnetization axis has
revealed the longitudinal character of the excitation at 2 THz observed at 6 K. New modes
below and above the rotation temperature have been measured. These results have been
analyzed in a Green’s-function formalism using the random-phase approximation to determine
the crystalline electric field (CEF) and the exchange parameters. Despite the use of an extra
quadrupolar term for the crystalline field it has not been possible to get a satisfactory agreement
for the dispersion curves obtained, together with the macroscopic measurements. However, the
values obtained W =0.2983 K and x =—0.4839 for the CEF parameters are in agreement with
those determined by other authors. The exchange parameters have been determined as Jy,. 1o
=0 +0.0005 THz, Jyo.co=—0.07 THz, and Jg,.co =9 THz. The main discrepancy concerns
JHo-co Which may be determined from the gap of the cobalt mode or from the molecular field
when the CEF transition levels are fitted regardless of the cobalt mode. The discrepancy sug-
gests that it might be necessary to take into account a mixture of 3d and 4/ magnetism at the
very level of the exchange mechanism, including the itinerant character of the 3d electrons.

I. INTRODUCTION

In the past years several studies have been devoted
to the determination by inelastic neutron scattering of
the magnetic excitations in the cubic Laves phases
RM, (R =rare-earth element, and M = transition
metal).!™ These studies involved the general under-
standing of the 3d and 4 f magnetism. HoggsTbg 12Fe;
and ErFe, were satisfactorily interpreted by means of
a localized model for the iron atoms and a mean-field
model for the rare-earth atoms. The Curie tempera-
tures of these compounds are of the same order of
magnitude as that of pure iron and this indicates the
dominance of iron magnetism. Alternatively, in the
RNi, compounds the nickel is not magnetic® and the
effects due to the 3d electrons are expected to be
weak.

The intermediate family of RCo, compounds exhi-
bit particular magnetic properties which are connected
to the onset of magnetism of the 3d cobalt electrons.
YCo, and LuCo, are enhanced Pauli paramagnets,
but if the alloy contains a rare-earth element which is
magnetic, a cobalt magnetic moment is induced,
which can reach 1up in GdCo,.¢6 Moreover,
DyCo,,7 HoCo,, ¢ and ErCo, (Ref. 8) exhibit at the
ordering temperature a first-order transition. All
these properties observed in the RCo,; compounds are
associated with a collective 3d electron metamagne-
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tism which is induced by the applied field and the
molecular field due to the rare earth.

These compounds are good candidates to study the
mixing of the effects due to the crystalline electric
field (4f electrons) and to the itinerant magnetism
(3d electrons). Such a cobalt behavior was predicted
by Wolfarth and Rhodes?; it occurs when the Stoner
criteria is almost fulfilled, and the Fermi level is in a
region of strong positive curvature of the density of
states. These characteristics of the band structure
were confirmed by a calculation performed by Cyrot
and Lavagna.!®

In this paper we present the results of inelastic
neutron scattering performed on a single crystal of
HoCo,. Below its Curie temperature (77 K), HoCo,
orders ferrimagnetically with the cobalt moments an-
tiparallel to the holmium ones. A change of the easy
magnetization direction occurs around 14 K.!112
Below 11 K the magnetization is along the [110]
direction, while above 16 K it becomes parallel to the
[100] axis; between these temperatures the easy mag-
netization direction rotates continuously.

Initial results reported earlier'? consisted of a deter-
mination of several transitions on both sides of the
spin-reorientation temperature range and the obser-
vation of a broad scattering likely related to the
cobalt magnetism. A tentative analysis failed because
of the impossibility to account for both the inelastic
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neutron results and the macroscopic experiments
such as magnetization and torque measurements.

We have since obtained improved information on
the magnetic excitations using a larger single crystal.
In Sec. II the new experimental results at 6 K and 18
K are presented. In Sec. III we present the dynamical
susceptibility theory used in our analysis and in Sec.
IV we discuss and compare the theoretical and exper-
imental results.

II. EXPERIMENTAL

HoCo; crystallizes in the cubic MgCu,-type Laves
phase structure (space group Fd3m) with a lattice
parameter of 7.17 A A single crystal of HoCo, was
grown using a Chokralsky method and annealed for
two days. The resulting ingot was then cut in order
to obtain slabs 1.5 mm thick with a [110] axis per-
pendicular to the surface. Four slabs were mounted
together to obtain a 1.5 x 30-mm? sample with a
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FIG. 1 Magnetic excitations in HoCo, observed at 6 K
along the [111] and [001] directions. Full lines are eye-
guide lines. The line following the cobalt experimental
points is drawn using an analytic law o =g + Dq? with
wo=6.1 THz and D =62 THz A2,

[110] vertical axis.

Neutron inelastic scattering measurements were
performed in the Laue-Langevin Institute, using the
triple axis spectrometers IN1 and IN8 situated on a
hot and thermal source, respectively. The magnetic
excitations have been studied in the [001] and [111]
directions. Since the results observed in the two
directions were very similar, we decided, in order to
minimize the effects of the sample absorption, to
study the [001] direction. The temperature depen-
dence of the magnetic excitations has been investigat-
ed both around the spin-reorientation temperature
(14 K) and the Curie temperature (77 K).

The dispersion curves obtained at 6 and 18 K
which have already been published!® have been con-
firmed and extended. The overall results are report-
ed on Figs. 1 and 2. The new features to be outlined
are the following:

(1) In order to improve the interpretation of the
results we have attempted to identify the longitudinal
or transverse character of some of the magnetic exci-
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FIG. 2. Magnetic excitations in HoCo, observed at 18 K
along the [111] and [001] directions. Full lines are eye-
guide lines.



25 NEW ASPECTS OF THE MAGNETIC EXCITATIONS IN HoCo, 339

tations. This was carried out by making measure-
ments in which a magnetic field was applied along the
easy magnetization axis and perpendicular to the
scattering vector. Owing to the orientation factor

1+ (=)K2 in the cross section, K, being the projec-
tion of the magnetization direction along the scatter-
ing direction, the intensity of a longitudinal mode
must increase from % (polydomain sample without

field) to 1 ( monodomain sample with field); similar-
ly, under the same conditions the intensity of a
transverse mode must decrease from % to 1.

The sample was mounted in a permanent magnet
as shown on Fig. 3. The magnetic field provided by
permanent magnets of SmCos was about 3.5 kOe on
the sample. The experiment without field was
achieved by removing the SmCos magnets. Due to
the low field and to the particular shape of the sam-
ple, the theoretical intensity ratio could not be ob-
tained. However, the behavior of the intensity (in-
creasing or decreasing), which is illustrated in Fig. 4,
allowed us to ascertain the character of the observed
modes. This method has essentially been used to
determine the polarization of the 2.1-THz mode ob-
served at 6 K, which appears to be longitudinal. Un-
fortunately, this requires the use of only half the
sample and the resulting lack of time prevented us
from complete analysis of the upper transitions.

(2) At 6 K, the mode at 5 THz, which was tenta-
tively proposed in the previous publication, has been
confirmed, and a new mode at 8.4 THz has been
revealed. At 18 K a new mode at 5.4 THz has also
been measured. But we could not determine the
character of any of these modes.

(3) The broad scattering previously observed
around the 004 Brillouin zone has been resolved; a
dispersive excitation has been found which starts
from 6.1 £0.3 THz at ¢ =0 and which could be fol-
lowed up to 14 THz (see Fig. 1). On Fig. 5 is shown
one of the neutron groups obtained by constant ener-
gy scans in the 004 Brillouin zone. The full line indi-
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FIG. 3. Sample holder used to apply a magnetic field
along the easy magnetization axis. The magnetic field is
provided by permanent magnets of SmCos.
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FIG. 4. Constant g scan observed at 6 K at Q =(0,0,4).
——: magnetic field along the [110] vertical axis. ———:
without magnetic field. The lines are the results of a least-
squares fit taking into account the resolution function of the
spectrometer. The mode at 1.2 THz should not be observed
in the 004 Brillouin zone. In the conditions of the observa-
tion its intensity seems to be field independent. For the
modes at 2 and 3.17 THz the intensity ratios correspond to
about 60% domain alignment. In the figure the background
is subtracted from the intensity.
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FIG. 5. Constant energy scan at 9.5 THz. The full line is
calculated in accordance with a gispersion law w = wq + Dg?
(wp=6.1 THz and D =62 THz A?) after taking into ac-
count the experimental resolution.
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cates the intensity calculated for a dispersion law of
the form o = wy + Dg?, with wy=6.1 +0.2 THz and
D =62 +3 THz 2\2, when taking into account the ex-
perimental resolution. Scans above the Curie tem-
perature indicate that this dispersive mode disappears
in the paramagnetic phase.

The dispersion of this mode within this energy
range and its temperature variation clearly demon-
strate that it must be attributed to the magnetism of
the cobalt atoms. The gap observed at ¢ =0 corre-
sponds to the action of the molecular field due to
holmium ions on cobalt ions.

A numerical analysis of these data, taking into ac-
count the resolution function of the spectrometer, al-
lowed us to determine an intrinsic linewidth of about
0.3 THz for the ¢ =0 mode at 6.1 THz. However, as
the scans at higher energies have been performed at
constant energy and in rather bad focusing conditions
because of experimental constraints, we could not
analyze the evolution of this linewidth with energy.
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FIG. 6. Thermal variation of the excitations measured at
q=0.

Finally, we have performed some measurements
with a variation of temperature up to 90 K. The ex-
citations at ¢ =0 have been measured at 50, 72, and
90 K, and the results are compared to those at 6 and
18 K in Fig. 6. The main features which can be out-
lined are as follows:

(1) The appearance at about 2.5 THz of a new
mode which corresponds to the increase with tem-
perature of the population of an excited state.

(2) The cobalt mode moves towards lower energies
when the temperature increases (this corresponding
to the renormalization of JH° with temperature).
This mode disappears at 90 K. However, the
behavior of these transitions is peculiar because the
observations below and above the Curie temperature
(77 K) are not very different.

III. DYNAMICAL SUSCEPTIBILITY THEORY

In order to analyze the experimental results we
used the dynamical susceptibility theory for a many-
level system developed by Buyers, Holden and Per-
reault (1975).1% We have extended this theory to
take into account the fact that there are six atoms per
unit cell and that the cobalt and holmium moments
are antiparallel. We have therefore used the follow-
ing Hamiltonian

H= ZHCEF(i) —2 Z.I,jg',"—s‘j
i L

-2 E’J”,s,.-si, -2 E,Jjji, R Y)
i>i ji>J
which contains a crystalline-electric-field term for the
holmium ions and exchange terms between
holmium-holmium, holmium-cobalt, and cobalt-
cobalt ions. For the sake of simplicity, all the ex-
change terms are of the Heisenberg type. The in-
dices i and j refer,/respectively, to holmium and cobalt
ions and the positi(lp T of an ion will be given by
T=T1+47, where 1 defines the origin of the cell and
V" the position within the cell. To specify w_t;ether the
ion is an holmium or a cobalt one, we use i and A
for the holmium and j and i for the cobalt. The
total angular momentum of any ion will be written T
and when we want to specify an holmium or cobalt
ion we will use S or §.

It is known (see Marshall and Lovesey!®) that the
inelastic neutron scattering cross section is proportion-
al to the imaginary part of the generalized dynamical
susceptibility

e)hn/kBT
I= E (Sa,g*KaKﬂ)-—,;/‘gT——
a, B e -1

xIm[G*(Q,w)] , a,B=xy z . (2

As we are dealing with a cubic crystal with collinear
momentum, this intensity can be separated into long-
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itudinal and transverse parts with

JolksT
I""¢q(1 - K7} )W—*ImG”(Q,w) , (3
-1
ST
1"a(1 +K; )—,,m,k T
-1

xIm[GT(Q,0) +G(=Q,w)] . @)

Let us first focus our attention on the transverse
Green’s functions. In the present case in which we
have several ions, the Green’s function G*¥(Q, w)
may be defined in terms of partial Green’s functions
as

GH(Q,0) = Sexp—i (7= 7)GF (T0) , ()

’
144

where 7 is a reciprocal-lattice vector such that
Q=7+7. Because of the antiparallelism of holmi-
um and cobalt, o’(8’) will be a(8) when v(v')
designates an holmium ion and — a(—8) when v(v")
designates a cobalt ion. The general expression of
G:ﬁ (T, w) is

G (F, 0) =L Sexp—iq(F— 7))
12 N v
X G (Il', w) ©)

and the G2 (II', w) is the time-dependent Fourier
J

Hy= =235 37.(S5=(S})) = 3 Jy(sf— (sf))
i i J

- EJU(Si+sj++Si—
I

According to the type of ion in the left part of the
Green’s function we will distinguish two types of ex-
pansion:

(1) G#8(Tq, »). The spin operators of the holml-
um ions may be developed on the basis of C C, giving

54r) =385 (N Ca(i, \) C, (i A) . 1)

mn

Then G2 (il,t) may be developed in
GRE (i) = 3,55 (N) Ghy a1 (12)

mn
]

G5 (T, @) =g (@) 8y, — +(m)[21H(q)G"3(q @+ S G (T, 0)

gy (w)

2.1 (s*St+s7Sm )-2.I Asi™s +s7sT +2sfsh)

transform of Gl‘l’fl (Il',t) defined by

G, =—i0)(LJF (L0, JE1,0)])

The problem is now to obtain the G:‘f/ (T, w) in the

case of the above Hamiltonian. For this we will use
the Heisenberg equation of motion, the general form
of which is

0G(A4,B,w)=([4,B]) +G([4,H],B,w) . (8)

Thus we must solve a set of equations by using some
approximations to decouple higher-order Green’s
functions, which appear in the equation of motion.
For this we follow the procedure used by Buyers

et al'*

The first step is to separate the Hamiltonian into a
single-ion part, including crystalline electric field
terms and the exchange terms in the molecular-field
approximation, and an interionic part consisting of
exchange terms corrected of the molecular field. The
single-ion part, which concerns only the Ho, is diago-
nalized and written

=3 3 w.Ci (i, )G\ (©)

L“An

where the operator C,(i) annihilates the state |n) of
energy w, at site i + X. The remaining interionic
part is

- 3J,(S*S7 +5787)

(10)

f
with

GL (i) =—i0(t) (LCGi, ) (i, N), JE(1,001)

(13)

Following Buyers we use the commutation rules be-
tween the C’s and the random-phase approximation to
decouple the terms including four operators. For the
time and spatial Fourier transform G£8(, w) this
yields after some algebra

S (@)GH (T, 0) +EJ“>\(E1‘)G;§(("1‘,w)] . (14)
I I3
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where

a B -
g:ﬂ(w) - 2 smn()\)snm(x)(fm fn)

oo w—wy,twy

a15s)

is the single-site dynamical susceptibility;

f,,=exp(—w,,/kgTylzexp(—w,,,/kBT)l (16)

Gt (T, 0) =82 (0)8bap— g (0) ZHu(DGLV (T, 0) —gif (o) 3T, (Deh (T, w)
A ’
I3

with
2a<s,§>
o+2a EJ“‘(SA‘) - EJ“#/(S,E)
x ’
"

g2P(w) =

19)

Gathering all the results we can write the system of
linear equations as

M(0)G=¢ . (20)
So the solution of our problem will be given by
G=M"()% . 1)

As the magnetic excitations we are looking for are
defined by the poles of the generalized dynamical
susceptibility, we see on the last equation that we will
get these poles by looking for values w such that

det [M(w)]=0 . 22)

Because of the symmetry of the problem, the matrix
M, which is of rank 72, will be reduced, and, in fact,
we have to work with a 12 X 12 matrix.

In order to calculate the intensity of the neutron
groups, it is first necessary to obtain a pole w and
then to add a small imaginary part ie to w and com-
pute

lirr})Im[eA_Z_l(w +ie)g(w+ie)] .

If the value of € is small enough the result is in-
dependent of €. In the present case the computations
were performed using € =0.001 K.

Let us consider briefly the longitudinal part of the
intensity. The calculation of the longitudinal Green’s
function, provided we are only concerned with holmi-
um atoms, yields

Gz, (g, w) =gi’(w)8M, +2g%(w)

x 3J, (@) G, 23)
xll

In the unit cell there are two holmium atoms which

and
J D=3 J sexpliq(v -] . an
' =»)

(2) For the Green’s functions such as G2 (T, w)
we use the commutation relations between the s
operators and the usual random-phase approximation
to decouple terms as s*s*. And we get

(18)

I
are identified as 1 and 2. The spin waves are then
the solutions of the equation

1—4[gﬁo(w)]2|1H01~H02((—1.)|2=0 . 24)
The calculation of the intensity is then straightfor-
ward using the previous equation.

IV. ANALYSIS OF THE EXPERIMENTAL RESULTS

The previous model requires a knowledge of
several parameters. First, a knowledge of the ex-
change integrals, is required which may be limited to
the first nearest neighbors: J; for Ho-Ho exchange,
J, for Ho-Co, and J3 for Co-Co. Second, the param-
eters involved in the crystal-field Hamiltonian are re-
quired. In the cubic symmetry this Hamiltonian is
written'®

=209 +504) + X (1-|x]) (08 =2108) |
F, Fe

(25)

where the Of" are the Stevens operators, F4 and Fj
are coefficients depending only on the rare-earth ion,
and W, x are adjustable parameters.

Thus we have to determine these parameters using
the following experimental results: magnetization
and torque measurements, temperature of spin rota-
tion, and neutron inelastic scattering measurements
at different temperatures. The latter experiments
give direct information about the transitions between
crystal-field levels and the dispersion of these levels.
Calculation of dispersion curves were undertaken us-
ing, as far as possible, a constraint imposed by the
temperature at which spin rotation takes place. A
further constraint used in the calculation was the zone
boundary energies of first three modes observed at 6
and 18 K. It should be recalled that at 6 K the
second mode has a longitudinal character, and at 18
K the second mode corresponds to a transition
between first and second excited-crystal-field levels.

From our neutron inelastic scattering measure-
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ments, J; can be determined directly. Since there are
two holmium ions per unit cell, the magnetic excita-
tion observed at the zone boundary is degenerate and
can be separated into ‘‘in-phase’’ and ‘‘out-of-
phase”’? modes. These excitations are observed in
different Brillouin zones depending on whether the
magnetic elastic structure factor is maximum or
minimum, respectively. The calculations then, show
that the dispersion of the ‘‘out-of-phase’’ mode
depends only on J;. As these modes are almost flat,
we deduce that the value of J; is small and certainly
less than 10~ THz.

Using the model described above, we have refined
the crystal-field and exchange (J, and J3) parame-
ters, in order to fit the whole experimental data. The
best agreement has been obtained with the crystal-
field paratmeters previously given by Gignoux et al.!!
(Table I) and with J,=—5.1 x 1072 THz and J3=0.6
THz. The value of J, obtained is consistent with the
value of the molecular field acting on holmium ions
reported by Gignoux. The calculated dispersion
curves at 6 and 18 K are compared with the experi-
mental points in Figs. 7 and 8, respectively. The
agreement is particularly good for the acoustic mode.
This is rather satisfactory since magnetization and
torque measurements as well as the acoustic mode
are characterized by the low-lying energy levels of the
holmium ion. The other flat modes at higher ener-
gies are also in excellent agreement with our model
calculation, but the dispersion curve for the cobalt
ions does not correspond to the observed curve. In
particular, the calculated gap (3.5 THz at 6 K) and
the stiffness constant (5 THz A2 at 6 K) are much
smaller than the experimental values (6.1 THz and
62 THz A2). Prompted by this discrepancy, we deci-
died to reformulate the problem by first considering
the mode associated with the cobalt. In the localized
model used the cobalt mode depends only on J; and
J;. It is then possible to determine these exchange
integrals from the neutron experimental results: the

gap at ¢ =0 of the cobalt mode depends essentially
on J,. A calculation within the spin wave approxima-
tion, even when the itinerant character of the cobalt
magnetism is taken into account,!” shows that the gap
of the optic mode can be written

—12J,((S;) —2(s;)) . (26)

This gives a value for J, of —7.4 x 1072 THz.
Then we can determine the molecular field acting
on the holmium ions using the expression

Hex=(_24'12<sz> +8<Sz>"1)/gl » (27)

which yielded H., =500 kOe if J; is assumed to be
zero, (s,) =0.5, and (S,) =7.5. The stiffness con-
stant D of the cobalt mode is related to J3 and a com-
parison with the experimental curve yields J3=9.8
THz. With these exchange integrals the cobalt mode
is well accounted for, but it has not been possible to
obtain a set of crystal-field parameters which also
give a satisfactory fit of the lower-energy modes.

Thus the model including crystal-field and ex-
change effects is not able to give a satisfactory picture
of the whole experimental data.

In order to improve the model, the next possible
step is to introduce terms of higher order than the
Heisenberg exchange term. Indeed the existence of
quadrupolar terms has already been suggested in oth-
er rare-earth transition-metal compounds such as
TbCo, (Ref. 18) and in rare-earth cubic compounds
of the CsCl type,'? in relation to the distortion ob-
served in these materials. This quadrupolar contribu-
tion can include two terms: a quadrupolar exchange
term and a magnetoelastic term: Hg + Hp. If we
write the quadrupolar exchange Hamiltonian Hyp in
the mean-field approximation, it becomes isomor-
phous and indistinguishable from the magnetoelastic

TABLE 1. Comparison of the results obtained in different RCo, compounds.

Jr.r Jr-T A A8
Compound  (THz) (THz) (THz/ag) (THz/a§) Reference
HoCo, 0.6 —-5.1x1072 2.40 —0.082 11 and this study
without quadrupolar term

HoCo, 9.8 ~7.0x1072 1.26 —-0.039 This study with
quadrupolar terms

HoCo, —5.3%x1072 1.04 —0.048 21

ErCo, -3.7%x1072 1.04 —0.034 22

TbCo, —8.7x1072 1.11 —0.063 18

TmCo, -1.9x1072 3.22 —0.063 23
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FIG. 7. Magnetic excitations in HoCo, at 6 K compared
to the model calculation, with W =0.6 K, x =—0.4665,
H, =334 kOe, Jyop,=0.5 1073 THz, Jyo.co=—>5.1
%1072 THz, and J¢o.co =0.6 THz. For sake of simplicity we
have only represented the curves calculated in the [004g]
direction. The splitting of >Jg multiplet of the Ho3* at this
temperature is shown on the right of the corresponding
dispersion curve.

Hamiltonian Hpe.?® Then we have
HQ + H e

=— 3 Gi1(;,i")[0§ (D OF(i") +303 ()0} ()]

=i

= 3 G2(i,i") [Py (D) Py (i")

i’
+ P, () P, (i") + Pr () Pr(i)]
(28)

where 09, 0%, and Py are the second-order Steven’s
operators

09=272-J(J+1) , 0} =J2-J},
P,-,-=%(J,J,~+J,-J,») , i,j=xy, yz, and zx
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FIG. 8. Magnetic excitations in HoCo; at 18 K compared
with the curves calculated in the same conditions as Fig. 7.

With this additional exchange term it has been pos-
sible to find several sets of parameters W, x, Gy, and
G, which reasonably, but not perfectly, account for
the observed excitations, the temperature range of
the spin rotation, and the gap of the cobalt mode.
The observed excitations above 3 THz are more or
less accounted for depending on the assumption
made for their character, longitudinal or transverse.
However there still remains a systematic discrepancy
as regards the temperature dependence of the mag-
netization anisotropy.

We did not consider the relative intensities of the
modes as an essential criterion because of several
experimental anomalies. For instance, the first excit-
ed level which is an ‘‘out-of-phase’” mode has been
observed around the 004 Brillouin zone, which is, ac-
cording to the magnetic structure factor, a ‘‘forbid-
den’’ zone. Furthermore, in any calculation, contrary
to the experiment, the first longitudinal excitation
has a low intensity.

In all the sets of parameters that we obtained, G,
and G, are negative. Furthermore, G, is one order
of magnitude greater than G,. If the origin of G,
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and G, was purely magnetoelastic their value would
be positive.?’ This shows the preponderance of the
negative quadrupolar exchange. We have then as- -
sumed that all the contribution to the quadrupolar
term was of exchange origin. At this step we have to
estimate the influence on the dispersion of the modes
of this additional exchange contribution. This can be
done within the framework of the Green’s function
formalism, and the subsequent calculations are
presented in the Appendix.

The main result of this calculation is that the quad-
rupolar exchange term introduces a noticeable disper-
sion on the ‘‘out-of-phase’’ mode. This is exempli-
fied in Figs. 9 and 10 where the results of the calcu-
lation performed are presented with W =0.3 K,
x=—048, H,,=500 kOe, G;=—2.7 mK, and
G,=-11.7 mK which is one of the solutions with
the smallest G; and G,. Even in this case the disper-
sion introduced by the quadrupolar terms should
have been observed experimentally.

The dispersion could be compensated by enhancing
the Heisenberg exchange J; between holmium ions.
But on the one hand, if we consider the molecular
field as a constant, this would imply a decrease of J;
and consequently a lowering of the gap of the cobalt
mode; and on the other hand it would seem quite ar-
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FIG. 9. Magnetic excitations in HoCo, at 6 K compared
to the model calculation using the following parameters:
W=03K, x=—0.48, H,, =500 kOe, G; =—2.7x1073 K,
Gy=—11.7x1073 K, Jyo1o=0.5 X 107> THz, Jyoco=—"7
x 1072 THz, and J¢o.c, =9.8 THz.
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tificial to introduce two independent exchange terms
the effects of which would compensate each other.
Nevertheless it might happen that a unique
phenomenon gives rise simultaneously to two kinds
of exchange with such a compensation. So the exact
determination, of the CEF remains unsettled.

In Table I we compare our results with those ob-
tained in different RCo, compounds. For the
crystal-field parameters we have reported the values
of A9 and A¢ because they should be at first order
independent of the rare earth. The A{ reported in
this table are in the same range, except for TmCo,.
However, for the 40 values this is not obviously ob-
served. Concerning HoCo», it is interesting to point
out that although the values of 49 and A¢ deter-
mined after introducing the quadrupolar terms are a
factor of 2 smaller than those determined without
these terms, the ratio 49/A49 is nearly the same. In
fact, the rotation temperature which has been taken
into account is very sensitive to this ratio. The 4J
and A parameters determined by Koon and Rhyne?!
are a little different from ours but they give a rota-
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FIG. 10. Magnetic excitations in HoCo, at 18 K com-

pared with the curve calculated in the same conditions as
Fig. 9.
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FIG. 11. Fit at 6 K of the lowest transition in the same
conditions as Fig. 9, except the value of J, ¢, which is 9.8
THz in the case of the solid line and 0 THz for the dotted
line. (——— is an eye-guide line through the experimental
points.)

tion temperature much higher because the ratio
AQ/AQ is different.

Another aspect of the problem concerns the
cobalt-cobalt interaction J3. In the localized picture
presented previously, this interaction not only gives
rise to the parabolic cobalt mode, but it also influ-
ences the dispersion of the acoustic mode. In fact
the value of 9.8 THz for J3, provided by the cobalt
mode, gives rise in the acoustic mode to a dispersion
stronger than that observed. This is illustrated in
Fig. 11 where the experimental acoustic curve corre-
sponds to a nearly zero value of J3. This is un-
doubtedly related to the itinerant character of the
cobalt magnetism. The spin-wave stiffness constant
is directly related to the band structure via the elec-
tronic density of states and the relevant parameter is
the splitting between up an down sub-bands which
corresponds to an intra-atomic exchange between d
electrons on the same site. Consequently, in that
context the concept of J3 is not really meaningful.

V. CONCLUSION

The measurements on HoCo; have provided a lot

of results. They may qualitatively be related either to

CEEF effects, such as the spin reorientation tempera-

ture and the flat modes observed in the inelastic neu-

tron scattering experiments, or to itinerant magne-
tism effects, such as the first-order character of the
ferro-para transition and the parabolic spin-wave

dispersion curve. They also have revealed some
anomalies: observation of modes in forbidden zones,
high intensity of a longitudinal mode, and tempera-
ture dependence of the transition levéls around the
Curie temperature.

Even though it is possible to get a partial agree-
ment by considering only some of the observations,
we did not succeed in getting a satisfactory agreement
of the all of the results.

As far as the cobalt is concerned, the situation
seems to be relatively simple; it corresponds to that
of an itinerant ferromagnet in the molecular field of
holmium ions. It can be accounted for with two
parameters: a stiffness constant D =62 THz A2
which reflects band-structure properties and an anti-
ferromagnetic exchange between holmium and cobalt
of about 7 x 1072 THz. This determination of the
holmium-cobalt exchange interaction is in principle
quite direct and depends only on the average magnet-
ic moment of holmium and cobalt, which is known
by other measurements. However, it is responsible
for the main discrepancy revealed by the analysis of
the CEF results. Indeed if we consider only the CEF
results, regardless of the cobalt mode, and try to ad-
just, W, x, and H., (as did Gignoux et al.'! or Koon
and Rhyne??), we obtain a fair agreement, with a Hoy
value which is about 1.5 times smaller than that
determined using the quadrupole terms.

Such a situation was not encountered in the other
compounds already studied, because, in the RFe,,
only one flat mode has been observed in addition to
the iron spin wave and in the R Co; systems no
cobalt mode has been observed. Thus a cross deter-
mination of the rare-earth-metal exchange could not
be performed. However in the case of ErCo,, Koon
and Rhyne?? state that they have looked for the
cobalt mode in an energy range extrapolated from
their determination of J, via H.,. It would be quite
interesting to look at higher energies to see if indeed
the cobalt mode does occur, thus revealing the same
discrepancy as in HoCo,.

Finally, if we add the anomalies already outlined
and the weakness of the interactions between holmi-
um ions, which is not consistent with the value of
the Curie temperature of HoNi, where the nickel is
not magnetic, all these facts suggest that it might be
necessary to have a new look at the problem of the
mixture of the 3d and 4/ magnetism at the very level
of the exchange mechanisms.

APPENDIX: EXPRESSION OF THE
GENERALIZED SUSCEPTIBILITY IN THE
PRESENCE OF A QUADRUPOLAR
EXCHANGE TERM

A calculation similar to that performed in Sec. III,
with the addition of the quadrupolar Hamiltonian
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(28) leads to the addition of the following terms to the formula (14): (1) easy magnetization direction along [110]

axis

—(& -g;“)zscm(q)[c‘“’(q @) =G " (T, )]

-al +g.;x—1) 2

(2) easy magnetization direction along [001] axis
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In the above formulas we have introduced the mixed generalized susceptibility
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which is written
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with the addition of the supplementary terms depending on the cases (1) and (2) written above
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