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Diffraction experiments with polarized neutrons have been carried out on a TmCo, single crystal, at various

temperatures, in a field of 57.2 kOe applied parallel to the [011) direction. The localized moments on Tm and

Co sites have been determined at 4.2 and 100 K from the magnetic densities obtained by Fourier projections.
The Tm moment (5.4p, ~ at 4.2 K) is reduced by crystal-field effects. A 3d-type Co moment is coupled
antiparallel to the Tm one. The magnetic scattering amplitudes measured for the reflections to which the 4f
Tm moment does not contribute give direct evidence for the existence of a diffuse magnetic density. This
diffuse density is oscillatory with distance and remains similar at all temperatures, The 4f Tm and the 3d Co
moments have been evaluated at eight temperatures from 4.2 to 250 K. The Co susceptibility above 25 K is

temperature independent. The Co behaves as a Pauli paramagnet under the action of two opposite fields: the
molecular field due to Tm atoms and the applied field. A collective-electron model is therefore appropriate for
the description of paramagnetic susceptibility. At 4.2 K a large increase of the Co susceptibility in the

molecular field leads to a value of the Co moment of 0.8p,~. This result can be related to the increase of the

susceptibility observed in YCo2 in high applied fields and to the first-order ferri-paramagnetic transition of
some RCo, compounds, where R stands for rare-earth metals.

I. INTRODUCTION

The intermetallic compounds of rare-earth met-
als (R) and transition metals (M= Fe, Co, Ni) are
divided into two groups with quite different mag-
netic properties. ' In the rare-earth-rich alloys
(RNi, R,Co„R,Ni, R,Co) the transition metal is not
magnetic; ordering temperatures are below room
temperature and are determined by oscillatory
interactions of the Rudermann-Kittel type be-
tween rare -earth atoms. In the transition-metal-
rich alloys (R,M», RCo„R,Co„RFe„RCo„and
RFe, ), the transition-metal atoms carry an in-
trinsic magnetic moment which is always anti-
parallel to the spin of the rare-earth atom. Com-
pounds are then ferromagnetic with the light rare
earths and ferrimagnetic with the heavy ones.
Resulting interactions are strong, leading to high
ordering temperatures, often above room temper-
ature. In the RCo, compounds, whose properties
are intermediate to those of these two groups, the
appearance of 3d magnetism is observed. YCo,
and LuCo, exhibit a strong Pauli paramagnetism, "
while with magnetic rare earths, a magnetic moment
on cobalt atoms is created by the magnetic interac-
tions due to the rare-earth atoms' [1p,s/(Co atom)
in GdCo, ]. The magnetic ordering transitions of
DyCo„HoCo„and ErCo, are of first order"'
and they have been interpreted by a model of itin-
erant electron metamagnetism, produced by the
rare-earth-cobalt interactions. '

The thermal variation of the RCo, paramagnetic
susceptibility has been interpreted with two dif-
ferent models. " In the first representation, R
and Co atoms carry intrinsic magnetic moments'
which are disordered by the thermal effect. This
is the classical model of ferrimagnetism, and the
paramagnetic susceptibility follows a Noel-type
law. In the collective-electron theory (Stoner mod-
el) the Co moment is induced by the field and the
interactions with neighboring magnetic atoms. The
paramagnetic susceptibility is enhanced' as in YCo, .

Magnetic properties of TmCo, have been studied
on a spherical single crystal. " The ordering tem-
perature is 7 K. Below this temperature the easy
magnetization axis is [111]and the hardest one is
[100]. The Tm" ground state, deduced from these
measurements, is the I', singlet. A previous neu-
tron diffraction study on a polycrystalline sample"
has confirmed the ferrimagnetic character of
TmCo, and has given magnetic moments of (3.20
+0.13)ps/(Tm atom) and (0.48+0.11)gs/(Co atom)
at 1.5 K.

The polarized-neutron study of TmCo, should
enable us to separate the different contributions to
the magnetic density: the 4f localized Tm moment,
the Sd Co moment, and a possible diffuse density.
A study of the temperature and field dependence of
the Co sublattice magnetization in the paramagnetic
region should bring us information on the nature of
the Co magnetism, that is, whether it is intrinsic
local or collective electron magnetism.
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II. EXPERIMENTAL

TmCo, crystallizes in the cubic MgCu2-type
I.aves phase structure. A single-crystal button
was prepared by the Bridgman method. The sam-
ple was spark cut into a parallelepiped 6 & 1.2
x 1.2 Illln q with 1'ts lollg dllllellsloll R101lg tile [0lTj
axis. Magnetization along this direction and along
the easy magnetization [ill] direction was mea-
sured at the Service National des Champs Intenses
(Grenoble) in fields up to 120 koe at 4.2 K (Fig.
l) and ill the pRI'RI11RgIletlc 1'egioll.

In order to refine the crysta1. lographic structure,
a preliminary study at room temperature was per-
formed with unpolarized neutrons on the four-
circle spectrometer HB-2 of the Oak Ridge High
Flux isotope Reactor (HFIR). The intensities of
all Bragg reflections out to (sine)/X = O. V A ' were
measured.

All the polarized-beam measurements were made
at the HB-1 triple-axis spectrometer of the HFIR.
The sample was mounted in a cryostat designed
so that the specimen could be rotated about its
vertical [01I] axis by means of external controls.
Experiments were performed between 4.2 and
250 K," the temperature was defined to within O. l
K. A magnetic field up to 57.2 kOe, created by a
superconducting split coil, was applied normal to
the scattering plane and parallel to the [Olr] axis
of the specimen. As discussed further, the rnag-
netization in 57.2 kOe is collinear to the applied
field at all temperatures.

The polarized-beam technique yields, in prin-
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where y =E„/E„, and E„and E~ are the magnetic
and nuclear structure factors, respectively. In
the cubic MgCu, -type. structure, there are six
different types of structure factors& depending on
the values of A, , 0, and l, as shown in TaMe I.
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FIG. 1. Magnetization curves of the studied TmCo2
single crystal along the %ill) and tlj.o) directions, at
4.2 K. He is the applied fieM in the neutron experiments.

TABLE I. Relations be5%een ~, k, l and the nnclear structure factors I'~ for the MgCQ2-type
Laves phases.

Conditions on h, k, l

k or k or l &4n

and 4+k+i =4n

h, k, and l =4n+2

k, k, and l =4n
and &+k+l =8n

k, k, andi =4n
and k+ k+ l = 8n+ 4

16b«„

8b T„,+ 16b«,

-8bT~+16b C

-'(k+ k+l) = 8n~l
and (k+ k) or (k+ l) = 4n

—',(k+ 0+ l) = 8n+3
a,nd (k + k) and (k+ l ) = 4n + 2

+442 bT + 8bco

&(k+ k+ l) = 8n+1
and (k + k) and (k + l ) = 4n + 2

Z(A+k+l) =8n+ 3
and (12+k) or (k+l) =4n

+4W2b T +8bc0
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It is noteworthy that some structure factors are
characteristic of Tm atoms only (type I) or of Co
atoms only (type II). The magnetic structure fac-
tors corresponding to the localized magnetic den-
sities are obtained from the nuclear structure factors
bysubstitutingp, pT fT (k) andp, pc,fc,(k) forthe
Fermi lengths bT and bc„respectively; p, is the con-
stant 0.2696' 10"cm, pT and p.c, are the mag-
netic moments per Tm and Co atoms expressed in
Bohr magnetons, and fr (k) and fc,(k) are the Tm
and Co form factors, for the scattering vector k.
In the subsequent tables and figures, we report
the scattering amplitudes as the product pf for
each atomic species.

Equation (I), which relates y to the polarization
ratio A, must be modified to take into account in-
complete incident polarization and imperfect spin
reversal. The correctjons are smaller for values
of A closer to 1. In the present experiment—
using a CoFe polarizer —typical values of the
polarizer, flipper, and analyzer efficiencies were,
at 4.2 K, Po = 0.993+ 0.002, Py = 0.993+ 0.001, and

P, =0.995+0.001. At 100 K, the magnetic contri-
butions are very weak and measurements were
performed with a "Fe(Si) monochromator with
which the intensity of the incident beam was multi-
plied by a factor of 4. In that case, Po was re-
duced to P, = 0.962 a 0.002. The half -wavelength
contamination has also been taken into account.
All these corrections have been evaluated as de-
scribed in Ref. 12, and the resulting modifications
of the y values are always small. Other sources
of possible error arise from perturbing charac-
teristics of the sample, essentially depolarization
and extinction. The depolarization of the incident
beam has been measured on transmission through
the sample. %e have assumed a uniform-volume
depolarization in order to make the necessary
corrections. Typical values of this depolarization
led to a reduction of the incident-beam polariza-
tion by a factor P = 0.996+0.002. The extinction
was determined from measurements at 4.2 K of
the (ill) and (022) reflections at five different
wavelengths ranging from 0.7 to 1.2 A. The ex-
tinction parameters" "are the mosaic distribu-
tion g=210+25 and the size of blocks /=1. 1+4 pm.
Measurements at different wavelengths have shown
that errors due to simultaneous reflections were
negligible.

h kl Type
(sing)Q

(A-&) 4orT

111
022
311
400
133
422
511
333
044
533

VI
I
V

VI
I
V
V
IEI

V

0.121
0.197
0.231
0.279
0.304
0.342
0 ~ 363
0.363
0.395
0.458

5.28
2.04
1.27
7.55
3.90
1.55
0.74
0.68
0.561
0.624

+ 0.20
+ 0.05
+ 0.10
+ 0.44
+ 0.13
+ 0.03
+ 0.02
+ 0.02
~ 0.009
+ 0.009

—36.8+1.4
—41.4 + 1.0
—27.7+ 2.3
—41.6+ 2.4

27.2+ 0.9
31.4+ 0.6
16.1+ 0.6
14.8+ 0.6
19.7+ 0.3

—13.6+ 0.2

444
711
155
355
800
733
822
066
555
911
466
844
933
177
755
377

1111
577
088
955

IV
VI
VI
V
III
Vr

I
V
VI

I
III
VI
Vr
VI
V
V
V
IEE

VI

0.483
0.498
0.498
0.536
0.558
0.571
0.592
0.592
0.604
0.636

0.655
0.684
0.694
0.694
0.694
0.722
0.774
0.774
0.789
0.799

4.57 + 0.29
2.33 + O.G7

2.44 + 0.09
0.491+ 0.05
0.424+ 0.009
1.95 +0.07
0.73 + 0.03
0.66 +0.02
0.445 + 0.009
1.64 + 0.06

0.60 ~0.01
0.313+ 0.006
1.48 +0.06
1.38 + 0.07
1.46 + 0.07
0.308 + 0.005
0.262+ 0 ~ 005
0.285+ 0.005
0.225+ 0.006
0.76 ~0.04

—25.2+ 1,6
16.2+ 0.5

—17.0+ 0.6
—10.7+ 0.1

14.9+ 0.3
—13.6+ 0.5
—14.8+ 0.6
—13.4+ 0.5

9.7+ 0.2
-11.4 + 0.4

12.2+ 0.2
11.0+ 0.2
10.3+ 0,4
9.6+ 0.5

10.2+ 0.5
6.7+ 0.1
5.7+ 0.1
6.2+ 0.1
7.9+ 0.2
5.4+ 0.3

866
1133
1200
488
777

1222
199

1311
1155
399

1244
977

1333
599
888

E

V
IV
IV
VI
I
VI
V
V
V

IV
VI
V
V
III

0.814
0.823
0.837
0.837
0.846
0.860
0.891
0.912
0.912
0.912

0.926
0.934
0.954
0.954
0.967

0.38 + 0.01
0.225+ 0.005
1.83 +0.11
1.47 + 0.20
0.66 +0.03
O. 36 ~0.01
0.56 + 0.03
0.207+ 0.005
0.174 + 0.005
0.184 + 0.009

1.34 + 0.20
0.53 + 0.03
0.184 + 0.005
0.170+ 0.009
0.139+ 0.006

7.7+ 0.2
4.9+ 0.1

—10.1+ 0.6
8.1+ 1.1

—4.6+ 0.2
7.4+ 0.2

—3.9+ 0.2
4.5+ 0.1
3.8+ 0.1

—4.0+ 0.2

—7.4+ 1.1
3.7+ 0.2

—4.0+ 0.1
3.7+ 0.2
4.9+ 0.2

TABLE II. Corrected values of y and values of the
magnetic structure factors I~ for TmCo2 at 4.2 K (type-
II reflections excluded).

III. RESULTS

In order to determine the Fermi lengths b and
the Debye-%aller temperature factors B, a re-
finement of the crystallographic structure at room
temperature was performed. The lattice param-
eter was found to be a = 7.166+0.001 A and with

bc, =0.25&& 10"cm, " the refinement led to the
values bT = (0.686+0.002) x IO "cm for the cry-
stal studied and BC,=0.54+0.01, BT =0.64+0.01,
both in A', at room temperature. The reliability
factor is R= 0.V%.
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TABLE III. Corrected values of p and values of the
magnetic structure factors E& for TmCo2 at 100 K (type-
II reflections excluded).

0.1- 0.01-

111
022
311
400
133
422
511
333
044
533
444
711
155
355
800
733
822
066
555
911

VI
I
V
IV
VI
I
V
V
III
V

IV
VI
VI
V
III
VI
I

V
VI

(sine) /X

0.121
0.197
Q.231
0.279
Q.304
0.342
0.363
0.363
0.395
0.458

0.483
0.498
0.498
Q. 536
0.55S
0.571
0.592
0 ~ 592
0.604
0.636

~COII

0.578 + 0.009
0.247+ 0.001
0,145+ 0.001
0.85 ~0.02
0,461+ 0.004
0.194+ 0.001
0.121+ 0.001
0.115+ 0.001
0.094+ 0.001
0.101+0.001

0.54 + 0.02
0.287 + 0.005
0.308 + 0.006
0.077 + 0.001
0.066 + 0.001
0.223 + 0 ~ 004
0.107~ 0.001
0.106+ 0.001
0.069+ 0.001
0.225+ 0.006

—4.03+ 0.06
—5.02 + 0.03
—3.16+ 0.02
-4.67+ 0.12

3.21 + 0.03
3.95+ 0.03
2.62+ 0.02
2.49+ 0.02
3.31 + 0.04

—2.19~ 0.03

-2.97 + 0.12
2.00+ 0.03

-2.15+ 0.04
—1.67+ 0.03

2.32+ 0.03
—1.56+ 0.03
—2.18+ 0.02
-2.16+0.02

1.49+ 0.03
-1.57+ 0.04

-0.1-

-0.2-

lA
f"

0.2-
V

44

4
f

0

CL

-0.2
f
0

-OA

-0.01-
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-0.06-

IOO K

t4

O
C

vO
C4

466
844
933
177
755
377

1111
577
088
955

I
III
VI
VI
VI
V
V
V
III
VI

0.655
0.684
0.694
0.694
0.694
0.722
0.774
0.774
0.789
0.799

0.090+ 0.001
0.046+ 0.003
0.190+0.009
0.160+ 0.013
0.156+ 0.010
0.045 + 0.002
0.043 + 0.003
0.040 + Q.002
0.033+ 0.002
0.109+ 0.013

1.83+ 0.02
1.62 + 0.09
1.33+ 0.06
1.16+ 0.09
1.09+ 0.07
0, 98+ 0.04

-0.93+ 0.06
-0.88 + 0.04

1.15+ 0.08
-0.76+ 0.09

-O.bi

I 1 1 ~ I l E
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sin e (p;")

FIG. 2. Magnetic scattering amplitudes of type-II re-
flections at 4.2 and 100 K. Upper part: experimental
points; louver part: decomposition of the experimental
points into 3d-type and diffuse density contributions.

I
V

0.814
0.823

0.058+ 0.005 -1.17+ 0.10
0.029~ 0.004 0.63+ 0.09

0.049 + 0.006 1.00+ 0.12

Measurements of the polarization ratios of (kkk)
reflections were made at 4.2 K out to (sin8)/X
= 0.967 A ' and at 100 K out to (sin8)/X= 0.823 A ',
in an applied magnetic field of 57.2 kOe. This

highest value of the field was chosen in order to
decrease the effects of the incident-beam depolar-
ization by the sample. The corrected values of y
are listed in Tables II and III. at 4.2 and 100 K,
respectively, and in Table IV for the reflections
of type II (no Tm contribution) at both tempera-
tures. The values of the magnetic structure fac-
tors F = yI „, deduced from the data described
above, are also presented in these tables. (The
difference between BT and Bc, has been neglected

TABLE IV. Corrected values of y and values of the magnetic structure factors E'& for type-
II rcQections of TmCo2 at 4.2 and 100 K.

T = 100K

222
622
266
666

1022
10 66

(sin 0)/A.
(A-')

0.242
0.463
0.608
0.725
0.725
0.915

DACOIT

—0.351 +0,007
-0,265 +0.005
-0.049 +0.005
-0.067 +0.004
+ 0.022 +0.011
+ 0.055 +0.009

-5.20 + 0.11
-3,92 + 0.08
-0,72 +0.08
-0.99 + 0.06
+ 0.32 ~0.16
+ 0.82 + 0.13

~COII

-0.0080 + 0.0004
-0.0180 + 0.0007
+ 0.0005 + 0.0011
—0 004 +0 003
+ 0.015 + 0.003
+ 0.015 + 0.013

-0.118~0.006
-0.266 +0.011
+ 0.008 +0.016
-0.06 +0 ~ 04
+ 0.22 +0.05
+0.22 +0.20
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in this analysis. )
Figure 2 (top) shows the magnetic scattering

amplitudes for 1 Co atom, F /16, for the reflec-
tions of type H. The variation of these scatter-
ing amplitudes with (sin8)/X is quite different at
the two temperatures. Furthermore, although
only Co atoms contribute to the magnetic structure
factors of these reflections, a Co form factor,
characteristic of 3d electrons, similar to that de-
termined on Co metal, ' cannot fit the experimen-
tal points at either temperature. In order to clar-
ify this result, measurements of the magnetic
structure factors of type-II reflections have been
made in the same applied magnetic field at var-
ious temperatures (15, 25, 50, 75, 125, and
250 K). Type-I reflections have also been studied
to determine the Tm magnetic moment at each
temperature. Results are collected in Table V.
between 25 and 125 K, the (sin8)/X dependence
of the magnetic scattering amplitudes of type-II
reflections remains almost unchanged.

IV. ANALYSIS

A. Magnetic density at 4.2 K

The magnetic structure factors at 4.2 K have
been used to make a projection of the moment den-
sity on the (01T) plane which is reproduced in Fig.
3 (top). For convenience, a tetragonal cell has
been chosen, the dimensions of which are a, a/v 2,
and a/W2. In order to avoid oscillations due to
series-termination errors, we have used the clas-
sical average technique. " The average was taken
over a volume of the same geometrical shape as
the chosen cell, with sides of length 25 times the
cell parameters. The 5 value corresponding to
Fig. 3 is 0.03. For the (000) reflection, we have
used the magnetic structure factor associated with
a magnetization of (4.3+0.1)ps/TmCo„given by
the magnetic measurements.

The projected density along the line K=0.25 is
also plotted (Fig. 3, bottom). Tm atoms appear
as well-localized regions of strong positive in-
tensity. A negative magnetic density is also ob-
served on the Co sites. The resulting value of
all localized moments in one cell has not been
evaluated by the local-moment calculation" be-
cause it' cannot be assumed that the magnetic den-
sity between atomic sites is constant. Especially
the magnetic scattering amplitudes measured on
type-0 reflections are not characteristic of a 3d
moment. However, the Fourier projection gives
evidence for a magnetic density on the Co sites
very similar to that of a 3d-type moment. We
have evaluated the importance of this contribu-
tion by searching for the value of a 3d-type mo-
ment that cancels it on the Fourier projection. At
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(5.7pa for the first step). The Tm form factor can
then be calculated and the Tm moment is reevalua-
ted on the Fourier projection. The set of values
finally obtained is S'=2.0 K, @=0.78, and H, +H
= 170 kOe. The corresponding ground state in the
crystal-field potential only is a singlet. Under our
experimental conditions, the calculated moment"
is parallel to the field applied along [01T] and its
value if 5.4+0.1p,~. At 4.2 K, the most important
contribution to the form factor comes from the
ground state. The set of parameters is obtained
with a poor precision because, aroung these val-
ues, the form factor, and the magnetization as
well, do not depend very sensitively on them.

The smooth Tm form-factor variations obtained
for the reflections (k00) and (Okk) are drawn on
Fig. 4. The magnetic scattering amplitudes ob-
tained by subtracting the 3d Co magnetic contri-
bution [-0.8ps/(Co atom)], and reduced to 1 Tm
atom are also plotted on this figure. The devia-
tions at low (sin8)/X indicate a diffuse magnetic
density which is positive on the Tm sites. At high
scattering angles, the observed anisotropy of the
form factor is not always in agreement with the
calculated one, especially for some precisely mea-
sured reflections at the same Bragg angle: (1111)
and (577) or (1155) and (399). These effects
must be attributed to the oscillatory density and
are of the same order of magnitude as those direct-
ly observed on type-II reflections. The mean
value of the diffuse density [(0.5+0.3)pa/TmCo, ]
is given by the difference between the magnetiza-
tion value [(4.3 + 0.1)iLs/TmCo, ] and the value of
the localized magnetic moment deduced from the
polarized-neutron measurements [5.4(+0.1) —2
&& 0.8(+0.05) = (3.8+ 0.2)pa/TmCo, ].

B. Magnetic density at 100 K

A Fourier projection of the magnetic density has
been performed in the same way as at low tem-
perature. The magnetic structure factor of the
(000) reflection corresponds to the measured mag-
netization of (0.73+0.01)ga. The density along
Y=0.25 is shown in Fig. 5 [top (a)]. The strong
positive peaks correspond to the 4f Tm contribu-
tion. The Tm moment at 100 K and the associated
form factor have been determined by canceling
these Tm peaks in the same self-consistent man-
ner as at 4.2 K. The thermal population of the
excited levels has been taken into account. The
8'and x crystal-field parameters are those evalua-
ted at 4.2 K. The total field H, +H obtained is
60 kOe and the Tm moment is (0.72+0.01)ps.

Besides these peaks, oscillations are observed;
they are essentially due to the effects of the large
Tm contribution on series-termination errors.

TmCo2 100 K

CV

O
II

0

0.1-

z -0.1-
LLI

O

U 4-
LLJz 2-
Q

0:

Tm Tm 2Co

TmCo2 4.2 K

0.2 OA 0.6
X

1.0

FIG. 5. Densities along the line Y=0.25 (cf. Fig. 3)
obtained by projections on the (01T) plane. Upper part,
100 K: (a) directly observed density; (b) density found
by canceling the Tm peaks. Lower part, 4.2 K: ob-
served densities with reflections out to (sin~)/A = 0.967
(solid) and out to (sin0) fA. = 0.823 (dashed).

This is illustrated (Fig. 5, bottom) by the com-
parison of the densities at 4.2 K obtained with
reflections out to (sin8)/A. = 0.967 A ' and out to
(sin8)A. = 0.823 A ' (same number of reflections
as at 100K). Because of these strong oscillations,
the direct analysis of the magnetic density on the
Co sites is not possible. A Fourier difference
projection has then been obtained by subtracting
the Tm contribution. The density along Y= 0.25
[Fig. 5, top (b)] is now characterized by a weak
moment localized on the Co sites with a value
(0.030+ 0.002)ps. As for 4.2 K, this 3d contribu-
tion has been subtracted from the experimental
magnetic scattering amplitudes of type-II reflec-
tions (Fig. 2). The resulting magnetic scattering
amplitudes show a (sin8)/X dependence similar
to that found at 4.2 K: They correspond to the
same kind of diffuse magnetic density.

The comparison of the results at 4.2 and 100 K,
presented in Fig. 2, shows that the 3d moment,
relative to the diffuse magnetic density, is more
important at 4.2 K than in the paramagnetic region.
This explains the difference observed at low and
high temperatures between the (sin8)/X dependence
of the magnetic scattering amplitudes of type-II
reflections.
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FIG. 6. Magnetic scattering amplitudes at 100 K for
reflections with a Tm contribution. These amplitudes
are obtained by subtracting the 3d Co magnetic contri-
bution and are reduced to 1 Tm atom. Type-I reflec-
tions, open circles; Type-IV and VI reQections, dark
circles; Type-III and V reQections, dark squares. Full
lines represent the Tm form-factor variations calculated
at 100 K for the (@00)- and (Okk)-type reQections. The
calculation is performed with the parameters defined in
the text: W=2.0 K, x=0.78, &, + &~=60 koe.

FIG. 7. Decomposition of the magnetic scattering
amplitudes of type-II reflections at 50 K (see Table V)
into two contributions: a diffuse density analogous to
that determined at 100 K, and a 3d-type Co moment.

they almost lie on a straight line.
This result can be explained in the molecular-

field model, in which the Co magnetic moment
p,c, may be written

The magnetic scattering amplitudes obtained by
subtracting the 3d Co contribution [-0.030ijs/
(Co atom}] and reduced to 1 Tm atom are plotted
on Fig. 6, as well as the smooth calculated Tm
form factors drawn for the (k00) and (Okk) re-
flections.

i co +I+cormi Tm+ +cocoi co+ a)

-O.S-

(4)

C. Cobalt paramagnetic susceptibility

At all temperatures, the magnetic density in

TmCo, results from three contributions: a pre-
ponderant 4f-type moment on the Tm sites, a
3d-type moment on the Co sites, and a diffuse
magnetic density which, as already noticed, is
similar at 4.2 and 100 K. The 3d Co moment at
the other temperatures (15 to 250 K}has been eval-
uated by considering the observed magnetic scat-
tering amplitudes of type-0 reflections as a sum
of two components: the 3d-type moment and a dif-
fuse magnetic density analogous to that deduced
at 100 K. This decomposition is illustrated on
Fig. 7 at 50 K. The Co moments deduced at each
temperature are plotted versus the corresponding
Tm moment on Fig 8, and their values are listed
in Table VI. Except for the points at 4.2 and 15 K,

-0.6-

-0.4-

.2
-0.2-

.2K

P

0

FIG. 8. Co magnetic moment versus the correspond-
ing Tm moment measured at various temperatures.
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TABLE VI. Co and Tm moments at various temper-
atur es.

T (K) pc, (u~)

4.2
15
25
50
75

100
125
250

5.4
4.4
3.25
1.68
1.04
0.72
0.57
0.270

+0.1
+0.1
+0.05
+0.03
+0.02
+0.01
+ 0.01
~0.005

-0.80 +0.05
-0.364 +0.012
—0.214 +0.013
-0.102 +0.006
-0.053 + 0.006
—0.030 +0.002
—0.016 +0.003
+ 0.007 + 0.002

where nc,T and nc~, are the molecular-field
coefficients between Tm and Co sublattices and in-
side the Co sublattice, respectively,
Tm moment, H, the applied field (5'7. 2 kOe), and

A = C/T in the localized-electron model or A = }tc,
in the collective-electron model which implies
the enhanced paramagnetism. ' In both cases

V ,c=A [nc,T VT +H ]
with

A C
1 -Ancoco T —0

(5)

in the first model (Curie-Weiss law) and A' = g,
in the second model (g, weakly temperature depen-
dent). Up to and including 125 K, the Co moment
is coupled antiparallel to the Tm moment. On the
contrary, at 250 K the Co moment is parallel to
the applied field. The value of the Tm moment for
which the Comomentis null [Fig. 8, point P:
= (0.36+ 0.04) p~] leads to the determinination of
nc,T, using relation (5): nc, T = H, /gT = —28-
+3 emu/(Co atom). This coefficient is negative,
in agreement with the ferrimagnetic structure at
low temperature.

In the paramagnetic region, the va, riation of p, c,
with p, T is linear. The thermal variation of the
molecular-field coefficients being weak, A' is
almost temperature independent. A Curie-Weiss
law therefore cannot describe the thermal varia-
tion of the susceptibility of the Co sublattice. On
the contrary, the enhanced-paramagnetism model
is in agreement with such a variation (A' —= X,). The
value of this susceptibility is g, = (2.8+0.5) x 10 '
emu/(Co atom). It is about twice as high as the
YCo, susceptibility [1.6 x 10 ' emu/(Co atom) at
100 K].

Below 25 K (at 15 and 4.2 K) the increase of the
Co moment with the Tm moment is much steeper
(Fig. 8). At these low temperatures the Tm mo-
ment is more easily ordered under the effect of

the applied field. Its more important magnetiza-
tion creates a strong exchange field on the Co
atoms. The resulting increase of the susceptibili-
ty is similar to the increase observed in YCo, in
an applied field of 400 kQe. '4

V. CONCLUSION

It has been possible by this polarized-neutron
study of TmCo, to estimate the relative importance
of three magnetic contributions: the rare-earth-
localized 4f moment, the 3d collective-electron
moment of the Co atom, and a diffuse magnetic
density.

This diffuse density is oscillatory with distance.
Magnetic interactions between Tm and Co atoms
occur through the associated nonuniform polariza-
tion of the conduction electrons.

The large decrease of the Tm moment (5.4p, s)
compared to the free-ion value is due to crystal-
field effects; without any magnetic field the ground
state is a singlet.

The Co susceptibility above 25 K is almost tem-
perature independent. The Co behaves as a Pauli
paramagnet under the action of two opposite fields:
the molecular field due to Tm atoms and the ap-
plied field. Thus, we do not observed the charac-
teristic temperature dependence expected from an
intrinsic local moment on the Co atoms. The an-
alysis of the paramagnetic susceptibility has then
to be made on the collective-electron model. At
4.2 K a large increase of the Co susceptibility in
the molecular field leads to a high value of the Co
moment: 0.7 p~. A possible relation between this
property and the first-order ferri-paramagnetic
transition observed in the compounds with Dy, Ho,
and Er is being sought in studies now in progress
of HoCo, and TbCo, .
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