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Abstract

We studied the nuclear magnetic resonance (NMR) in intermetallic compounds of the series Y
1~x

Gd
x
Co

3
. We found

spectra exhibiting four lines, corresponding to four magnetic sites of these compounds. However, the number of lines and
their widths are strongly dependent on the radiofrequency (RF) power level, a fact that may help to explain some of the
discrepancies found in the NMR literature on these compounds. From the dependence of the NMR spectra with the RF
power we concluded that the site labeled 18h presents the largest local magnetic anisotropy. No signi"cant changes are
observed on the value of the hyper"ne "elds at each site as a function of the Gd concentration x, and that is explained in
terms of the statistical distribution of Gd magnetic ions in the lattice. On the contrary, the spin}lattice and spin}spin
relaxation rates, 1/¹

1
and 1/¹

2
, measured at each line, are remarkably dependent on the concentration. 1/¹

2
exhibits

a prominent peak at x&0.25, the concentration for which the Co ions undergo a magnetic phase transition, whereas the
same behavior is not observed in 1/¹

1
; this suggests that the magnetic transition is followed by large longitudinal

#uctuations in the hyper"ne "eld. ( 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

The RCo
3

intermetallic compounds exhibit a
d-band structure formed from the hybridization of
the 3d electrons from cobalt with the 4d and 5d
electrons from the rare earth. The characteristics of
the band structure of these compounds can result in
a magnetic instability of the itinerant subsystem
[1]. The condition to undergo a metamagnetic
transition is believed to be related to the value of
the density of state (DOS) at the Fermi level [2].
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The RCo
3

compounds have the PuNi
3
-type

structure and belong to the R3m space group.
There are three di!erent crystallographic Co sites,
labeled 3b, 6c and 18h, with 6, 3 and 5R ions
neighbors, respectively [3]. Buschow states that in
the case where a magnetization component exists
perpendicular to the c-axis, the 18h site is magneti-
cally further divided into the 18h

1
and 18h

2
sites

[4].
In the rhombohedral structure, the R ions are

located at two crystallographic sites, labeled 3a and
6c. Whereas the local symmetry of the 3a site is
hexagonal, as in the RCo

5
structure, the 6c site

exhibits the same point symmetry of the R site in
a cubic RCo

2
Laves phase [4]. The 3b, 6c and 18h
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Fig. 1. Crystal structure of RCo
3

compound. After Buschow
[4].

Co sites are populated in the ratio 1 : 2 : 6, res-
pectively, whereas the 3a and 6c R sites
have a population ratio [3,4] of 1 : 2. The unit cell,
shown in Fig. 1, contains nine formula units [5] of
RCo

3
.

Magnetization studies in YCo
3

showed that
this compound is a ferromagnet with a Curie
temperature close to 305K [3]. In ultrahigh
magnetic "elds (up to 110 T) it exhibits two success-
ive metamagnetic transitions, going from a low
magnetic state (LMS) to an intermediate mag-
netic state (IMS) at 60T, and then to a strong
magnetic state (SMS) at 82T. Through these
transitions, the Co magnetic moment, M

C0
, cha-

nges to 0.48l
B
/FU and 1.05l

B
/FU in the "rst and

second transitions, respectively [2]. GdCo
3

on its
turn is a ferrimagnet whose Curie temperature is
close to 612 K [6].

The molecular "eld exerted on the Co subsystem
in the Y

1~x
Gd

x
Co

3
compounds due to the Gd

sublattice is proportional to the Gd concentration,
x. The system at 4.2K, goes from a LMS in YCo

3

where M
C0
"2.0l

B
/FU, to SMS in GdCo

3
, where

M
C0
"3.7l

B
/FU, passing through an IMS in the

concentration range 0.1)x)0.25 with M
C0
"

2.2l
B
/FU. Further increasing the Gd concen-

tration, the total magnetic moment of the system
vanishes at the compensation concentration
x
#0.1

+0.52, where M
C0

has the same magnitude
as M

G$
[1].

Figiel and coworkers [7] measured the 59Co
NMR in the YCo

3
compound at 4.2K and found

broad and overlapping resonance lines at 43, 96
and 140 MHz. Yoshie [8] measured the same
compound at 77K, and found one single resonance
line at 45 MHz. Yoshie et al. [3] repeated the YCo

3
experiment at 4.2K under external magnetic
"eld, and found three peaks in the 59Co NMR
spectra: #35 kOe (3b), #61 kOe (6c) and
!42 kOe (18h). Fontes et al. [9] measured
spin}spin relaxation and NMR spectra in YCo

3
.

They obtained 59Co NMR peaks at 43MHz (18h)
and 48MHz. Itoh et al. [10] measured
Y

1~x
Gd

x
Co

3
at 4.2K in the concentration

range 0)x)0.32 and observed three broad 59Co
peaks at 35MHz (3b), 42MHz (18h) and 64 MHz
(6c) for x"0. An increase in the 59Co hyper"ne
"eld at the three sites was observed for x&0.25.
Yoshie and Nakamura [6] measured the NMR
of Y

1~x
Gd

x
Co

3
at 4.2K in the range 0.8)x)1

and also observed three broad 59Co NMR peaks at
#80MHz (3b), !58MHz (6c) and !80 MHz
(18h) for x"1. Reis et al. [11] also measured
the 59Co NMR in the metamagnetic system
Y

1~x
Gd

x
Co

3
, at 4.2K, in the range 0)x)1.

They were the "rst authors to observe four
well-resolved lines, at 44 kOe (18h

2
), 66 kOe (6c),

90 kOe (3b) and 94 kOe (18h
1
), being their

frequency positions unaltered through Gd concen-
tration x.

In the present work, we describe an NMR spec-
troscopy and relaxation study of Y

1~x
Gd

x
Co

3
in

the concentration range 0)x)1. Depending on
the RF power level, the spectra were found to
exhibit either four broad lines, or only three very
narrow ones. From the dependence of these lines
upon the power level, one may identify the sites by
their local anisotropy. Very little change is ob-
served in the line positions with x, but a prominent
peak appears in the relaxation rate 1/¹

2
, at
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Fig. 2. 59Co zero "eld spin}echo NMR spectra of
Y

0.75
Gd

0.25
Co

3
with 5, 15, 25 and 35 dB RF power attenuation,

starting from above, at 4.2K.

x&0.25, the concentration where Co atoms
undergo a magnetic transition that changes their
moment.

2. Experimental details

Polycrystalline samples were prepared by arc
melting the constituent metals in argon atmo-
sphere, followed by annealing at 10503C under dy-
namic vacuum for 24h, in order to minimize lattice
defects. X-ray di!raction analysis indicated that all
the samples were single phased with the PuNi

3
-

type structure. The spin}echo amplitude was mea-
sured in a home-made automated coherent pulse
NMR spectrometer, at 4.2K and zero external
magnetic "eld [12]. The samples were powdered
and soaked in silicon oil in a cylindrical-shaped
plastic sample holder. Spin}spin relaxation rates
(1/¹

2
) were measured by recording the echo ampli-

tude after a sequence of two pulses (widths q
a

and
q
b
), and "tting the function E"E

0
exp(!2*t/¹

2
)

to the experimental data, where *t is the time
separation between the pulses. The spin}lattice re-
laxation rates (1/¹

1
) were obtained applying a

sequence of three pulses, and recording the ampli-
tude of the spin}echo formed from the second and
third pulses. The experimental data were "tted to
the function E"E

0
(1!exp(!*t/¹

1
)), where *t,

in this case, is the separation between the "rst and
second pulses. Typical conditions of excitation
were q

a
"q

b
"q

c
"0.5ls with *t varying from

10ls to 5 ms, depending on the type of measure-
ment. Repetition rates were typically in the range
0.1}0.2 kHz. The RF power was controlled through
a variable Wavetek attenuator (up to 63 dB). The
value of H

1
/H

1.!9
"1(0) corresponds to 0(63) dB

of attenuation, with H
1.!9

&15}20G.

3. Results and discussion

Fig. 2 displays measured 59Co spin}echo spectra
of Y

0.75
Gd

0.25
Co

3
at 4.2K for several values of

RF power intensity. The most remarkable aspect of
these spectra is their strong dependence with the
RF power. For larger values of RF power one can
observe four well-de"ned broad peaks, whereas

only three narrow peaks appear at lower values of
the RF amplitude. Note that this e!ect cannot be
simply attributed to domains vs. domain wall sig-
nals, as observed in other compounds, since the
NMR spectra tend to be broader within the do-
main walls [13]. The same behavior is observed for
all the other measured concentrations.

There are other two important aspects to be
noticed from the spectra: "rst, the line positions
practically do not change along the series up to
x&0.25, as shown in Fig. 3 (for 20dB). Above this
concentration, lines II and III remain unaltered,
whereas lines I and IV change by about 12%, but in
opposite directions. To the best of our knowledge,
such spectral features have not been reported in the
literature of NMR in these compounds.

Fig. 4 shows the spin}lattice and spin}spin relax-
ation rates, 1/¹

1
(a) and 1/¹

2
(b), respectively,

measured along the series, at 20 dB. Also shown in
the "gure (part (c)) is the di!erence 1/¹

2
!1/2¹

1
,
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Fig. 3. Gd concentration dependence of 59Co resonance fre-
quency of Y

1~x
Gd

x
Co

3
at 4.2 K, for the four di!erent sites at

20dB RF power attenuation. The open circles are estimated
values of the hyper"ne "eld.

Fig. 4. (a) Spin}lattice and (b) spin}spin relaxation rate, 1/¹
1

and 1/¹
2
, respectively, measured along the series, at 20 dB. The

value of 1/¹
2
!1/2¹

1
is also shown (part (c)).

this last quantity being related to the longitudinal
#uctuations of the hyper"ne "eld [14]:

1

¹
2

!

1

2¹
1

"

(g
N
k
N
)2

2 P
=

~=

SdHL
z
(t)dHL

z
(0)Tdt,

(1)

1

¹
1

"

(g
N
k
N
)2

2 P
=

~=

S(HL
x
(t)HL

x
(0)

#HL
y
(t)HL

x
(0))Te*u0 tdt. (2)

The integrals of Eqs. (1) and (2) are related, respec-
tively, to the correlation function of z- and x, y-
component of the hyper"ne "eld at the Co site [14].

Three important features appear in Fig. 4: "rst,
for either x)0.15, or x*0.35, the di!erence in Eq.
(1) is nearly constant. Second, for concentrations in
the range 0.15(x(0.35, a prominent peak ap-
pears with its maximum at x&0.25. This coincides
with the concentration for which anomalies in the
magnetic susceptibility were observed [1]. A third
interesting aspect is the fact that lines III and IV,
and lines I and II maintain approximately the same
spin}spin relaxation rate, 1/¹

2
!1/2¹

1
relative to

the "rst pair being about twice the value for the
second pair.

The four NMR peaks in the spectra are asso-
ciated to four magnetically nonequivalent sites in
these compounds. The amplitude of lines labeled
I and IV diminishes with RF power, whereas lines
II and III, on the other hand, remain unaltered.
Having in mind that the spin-echo ampli"cation
factor is inversely proportional to the anisotropy
"eld [14,15], one concludes that these lines (I and
IV) belong to the same crystal site, with larger local
magnetic anisotropy. Based on this and on the
results of Buschow [4], we identify this site as 18h

1
and 18h

2
, respectively. We also observe that lines II

and III narrow from 4.2 to 1.6MHz, and from 3.0
to 1.8MHz, respectively, as the RF power decreases
from 5 to 40 dB. The same behavior is observed for
all other concentrations.

According to Yoshie and Nakamura [6] and
Yoshie et al. [3], substituted nickel atoms in
GdCo

3
and YCo

3
tend to occupy preferentially the

6c site in these compounds. They observe a vanish-
ing line near 60MHz which is attributed to signals
from this site. Therefore, the peak labeled III in our
spectra can be assigned to site 6c, and, conse-
quently, the remaining peak (II) comes from 3b site.
This classi"cation agrees partially with other re-
sults in the Refs. [3,6,9,10].

The small changes observed in the hyper"ne
"elds of the 18h site (lines I and IV) (Fig. 3) cannot
be attributed to the changes in the magnetic
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moment of the Co ions, since the shift occurs above
x"0.25, the concentration at which Co moments
undergo a magnetic transition. Besides, lines II and
III do not change their position at all throughout
the series. The shifts on lines I and IV is another
clear indication that these peaks are contributions
from the same crystal site, and they are probably
caused by a small change in the easy direction of
magnetization upon alloying.

One can approximate the hyper"ne "eld as ap-
pearing from three di!erent contributions: one
from the parent ion moment (H

1
), another coming

from the polarization of conduction electrons by
"rst neighbor Gd ions (transferred "eld, H

53
), and

a dipolar contribution (H
$
), this one being respon-

sible for the magnetic splitting in other compounds
[4,16]. Each of these is proportional to the local
magnetic moment, and can be written as follows:

H
)&

(x)"H
1
(x)#H

53
(x)#H

$
(x) (3a)

"aM
C0

(x)#bM
G$

(x)#b@M
G$

(x) (3b)

"aM
C0

(x)#jM
G$

(x). (3c)

From these expressions one can estimate the hyper-
"ne "eld for each value of x. For that we will
consider the peak 6c, but the same analysis applies
to the other sites.

In what follows, we will consider the cons-
tants a, b and b@ independent of the concentration
x. Upon this assumption, Eq. (3c) becomes, for
x"0, H6#

)&
(0)"aM6#

C0
(0), from which one obtains

a"#69.8 kOe/l
B

if we replace the known values,
H6#

)&
(0)"65.6 kOe, M6#

C0
(0)"0.94l

B
[10] and

M
G$

(0)"0 l
B
.

Now, from what is observed experimentally, one
imposes the condition H6#

)&
(0)"H6#

)&
(1), which leads

to the formula

c"b#b@"aG
M6#

C0
(0)!M6#

C0
(1)

M
G$

(1) H
"!2.6KOe/l

B
(4)

where we have replaced the above value for a, and
M6#

C0
(0),M6#

C0
(1)"1.2l

B
[10] and M

G$
(1)"7 l

B
[1]. Using 6.5 kOe for the transferred hyper"ne
"eld at the site 6c [10], and from the fact that this
site possesses 3Gd atoms as "rst neighbors, one

obtains b"!2.8 kOe/l
B

and b@"#0.2 kOe/l
B
.

From these numbers one can write the follow-
ing contributions for the site 6c of GdCo

3
: H

1
"

83.8kOe, H
53
"!19.5 kOe and H

$
"1.3 kOe.

The analysis will now be carried out to the other
concentrations.

Given a value x for the concentration, the prob-
ability that a Co ion on the 6c site will have n Gd
neighbors out of the maximum number N"3, is

P
n
(x)"

N!xn(1!x)N~n

n!(N!n)!
. (5)

On the other hand, we know [10] that for x(0.25,
M6#

C0
"0.94l

B
, and for x'0.25, M6#

C0
"1.2l

B
. We

also know [1] that M
G$

(x)"7x. Considering that
the Co ions undergo a magnetic transition for
n"2,3, one can write for any concentration:

M6#
C0

(x)"0.94MP
0
(x)#P

1
(x)N!1.2MP

2
(x)

#P
3
(x)N. (6)

Replacing Eq. (6), and M
G$

(x)"7x [1] into Eq.
(3c), one obtains an expression for the dependence
of the hyper"ne "eld with the concentration x. The
result is shown in Fig 3. One can see that the
calculated values are in good agreement with ex-
perimental results. Repeating the above procedure
for the other sites, the agreement remains good
within about 16%.

Contrary to what happens to the line positions in
the NMR spectra, the relaxation rates, or more
speci"cally, the quantity in Eq. (1) is strongly de-
pendent on Gd concentration. Fig. 4(c) exhibits
a peak on x&0.25, the concentration where Co
moments increase by 1.05l

B
/FU. Below x&0.15

and above x&0.35 the values of 1/¹
2
}1/2¹

1
are

practically the same. This variation must come
from the spin}spin process, since the same anomaly
is not observed in the spin}lattice relaxation rate,
the latter being lower than the spin}spin relaxation
rates. This result shows that the observed e!ect is
related to the longitudinal component of the hyper-
"ne "eld, or more speci"cally, to its variation,
and not to the transverse components of H

)&
.

In fact, this result correlates with those of
Hatori et al. [1], who observed a sharp variation in
the magnetic susceptibility in these compounds at
the same concentration. However, in the present
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work, we do not observe the other transition, near
x&0.10, as claimed by those authors.

4. Conclusions

In this paper we presented an NMR study of the
series Y

1~x
Gd

x
Co

3
, using 59Co as nuclear probe.

Throughout the series, the NMR spectra are com-
posed of four well-resolved lines which are at-
tributed to four nonequivalent magnetic sites. The
spin}echo amplitude of two of these lines, however,
is strongly dependent on the RF power, and for
larger values of attenuation the spectra may show
only three narrow lines. In spite of two magnetic
transitions, one at x&0.10 and the other at
x&0.25, followed by changes in the magnitude of
the magnetic moment of Co ions, no major line
shift is observed on the NMR spectra. This behav-
ior can be explained in terms of the statistical
distribution of Gd ions in the alloys. On the con-
trary, the spin}spin relaxation rate exhibits a prom-
inent peak at x&0.25, the same not happening to
the spin}lattice relaxation rate, a clear indication
that this phenomenon is not related to transverse
#uctuations of the hyper"ne "eld, nor to possible
anomalies of the density of states at the Fermi level.
This particular point could possibly be clari"ed
performing measurements of 1/¹

1
and 1/¹

2
as

a function of the temperature for various concen-
trations.
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