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We report the results of nuclear-magnetic-resonance experiments on the 163Dy nucleus in fer-
romagnetic alloys of Dy,_,Y,Al, and Dyg975Gdg25Al;. The substitution of Dy by Y or Gd pro-
duces "satellite” lines in the 3Dy NMR spectrum which we show are due to modification of the
4f hyperfine field. This modification is produced by a variation in the molecular field which
modifies the angular momentum of the ground-state 4/ wave function and hence the 4/ moment.
From the Gd substitution experiment we are able to estimate the molecular field appropriate to

GdAl,, which agrees with other experiments.

I. INTRODUCTION

Recently, there has been a considerable amount of
work!'2 on the study of hyperfine fields in ferromag-
netic Laves-phase compounds of the type
GdM, (M =Al, Co, Fe, Rh, Ir, Zn) by NMR
methods. There has been only one attempt other than
the present work® to study non-S-state ions in such
ferromagnetic compounds and separate out the vari-
ous contributions to the hyperfine field. The reason
for the lack of study is partially experimental because
of the necessity to have apparatus operating at high
frequency (1.1 GHz for Dy), and partially because of
the necessity to know accurately the dominant contri-
bution to the hyperfine field which is that due to the
orbital moment associated with the localized 4f elec-
trons. With the present upsurge of interest in crystal
fields* it is possible to deduce accurately the ground-
state magnetic moment of ions in ferromagnetic sys-
tems; thus, the orbital contribution to the hyperfine
field can be separated out.

We have chosen to study the Laves-phase com-
pound DyAl, because it is relatively simple to prepare
and has a well-determined cubic structure involving 12
nearest neighbors of aluminum and four next-nearest
neighbors of dysprosium. Furthermore, the NMR
properties of '9Dy are good. It is also fortunate that
the crystal-field parameters and molecular field in
DyAl, have been determined very accurately® so that
for this compound we can deduce the 4f electron
wave functions for the ground state. In the following
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we will report the results of NMR measurements on
163Dy in ferromagnetic compounds of DyAl,,

Dy, YxAl,, and Dy(975Gdg025Al,. In the latter two
cases the dilution with Y or Gd gives rise to satellite
lines in the NMR spectrum. Contrary to current
theory® we shall show that these arise because dilution
modifies the molecular field, which then gives rise to a
modification of the ground-state moment of the Dy 4f
electrons and consequently modifies the 4/ field at the
nucleus. For the case of Gd substitution of Dy we are
able to predict accurately the molecular field in GdAl,.
Finally, we discuss various problems relating to the
average molecular field as measured by, say, critical
temperature, and its relevance in the NMR measure-
ments.

II. EXPERIMENT

Samples were prepared by levitation melting of the
appropriate quantities of rare earth and aluminum.
The purity of the starting materials was 99.99% for the
Al and 99.9% for the rare earth. Subsequent to melt-
ing the samples were crushed and sieved to obtain a
maximum diameter of 80 um and then annealed for
60 h at 900°C in vacuum. Resonance lines obtained
from unannealed samples were broad and poorly
resolved.

The spin-echo NMR spectra of Dy in Dy,_, Y, Al
(0 < x <0.35) and Dyg975Gdg025Al, alloys were stu-
died at 1.4 K in zero external field. For the sample
containing no Y, a five-line spectrum was observed
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which could be fitted using the nuclear-spin (quadru-
polar) Hamiltonian

H =AoL, +2P[ I} —T1(I +1)] ,

with 4 equal to 1183.5 = 0.2 MHz and 2P, equal to
443.8 = 0.4 MHz. The behavior of the central line
(% ‘-'-—% transition ) as a function of Y concentration
is shown in Fig. 1. As can be seen, when the Y con-
centration is increased, we see a broadening and small
shift of the initially narrow line (L,) and the appear-
ance of satellite lines (L, L,...) whose amplitude in-
creases to the detriment of the L, line.

We have also studied the (3 <) transition

(v=1627.3 = 0.2 MHz) for x =0.1. This result is
shown in Fig. 2, where one can see that the spacing
between the satellite L, and L, depends upon the
transition being studied. In the case of the (% '—-—%)
line we found v(L,) —v(L,) equal to 5.5 +0.5 MHz
and in the (3 =) case, 8.5 0.5 MHz. This indi-
cates that the quadrupolar term 2P, is different for the
satellite line L, than for the central line L.

Satellites have also been observed in the alloy
Dyo.975Gdo025Al5, but in this case they occur at higher
frequency than L, rather than lower as for Y substitu-
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FIG. 1. NMR spectra of the (% '-'-%) transition of 63Dy

in Dy,_,Y,Al, alloys at 1.4 K showing the development of
the satellite lines Ly L, L, as a function of Y concentration.
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tion. The result is shown in Fig. 3. The spacing here
v(Lo) —v(L,) is —4.0 £ 0.5 MHz.

The ferromagnetic ordering temperature 7, has also
been measured in DyAl,, DygsYo2Al;, and
DyosYo4Al by low-field (—~100 G) induction
methods. The results indicate an approximate linear
decrease in T, extrapolating to zero for Dy,,YosAl; as
has been found for other rare-earth Al, compounds.’

III. INTERPRETATION

We will consider the origin of the satellite lines to
be related to the substitution of Dy atoms by Y or Gd
which modifies the hyperfine field at a Dy nucleus
through some physical mechanism. The intensity of a
given satellite will thus be directly proportional to the
statistical distribution of configurations giving rise to it
(by configuration we mean a central Dy ion with 1, 2,
3, or 4 surrounding Dy ions replaced by Y or Gd). In
Fig. 4 we show the calculated statistical "spectrum";
the frequency separation between satellites is assumed
to be that found experimentally between Lo and L,.
From a comparison with the experimental results
given in Fig. 1 it is evident that the physical process,
whatever the origin, is correlated with the replacement
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FIG. 4. Statistical "spectrum" based upon the probability
distribution of the various configurations involving substitu-
tion of Dy nearest neighbors with Y.

of nearest-neighbor Dy ions. We proceed now to the
physical origin of the variation in hyperfine field.

The hyperfine field at a rare-earth nucleus is as-
sumed to be the sum of three contributions:

H=H,+H,+H,, ,

where Hy, is the field created by the 4f electrons lo-
calized on the rare-earth site and is composed of parts
due to orbit, spin, and core polarization.® Hg is the
"self-polarization” field which arises due to polarization
of the band electrons (say, s and d) by exchange with
the 4 f electron which subsequently is reflected in a
conduction-electron contact (s) and a core-
polarization (d) term:

IX(S) | JeXe(S)
8eltB a 8eltB

Hy=A(2) o

J; and J; are the exchange parameters for the s-f in-
teraction and the d-f interaction. X; and X, are the s-
and d-band susceptibilities, and 4 (z) and a, are the
hyperfine-contact field per Bohr magneton® and core-
polarization field per Bohr magneton, respectively.
The latter field is usually assumed to be about T'O—th of
the contact field.'®

Finally, the field produced by polarization of the
conduction bands by neighboring ions (transferred
hyperfine field) is given by H,,. In the classic Ruder-
mann, Kittel, Kasuya, and Yosida (RKKY) case!'! this
has the form!?

Ho=Gn)? 2% AQ) S F.(2keR ) (Sw)
EF 8nkhn m#*n

2w a4
—Gn)rim e
4 EF Enbhn

xJy 2 Fd(szRm,,) (Sm> , ()

m#=n

where F; 2k¢R,.,) and F; (2k¢R,,,) are RKKY func-
tions, but we distinguish between them to allow for
differences in the polarization and range of the s and d
bands. Usually only polarization of the s band is con-
sidered. n; and n, are the numbers of s and d conduc-
tion electrons per atom, and (S, ) is the average value
of the magnetic moment on the ion at site m, a dis-
tance R,, away from the ion taken as origin.
Assuming that if we dilute DyAl, with Y or Gd we
do not substantially modify the band structure'® we
can assume that the self-polarization field [Eq. (1)] is
independent of concentration. Variations in the
hyperfine field that were measured must thus be due
to variations in H4, and H,, Traditionally, it is as-
sumed that H,, remains constant and this may be the
case for ions with no orbital angular momentum; how-
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ever, in the case where the ion has an orbital mo-
ment, e.g., Dy in DyAl,, we will show that this may
be erroneous.

According to Bleaney?® the 4 hyperfine field (includ-
ing orbit, spin, and core polarization) may be approxi-
mated by

H4f’A (Jz) , (3)

where the definition of all parameters contained in A4
is given in Ref. 8.

A is known from measurements such as electron
paramagnetic resonance in insulators® and is found to
be 152 =3 MHz/p; for '$Dy—we chose to quote the
figure in MHz because our NMR measurements are
made by sweeping frequency rather than field. It has
been shown by Pelzl'* that the constants appearing in
A vary little from the atomic to the insulator or metal
case and we thus assume that the insulator result ap-
plies to the metallic case.

In the fully saturated weak-crystal-field case (/;)
equals L for Dy; however, in our case the moment is

not fully saturated and depends upon the crystal field
and the internal molecular field. Using values found
experimentally® for DyAl,, we have diagonalized the
cubic crystal-field Hamiltonian including the molecular
field and found (J,;) equal to 7.25. This yields a reso-
nance frequency for Dy in DyAl, of 1105 =21 MHz.
We have further calculated the variation of (J;) with a
molecular-field parameter (assuming constancy of
crystal-field parameter). Using Eq. (4) and converting
again to resonance frequency rather than field, we find
the variation shown in Fig. 5. The initial slope of the
frequency from the pure DyAl, value is found to be
+0.247 MHz/kOe (equivalent to +1.24 kOe of Hy,
per kOe of molecular field). It is now important to
compare the variations in resonance frequency due to
the 4 field (Av,,) and in the resonance frequency
due to the transferred hyperfine field (Av,,) to see
which is the most important and will create the experi-
mentally observed satellites in dilution experiments.
For simplicity we will work in the field and compare
the variation of AH,, (equal to +1.24 kOe per kOe of
the molecular field) with AH,, both within the frame-
work of the RKKY model.

The molecular field is given by

2
—(3ns)22" g,;, S, F.QkeR o) (Sn)
m#n

+@n )22" Zi S FiQkrRp) (Sw) . @)
Er gig m=n

Assuming that both for H,, and H,, variations upon
dilution of DyAl, with Y or Gd arise only from varia-
tions in the RKKY sums we can equate Eqs. (4) and
(2) to give the ratio of AH,s and AH,, taking AH,,
equal to 1.24AH,,.
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FIG. 5. Calculated variation of the 4/ hyperfine field as a
function of molecular field. Left-hand scale, resonance fre-
quency in MHz; right-hand side, equivalent magnetic field
(MOe) seen by the nucleus.

To proceed further we need to know the magnitudes
of the various terms in Eqs. (2) and (4). Since we do
not know a priori kr nor the appropriate function
F,Q2kgR,,,) for a d band, we cannot at this point
resolve the problem. From available NMR results on
the transferred hyperfine field in various ordered Gd-
based cubic compounds, the replacement of one
nearest neighbor of Gd in GdAl, is found to produce
a AH,, of the order of 3.2 kOe. From Eq. (2) we ex-
pect the RKKY sums and their variations to be essen-
tially the same in DyAl, as GdAl,; we might thus ex-
pect the variation AH, for Dy to be of the order of 3
kOe. From experiment we find that the replacement
of one Dy ion with Y causes a shift in resonance fre-
quency of 5.5 =0.5 MHz corresponding to a field of
28 +2.8 kOe, which is an order of magnitude bigger
than expected from the transferred hyperfine field.
We thus conclude that the dominant factor in produc-
ing the satellites is the variation in H,, provoked by
local variation in the molecular field. Assuming there-
fore that the satellites are produced by variation of
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H,; we conclude that one Dy ion produces a variation
in H,, through the molecular field of 28 + 2.8 kOe.
From the reasoning given previously, this is 1.24
times the variation in the molecular field which is thus
22 =2 kOe. Given that the molecular field’ in DyAl,
is of the order of 252 kOe, this suggests that one
nearest-neighbor Dy ion in DyAl, contributes

(8.7 £0.8)% of the total molecular field. Within the
framework of the RKKY model [Eq. (5)} the relative
magnitude of the first-nearest-neighbor contribution to
the total molecular field enables one to calculate kf.
However, again, in our case insufficient data is avail-
able for the various s and d terms to enable this to be
done. If either s or d terms were dominant in the
molecular field then one could argue from ghe RKKY
sums for a value of kr of the order of 1.2 A~! which
is somewhat smaller than usually assumed.’* Howev-
er, it is possible that the two RKKY sums in Eq. (5)
are of different signs so that cancellation effects occur
in the sum of their variations and one cannot thus es-
timate kr.

Variations in H,s(v4s) due to variations in molecu-
lar field can also be anticipated from knowledge of the
variation of the ferromagnetic-ordering temperature T,
with concentration of nonmagnetic substituent. We
have measured this behavior by the low-field magneti-
zation measurement on various Dy;_,Y,Al, com-
pounds. The results are presented in Fig. 6. As an
example we study the variation of resonance frequen-
cy (v4y) expected between the cases of DyAl, and
Dyo3Yo2Al,. From the variation of 7, we have de-
duced the variation of the molecular field and hence
(J.). We find

) DyAl, — ) Dyg Y0221 =0.13,

which from Eq. (3) yields a variation of the resonance
frequency of 20 +=0.4 MHz. The experimental varia-
tion of the central resonance line of Dy (L,) as a
function of concentration is also included in Fig. 5. It
can be seen that the measured variation in resonance
frequency is more than one order of magnitude less
than the calculated value. This strongly suggests that
the local molecular field within a configuration of
magnetic ions is not necessarily the average molecular
field we infer from ordering-temperature measure-
ment.

A. Quadrupolar splitting

In the presence of a quadrupolar field produced by
the 4 f electrons the resonance frequency is given by

v=A, +2Po(m,—%) ,

where A is the resonance frequency in the absence of
quadrupole terms. P, has the form P'[3J2—J(J +1)]
where (J;) is the z component of the angular momen-
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FIG. 6. Measured variation of critical temperature in
Dy,_,Y,Al, alloys as a function of Y concentration, left-hand
scale, temperature; right-hand scale, equivalent average
molecular field. The dashed curve shows the variation of the
molecular field as deduced from the frequency shift of the
central resonance line (L) with Y concentration.

tum for the 4f electron and J is the total angular
momentum (—lzi for Dy). P’ contains the quadrupole
moment and (rg 3) for the 4f electrons.® The spacing
between the % °-—-% and %*'% transition is thus
given by 2Pg; hence, if J, varies, the frequency
separation between these two transitions will vary
through variation in 2P,. We have measured the

splitting in DyoYo Al between the + ——L and

%*-'% lines both for the first satellite and the central

line. The measured ratio of splittings is
2Po(L)/2Po(Ly) =0.992 +0.004. For the satellites
we determined from the resonance-frequency shift the
value (J;) equal to 7.216, whilst for the central line
we have (J;) equal to 7.25. Taking the ratio
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- 520

we evaluate the variation in quadrupole term (P,) to
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be 0.990 ignoring variation in quadrupole moment and
(rg*). Within the range of experimental accuracy the
calculated and experimental results agree supporting
our conclusions on the variation of (J;) although
some variation in (r°) might be present due to dis-
tortion of the environment in replacement of Dy with
Y.

B. Self-polarization field

The resonance frequency due solely to the 4f field
was calculated to be 1105 =21 MHz or the equivalent
of 5.53 =0.11 MOe. Subtracting the total estimated'
transferred hyperfine field of the order of —30 kOe
and the 4f field from the experimental value of 5.915
MOe leaves an equivalent self-polarization field of
409 =114 kOe. This value is much larger than the
value of +190 kOe found' for GdAl,. From Eq. (1)
we would expect, assuming the exchange parameters
for DyAl; and GdAl, are the same, the self-
polarization field to vary as (S;). Given (S;) of % for
Gd and % for Dy leads to a predicted self-polarization

field of +140 kOe for DyAl, which is a factor of

2.9 *1 less than the value found from experiment.
Even if we were wrong in the value of (J,) for the 4/
field and we assumed the maximum possible value of
% this would still lead, after subtraction of 4f field

and transferred hyperfine field, to a discrepancy of two
between measured H;, and that predicted from GdAl,.
The only other variable present is the exchange in the
formula for Hy, but since nowhere in the literature is
there evidence for a significant difference between the
exchange for Gd and Dy ions we conclude that the
origin of the discrepancy in the self-polarization fields
must lie elsewhere.

IV. RESULTS FOR Dy (975Gdg 025Al,

Upon substitution of a Dy first-nearest neighbor
with Gd we observe a satellite line at 4.0 = 0.5 MHz
on the high-frequency side of the central Dy reso-
nance. Given that one Dy neighbor produces a 5.5
MHz shift (as deduced from Y substitution), we con-
clude that one nearest neighbor of Gd produces a total
shift which is the sum, i.e., 9.5 0.5 MHz. Using
this result with the calculated conversion factor of
0.247 MHz per kOe of molecular field this is
equivalent to a molecular field per Gd neighbor of
38 £2 kOe. In the case of Dy in DYAI, we found the
first-neighbor field to be 8.7% of the total field; the
same percentage applied to the Gd result enables us to
extrapolate our result to the equivalent case of the
molecular field seen by one Dy in pure GdAl,. Taking
38 =2 kOe to be 8.7%, the total molecular field seen
by a Dy ion in pure GdAl, would be 437 * 24 kOe.

In a system containing two magnetic constituents, a
and B, the Zeeman energy of the 8 ion is the molecu-

lar field H,, created by the exchange interaction with «
ions is

el usHnJP = k(g —1)*(g; = 1)) JE 5)

where « is the Heisenberg exchange parameter.'s

In our measurements we have measured the molec-
ular field produced by a Gd ion (a) at a Dy ion (B8).
To deduce the appropriate molecular field produced by
a Gd ion at another Gd ion (e.g., the case of pure
GdAl,), we must take account of the differences in g,
in Eq. (5), i.e., H, (as seen by a Gd ion in
GdAly)/H,, (as seen by a Dy ion in GdAl,) =2.

Hence the molecular field in pure GdAl, (as seen by
the Gd ions) is the value deduced from our extrapola-
tion of the field seen by a Dy ion in GdAl, (i.e.,

437 %24 kOe) times 2. Thus we deduce the molecu-
lar field in GdAl, to be 874 + 48 kOe.

Noting that the ordering temperature is proportional
to g;J(J +1)H,,/J,, and substituting the known values
of 252 kOe for H,, in DyAl, and (J,) of 7.25 together
with the value of 874 + 48 kOe deduced for H,,
(GdAl), we find

T.(GdAL)/T.(DyAly) =2.66 £0.75 .

The experimental ratio is'® 2.63 which is very close
to the value we are able to predict. Thus it seems that
the molecular field in GdAl; can be accurately predict-
ed from NMR experiments on alloys of DyAl, with
Gd substitution for Dy.

V. CONCLUSION

The results presented represent the first case of the
complete separation of the various contributions to
the field at the nucleus of a non-S-state rare-earth ion
in a metallic environment. We have been able to con-
clude from measurements with Y or Gd substitution
for Dy that the origin of the satellite lines so produced
is the variation in (J,) due to perturbation of the
molecular field. This contradicts the usually accepted
view that variation in the transferred hyperfine field is
predominant.®

A study of the concentration dependence of the
resonance frequency for the Dy nucleus surrounded
by four nearest-neighbor Dy ions (line denoted L),
which is essentially the "normal” nearest-neighbor en-
vironment, suggests that the molecular field seen
within such a configuration is not the average field de-
duced via measurement of the ordering temperature
T.. This suggests that, for an alloy containing various
configurations of nearest-neighbor magnetic ions
around a central ion, the molecular field is spatially
variant. We are unable from the measurements, how-
ever, to determine how the statistical average of the
various molecular fields should be taken so as to
reproduce the average value found from 7,
measurement.



The results for the self-polarization field (H,) in
DyAl, and GdAl, are not consistent in that we would
have expected, as shown earlier, H, for Dy to be
smaller than for Gd, whereas it is considerably larger.
Measurements on other rare-earth alloys are in pro-
gress to see if this discrepancy is systematic.

The experiments involving substitution of Gd for
Dy in DyAl, show that the molecular field in GdAl,
can be accurately predicted from such measurements.
This has potential application for systems such as
PrFe, which are not stable under ordinary atmospheric
conditions, but whose properties could be studied via
dilution experiments on stable compounds such as
DyFe, with Pr substituted for Dy.

Finally, it should be commented that satellite lines
have also been observed® in the NMR spectrum of the
Ho nucleus in Gd,Y;-,Co, upon dilution of Gd with
Y. The crystal field and molecular field should, of
course, play similar roles as in Dy,_,Y,Al,. However,
the system is much more complicated because the Co
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carries a moment which will produce a transferred
hyperfine field at the Ho nucleus. Furthermore, the
moment of the Co is itself induced!’ by the presence
of Gd so that substitution of Gd with Y will not only
vary the transferred hyperfine field from the Gd ions.
At the present time the simplest approach to under-
standing the hyperfine field at the nucleus of a non-§-
state ion in ferromagnetic compounds appears to be
via measurements on systems containing only one
magnetic constituent.
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