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The Knight shift of the Al NMR in SmAl; has been measured in the temperature region from 78 to 400°K,
and the susceptibility of SmAl; has been measured up to 850°K. The part of the Knight shift arising from
polarization of the conduction electrons through exchange with the 4f electrons reverses sign at (310+:20) °K,
and the relation between the Knight shift and the susceptibility is not linear. This behavior results mainly
from Van Vleck-type paramagnetism, and could adequately be calculated on the basis of free Sm*" ions.
The parameters used are the multiplet splitting constant 4/k= (410+20) °K, and the interionic exchange
constant J;r/k=— (1545)°K, indicating antiferromagnetic ordering at low temperatures. The effective
exchange constant between the conduction-electron spins and the 4f-electron spins has been found to be
Jey=—0.21 €V, equalling those derived for other RAl; compounds (R =rare earth). The nuclear quadrupole
coupling has been measured to be | e2gQ | /k= (0.840.1) Mc/sec, and is discussed in terms of the point-

charge model.

I. INTRODUCTION

URING the last years there have been several

investigations on the Knight shifts of rare-earth
intermetallic compounds in relation to the suscepti-
bilities, viz., the Knight shift of the Al nucleus in
various RAl, 12 and RAl; ® compounds, and the Knight
shift of the Sn nucleus in RSn;#® compounds. In
interpreting the results it is assumed that the spin
polarization of the conduction electrons is enhanced
through an exchange interaction of the form

L=—YyS+s (1

between the localized 4f-electron spins S of the rare-
earth ions and the conduction electron spins s. Then,
if K, is the Knight shift due to Pauli paramagnetism,
the total shift K is given by

K=K[1—4s(S:)/e:8H], (2)
where g,(~2) is the conduction electron g value. The
expectation value (S,) is usually taken to be propor-
tional to the 4f-electron susceptibility per rare-earth
ion x;/N. That is;}!

K=K 1+9s(gr—1) xs/ 8:8:NB*], (3)
where g is the 4f-electron g value. By measuring both
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the Knight shift and the susceptibility as a function
of the temperature, the linear relationship between K
and x;, as expressed by Eq. (3), has been found for
many members of the rare-earth series.>=5 These meas-
urements make it possible to determine the phenomeno-
logical exchange constant g,;. For RAl, compounds
s> —0.16 €V has been found, for RAl; §;;~—0.23 eV,
and for RSn; g~ —0.08 eV.

For the linear relation between .S, and x; to be valid,
only the ground multiplet level of the rare-earth ion
should be involved. In the case of Sm®", however, the
intervals between the lower multiplet levels are so
narrow that temperature-independent Van Vleck terms,$
associated with the second-order Zeeman effect, con-
tribute appreciably to the Knight shift and the suscepti-
bility. Considerable deviations from Eq. (3) are to be
expected. White and Van Vleck” have already shown
that, as a consequence of the second-order Zeeman
effect, the part of the Knight shift due to the 4f-electron
spin reverses sign at a temperature of say 300°K. In
addition, there are contributions arising from excited
multiplet levels populated mainly at high temperatures.

II. EXPERIMENTAL

A. Preparation

The samples of SmAl; were prepared by melting
together the constituent metals in proper proportion
on the copper hearth of an arc furnace with a thoriated
tungsten rod as the nonconsumable electrode. The
metals samarium and aluminum were 99.99% and 99.999,

8J. H. Van Vleck, The Theory of Electric and Magnetic Sus-
cepéglgzgties (Oxford University Press, Oxford, England, 1932),
p. .
(l;gi)A. White and J. H. Van Vleck, Phys. Rev. Letters 6, 412
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Fi1c. 1. Part of the lattice of SmAls. Larger white circles rep-
resent Sm3* ions; smaller black circles Al ions. The crystallo-
graphic structure (see Ref. 10) is the hexagonal NizSn structure,
with space group P6;/mmc. Dimensions of the unit cell are
2¢=6.380 A and ¢=4.597 A. The Al ions, as well as the Sm ions,
are at equivalent sites.

pure, respectively. After charging the furnace with the
weighted amounts of the starting materials the furnace
chamber was thoroughly evacuated before admitting
argon gas. The argon was freed from oxygen and
nitrogen by passing it over magnesium at 600°C. To
ensure homogeneity the alloy buttons were turned and
remelted several times.

The phase diagram?® of the Sm-Al system, and the
crystallographic structure® of SmAl; have been described
earlier. While the structure of SmAl; is a cubic Laves
phase, SmAl; crystallizes in the hexagonal NigSn struc-
ture (Fig. 1). It was shown by x-ray diffraction that
after annealing in vacuum for two weeks at about
800°C in a sintered AlO; crucible the samples were
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Fic. 2. The magnetic susceptibility of SmAl; as a function
of the temperature.
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free of any second phase. The alloy buttons thus ob-
tained were crushed to fine powder, and used for the
NMR and susceptibility measurements.

B. Susceptibility Measurements

Earlier measurements® of the susceptibility of SmAl;
have been re-examined and extended to higher temper-
atures. The measurements were performed with a Curie
balance and with a null-coil pendulum magnetometer.
For the measurements from 300 to 850°K the SmAl;
powder was sealed in an evacuated silica tube to prevent
oxidation by air. Experimental values of the suscepti-
bility are plotted versus the temperature in Fig. 2. At
the temperature of liquid helium, SmAl; is antiferro-
magnetic. The Néel temperature is below 20°K.

Susceptibility (103cm3/mole)
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T T T T
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F16. 3. The Knight shift of the AIZNMR in SmAl; as a function
of the temperature (open circles), and the Knight shift as a func-
tion of the susceptibility with the temperature as parameter
(black circles).

400

C. NMR Measurements

The NMR of the Al¥ nucleus (/=%) has been
examined in the paramagnetic region of SmAl;, from
400 to 78°K. The spectrometer used is a crossed-coil
induction spectrometer, operating at a fixed frequency
of 5 Mc/sec, followed by phase-sensitive detection.
Magnetic-field measurements were made by the use of
proton magnetic resonance, and the Al resonance of the
diamagnetic nonmetallic solid AICl; was taken as
reference for the determination of the Knight shifts.
The Knight shift K, arising from Pauli paramagnetism

10 K. H. J. Buschow and J. F. Fast, Z. Physik. Chem. (Frank-
furt) 50, 1 (1966). The susceptibility data given in this paper for
SmAl; were obtained with 99.0%, pure samarium [see Ref. 8].
Re-examination with purer starting material revealed that these
data are too high, probably because of the high impurity content.
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has been measured in LaAls, isostructural with SmAl;,
and found to be temperature-independent,?

Ko=+4(0.056:0.010) %.

In Fig. 3 the Knight shift has been plotted versus the
temperature and the susceptibility. For SmAl;, K—K,
changes sign, in contrast with the other RAl; com-
pounds; the crossover temperature is

Teo=(310-£20)°K.

The curve obtained by plotting the Knight shift versus
the susceptibility, although nearly linear in the temper-
ature region, does not intersect the Knight shift axis
in Ky. This clearly demonstrates that Eq. (3) does not
apply to the case of Sm*" ions in intermetallic com-
pounds.

Since the point symmetry of the Al site is noncubic,
nuclear quadrupole interaction is allowed. To first
order, the m=-%<>—3 transition remains unshifted,
whereas in the case of axial symmetry the other four
Am==1 transitions are shifted by amounts

+[3¢290/41 (21 —1) ](3 cos—1),

4
+[6¢290/41 (2I—1) (3 cos0—1). @

Here ¢ is the electric field gradient, Q is the quadrupole
moment of the Al¥ nucleus, and 6 is the angle between
the applied magnetic field and the axis of the field
gradient. In a powdered sample, the orientations of the
field gradient axis are random, so that 6 takes on all
values between 0 and =, the contributions to the line
intensity being proportional to sinf. At 6=w/2 the
intensity has a maximum, and in the spectrum four
satellites of the central m=-3<>—1% transition are
observed. From the spacings between the satellites e?gQ
has been derived to be

| e2gQ |/k=(0.8240.1) Mc/sec.

The quadrupole coupling affects the resonance field
of the central transition to second order, and this
effect should be discussed in order to derive the Knight
shift, which is of pure magnetic origin."* The second-
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order shift of the resonance field is

9 2043 (qQ)
64 412(21 —1) *h2H,

(1—9 cos?) (1—cos¥), (S5)
where v is the gyromagnetic ratio of the Al nucleus.
The shift of the center of the quadrupole broadened
m=-+ie>—1 transition can now be calculated to be

1 G. This shift is a few times smaller than the experi-
mental error in the determination of the resonance
field and the Knight shift K. In the differential shift
K-K,, the second-order shifts of SmAl; and LaAl;s
cancel, and consequently quadrupole effects do not
interfere in the determination of T,.

III. DISCUSSION

A. 4f-Electron Magnetism

The exchange fields which the Sm®t ions exert on
each other are through the Ruderman-Kittel-Kasuya-
Yosida®? mechanism operative in a metal, rather than
through direct exchange coupling encountered in non-
conducting magnetic materials. In a molecular field
approximation the exchange field is given by

BHex=—Ysr (SZ)aV: (6)

where “av” denotes Boltzmann averaging over the J
multiplet levels, split by the spin-orbit coupling AL-S.

The Knight shift, which results from the exchange
interaction between the conduction electrons and the
4f-electrons, is proportional to (S.)av. The suscepti-
bility associated with 4f electrons is proportional to
(L,4+2S.)av. In calculating these quantities for a Sm3+
ion perturbed by the external field H, which acts on
L,+2S., and the exchange field He, which acts on
S., we proceed along the lines pointed out in Van
Vleck’s book.t Both S, and L,+2S, have matrix ele-
ments which are nondiagonal in J because S and
L+42S, unlike J=L+4$S, are not constants of the
motion, and the fields therefore mix the different J
states. Second-order perturbation theory results in the
following expressions:

e

<L_+;S_fo__zp(])[ ] sff{zp(])[w Da, b]}{ ngfzpm[(gf :1F> +b]}—1, ®
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Fi1G. 4. The theoretical 4f-electron susceptibility x, versus the
temperature. Numbers in brackets denote 4/k and —Y;/k
in °K, respectively.

in which p(J) are the Boltzmann factors of the multiplet
levels, and

a=Bg~ (J+1)/3k, (9
8 [FUHD | FQ)
b= 6(2J+1) [EJ(O) —En©@ T E,® _EJ—I(O)]’ (10)
with
F(J) =[(S+L+1)2—r2][ 2= (J—L1)*]/J. (11)

At low temperatures, where all Sm?t ions are in the
8 ground level, Eqs. (7) and (8) reduce to forms
that can be made identical with the expressions given
by White and Van Vleck.” If the multiplet splitting is
very large, excited levels are negligibly populated and
Van Vleck terms vanish. In this case Egs. (7) and (8)
reduce to the Curie-Weiss forms

(S2)av/H=—(gr—1)a/g;(T—Ts), (12)
(L;428.)av/H=—0a/(T—T), (13)

in which the paramagnetic Curie temperature T is
given by
To=291(gr—1)%a/Bg/ (14)
Elimination of the temperature now leads to a linear
relation, Eq. (3), between the Knight shift and the
susceptibility, independent of the exchange constant
i1
B. Susceptibility
The total susceptibility at a temperature 7" is given by

X(T) =x4(T) +x0+xata- (15)
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The Pauli susceptibility xo and the diamagnetic suscepti-
bility xaia are small relative to the 4f-electron suscepti-
bility x;. They have been estimated by measuring the
susceptibility of the nonmagnetic compound LaAl;:

Xo+Xdia==40.08 X107 cm?/mole.

The 4f-electron susceptibility has been calculated
on the basis of Eq. (8) and the relation

xr=—NB(L.42S.)av/H.

The results of these calculations are plotted in Fig. 4
for various combinations of the multiplet splitting con-
stant 4 and the exchange constant ;. It is noted that
at the higher temperatures the population of the first
excited multiplet level contributes by about one third
to the susceptibility. The best fit of the theoretical
curves to the experimental points (Fig. 2) is obtained
for

(16)

A/k=(410420)°K,
gr7/k=—(1545)°K.

This value of 4 equals the values obtained for Sm?+
ions in nonconducting compounds,® such as the oxide,
and corresponds to a screening number ¢ of the Sm?*
ion between 33 and 34. The negative exchange constant
Jrs indicates that at low temperatures SmAl; becomes
antiferromagnetic, which has been found experi-
mentally. The paramagnetic Curie temperature, as
approximated by Eq. (14), is about —45°K.
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F1e. 5. The theoretical 4f-electron spin polarization per unit
field strength (S.)av/H versus the temperature. as calculated
from Eq. (7). Numbers in brackets denote 4/k and —g;//%
in °K, respectively.
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C. Knight Shift

We express the Knight shift as a function of the
temperature as

K(T) =K;(T) +Ko+0Kaia. (17)

Because K(T) has been measured with reference to
the Al resonance in AlCl;, only the differential dia-
magnetic shift enters into Eq. (17). This differential
shift is negligible relative to the other shifts. The
Knight shift due to 4f-electron polarization K, is
related to (S, ) through [cf. Eq. (2)]

I<f<T) = —K()gsf<Sz>av/gsﬁH'

Since K; is proportional to ¢,;, which is to be de-
termined, it cannot be calculated from Eq. (7) in the
way x; has been calculated from Eq. (8).

In Fig. 5, values of (S.)a/H, calculated with use of
Eq. (7), have been plotted for various combinations of
A and gys. The crossover temperature, i.e., the temper-
ature of change of sign of K;(7), is given by

Ta==3p) B /5000 19)
J gr J

Too depends on 4 through b, but is independent of the
exchange constant Js. If only the lowest multiplet
level is populated, Eq. (19) reduces to

Tco= — (gf—l) (l/gfb=5(l/2b

for Sm** (cf. Ref. 7).

For A/k=410°K, the value derived from the sus-
ceptibility data, we have from Eq. (19) the theoretical
value To=304°K. This number is in agreement with
the experimental value T, = (3104-20) °K. Best fitting
of the theoretical curves of {S,)./H versus T to the
experimental graph of K versus 7' is obtained for

Juy=—0.21 V.

(18)

D. Nuclear Quadrupole Coupling

The nuclear quadrupole coupling constant e%gQ of the
Al” nucleus in SmAIl; will be compared to the value in
SmAl,, for which we have measured |e%Q |/h=44
Mc/sec. Both for SmAl; and SmAl, the electric field
gradient g at the site of the Al nucleus has been calcu-
lated on the basis of the point-charge model. Rare-
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earth and aluminum ions being considered to be tri-
valent positive, the symmetry at the Al nucleus is
axial in both compounds. The electric field gradient
operator (3cos’p;—1)/7® has been summed over all
lattice positions within a sphere with radius of 20 A.
The ratio of the calculated quadrupole couplings in
SmAl; and SmAl, is 0.214, which is in good agreement
with the experimental ratio 0.18. The magnitude of
| e2gQ |, as derived from the summations with Q=
0.149X10~% cm? and the theoretical antishielding factor
Yoo=—2.36,"%is 1.37 Mc/sec in SmAl;, and 6.44 Mc/sec
in SmAl,. Comparison with experiment suggests that
the trivalent point charges are screened in part by the
conduction-electron charge distribution.

IV. CONCLUDING REMARKS

The anomalous behavior of the Knight shift and the
susceptibility in SmAl; as a function of the temperature
can adequately be described in terms of the model of
free Sm**+ ions. The reason for this is that crystalline
fields are weak, and do not substantially influence the
Knight shift and susceptibility in the temperature
region above say 70°K. The Sm** ions being at a site of
hexagonal symmetry, the S$H;;» ground multiplet level
splits into three Kramers doublets. In the Laves phase
RAl,, where the crystalline field at the rare-earth site is
of cubic symmetry, the splitting is of the order of a few
hundred degrees Kelvin." Numerical calculations using
point charges at the lattice positions show that the
crystalline field parameters of a Sm3* ion in RAl; are
smaller by an order of magnitude compared to those in
RAL.

Experiment and theory have shown that the linear
relation between the Knight shift and the susceptibility
expressed by Eq. (3) is broken down because of ap-
preciable contributions of Van Vleck-type paramagne-
tism. Nevertheless, it is possible to determine the
phenomenological exchange constant J.;. The value of
Jss derived for SmAl; equals those derived for other
members of the RAl; series within the experimental
error. It is not unlikely that also for other samarium
intermetallic compounds, such as SmAl,, a g,y can be
found, which is consistent with the g,; of the iso-
structural compounds of other rare-earth ions.
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