PHYSICAL REVIEW

VOLUME 183,

NUMBER 2 10 JULY 1969

Temperature Dependence of the 'In Nuclear-Magnetic-Resonance
Spectrum in the Intermetallic Compound InBi

D. L. RADHAKRISHNA SETTY AND B. D. MUNGURWADI
Tata Institute of Fundamental Research, Bombay-5, India.
(Received 24 October 1968)

The NMR spectrum of 115In in the intermetallic compound InBi was recorded in the temperature range
77-390°K. The Knight shift and the quadrupole coupling constant at the site of the 1*5In nucleus at each
temperature have been determined. The Knight shift is positive at higher temperatures, decreases with
decreasing temperature, and changes sign at about 230°K, whereas the quadrupole coupling constant,
which is also a function of temperature, passes through zero at about 170°K. The results have been dis-
cussed in the light of the crystal structure of the compound. It has been shown that core polarization is
responsible for the observed negative Knight shift at low temperatures.

INTRODUCTION

S reported earlier,! the nuclear magnetic resonance
(NMR) spectrum of 5In was recorded at room
temperature in an InBi intermetallic compound. From
the observed spectrum the isotropic Knight shift
(Kiso=-40.18%,), the axial component of the Knight
shift (K.x=0.029%) and the lowest pure quadrupole
frequency (vq=275 kc/sec) at the site of the 5In
nucleus have been measured. Further, it has been
observed?? that the Knight shift in the compound
changes appreciably on melting, whereas there is little
change in the shift on melting in the pure metal.? This
interesting observation has prompted us to conduct a
detailed NMR study of the compound at various tem-
peratures in the range 77-390°K.

EXPERIMENT AND RESULTS

The NMR measurements were made on a Varian
Associates wide-line NMR spectrometer with its tem-
perature accessory. The resonance spectrum of %°In
in the InBi intermetallic compound was recorded at
various frequencies from 4 to 11 Mc/sec. Figure 1
shows the Knight shift (K) measured from the unper-
turbed position of the central line at 8 Mc/sec with
reference to the °In resonance in an aqueous solution
of In(NO3): and vq determined from all four pairs of
satellites as a function of temperature. (At high tem-
peratures, where the signal-to-noise ratio was poor,
vo has been determined from the width of the central
line broadened by the second-order quadrupole inter-
action.) The point corresponding to »¢=0, observed at
about 170°K, was obtained from the central-line-in-
tensity consideration. An attempt has been made to
determine K,x of *In in the compound by the method
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outlined by Jones et al.5 At room temperature Koy is
+0.029%,; at higher temperatures, as the signal-to-
noise ratio (for the dc magnetic field available here)
of the NMR spectrum was poor, a detailed evaluation
of K,x could not be made. A qualitative analysis of the
line shapes, however, shows that K. increases with
increasing temperature. At temperatures below 250°K
the central line is almost symmetrical in shape, indicat-
ing the vanishing axial component of the Knight shift.

The bulk magnetic susceptibility (X) of the com-
pound has been measured at various temperatures in
the range 77-400°K. It has been found that the sample
is diamagnetic in the solid state and that X decreases
smoothly with increasing temperature (~—174
emu/mole at 77°K and ~—40 emu/mole at 350°K).
In the molten state at 390°K the sample is feebly para-
magnetic (~-425.7 emu/mole). The Knight shift
versus susceptibility with temperature as an implicit
parameter is plotted in Fig. 2.
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Fic. 1. Knight shift and lowest pure quadrupole frequency
at the site of 1*In as a function of temperature in the intermetallic
compound InBi.
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F16. 2. Knight shift of 15In versus bulk magnetic susceptibility
with temperature as an implicit parameter in the intermetallic
compound InBi.

InBi has a tetragonal structure of the PbO type,®
the space group being p4/nmm. The lattice spacings of
the compound were determined at four temperatures
from the x-ray powder patterns and the measured
lattice parameters are given in columns 2 and 3 of
Table I. The distortion parameter, § (=1—c¢/a, where
a and ¢ are the usual lattice parameters), shown in
column 4, increases with increasing temperature.

The electric field gradient (EFG) at the indium site
in the compound is axially symmetric about the crystal
¢ axis,! and the EFG component along the ¢ axis yields
the parameter €. The EFG at the site of the nucleus
(designated by &) and the EFG at the ion (&) to
which the nucleus belongs are related by the Stern-
heimer antishielding factor (1—+.,) through the relation.

&= (1—7v.) &o. (1

A recent calculation? of (1—7,,) for the In** ion yields
a value of 25.9. This value is used in all calculations here.
There are two contributions to the EFG in InBi: the
ionic contribution (&y;) due to In®*t and Bi** ions
situated at various lattice points, and the contribution
arising from the nonuniform conduction-electron charge

TasLE I. Lattice parameters and EFG in the intermetallic com-
pound InBi as a function of temperature.

Tempera- Distortion
ture a ¢ parameter | €0 expt
(°K) (A) (A) &=1—c/a €0i(101 cgsesu) (10! cgsesu)
1 2 3 4 5 6
77 4.950 4.813 0.0277 —6.7720 15.1142
201 5.004 4.808 0.0391 —22.8181 7.1374
273 5.003 4.792 0.0424 —27.7300 22.3387
296 5.015 4.781 0.0470 —34.0888 30.3659

8 W. B. Pearson, A Handbook of Lattice Spacings and Structures
of Metals and Alloys (Pergamon Press, Inc., London, 1958), p. 155.
7 R. M. Sternheimer, Phys. Rev. 159, 266 (1967).
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distribution (o). Thus
8o= 8o:+ oo (2)

It is assumed in our calculations that all EFG sources
are at an infinite distance from the core® and therefore
that (1—v.,) is applicable to all sources. The quantity
€o; at the indium site for each temperature has been
calculated by the direct summation method, employing
a FORTRAN program on a CDC 3600 computer. The
summation was extended up to 30000 neighboring
atoms. The data are presented in column 5 of Table I,
and they can be fitted by the equation

Sui=—171.31X 1048' o, @)

where 8'=§—0.023. From the measured vq at the site
of the "5In nucleus at these temperatures, the experi-
mental value of EFG (oexp) has been evaluated using
the nuclear quadrupole moment (1.161X10~% cm?) of
5Tn nucleus measured by an atomic-beam experi-
ment,? and the results are presented in column 6 of
Table I.

DISCUSSION
A. Knight Shift

The salient features of the NMR experiment are the
following : At lower temperatures, »q at the site of the
15T nucleus in the compound decreases with increasing
temperature, vanishing at about 170°K, and then in-
creasing with increasing temperature. The Knight shift
of 5In is negative at low temperatures, even with ref-
erence to the "9In resonance in the most diamagnetic
compound reported so far,'® and the spectrum shifts to
lower fields with increasing temperature, the Knight
shift reaching zero at about 230°K. The Knight shift
then increases smoothly in the positive direction with
increasing temperature but abruptly doubles soon
after the compound melts (Fig. 1). This is in contrast
with the observations made in pure indium,! where
K;s remains unaltered even at 4.2°K, and there is no
change in the shift on melting the metal.* The Knight
shift for indium in the compound may be expressed as

K=Kp+Ki+Kop, 4)

where Kp, K1, and K., are the contributions to K due
to Pauli paramagnetism of the s state of the conduction
electrons (4ve), Landau diamagnetism of the conduc-
tion electrons (—ve) and core polarization resulting
from the spins of the p-band electrons (usually —ve),
respectively. A temperature-independent orbital con-
tribution to K due to Kubo-Obata paramagnetism!?
(Kow), which is usually small for nontransition metals,

8 T. P. Das and R. Bersohn, Phys. Rev. 102, 733 (1965).
9 H. Taub and P. Kusch, Phys. Rev. 75, 1481 (1949).
10T, H. Cannon and R. E. Richards, Trans. Faraday Soc. 62,
1378 (1966). .
(1;‘ %) E. Adams, L. Berry, and R. R. Hewitt, Phys. Rev. 143, 164
66).
2 R. Kubo and Y. Obata, J. Phys. Soc. Japan 11, 547 (1956).
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is neglected in Eq. (4). As the compound is highly
diamagnetic this assumption is fairly valid. For most
of the metals K7y, is small compared to Kp, but, in some
systems where the effective mass of the conduction
electrons is very small, K1, is appreciable and may even
dominate.® Bloembergen and Rowland* were the first
to observe the negative Knight shift at the site of
205T] in the intermetallic compound NaTl. Even today
this observation evokes great interest as this alloy
does not contain any transition metal. Recently an
attempt has been made by Bennett!® to attribute the
negative shift in NaTl to the large Landau diamagnetic
contribution to K. Because of lack of data on effective
mass of the conduction electrons in the compound, he
could not calculate the exact contributions to K from
Kp and K1, but he feels that one need not invoke core
polarization from p electrons to account for the observed
shift. The negative Knight shift observed!® at the site
of 27Pb in another intermetallic compound (NaisPby)
containing nontransition elements has been attributed
to core polarization.

In the intermetallic compound InBi the negative
Knight shift at the site of the **In nucleus has been
observed at low temperatures. The ratio of Ky and
K is given by®

K1/Kp=—3(m/m*}?/PrA, ©®)

where m is the free-electron mass, m* is the effective
mass of the conduction electrons in the compound,
Py is the average value of the electron-wave-function
density at the nucleus, and A is the atomic volume.
Since the electron wave function is normalized, Pr
should be an inverse function of A. Under the free-
electron approximation, PrA for a given atom may be
treated as a constant. Without invoking core polariza-
tion from p electrons, if one is to account for the observed
negative shift |Kz|>|K,|. In indium metal the total
contribution to K, arising from Ky, Kp, and Ko is
negligible! and the observed shift is mainly due to
K ,. On this basis, from the observed Kjs, in the metal,
Pr at the indium nucleus for s-state electrons at the
Fermi surface (Pr=27.3X10% per cc) may be evaluated.
In this calculation, the calculated value of X, from the
electronic specific heat of indium metal'” has been used.
Assuming PrA in the compound is the same as that in
the metal, for the shift in the compound to be negative
requires m*<0.022m, whereas the effective masses of
the conduction electrons in InBi for three different
periods of oscillations determined by the de Haas—van
Alphen (dHvA) effect!® are 0.64m, 0.58m, and 0.21m.

BT, P. Das and E. H. Sondheimer, Phil. Mag. 5, 529 (1960).

14 N. Bloembergen and T. J. Rowland, Acta Met. 1, 731 (1953).

15 1,, H. Bennett, Phys. Rev. 150, 418 (1966).

16 S, S. Dharmatti, D. L. Radhakrishna Setty, and U. Rama-
krishna Rao, Proc. Indian Acad. Sci. 564, 312 (1962). Also see
D. L. Radhakrishna Setty and B. D. Mungurwadi, Proc. Indian
Acad. Sci. 644, 21 (1966).

17 C, A. Bryant and P. H. Keesom, Phys. Rev. Letters 4, 460

(1960).
18 A, C. Thorsen and T. G. Berlincourt, Nature 192, 959 (1961).
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As the effective masses are greater by a factor of 10,
any reasonable deviation of PrA in the compound from
the metal value cannot make |Ky| greater than | K,|.
For m*~0.2m, K;, will be only about 2%, of K,. As
such, at least in InBi, the Landau diamagnetism cannot
explain the observed negative shift and there must be
an appreciable amount of core polarization from p-band
electrons.

The electronic configurations of indium and bismuth
atoms are 5s25p! and 6s%3 respectively, and therefore
there are 16 electrons per unit cell (2 molecules per
unit cell) in the InBi intermetallic compound. In the
absence of overlapping of the Brillouin zones, one should
expect the compound to behave as an insulator. But
due to overlapping of the zones, there will be a few
clusters of electrons in the next zone, leaving a few
holes in the corners and the edges of the filled zones.
The appearance of several sets of dHvA oscillations in
the intermetallic compound!® InBi confirms the Bril-
louin-zone-Fermi-surface interactions in the compound.
The prediction of the small area of the Fermi surface
in the compound is in conformity with the reported
high electrical resistivity’® and the observed small
Knight shift and high bulk diamagnetic susceptibility
(even after deducting the core contribution to the
susceptibility, the sample remains diamagnetic close
to the melting point). In short, the intermetallic com-
pound InBi behaves as a divalent metal, and one should
expect the variation of the Knight shift with respect to
temperature if the ¢/a ratio varies with temperature®
since it is well known that the variation of ¢/a alters
the degree of overlapping of the Brillouin zones. In
turn the change in the degree of overlapping will affect
the relative percentage of s and p conduction electrons
at the Fermi surface due to strong admixture of them
at the Fermi surface. At room temperature, ¢/a of
InBi is 0.953, and this ratio increases with decreasing
temperature, leading to an increased overlapping of the
zone in the axial direction with decreasing temperature.
The observed negative shift at lower temperatures is
understandable if the increase in overlapping of the
zones at lower temperatures results in an increase in
the relative percentage of p- to s-electron density at
the Fermi surface. Since K,x decreases with decreasing
temperature, one may question the assumption of an
increase in p-electron density at the Fermi surface with
decreasing temperature. Since the distortion parameter
(column 4 of Table I) decreases with decreasing tem-
perature, one may not expect much contribution to Kax
from p electrons at the Fermi surface at lower tempera-
tures. The flat portion of the Knight-shift curve in
Fig. 1 around 150°K may be treated as a transition
region below which the core polarization is a dominat-

19 S, Asanabe, Mem. Fac. Sci. Kyusyu Univ. Ser. B2, 82 (1956).
Also see G. S. Cooper, G. A. Saunders, and A. W. Lawson, J. Phys.
Chem. Solids, 25, 1277 (1964).

( 2 E) F. W. Seymour and G. A. Styles, Phys. Letters 10, 269
1966).
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ing term, whereas at higher temperatures the direct
hyperfine interaction due to s electrons at the Fermi
surface is mainly responsible for the observed shift.

It has been pointed out? that the Knight shift versus
susceptibility plot in transition metals (or alloys con-
taining transition metals) gives rise to a negative slope
if core polarization is responsible for the variation of the
Knight shift with respect to temperature. In InBi, the
positive slope of such a plot (Fig. 2) needs to be under-
stood. In alloys containing transition metals, electrons
at the Fermi surface in a narrow d band are responsible
for the variation of the Knight shift and the suscepti-
bility with respect to temperature. In InBi, the con-
duction electrons belong to s and p bands which are
broad, and one should not expect any variation of the
above type in the susceptibility and the Knight shift
with respect to temperature. The variation observed
in this compound is due to a different mechanism. It
may be mainly due to Brillouin-zone-Fermi-surface
interaction which is a function of ¢/a¢ ratio. Without
knowledge of the detailed electronic band structure in
the compound, the numerical estimation of the suscep-
tibility or the Knight shift is not possible. Nevertheless,
an attempt has been made to understand the observed
susceptibility qualitatively in the following way:
Under the free-electron approximation the total con-
duction electron susceptibility due to Pauli paramag-
netism and Landau diamagnetism is

Xconda[l —-%(m/m*)"’] .

Xeona 1s negative if m*<0.6m. As such Xena and hence
the bulk susceptibility (Xcona+Xeore) Of the intermetallic
compound InBi is diamagnetic since the effective mass
of the conduction electrons in the compound®® is
<0.6m. The substance becomes more and more dia-
magnetic as the number of electrons at the Fermi surface
increases with decreasing temperature due to the in-
crease in overlapping of the Brillouin zones along the ¢
axis. In the foregoing discussion it has been assumed
that all the electrons at the Fermi surface contribute
to the torque oscillations of dHvA measurements and
hence m*S0.6m. This is a reasonable assumiption as we
do not expect any larger pockets of conduction elec-
trons at the Fermi surface in this compound. As already
pointed out, the observed variation of the Knight shift
with respect to temperature in the compound can also
be understood if the increase in overlapping of the zones
enhances the relative percentage of p- to s-electron
density at the Fermi surface. _

An abrupt variation in K at the melting point ob-
served in this alloy is in conformity with our assumption
that this alloy behaves like a divalent metal (a similar
abrupt variation in K at the melting point has been ob-
served in a divalent metal such as cadmium?).

A word of comment on the Knight shift in pure
indium metal may be desirable. Kjs in the metal is

2L A. M. Clogston, A. C. Gossard, V. Jaccarino, and Y. Yafet,
Phys. Rev. Letters 9, 262 (1962).
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large and insensitive to changes in ¢/a ratio. This is
understandable as indium is a trivalent metal; with
three valence electrons (5s25p'), we expect one and a
half Brillouin zones to be filled, giving a large area of
Fermisurface in the second zone. The existence of a
few electrons in the third or a few holes in the first zone
are reported.”? This may give rise to Brillouin-zone-
Fermi-surface interaction. But its effect on the total
area of the Fermi surface is negligible. Thus the density
of states at the Fermi surface with s character, which
mainly determines the amount of Knight shift, should
be independent of ¢/a ratio.

B. Electric Field Gradient

Two serious attempts to account for the experimental
vq in indium metal have been reported.??¢ The dif-
ference between the observed EFG and the calculated
ionic contribution to the EFG is treated as the elec-
tronic contribution to EFG. Simons and Slichter? tried
to attribute the conduction-electron contribution to the
EFG to the p-state conduction electrons close to the
nucleus. They postulate that the conduction-electron
contribution to the EFG should be a linear function of
6, whereas the observed EFG as a function of tempera-
ture behaves differently. Hewitt and Taylor* attempted
to explain the conduction-electron contribution to the
EFG by introducing “a modest amount of an undulatory
component of electronic charge density having the
periodicity of the lattice.” In their calculation a param-
eter ¢ is incorporated to specify the amplitude of
undulation. Although { assumes reasonable values to
account for the observed EFG at various tempera-
tures in indium metal, it appears to be temperature-
dependent.

The experimental EFG in InBi intermetallic com-
pound presented in the last column of the table may
assume one of the following four possible signs: (i)
positive throughout the temperature range studied,
(ii) negative in the same range, (iii) positive at the tem-
perature above 168°K and negative below that tem-
perature, and (iv) vice versa. All four possibilities have
been considered for determining the conduction-
electron contribution to the EFG, and it is found that
none of them gives rise to a reasonable contribution to
the EFG as a function of the distortion parameter of
the lattice é or &'.

We have not made any detailed calculation for InBi
to determine the amount of undulatory component of
electronic charge density to be introduced to account for
the observed EFG by the method outlined by Hewitt
and Taylor.?* A preliminary calculation showed that
this method would not help us in understanding the
observed EFG in InBi intermetallic compound. As

2 M. F. Merriam, Rev. Mod. Phys. 36, 152 (1964).

2 V\)/ W. Simmons and C. P. Slichter, Phys. Rev. 121, 1580
(1961).

% R. R. Hewitt and T. T. Taylor, Phys. Rev. 125, 524 (1962).
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usual, the electronic contribution to the EFG in this

compound, as in the pure metal,'* needs to be explained
by some other mechanism.

CONCLUSION

We expect that the Fermi-surface in the intermetallic
compound InBi is dominated by p electrons, and that
the Brillouin zones are almost completely full with a
few electrons spilling to the higher zones. It has been
shown that K, is responsible for the observed Knight
shift at low temperatures. The observed EFG at the
site of the *In nucleus could not be explained, even
qualitatively, by any known mechanism.

TEMPERATURE DEPENDENCE OF
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As the observed variations of the susceptibility and
the Knight shift with respect to temperature depend
to some extent upon the effective mass of the conduction
electrons in the compound, it will be interesting and
helpful in interpreting the NMR data if m* can be
obtained in the compound at various temperatures.
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The low-temperature (1-4°K) magnetic properties of dilute (0.1-10 at.%) A«V alloys have been studied
by means of pulsed-NMR techniques. The previously reported 'V line-shape anomaly for vanadium con-
centrations near 1 at.% is shown to result from a large reduction in the vanadium spin susceptibility for
vanadium impurities that are nearest neighbors to each other. The observed change in the 'V resonance
shift from a negative value (—1.5%) at low vanadium concentrations to a positive value (4+0.6%) at high
concentrations is consistent with the expected variation in the ratio of ‘nonmagnetic”’ to “magnetic”
vanadium concentrations. The nuclear resonances are severely broadened as a result of oscillatory spin-
density disturbances associated with d-resonance scattering of the host conduction electrons. There is no
indication, however, that the field-induced impurity magnetization gives rise to significant long-range
negative-definite spin polarizations in the host metal as suggested recently. This conclusion is supported by
the absence of positive 1Ag resonance shifts in ternary 4u(Ag)V alloys containing up to 20 at.9, silver.
In general, our measurements suggest that “magnetic” as well as “nonmagnetic” vanadium sites can be de-
scribed by a virtual bound d-state model in which the impurity susceptibility, resonance shift, and nuclear-
spin relaxation rates are enhanced by local Coulomb interactions. The two types of vanadium sites are
distinguished by different enhancement factors, or, equivalently, different spin-fluctuation frequencies. The
51V spin-lattice relaxation rates T'y! are directly proportional to the absolute temperature over the entire
composition range. In the infinite-dilution limit 7,7~17 msec°K, while at high concentrations 7,7 ap-
proaches the metallic vanadium value. An analysis of the infinite-dilution 5V shift and relaxation-rate
data indicates that the impurity-site spin susceptibility accounts for most of the measured bulk susceptibility.

I. INTRODUCTION

HE anomalous low-temperature properties of
many dilute solid solutions of transition-element
impurities in nonmagnetic host metals have stimulated
considerable experimental and theoretical work during
recent years.! In particular, much effort has been aimed
at elucidating the origin of the well-known resistance

* Work supported by the U. S. Atomic Energy Commission.
1 For a review, see M. D. Daybell and W. A. Steyert, Rev. Mod.
Phys. 40, 380 (1968).

minimum and associated magnetic phenomena in metals
containing paramagnetic impurities. The traditional
approach to these problems has been to assume the
existence of a localized magnetic moment at the
impurity site and to treat the interaction between the
impurity spin (S) and the conduction-electron spins
(o) by means of an isotropic s-d exchange term —2J8S-¢.
Using perturbation theory, Kondo? discovered that the
s-d interaction leads in the second Born approximation

2 J, Kondo, Progr. Theoret. Phys. (Kyoto) 32, 37 (1964).



