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CHAPTER I

Introduction

Nuclear magnetic resonance (NMR) is that process in which

nuclei possessing a magnetic dipole moment may change their energy

by quantized amounts when placed in a magnetic field.  This change

in energy causes a reorientation of the dipole moment with re-

spect to the magnetic field.  The term resonance implies that in

order to drive the transitions, energy pulses are needed of a

proper frequency, that is, the natural frequency of the magnetic

system.  Electromagnetic radiation is used as the driving force

which causes. the transitions between e'nergy levels  in the magne-

tic system.  The frequency of this radiation must obey the Bohr

quantization rule

v = AE/h   ,                   (1)

where BE is the spacing between energy levels.

The first work in this field was carried out by the Purcell,

1
Torrey and Pound  group at Harvard and the Bloch, Hansen and

2
Packard  group at Stanford in 1946.  The field has grown to such

an extent that NMR has become a basic tool in the investigation

of liquids and solids.  In solids, the resonant nuclei can be

thought of as probes.  Energy transitions of these nuclei yield

information concerning the electrical and magnetic environment

of the solid.  The magnetic field at the site of the nucleus which

determines the magnetic energy levels is composed of an externally



-2-

applied magnetic field and internal magnetic fields due to

neighboring magnetic nuclei and paramagnetic electrons or ions

present in the material.

In addition to a nuclear magnetic moment,  ·nuclei with spin

greater than 1/2 possess an electric quadrupole moment.  This

quadrupole moment will interact with the internal electric field

gradient at the site of the nucleus.  This interaction will alter

the magnetic energy levels and thus provide information on in-

ternal electrical charge distributions in the solid.

The systems under investigation, NbNx and NbBex' both contain

niobium nuclei which have a large nuclear quadrupole moment. These

nuclei will serve as the probes in the investigation of these

refractory materials.  X-ray work has been carried out with these

3-6
samples and their crystal structures,have been determined

The crystal structure and atomic bonding will determine the

magnitude and direction of internal electric field gradients.

These field gradients interacting with the quadrupole moment of

93
the Nb nuclei will cause a modification of the NMR. It is

then possible to identify individual crystalline phases of a

system by analyzing the NMR spectrum.  Imperfections in the

crystal structure such as strains or vacancies, if in abundance,

can also be detected.  This detection of imperfections aids in

the investigation of the NbN  system which has a wide range of

composition within the same phase, thought to be caused by defects
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in the nitrogen sublattice.  Also, the stoichiometry of the

NbN  system is non-integral and continuous up to NbNl.0.
The crystalline phases of the intermetallic system NbBex

can also be correlated with the NMR of the niobium nuclei.  In

these metallic samples there are paramagnetic electrons whose

interaction with the nuclear moments are detectable by NMR

yielding information concerning the electrical properties of

the compounds.

If the nuclei are capable of interacting with the lattice

via an electric quadrupole coupling, then it is possible to

modulate this interaction energy by the introduction of acoustic

power into the lattice.  When the frequency of the acoustic wave

satisfies a resonance condition, it is then possible to drive

NMR transitions.  The use of acoustic power, rather than electro-

magnetic power in driving NMR transitions, is termed "acoustic

nuclear magnetic resonance   (ANMR)". This technique has appli-

cation in the investigation of bulk, single crystal, metallic

samples in which electromagnetic radiation can penetrate only

to   the skin depth, whereas acoustic waves can penetrate through the

sample This technique is discussed in the supplement to this

thesis.
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CHAPTER II

Basic Theory of NMR

The technique of NMR is widely used,and literature concerning

it has grown to enormous proportions. There are several' good
7-9 10-12

review articles and books that are frequently useful.

A brief description of some of the fundamental interactions em-

ployed in the analysis of the experimental data is provided here.

Nuclear Magnetic Dipole Interaction

All nuclei whose spin (I) is nonzero possess a magnetic

dipole moment'.  It can be shown by quantum mechanics that the
+

magnetic dipole moment (w l can be written

i   =  y (hi) (2)

+
where I is the total nuclear angular momentum in units of

h = h/2w  (Planck's constant divided by 2w).  The proportional-

ity  constant  y is termed the "gyromagnetic ratio".

The application of a magnetic field H produces an inter-

action energy of
+ +

E= -u·H     .                  (3)

Therefore, the Hamiltonian is of the form

k = 4. R .
(4)

Taking the field H  to be along the Z direction.then

*   =   -Vt,H0Iz                                                                                          (5)
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Quantizing I along the Z direction, the eigenvalues of I  areZ

the magnetic quantum number m where m = I, I-1... -I.  The

allowed energies are

E = -yhH0m      ·                    (6)

Thus one obtains a set of 2I + 1 energy levels which are equally

spaced.  The difference in energy in terms of frequency, using

the Bohr quantization Eq. 1 and Eq. 5, is given by

vL = YH /2w     .                  (7)

Transitions from one energy level to another are driven by

the application of electromagnetic energy of frequency vL

(Larmor frequency) as given by Eq. 7.  The oscillating magnetic

component of the applied electromagnetic radiation must be

positioned perpendicular to the applied field H .  This requires

the axis of the rf coil to be perpendicular to H .  The require-

ment then allows the decomposition of the oscillating magnetic

field into two oppositely rotating components, both of which are

perpendicular to H .  Since the magnetic dipole will precess

about the external magnetic field at a Larmor frequency vL' it

will be rotating in phase with one of the components of the

oscillating magnetic field and will constantly be going in and

out of phase with the other component.  The component of the

oscillating magnetic field, which is in phase with the nuclear

dipole moment, will exert a constant torque.  This torque will

cause the nuclear dipole to now precess around the oscillating
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magnetic field, thus a reorientation of the nuclear dipole is

achieved.

Whenever a magnetic dipole changes its orientation in a

magnetic field, this consequently changes its energy ievel.

The energy needed to change levels is extracted from the applied

rf field.  The transition probability is, however, the same for

transitions to a higher energy level as for a transition to a

lower energy level.  There is a net absorption of energy due to

the fact that nuclear dipoles 6bey a Boltzmann distribution

N        AE

NZ -e- ET     ,                   (8)

where Nl and N2 are the number of spins in the lower and upper

levels respectively, and AE is the energy separation between

levels.  This causes more spins to be in a lower energy level.

This loss of energy from the rf field can be detected by appro-

priately monitoring the rf generator.  Thus the resonance can be

detected.

Nuclear Dipole-Dipole Interaction

In a solid,  the'nuclear dipoles are not only affected by

the external magnetic field, but also the internal magnetic fields.

One source of an internal magnetic field is the field produced

by neighboring nuclei'that possess magnetic dipole moments.

Nuclei at a distance r apart and having a magnetic moment p will

produce an internal magnetic field H   of the orderint
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H    =  0/r3                      (9)int

which will be of the order of a few gauss.  This field may either

aid or oppose the external field H , resulting in a variation of

the net magnetic field at the nuclei, thereby causing a spread

of the resonance condition.

Classically the dipole-dipole interaction between two

magnetic moments is

E   =   pl    '   i:2     -      3 6 1   '   t) 6:2   .   ;)
3 5

'   .(10)
r                   r

+ +
where r is the radius vector from #1 to 02.  The quantum

mechanical dipole-dipole Hamiltonian is obtained 6y using

Eq. 2 and Eq. 10

1 /
3(i1  · ;) d2  .   )1' 2 - (11)

 9(-d    =    '1   Y 2„2 35r                  r

4
Using typical external magnetic fields of about 10  gauss will

cause E-  d  to be about 104 smaller  than the energies given  by

Eq.   6. Thus perturbation theory  may  be   used to calculate NJ·
Generally, this problem is not solvable exactly, but the so

13
called method of moments technique due to Van Vleck enables

many of the properties of the resonance line to be computed.

Electric Quadrupole Interaction

Nuclei which possess electric quadrupole moments will
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interact with the internal electric field gradient that may

be present at the site of the nucleus.  Consider the interaction

energy E of the charge distribution of a nucleus p( ) and the

potential  of the internal electric field  VG)

E = |p(r)V(r)dr                        (12)

Expanding VG) in a Taylor series about the origin yields
.

3V                 1   32v
E =Vo   pdz +-ax 1 xipdr + 2 3x 3x x x pdr +... ,

i  r=O j i  j  r=0,
ij

(13)

where the summation is taken on repeated indices and i and j

are summed over 1, 2 and 3.

Analyzing the terms in Eq. 13, the first term is a constant

and represents the interaction of the internal electric field

with the charge of the nucleus taken as a point charge.  This

term need not be considered because it will not change the spacing

between energy levels.  The second term represents the nuclear

electric dipole interaction, but this goes to zero because the

symmetry of the nucleus causes the integral to be zero.  The third

term is the nuclear electric quadrupole interaction with the

internal electric field gradient.  Defining the tensors,

2
3 V                     -Vij 3x 3x
i  j  r=0

(14)
I -

Q   =   (3x x  -6  r3)pdr ,
ij       i j    ij

8
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and using the fact that V must satisfy Laplace's equation,

2
V V=0    ,                      (15)

the quadfupole interaction energy can be written

E -V Q (16)
1

Q = 6  ij  ij

The quantum mechanical quadrupole Hamiltonian may be

written by invoking the Wigner-EckartL heorem resulting in

H  =    eQ     V  [-'(I I  +I I) -6  I]  ,   (17)
3                         2

Q 6I(2I-1) i j 2   i j     j i      ij

where Q, the quadrupole moment of the nucleus, can be repre-

sented by

Q = <I,I|Q33|I,I> ; (18)

that is, the expectation value of the 3,3 component of the Q
ij

tensor evaluated at m = I.

The field gradient tensor V may be written in terms Of
ij

its principle axes such that

V   =0  if i 4 j (19)
ij

Requiring that  Vzz I     l Vyy 1    2    1 Vxx L   the   asymmetry   parameter    (11 )

can be defined

V  -V
xx    yyn= (20)V

ZZ

and the field gradient (q) by

eq g V (21)ZZ

At this point, it is noted that if cubic symmetry exists then

V   =V   =Vxx yy ZZ '
(22)
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but La place' s equation implies

V +V +V =0 (23)XX yy ZZ

Thus all components  of the electric field ,gradient  are  zero.
..

If the quadrupole interaction energy is small compared to

the nuclear magnetic energy levels, perturbation theory may be

employed. Pound and Bersohn have calculated the energy
14            15

correction using perturbation theory, to third order.  For the

case of large quadrupole interactions, additional calculations
· ··                                          16

have been made by Volkoff and his co-workers  .  The effects

of the quadrupole interaction upon the magnetic Zeeman levels

and the modifications of these results due to random distribu-

tions of orientations as found in a powdered specimen are sum-

merized by Cohen and Reif7.

'

The first order perturbation in a powdered sample for an

axially symmetric field gradient (n =  0) is given by

..(1)
vm = Hom - 21(m - 21)vQ . (24)

where

<  vq   =   3e2qQ/2I (2I   -   1)h

Second order perturbation causes the central  (21 ++1)

transition to split such that the width, the separation between

the peaks of the derivative curve, Av is

Av    =(25/9)A     .                (25)
(2)

where

A m.[I(I.+ 1) - 43] v /16vL  0
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Note the central transition is not affected by odd orders of

perturbation,thus the errors in Eq. 25 are in the fourth order.

The separation between pairs of satellites obtained from Eq. 24 is

(1)         1
Av    = Cm - 2)vQ     .                 (26)

Since 6nly even orders of perturbation shift the center of gravi-

ty, the errors in Eq. 26 are in third order.  The intensity of

the transition m+m-1 is very nearly proportional to I(I + 1)-m(m-1).
17

In Fig. 1 the resulting theoretical absorption curves are pre-

sented with the effects of dipolar broadening being added.

An effect which modifies the electric field gradient at

18
the site of the nucleus, is the Sternheimer antishielding

factor y-.  This parameter takes into account the distortion

of the ion core electrons surrounding the nucleus due to inter-

nal electric fields of the crystal.  This distortion produces an

additional field gradient at the nucleus,  thus the field gradi-

ent experienced by the nucleus is

q   =   qo (1   -
Yco) (27)

where q' is the field gradient in the absence of the distortion.

This factor has the effect usually of amplifying q' by one or

two orders of magnitude.  Nuclei with large Z usually have a

large antishielding factor due to more electrons in the ion.

Knight Shift

In metals, the conduction electrons which have magnetic

moments may couple with the nuclear magnetic moments.  This
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without broadening.  With di8olar broadening superimposed, the

solid curve results.  (b)2Second order pattern, central com-
ponent, A =

[I(I+1)-3/4]vQ/(16vL). Dashed curve is without
broadening. Solid curve includes dipolar broadening.



-13-

interaction is observed when performing NMR in metals.  It was

found that in a metal that the resonance frequency was higher

for a given applied external magnetic field than for the same

nucleus when it is in a salt.  This shift of frequency (Knight

19
shift) was explained by Knight  .  He observed that the reso-

63
nance of Cu nuclei in metals occurs at a higher frequency

than in the diamagnetic salt (CuCl) when observed at the same

external magnetic field.  This shift to frequencies approxi-

mately .1% to 1% higher than for diamagnetic samples is much

greater than can be explained in terms of the bulk suscepti-

bility of the metal.  Knight proposed that the shift is caused

by the orientation of the spin moments of the conduction elec-

trons on the Fermi surface by the applied magnetic field.  Since

the conduction electrons often have a high probability density

near the nucleus (s-wave), the shift may be understood in terms

of a "lumping up" or concentrating of the local susceptibility

in the vicinity of the nucleus.

The coupling of the spin of the electron to the spin of the

20nucleus in tensor form is given by

+ 40 +
-yhI·T·S (28)

*J +
where T is the coupling tensor and S is the total electronic

spin of the metallic sample.  Since the total electronic spin

is related to the applied field H  by the Pauli susceptibility

x we can write
P
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+4-1 + + LS +
-yh I'T'S = -Th I·K·HI                     (29)

4-J
The tensor K can be decomposed in its diagonal form to an

isotropic tensor plus an anisotropic tensor,

'K <KX    \
K.1 K j +     K     

\ K/ l I f    (30)
where K +K +K  =0.  The isotropic part of Eq. 29 can nowxyz
be written as

-« • IK , (31)

yielding the new resonance frequency between Zeeman levels to be

v = vL (1 + K)                         (32)
21

K has the value

K  . f.  AH : T!  *P  .11'K(0)| 2,F ' (33)
L    o

th
where   I *K(0)12  is the probability density  of   the k electron

evaluated at the site of the nucleus and <,F is the average

taken over the Fermi surface.  Since only the type of electronic

wave function that is spherically symmetric about the nucleus

is the s-state, then only s-state wave functions contribute to

the isotropic Knight shift.  If, however, p-state or d-state

electronic wave functions are present, which are directional,

then the Knight shift will be anisotropic.
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CHAPTER III

NMR Spectrometer

The NMR spectrometer used in this work was manufactured

by Varian Associates, Palo Alto, California.  The Varian model

22V-42008 wide line NMR spectrometer was used.  A Varian model

V-3400 9-inch electromagnet system With "Zieldial"  control  for

regulation was employed to supply the external magnetic field.

The output of the spectrometer was recorded on a Varian model

G-14 chart recorder.  A block diagram of the equipment is

presented in Fig. 2.

22
The heart of the spectrometer is the NMR probe  , Fig. 3.

It consists of a pair of crosse8 coils, one for inducing the

resonance and the other for detection of the resonance.  Located

inside the probe is a pair of modulation coils which when driven

at audio frequency, modulates the external magnetic field

thereby causing a modulation in the resonance signal.  A.C.

amplifiers can now be used to amplify the signal rather than

D.C. amplifiers with their undesirable characteristics.

The crossed coils can be decoupled by use of two paddles

which control the magnetic flux lines.  The reactance of the

two paddles are 90' out of phase with each other, one being_

inductive and the other resistive.  Once the paddles are ad-

justed such that there is no leakage of flux into the receiver
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coil a small amount of leakage is introduced which is either

in phase or 90' out of phase, depending on whether the ab-

sorption or the dispersion mode, respectively, is to be observed.

It is the leakage voltage which has superimposed on it

the resonance signal that is rf amplified, then detected, after

which the audio component is audio amplified.  The audio signal

is then phase detected to convert it to a D.C. voltage in order
...

to drive a recorder.  The D.C. signal prior to entering the

recorder goes through   an R-C filter network, which will average

out some of the random noise that has passed through the phase

detector.

When recording a signal on this spectrometer, it is

actually the first derivative of the absorption. curve that

is recorded.  This is due to the type of magnetic field

modulation employed, see Fig. 4.  The smaller the amplitude

of the modulation the more closely the recorded curve represents

the derivative curve.  If too little modulation is used,

however, the signal is so weak that it is unobservable.  A

rule of thumb is that the amplitude of the modulation should be

kept approximately one-tenth of the half-power width of the

absorption curve, to keep distortion to a minimum.  Another

factor that must be considered is the amount of rf power that

is supplied to the sample.  If too much power is used, then

the energy levels will become equally populated since the spins
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cannot relax back to their lower energy level fast enough

through the spin-lattice interaction.  This condition is known

as   "saturation". When saturation occurs, the intensity   o f   the

absorption decreases to the extent that it is sometimes

possible to miss the resonance entirely.  Next, in order to

maximize the output signal and to avoid distortion,  the phase

of the chopper in the phase sensitive detector must be ad-

justed.

Finally the R-C filter network must be set so that as

much noise as possible is averaged out without distorting the

resonance line.  The type of R-C filter to be employed depends

upon the sweep time of the magnetic field H .  When examining

the NMR resonances, the R-C time constant, rf level and

modulation amplitude were all varied and adjusted to obtain

maximum resonance signal without distortion.
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CHAPTER IV

Experimental Observations on NbNx

Introduction

Nuclear magnetic resonance has been employed to study the

structure of several samples of the system NbNx where the mole

fraction of nitrogen varied from 0.884 to 0.95.

The samples of NbNx were in the form of powders obtained

3
from J. W. Savage .  The chemical and x-ray analysis of these

3
samples has been recently published .  In the preparation of

the various phases of NbNx' niobium or niobium hydride powder

was heated in flowing nitrogen to the temperature (above 1200')

at which the solid phases of NbNx are formed.  The samples were

3
rapidly cooled in a water-cooled chamber .  In such a manner

crystalline phases of NbNx which are formed and which are stable

at high temperatures are quenched to room temperature where

the crystalline phases are essentially stable.  It should be

noted that the superconducting properties of high temperature

phases such as 6 NbN have been examined .  The powder sam-3,23

ples used in these NMR investigations were examined at room

temperature unless otherwise stated.

The work reported here illustrates the usefulness of the

nuclear magnetic resonance technique as a tool for the investi-

gation of bonding configuration and crystalline structure in
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intermetallic compounds.  The Nb nucleus is highly appropriate

as a probe in such a study for it has a large nuclear electric

quadrupole moment which will interact with an electric field

gradient at the Nb sites.  The quadrupole interaction manifests

itself as a perturbation on the nuclear magnetic energy levels

resulting in characteristic splitting and broadenings to the

NMR spectrum of Nb nuclei.  As previously shown, the presence

of an electric field gradient at the site of a nucleus of

spin I of half integer will produce pairs of satellite lines

about vL' the Larmor frequency, for the nucleus in an external

magnetic field H_.  The separation between the pairs of
U

(tm++tm-1) satellite transitions for a powder sample (to third

order perturbation) are given by Eq. 26.  Upon substituting

93
I = 9/2 in the case of the Nb nucleus, this yields,

Av = e2qQ/h(1/24) . (34)

93
In the case of   Nb with a spin I = 9/2, four sets of satellites

would be expected corresponding to the transitions 9/2 ++7/2,

-9/2 ++ -7/2; 7/2 ++ 5/2, -7/2 ++ -5/2; 5/2 ++ 3/2, -5/2 ++ -3/2;

and  3/2 ++ 1/2, -3/2 ++ -1/2.  If the quadrupole interaction

is sufficiently large, the central 1/2 ++ -1/2 transitions will

be altered producing a unsymmetrical  NMR line close  to v L
which can be characterized by a separation of the positive and
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negative peaks of the first derivative of the resonance line.

If the separation is plotted against the inverse of the reso-

nance frequency, a straight line relationship will result, see

Eq. 25, and the slope of this straight line will yield the

coupling constant,

2-  = 4(138.24) (Slope), (35)

using I = 9/2 for the Nb nucleus.  The above expression is
93

correct to fourth order in a perturbation calculation.  In

Eqs. 34 and 35 the asymmetry parameter (n) for the field grad-

ient has been taken as zero.  From either expression (Eq. 34

or 35), it is possible to determine the quadrupole coupling

constants for the Nb atoms which exist in various sites in the

several crystalline phases of NbNx.

The y, 6, and E phases of NbNx have been identified by

their NMR spectra by an examination of six NbNx powdered sam-

ples containing various amounts of the phases mixed together.  A
..

Varian wide-line NMR spectrometer (V421OA) with a Varian 9

electromagnet (V-3400) was employed for the measurements.  Some

measurements were also made using a conventional Pound-Watkins

spectrometer and a Varian superconducting solenoid capable of

producing magnetic field up to 60 k gauss.
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Identification of the Phases by NMR

The samples investigated are listed in Table 1.  The compo-

sition of these samples was determined previously by x-ray work

3by Guard, Savage and Swarthout .  In all samples, two distinct

93
lattice sites were observed for the Nb nuclei.  However, the

spectra from sample No. 1 which is primarily the 6 phase is

predominantly a single resonance   line. The spectra   for the NbNxz

samples are shown   in  Fig.   5. To obtain the resonance traces  ,

shown in Fig. 5, the magnetic field had to be scanned over a

region of 1,000 gauss.  In order to accurately calibrate the

79       81
scan, the Br and Br resonances from a sample of KBr were

simultaneously recorded.  Also the Al from the NMR probe was27

observed within the region of scan, at some resonant frequen-

cies.  By comparing the spectra of sample No. 1 containing

primarily  the 6 .phase with sample  No. 2 containing 6 phase  and

some E phase,    it is apparent    that    the E phase   of NbN  exhibits                     · ·

a second order quadrupole split central (1/2 ++ -1/2) resonance

line and clearly visible first order satellite transitions.  The

presence of the E  phase is also apparent in the spectra for

all the remaining samples with even a slight trace of the E

phase appearing in spectra for sample No. 1.  These transitions

identified with the E phase were examined at various magnetic

fields, and it was found that the transitions do have the proper

frequency dependences, that is, the separation of the
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TABLE 1

Composition* of NbN  Samples

Sample Phase(s) Present X,(N/Nb)

No. 1                 6                              .884

No. 2 6, some E .90 - .91

No. 3 E, some 6 .89

No. 4 6, trace of y .95

No. 5 £, some y .94

No. 6 E+6 .90

*Determined  by x-ray analysis 24.
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1/2 ++ -1/2 transition varies as 1/vL while the separation of the

+1/2.* &1/2 satellites remains constant, (see Fig. 6).  Upon apply-

ing a first order quadrupole perturbation to the t3/2 1  fl/2 
tran-

sitions, one obtains the quadrupole coupling constant   (1 Q)  of

10.77 t.1Mhz.  Care must be taken in the measurement of the coupling

constant because there occurs a shifting of the resonance deriva-

25
tive lines due to dipolar broadening  .  A second order perturbat

ion

calculation on the (1/2 ++ -1/2) transition, using the slope of the

2

"least squares fit" of Fig. 6 gives Sh,2 - 10.63MHz t.1MHz.  It is

interesting to note that a value for the magnitude of the dipolar

93
contributions to the line width of the Nb line [(1/2 ++ -1/2)

transition] can be obtained from the intercept of the graph in Fig. 6

where the separation of the peaks of the derivative curve of the

1/2 + -1/2 transition have been plotted against 1/vL.  The value of

dipolar width (12.8 gauss) obtained in this way was in agreement with

25
that predicted by the method of Adams, Williams and Hewitt and

agrees with the dipolar correction used to obtain the value of the

quadrupole coupling constant from the separation of the satellite

transitions.  At higher frequencies (about 12MHz) the pair of satel-

lite lines due to the *5/2 I +3/2 transitions is observed. These

transitions, although weak, give a coupling constant in agreement with

that value obtained from other transitions, verifying that they are in-

93
deed all part of the Nb resonance in the E phase.  This fairly large
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coupling constant for the E phase of NbNx is easily understand-

able since one would expect a large electric field gradient from

3
the hexagonal structure  of the niobium ions.

A search was made for +7/2 +5/2 and +9/2*+7/2 transitions,

in order to have the complete spectra of the Nb (spin 9/2) in the

e phase, but presumably because of the lower intensities of these

lines and the broadening due to random strains and possibly

crystalline imperfections and hence random quadrupole interactions,

the resonances could not be detected.

In attempting to analyze the spectra of the 6 and y phases,

difficulty is encountered in distinguishing between the spectra

from both phases.  Both of these phases have structures that are

similar; 6-fcc, y-slightly distorted fcc3.  Similar crystal

structures would give rise to comparable quadrupole coupling

constants (expected to be small since perfect cubic symmetry

would give zero electric field gradient, eq), thus both phases

should have resonances of almost the same shape exhibiting little

or no quadrupolar perturbation.  Only the 6 phase was available

in relatively pure form with slight contamination of the E phase

(sample No. 1).  The spectra of sample No. 1 at high frequencies

(Fig. 7) exhibits a large central transition and a pair of small

"bumps". Analysis  of the central transition, by plotting  the

separation of the derivative maxima against 1/v, yields a quad-

rupole coupling constant of 4.3. t.4MHs and a dipolar line width
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93of 5.5 gauss for the   Nb sites in the 6 phase.

The dipolar line width which is due to a nuclear dipole-

3
dipole interaction depends upon the lattice spacing (a) as 1/a .

Note that the ratio of dipolar broadening of the £ phase to»that

of   the 6 phase   is in agreement   with this inverse ratio' of   the

cube of the lattice spacing.  Upon a detailed examination of the

bumps (Fig. 7) at several frequencies, it was found that they

correspond to the central transition of the e phase since they

yield the appropriate coupling constant and their separation

depends linearly upon 1/v.  These bumps do not correspond to a

pair of satellites for the Nb atoms in the 6 phase for the

separation of such satellites would remain constant with field.

From«the relative intensities of the two lines found in sample

No. 1, it is estimated that less than a few percent of this sam-

ple is & phase.  It is of interest to note that the satellite

lines for the 6 phase were not detected presumably due to extreme

broadening of the line because of distribution of coupling con-

stants which may have been produced by random strains in the

powdered sample.

The y phase was available only when mixed with easily de-

tectable amounts of E phase.  The signal from the E phase distorts

the signal of the y phase so that the difference between y and

6 phase is not discernable (see Fig. 5b samples No. 5 and No. 6).

It   is assumed, however, that   the y phase would   have a slightly
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larger electric field gradient than the 6 phase on the basis that

its structure is further from cubic symmetry.  This might be easi-

ly verified if pure y and 6 phases NbN  were available.

Other NMR Measurements

A measurement of the Knight shift of the niobium NMR in
19

sample No. 3 was attempted using Nb metal and its known Knight

shift as a reference.  The amount of shift, if any, was masked

by the difficulty in determining the center of the broad reso-

nances.  Hence, the Knight shift estimated to be zero or extremely

small.  This finding is consistent with the results of Jaccarino

26
and Davies  .

Sample No. 3 was cooled to 4.2'K to determine if any elec-

tronic effects would alter the NMR, since NbN is a known super-

conductor.  The resonance could not be found, due to the fact

that the increased conductivity "loaded down" the tank circuit

of the Pound-Watkins oscillator which was used for these measure-

ments.

Sample No. 3 was again run at 77'K, at a frequency of

8 MHz to see if the lower temperature would affect the NMR spec-

trum.  No effect other than a slight increase in the quadrupole

coupling constant was observed.

Since the quadrupole coupling constant had been determined

from NMR measurements for the E phase of NbNx' an attempt was

made to detect the pure quadrupole resonance of Nb in the absence
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of an external magnetic field.  A frequency modulated Pound-

Watkins oscillator was used.  The four expected resonances were

calculated to appear at 1.78 t0.2MHz, 1.34 +0.2MHz, 0.892 to. 2MHz

and 0.446 =tO.2MHz for the .+9/2 ++ t.7/2, +7/2 ++ t.5/2, +5/2++ +3/2,

t3/2 - fl/2 transitions respectively.  The search was carried out

at room temperature from 1.72MHz to 0.97MHz.  This frequency range

should have produced the +7/2 ++ +5/2 transition. At these

relatively low frequencies since the sensitivity of the oscilla-

tor is poor only large resonances, which are not very wide, are

detectable. In this case, no resonance was seen.

Field Gradients in Related Interstitial Compounds
93                                             27The Nb resonance observed by Froideraux and Rossier in

NbCx is a second-order perturbed NMR line showing no satellite
28

structure   as seen in the VCx.  It is not surprising that the NMR
93                                                                               51_spectra of Nb in these compounds differ from the  -V NMR

spectra in similar materials because both the nuclear quadrupole

7,29                          93moment and Sternheimer antishielding factor for Nb are much

larger than that for the v nucleus.  This fact results in a
5L

93much larger quadrupole coupling constant for Nb than that

observed in 51.V when both nuclei are in equivalent electric

field gradients.  This larger quadrupole perturbation of the NMR

line removes the satellites further from vL and causes a larger

splitting of a second-order perturbed central (1/2 ++ -1/2)
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transition.  In addition and perhaps a much more important

effect to consider is that the presence of random strains in

powdered samples produces increased broadening of all NMR transi-

tions and hence makes the transitions more difficult to observe.

The random broadening is produced because the sites of nuclei

will vary slightly due to mechanical strains or the presence of

defects even if the defects occur several atomic sites away from

the nuclei under investigation.  The increased broadening does

not allow a determination of any discrete defect structure in the

niobium compounds.  However, the presence of large changes in

93
the sites of large numbers of Nb nuclei due to major changes

in the crystalline structure, i.e., phases are readily observed

in the NbNx system.  It should also be noted that in the 6 phase

of NbNx no satellite lines were observed whereas in the E phase

a much larger quadrupole coupling constant was found for the Nb

atoms yet the satellite lines were observed.  This would  indicate

that in the more nearly cubic 6 phase a distribution of strains

is present to such a degree that the satellite lines are smeared

out and are unobservable. A reasonable source for these strains

would be defects in this high temperature 6 phase.  A similar

situation appears in NbCx as reported by Froidevaux and Rossier.

It would appear that in the nearly cubic, high temperature 6

phase of NbN many imperfections exist while in the E phase most

of the Nb sites are identical with the absence of large numbers

of defects.
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Conclusion

The technique of NMR is very useful in analyzing the

polyphase samples of NbNx.  The NMR spectra of the E phase with

its large quadrupole coupling constant is extremely different

from the spectra of the 6 or y phases.  Also, if one wishes to

perform a double integration of the derivative curve, this will

yield the area under the absorption curve, which is proportional

to the number of nuclei in that phase.  The relative amounts of

the phases present in a sample could then be calculated.  This was

done for sample No. 3 and approximately 7% of 6 phase was present

which compares with the approximately 5% which was obtained by x-ray.
24

If there is some uncombined niobium metal present, this resonance

is also observable and will appear at a lower magnetic field due

19to its large Knight shift  .  Such a spectrum was obtained for an

impure sample of NbN.  This sample was manufactured by Gallard-

Schlesinger Chemical Manufacturing Corporation, Carle Place,

New York.

The use of NMR in the identification of phases should prove

to be a valuable analytical tool.  Once the quadrupole coupling

constants are known for the various phases of a system, it is

only a matter of obtaining the NMR of an unknown sample and then

measuring the separation between the lines to quickly determine the              :

phases present and the amounts of such phases by comparing inten-

sities.

It is interesting to note the conspicuous absence of an
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applicable isotropic Knight shift in this well-known supercon-

ducting material which indicates an absence of s-state conduction

electrons.  Thus it is presumed that the superconducting electrons

must be of a p-state or d-state rather than s-state.  Because

of the large width of the NMR lines, an anisotropic Knight shift,

if present, was not resolved.  The anisotropic Knight shift

would have yielded information concerning the presence of·p-state

or d-state electrons. Since there is an increase in directional

type of bonding, covalent bonding, in the niobium nitrides as

compared with niobium metal, this in general causes a more brit-

tle material and thus a higher Debye temperature (eD).  NbN0.91
. 30

can be considered as a sort of "stiffleadb. BCS theory predicts

that the superconducting transition temperature varies as 8D'

if other quantities remain constant.

Finally it should be noted that these NbNx samples were

discovered to give an absorption at room temperature when the

external magnetic field was turned down in preparation to be

turned off.  The samples were then investigated utilizing the

Varian probe placed in a set of Helmholtz coils to supply a

weak external field.  One set of coils supplied a variable mag-

netic field from 0 to 40 gauss while the other set was used to

cancel out the earth's magnetic field.  A large absorption of

power was noted at zero field.  This decreased as the magnetic

field was increased until at around 5 gauss the absorption had
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vanished.  The sample of NbN was observed at 8MHz and at
.884

16MHz and the width of the signal did not change appreciably.

It is assumed at this stage of investigation that this

absorption is caused by the phenomena of magnetoresistance and

possibly some low field electron spin resonance.  In order to

investigate the phenomena, the temperature dependence of the

line  width   as  well   as its frequency' dependence should be· examined.
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CHAPTER V

Experimental Observations on NbBex

Introduction

The intermetallic compounds of the system, NbBex' are of

interest because these materials are observed to have high

strength, strength retention at elevated temperatures and

31thermal-shock resistance  .  These refractory compounds also

possess high melting points, low specific'gravity and show

32good oxidation resistance  .  The limiting use temperature of

beryllides appears to be about 3000'F.  The beryllides of

niobium are considered to have potential in structural appli-

cations at elevated temperatures.  The compounds investigated

were NbBe2' NbBe3' Nb2Be17 and
NbBe X-ray analysis has12'

been  performed  and the results are given in Table 2 4- ecause

of the similarity in the NMR of the 9Be nucleus in the above

mentioned compounds, these results will be examined  jointly

93in the following discussion. The Nb nucleus, however, exhi-

bits a vastly different NMR for each compound and thus each

compound will be considered separately.

Beryllium Resonances

The NMR of the beryllium nuclei in each of the compounds

was investigated at room temperature on the Varian spectrometer

described previously.  The signals were all quite weak and appear-

ed to consist of one unsplit line.  These resonances were easily

power saturated, indicating that there existed very little
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TABLE 2

Crystal Structure* of NbBex Samples

Beryllide Structure
ao   

c (R) c/a
0            00

NbBe fcc 6.535
2

NbBe rhombohedral 7.495
3

Nb Be rhombohedral 5.599
2  17

NbBe tetragonal 7.376 4.258 .577
12

4-6
*Determined by x-ray analysis
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interaction between the Be nuclear quadrupole moment, which is

relatively small,'and the electric field gradient.  Very little

interaction of the Be nucleus and the conduction electrons was

apparent als6, since this interaction could help relax the

nucleus to its lowest NMR energy level and thus avoid power

saturation.

The signal-to-noise ratio in the resulting spectra was

poor, thereby causing uncertainty in the line width measurements.

The line widths. of NbBe3' Nb2Be17 and NbBe12   are all within

7.5G + 1.OG. NbBe  exhibited a line width of 9.3G t 2.OG and
2

was extremely weak.  The NbBe2 and NbBe3 were examined only at

8MHz which corresponds to the most sensitive region in the

4MHz to 8MHz NMR probe.  An external magnetic field of 13.4kG

is then needed to achieve the resonance condition.  The reso-

nances could not be observed at any lower frequencies due to

loss of sensitivity and possibly some random broadening.  The

NMR of Nb Be and NbBe were  examined  at  both  8MHz  and  6MHz.
2  17         12

The line width stayed constant to within the uncertainty in

the measurements.

In order to measure any Knight shift that may be present,

the position of the resonance was measured relative to the NMR

of 9Be in Be(NO2)2, and the shift, if any, is estimated to zero.

Thus very little information was obtained from the 9Be NMR,

other than that of the absences of large quadrupole coupling

and electron-nuclear interactions.
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NbBe
2

The NMR of NbBe2 was obtained at rooom temperature on the

Varian spectrometer described previously.  Resonances of the

niobium nuclei were obtained at frequencies ranging from

6MHz to 14MHZ. Typical resonances are shown in Fig. 8.

Analysis of the resonance shows that the peak to peak

separation is independant of the resonance frequency.  This in-

dicates the absence of any nuclear quadrupole interaction.  An

intensity measurement was next performed, comparing this signal

with the spectrum from Nb2Be17 in which the individual sat-

ellite lines are readily identified (this Nb2Be17 spectrum

will be discussed later).  This comparison of integrated in-

tensity of the resonance lines took into account the known

number of nuclei present in both samples and indicated that

all of the satellite transitions were present in an unsplit

central transition from NbBe2.  If the satellites were not

present, the signal intensity would have been reduced by a

factor of about four (actually 95/25), see Chapter II.  The

absence of a nuclear quadrupole coupling interaction is consis-

tent with x-ray analysis of NbBe2' which indicates that it has

4
a fcc structure  resulting in a vanishing electric field

gradient, see Chapter II.

The width of the derivative curve is plotted against the

resonance frequency and is shown in Fig. 9.  The separation is
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found to be 7.5GtO.5G.  The uncertainty in the line width

measurement is due to the difficulty in determining the exact

positions of the peaks.  The line width is presumably due to

the magnetic dipole-dipole interaction between the niobium

nuclei and their neighbors; 12 Be atoms at 2.71 R and 4 Nb

atoms at 2.83 R.4 .The center of this resonance does exhibit a

79
Knight shift.  The shift was measured using Br NMR in KBr as

a reference marker.  A.value of 0.70%+0.03% was obtained at

room termperature.  This relatively large Knight shift is com-

33
parable to that of pure niobium metal, 0.82%. These similar

shifts suggest that the bonding in NbBe2 is highly metallic.

NbBe
3

The NMR of the niobium nuclei in NbBe3 was next investigated

under similar experimental conditions.  The spectrum obtained

is much more complex than that of NbBe2.  The many resonances

that appeared, Fig. 10, had to be studied as a function of

resonance frequency in order to properly categorize and identify

them.  As a result of this frequency analysis, it appears that

there are three different niobium crystalline positions present

yielding three, separate families of lines.  This result is

supported in the following discussion.  Line A in Fig. 10 appears

to be an unsplit central  (1/2 +4/2) transition, whereas lines

B and C are central transitions that are highly split by an

electric quadrupole interaction.  Since NbBe3 should have only
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Fig. 10  First derivative of the Nb resonance in NbBe at 14MHz. Lines marked A, B and C

are the central (1/2 + -1/2) transitions.  Lin s marked B' and C' are first order
split (+3/2 ++ +1/2) transitions.
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4
two distinct crystalline sites , one of the resonances is most

likely due to an impurity.  The analysis of these resonances was

carried out by plotting the peak to peak separation of the deriv-

ative of each line versus 1/v.  The results are shown in Fig. 11.

The spectra used in the plot were only those taken at fairly high

frequencies, 12MHz to 15MHz.  This procedure is employed because

the extremely large splittings and presumably some random broaden-

ing present in the lines resulted in a decrease of the resolution

of the spectrum at the lower frequencies.  From Fig. 11 it is

evident that a straight line relationship can be drawn through

the data points.  The slope of such a line will then yield the

quadrupole coupling constant, e2qQ/h.  Because of the limited

frequency range in which the NMR could be detected, a least

square fit to the data resulted in a negative intercept.  In

order to obtain an average value for the slope, a line was

first drawn without going beyond the error bars, having the

minimum slope.  Then a second line was drawn that would have

maximum slope but with the condition that the line width at

infinite frequency could be no less than zero.  The minimum

coupling constant and the maximum coupling constant obtained

in this manner were then averaged to give the quoted value.  The

resulting coupling constants are given in Table 3.
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Table 3  Quadrupole Coupling Constants and Knight Shifts of NbBe3

2
Line e qQ/h Knight Shift

A OMHz 0.693% + 0.03%

B                                  24.31MHz   i 0. 45MHz 0.724% t 0.03%

C            30.57MHz + 0.74MHz 0.532% + 0.03%

Analysis of line A reveals that the width is independent of

the resonance frequency, to within the uncertainty   in' the measure-

ments.  Thus, the niobium nuclei which are contributing to this

line must be in a highly symmetric environment.  In Fig. 10, the

sets of lines denoted by B' and C' are identified as the first

order split (t3/2 7 tl/2) transitions of the lines B and C, re-

spectively.  The separations of the lines are a constant, within

the uncertainty of measurement.  The coupling constants derived

from first order perturbation theory yield the values given in

Table 4.

Table 4  Quadrupole Coupling Constants of NbBe3

Line                         e2qQ/h

B'                     24.19MHz 1 0.2MHz

C'                      30.10MHz f 0.3MHz

By comparing the coupling constants in Table 3 with those

in Table 4, it appears that the satellite'lines give very nearly

the same coupling constants as the split central lines even

though the coupling constants in the case of the satellites were
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derived using first order pertutbation, while for the split

central line second order perturbation was employed.  Thus as

in the case of the niobium nitrides, both methods give the same

results, indicating that third order effects are still too

small to be observed at these resonance frequencies.

The centers of lines A, B, and C were found to exhibit

Knight shifts.  Measurements of the Knight shifts taken from the

center of gravity of the satellite transitions are incorrect and

must not be used, unless the proper correction is made, due to the

shif ting of these lines by second order quadrupole effects.      It·

must be noted that the center of the split  (1/2 + -1/2) transi-

tion is not midway between the peaks but rather the distance 9/25

of the separation between the peaks as measured from the low

field peak, see Fig. 1.  The measured values of the Knight shifts,

utilizing the positions of the central transitions, are found in

79
Table 3.  The shifts were measured using Br NMR in KBr as a refer-

ence marker.

It is proposed that line A is the result of a contamination

of NbBe3 by a small amount of NbBe2.  This is substantiated by

comparing the Knight shift of line A, which is given in Table 3,

with that of NbBe2.  Both shifts are the same within the limits

of error.  In comparing the line widths, line A is found to have

a width of 16G, which is of course, larger than that of niobium in

NbBe2.  However, this is due to overmodulation by a field modu-
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lation of 12G which was required to -observe the entire spectrum.

A large filtering time constant was also employed.  Both of these

parameters would tend to broaden a narrow line.  Further investi-

gation of\this line when examined at a slower scanning rate and

slightly less modulation reveals a much narrower line width

similar to that seen in NbBe . When NbBe was examined under22

the same condition, both line A and the NbBe2 resonances exhi-

bited   the same, slightly distorted, line width of about   10. 50.

Up6n performing a double integration of the spectrum, which yields

a'number  that is proportional to the number of nuclei participating

in the resonance, it was found, assuming all of the satellites

were present in this resonance, that only about 1.5% of the

niobium nuclei were in the NbBe2 phase.  It was further discovered

that approximately 61.5% of the nuclei were present in line B

while about 37% were in line C. This ratio of Nb nuclei in lines

B  and C agrees quite favorably, when considering the inherent

errors in integrating a highly split resonance line, with the

two -to -one ratio predicted  for   the two different sites  from
4

x-ray analysis .

Nb Be
2  17

The NMR of the niobium nuclei in Nb Be was examined under
2  17

93
the same conditions as·were used for NbBe2 and NbBe3.  The   Nb

spectrum-exhibits a split central line·(+1/2 + -1/2) and four

9-
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pairs of satellites, corresponding to the (+3/2 I +1/2),

(+5/2 * t.3/2), (.+7/2 * +5/2) and (.+9/2 Z +7/2) transitions.

In  Fig.   12 the split central  line  and the first two pairs  of

satellites are displayed.  The central line is enlarged be-

yond the chart paper in order to show the satellites.  The

last two pairs,   (+7/2  7  +5/2)  and   (+9/2  4  +7/2), of transitions which

are very weak, are not shown but have been observed.  In

order to resolve the satellites, high modulation amplitude,

approximately equal to the line width, was required.  This

results in a distortion of the derivative signal.

The peak to peak separation of the split central transi-

tion, taken from the derivative curve, was plotted against the

inverse of the resonance frequency (Fig. 13).  Table 5 is also

presented to clearly indicate the values of the line widths and

their associated uncertainties in measurement.  A straight line

cannot be fitted within the error bars, to include both the low

frequency data and the high frequency data.  If only the low

frequency data points are considered, that is, from 6MHz to

2.5MHL a straight   line   can be fitted. The slope   of   such   a   line

yields a quadrupole coupling constant of 5.92MHz with a resi-

dual line width of approximately zero gauss.  If the higher

frequency data, from 8MHz to 14MHz are fitted with a straight

line, its slope is greater than that of the lower frequency

data and the intercept of the line when extrapolated to infinite



14  M Hz 4-. H
1

200 Gauss i

D C B A B'C'D'

93Fig. 12 First derivative  of the Nb resonance in Nb Be at 14MHz.  Line A is the (1/2 + -1/2)2 .17
transition.  Lines B and B', C and C', D and D' are the (+3/2 - +1/2), (.+5/2 - t3/2),
(i:7/2 - t5/2) transitions, respectively.

.



1001                                                               i.i

90_·-

80_ 
*-
'0
'0  70. 0
=3
0

2 60- -
50-1

               40.1-     .                                    -                                                                .
30_1-

03

20_·.                     9

104

0 1&     --d** -1-------+---./.--I.........I-.........-*.+0..../---/.*.*...#-'-'.-/d-I/-'-0__L_
1/14   1/121/10    1/ 8 1/6                               1/4                              9/3                       1,/ 2.5

INVERSE FREQUENC.Y (MHf')
93Fig. 13  Separation of the peaks of the derivative curve for the (1/2 + -1/2) transition of   Nb in

i Nb Be versus 1/9. Solid curve is a plot of Eq. 43.2 17



-55-

TABLE 5

NMR Line Width of Nb in Nb Be at Various Frequencies
93

2  17

Frequency (MHz) Line Width (gauss)

14MHz 14.23G + 0.5G

12MHz 17.75G + 0.3G

10MHz 22.07G t 0.45G

8MHz 28.64G k 0.5G

6MHz 39.56G i 0.5G

4MHz 59.86  + 1.OG

3MHz 81.9G + 2.OG

2.5MHz 96.6G i 2.OG
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frequency is -4.3 gauss.  This negative line width that is

predicted when the electric quadrupole interaction has van-

ished is of. course non physical.  Thus some other interaction

must be distorting the signal, and this distortion becomes

more prominent at higher frequencies.  This interaction has

the   effect of narrowing the resonance.

This narrowing of the resonance, beyond that which can

be accounted for by the vanishing of the electric quadrupole

interaction at higher frequencies, has been found to be due to

a slight anisotropy in the Knight shift.  Bloembergen has

discussed in detail the first order effects of an anisotropic

shift tensor on the line shape of the resonance of a conductor

34in the absence of electric quadrupole effects  .  In the case

of an axially symmetric shift tensor, all of the 21 + 1 pure

Zeeman levels are shifted by an equal amount in first order,

with the result that only a single resonance line appears for the

34
case of a single crystal  .  The frequency of this single line is

given by

v 0 vl (1 + K   )[1 + Kg (3Cos20 - 1)/(1 + K   )]  , (36)iso iso

where 6 is the angle between the Z axis of the principle axes

system of the shift tensor and the direction of the applied

external magnetic field.

If the resonance frequency of the (1/2 ++ -1/2) transition

in a single crystal is considered when second order quadrupole
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effects are present (assuming an axially symmetric field

7
gradient), then  the resonance frequency becomes

v(1/2 +-+ -1/2) . vI.{ 1 +(vQ2/16 )[I(I + 1) - 3/4]
2            2            (37)

X (1 - Cos e)(1 - 9 Cos e)}

where 0 is the angle between the Z axis of the principle axes

system of the electric field gradient tensor and the applied

external magnetic field.  If the effect of an isotropic Knight

shift were to be added, all that would be necessary would be

to replace vL with v where0

v  =v(1+K ) (38)o L iso

When second order electric quadrupole effects and a

first order anisotropic Knight shift are both present, then

the frequency of the central transition in a single crystal

35
is given by combining equations 36,  37, and 38  .

v(1/2 ++ -1/2) = v0{1 + (vQ2/16v02)[I(I + 1) -
3/4] (39)

X (1 - Cos20)(1 - 9Cos28) + K  /1+K   (3Cos26-1)}.ax    iso

It is assumed in this case that the axially symmetric magnetic

shift tensor has its principle axes coincident with that of the

axially symmetric electric field gradient tensor.  The line

shape that will result from a polycrystalline sample, following

7 35Cohen and Reif , yields peaks in the derivative curve at  ,

VHi m vo + b/va -
av (40a)0
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vLO = vo - 16b/9v0 +(2/3)avo - a2v03 /48 (4Ob)

where v and v are the positions of the singularities in the
Hi      Lo

probability distribution which locates the high frequency and

2low frequency peaks where the definitions,  b=v    [I(I +1) -
Q

3/4]/16 and a=K  /1 +K ) are introduced.  The separa-
ax iso

tion between the peaks (Av) can be written,

Av = wHi - vLO = 25b/9v0 - Savo/3 + a2vo3/4b  .   (41)

Analyzing the above equation, the first term is the splitting

due to the second order quadrupole  interaction, see Eq. 25.

The second term is the contribution due to the anisotropic

Knight shift.  Note, if K  >0 then a> 0, this will then cause
ax

the separation between the peaks'to be less than if only the

electric quadrupole interaction were present and hence explain

the data obtained from the Nb Be powd ered sample.      The2  17
2third term depends upon a  and can be neglected because of the

smallness of a.  If there is a finite dipolar line width present,

then the separation can be written as 35

Av = 25b/9vo - 5avo/3 + 1/2
a (42)

A least squares calculation was performed fitting Eq. 42

without the dipolar contribution, since the low frequency data

if extrapolated indicated an extremely small amount of dipolar

broadening.  The resulting equation is,

av = 0.255v0-1 - 0.000238v0 . (43)
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In   Fig.    13, a curve is drawn   to   show   the   fit   to   the   data.

The splitting is given in gauss.  Utilizing the values obtain-

ed in Eq. 43, the quadrupole coupling constant and the axial

component of the shift tensor may be computed, yielding

2
e qQ/h = 5.93 .+0.15MHz and K = 0.014%. If a more accurate

ax

value of K were desired other than that value obtained byiso

neglecting the small shift of the center of the,split central

transition due to K  , one can plot the relative shift of the
ax

35
low field peak, given by  ,

KH =(vHi - vL)A'L =  (HL- HI.01HL = Kiso -a+ b/vL2 (44)

against the inverse of the resonance frequency squared.  Note,

that the difference between V  and the actual resonance fre-
L

quency is insignificant in this particular calculation.  The

79
magnetic field was measured using Br in KBr.  The plot is

shown in Fig. 14.  A least squares fit yields the following

equation,

KH = 0.0032 + 0.1064/v2 .2 (45)

The infinite frequency intercept determines K = 0.334 +.02%,iso

once the value   of   "a" is known   from   Eq.    42.       Note the value

of K obtained by neglecting any shift due to the effects ofiso

Kax and defining the center of the resonance as in Fig. 1 is,

K    = 0.34 + 0.02%, which coincides with the previous value
iso

within the uncertainties of the measurement.  This fairly small

Knight shift as compared with the previously examined beryllides
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indicatesthat there are relatively fewer s-state electrons in

the conduction band.  The slope of the line resulting from a

plot of Knight shift versus 1/ v2 shown in Fig. 14 can also be

used to determine the quadrupole coupling constant, but this

method is basically less accurate than the previous method.

The reason for this is that the value obtained for the slope

in Fig. 14 depends upon an absolute knowledge of the magnetic

field and not upon the splitting of the signal as in Eq. 43.

When applying Eq. 42 to the data for Nb Be  - the contri-4 17'

bution to the line width due to dipolar broadening was omitted.

This is due to the fact that if only the low frequency (6MHz

or less) data were utilized, where the effect of K   isax

diminished, the straight line relationship between the separation

of the peaks. of the derivative curve and the inverse of the

resonance frequency could be applied.  When this line is extra-

polated to infinite frequency, the intercept indicates a resi-

dual line width of approximately zero gauss.  The resonance of

Nb Be at 15MHz still exhibits a sharply split line, that is,2  17

the two peaks are not smeared into one another due to a large

dipole-dipole interaction, see Fig. 15.  An estimate of the

dipole-dipole width may be obtained by comparing the interatomic

spacing between niobium atoms in NbBe2' which is 2.830114 with

the spacing between niobium atoms in NbBe which is 3. 463%5
17

Since the dipole-dipole interaction varies   as 1/83, where   "a"
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derivative of the central (1/2 + -1/2) transition of the   Nb resonance in Nb2Be17at 15MHz.
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is the spacing, a ratio of the cubes will yield the inverse

ratio of their dipole broadening.  In this approximation, the

effect of the beryllium atoms is considered to be essentially

the same in both phases.  This results from spacings between

the niobium and beryllium being very closely the same.  The

niobium nucleus also possesses a magnetic moment that is of the

order of six times larger than that of beryllium, thus the

dipole-dipole interaction due to Nb atoms is presumed to over-

shadow any of the differences that occur because of the packing

of Be atoms about the Nb atoms in the two different structures.

Thus by using the value of the line width due to dipolar broad-

ening in NbBe2 determined earlier in this chapter and the

ratio of the cubes of the Nb-Nb spacing, a line width due to

dipolar broadening of approximately 4G is predicted.

The separation between the (+3/2 Z +1/2) satellite transi-

tions is measured to be 254 t3G and is constant within the

frequency range it is observed, 4 to 14MHz.  This width being

a constant again indicates that first order perturbation due

to the quadrupole interaction would still be valid.  The

individual satellite lines possess a width which is due to over

modulation.  This extra width can be subtracted off using the

method give by Hewitt et al25.  Once this is done, a coupling

constant of 5.8 tO.2MHz is obtained.  This value is in agree-

ment with the corrected value obtained from the central transition.
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NbBe
12

The last beryllide to be investigated was NbBe  . which12'

has the highest atomic ratio of beryllium to niobium.  The

NMR of the niobium nuclei was observed at room temperature.

The resonance was extremely weak due to the low abundance of

93Nb nuclei present, consequently, high gain and high modula-

tion amplitude were necessary to resolve the signal.  The

resonance frequencies at which the sample was investigated

ranged from 10MHz to 15MHz.  The spectra contained an extremely

split central transition, Fig. 16.  The (&3/2 2  fl/2) tran-

sitions could also be seen but they were extremely weak.  A

graph was made of the peak to peak separation of the central

transition against the inverse of the resonance frequency, Fig.

17.  The resulting straight line relationship indicated that the

resonance line is split by the second order quadrupole perturba-

tion.  An electric quadrupole coupling constant of 21.73 fO.3MHz

was determined by a least squares fit.  This large interaction

caused by strong electric field gradients is the consequence

of non cubic symmetry.  This is in complete agreement with

the non cubic tetragonal crystal structure determined by x-ray,

Table 2.

A Knight shift was observed and measured at room tempera-

79              93
ture using Br in KBr and Nb metal powder resonances as refer-

ences.  A value of 0. 552% '+0.02% was determined using the center

of the resonance as determined in Fig. 1.
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Conclusion

The different phases of the niobium beryllides are easily

identifiable and can be categorized through their NMR spectrum.

The quadrupole splitting and Knight shifts are strikingly differ-

ent for each phase.  Thus the analytic tool of NMR lends itself

to the investigation of phase impurities in these multistoichio-

metric compounds.  The relative amounts of niobium in the

various phases as well as any uncombined niobium nuclei may be

calculated by the process of a double integration of the

resonance curve as outlined previously.

In the case of NbBe3' x-ray analysis4 stated that the

niobium nuclei were in the form of a linear chain of three.

The two niobium nuclei at each end of the chain have the beryllium

atoms packed around them in the same configuration as in NbBe2.

The NMR signal caused by these nuclei are identified as line B

since this was the most intense line.  The comparable Knight

shift of line B with that of the niobium nuclei in NbBe2 indi-

cates that the Knight shift depends heavily upon the beryllium

configuration about the niobium nucleus.  The quadrupole coup-

ling, however, is greatly different in these two resonances

indicating that the configuration of the large niobium nucleus

greatly disturbs the electric field gradients.

Finally, it should be noted that these compounds also exhibi-

ted a low field absorption as discussed at the end of Chapter IV.
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These signals are in general much weaker and tend to be

broader in width than those of the niobium nitrides.
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SUPPLEMENT

Acoustic Nuclear Magnetic Resonance

Introduction

Nuclear magnetic resonance transitions can be driven by

the application of ultrasonic energy to the nuclear spin system

rather than electromagnetic power as previously described.  This

effect was first observed indirectly in the acoustic saturation

37.38    35
experiments of Proctor and Tantilla on Cl nuclei in NaC10 .

3

Acoustic energy of the proper frequency was introduced into the

sample, and the saturation effect of the conventional NMR was

observed.  The first direct observation of acoustic nuclear mag-

netic resonance (ANMR) was performed by Bolef and Menes on indium

39-42antimonide and in a series of alkali halides .  The primary

advantage of this technique would be in its use in large metallic

single crystals where the acoustic waves could propagate very

easily.  In conventional NMR the electromagnetic power  cannot

penetrate very deeply because of the high conductivity of the

samples.  The electromagnetic power cannot penetrate appreciably

beyond the skin depth which is approximately 10-2mm  at normal

NMR frequencies.

Theory

In ANMR, transitions are induced by the interaction of the

nuclear electric quadrupole moment with the electric field gradi-

ent produced by the lattice vibrations.  The electric quadrupole
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interaction in tensor form can be written

1&-g Q - Q. : VE , (46)

where Q is the nuclear electric quadrupole moment tensor, and

VK is the crystalline electric field gradient tensor.  The effect

of an acoustic wave is to cause a time varying strain in the

locality of the nucleus, thus of interest is only that part of

the electric field gradient which is a function of strain.  Upon

expanding the electric field gradient tensor in a Taylor series

43
of the strain components to second order the results are  :

a)  constant terms

b)  terms linear in the strain components

c)  terms quadratic in the strain components.

The constant terms are responsible for the zero-field quadrupole

interaction, which shifts the NMR lines discussed previously.

In the alkali halides these terms are zero because of the cubic

symmetry if no straining is present.  The linear terms relate

the time varying strain produced by the acoustic wave to the

time varying electric field gradient.  These terms also enter in-

to the single phonon relaxation process.  Finally, the quadrupole

terms are responsible for the indirect or Raman type of relaxa-

tion process.

In high magnetic fields, where the quadrupole interaction

is small compared to the magnetic energy levels, we can write

44
the following matrix elements  :
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(m|) |m) = A[3m2-I(I+1)](VE)0 (47)

(m|Ai  01*1)  = T.(6      /2)A(2m+1)[(I+18+1)(4-m)] (VE) (48)
1/2 1/2

+1

1/2 1/2
(mll |mt.2) 0 (6  /2)A[(I-m)(I;m-1)(Itm+1)(Ifm+2)]  (VE)  -(49)+2.

where A = eQ/2I(2I-1) and Q is,the electric quadrupole moment

of the nucleus.

Considering only the case in which a longitudinal acoustic

wave is propagated in the direction of a cubic axis, the field

gradient caused by the strain will then have axial symmetry

along the direction of propagation.  Thus the field gradient

45
elements can be written  :

(VE)0 = 1/4eq(3cos28 - 1) (50)

(VE) = +(1/4)(6 )eq sine cose e (51)
1/2 +i$

+1

(VE) = (1/8)(6 )eq sin 0 e (52)
1/2 2   +it

+2

where 0 is the angle between the axis of symmetry and the

direction of the applied magnetic field, 0 is the angle between

the proj ection   of the 'symmetry   axis   on   the XY plane   and   the   X

axis.  The scalar q is a measure of the magnitude of the axially

symmetric field gradient.

A Taylor expansion of the field gradient in terms of the

46
strain can be written

a 1 r-a 2
q= qo +q1  (   +2q2  (-a-)   + · · · , (53)
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where (r-a)/a = 6 is the strain caused by the longitudinal

acoustic wave and ql and q2 are the first and second deriva-

tives, respectively, of q with respect to 6.

The field gradient elements (VE)  causes the static split-

ting of the high field magnetic energy levels. (VE) and
+1

(VE) enter into the transition probabilities for m=tl and
+2

m=t2 respectively.  The transition probability (W=) is given by,

Wm'ml = ·412 <m|Hllml, 28(v) , (54)

where g(v) is the shape function of the absorption curve.  Upon

substituting the values obtained in Eqs. 47 through 52 into Eq.

54, the following transition probabilities are obtained:

222
W     = (9A2/l6h2)e A q (2=*1)2(Iam+1)(I*m)sin2ecos28g(v)    (55)
m,mil

W           =  (9w2/64h2)e A q  (Ilm) (Ipm-1)(I:km+1)(Itm+2)sin4eg(v).   (56)222
m,mt2

Substituting the results of Eq. 53 into the above, the transition

probabilities due to terms linear in strain are obtained.  It is

interesting to note that the central transition (+  1 -1) is
missing from the acoustic lines.  Also, in order to drive Am=2

transitions Eq. 56 is maximized when 0 = 90'.  Thus the externally

applied magnetic field must be perpendicular to the acoustic axis

in order to observe the largest signal.
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Experimental Equipment

In order to observe the small absorption of acoustic power,

it was necessary to couple a transducer to the conventional

47Pound-Watkins type oscillator (Pound box)  .  The coupling was

accomplished by a matching network which matched the impedance

of the transducer to a value that would allow the oscillator to

48
oscillate and still remain sensitive  .  The sample which was

a KI single crystal in the shape of a cylinder 1/2 inch in

diameter and 5/8 inch long was obtained from. the Harshaw

Chemical Company.  The sample was acoustically bonded to a 1/4

inch diameter X-cut quartz transducer obtained from the Valpey

Company to form a composite acoustic cavity.  It is in this

acoustic cavity that standing waves will be established at

specific resonance frequencies.

Since the transducer exhibits an impedance minimum at the

cavity resonance, while the Pound box oscillates at an impe-

dance maximum, the matching network must also be an inverting

network.  Thus the spectrometer will be forced to oscillate at

a frequency corresponding to a cavity resonance.  The level of

oscillation will be controlled by any loss of acoustic power.

The Pound box is then said to be locked-in to the acoustic

system.  The matching network is simply an air core transformer.

The primary coil is connected to the Pound box and consists of

a coil of #24 wire wound on a 5/8 inch phenolic rod such that
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the Pound box will oscillate at approximately 10MHz.  The number

of   turns   will vary depending   on how tightly   the   coil is wound.

The secondary coil was wound with twentyfive turns of #24 wire

alongside the primary so that it could be positioned at various

distances to adjust the amount of coupling.  The secondary was

then connected to a shielded cable (RG-62) of 18 inches in

length, which in turn was connected to the transducer.  A shunt

resistor of 1040hms  was placed across the secondary  coil in order

to   "smooth"   out the impedance curve, thus forcing the Pound

box to oscillate at the desired cavity resonance.

Tuning the Matching Network

In order to couple power out of the primary coil, the

secondary circuit must be precisely tuned so that its resonance

frequency corresponds to the acoustic standing wave condition of

the transducer-sample cavity.  The primary circuit is easily

tuned to this frequency by just varying the tuning capacitor

on the Pound box.  Both circuits can be tuned simultaneously

by connecting a sweep generator (Heathkit T.V. Alignment Gener-

ator) across the primary coil and an oscilloscope in order to

monitor the impedance curve.  Since 10MHz transducers were used,
t

the sweep generator was set so that its center frequency was

approximately at 10MHz.  The primary circuit was then tuned so

that the center of its impedance curve was centered on the

oscilloscope display.  At this point the secondary coil was
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moved close to the primary, approximately 1/2 inch apart, so

that the two circuits would be overcoupled and power would be

extracted by the secondary circuit.  At this point, the two

impedance curves should now be seen on the oscilloscope, if

not, the number of turns on the secondary'should be varied until

this is achieved.  Now the two curves must be made to overlap.

This is  accomplished by slightly varying the spacing, ie. the

capacitance, of the secondary coil.  Once this overlapping has

been achieved, spikes will appear on the impedance curve at

frequencies corresponding to the acoustic cavity resonance,

Fig. 18.  The coupling and the frequency are adjusted slightly

in order to position one of these spikes on top of the im-

pedance maxima that will determine where the Pound box will

oscillate.

Locking-in the Pound Box

After the tuning of the matching network has been accom-

plished, the sweep generator and oscilloscope are then disconnected.

The Pound box is now turned on and allowed sufficient time to

warm up. If the Pound box does not break into oscillation, the

coupling between the secondary and primary sh6uld be decreased.

Once oscillation occurs, slowly vary the frequency of the Pound

box and slight increases in the level of oscillation, as seen

by monitoring the plate current, will occur at regular inter-

vals corresponding to the spikes of the acoustic cavity resonance.
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Set the Pound box oscillating on :the largest spike and slowly

increase the coupling of the matching network to the point when

oscillation will cease if the frequency is shifted to either

side of the spike.  The frequency of the Pound box has now been

locked into the resonant frequency of the acoustic system.  The

Pound box is now sensitive to any losses of acoustic power which

will arise when nuclear magnetic resonance occurs.

Sample Preparation and Bonding

The KI sample must be ground so that its faces are parallel

in order that acoustic standing waves can be set up.  The

acoustic waves at 10MHz  .have a wavelength   in the order  of   O.lmm.

This imposes the restriction that the error in parallness must

be much less O.lmm.  This was accomplished by grinding an alumi-

num lapping ring on a surface grinder which was parallel to

10-4 inches, Fig. 19.  The sample was then glued in the lapping

ring with wax and the excess of the sample which protruded from

the ends was lapped off on an optically flat glass plate.  The

lapping compound used was fine emery grit mixed with silicone

oil.  After the sample was lapped parallel, it was given a

final polish by rubbing its surfaces on a piece of paper placed

on the glass plate.  The paper was moistened with acetone for

lubrication.  This extra polishing made the sample optically

transparent.

The sample· must now be acoustically bonded to the quartz
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Fig. 19  Aluminum lapping ring for holding sample during lapping
operation, to insure parallelness.
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transducer.  The best bonding agent found was paraffin

(Standard Oil Parowax) which was applied while the sample and

transducer were heated slightly above room temperature on an

electric hot plate.  The heating was necessary to melt the paraf-

fin into a low viscosity fluid.  A piece of aluminum foil had

to be bonded between the face of the transducer and the sample

to serve as an electrical contact, thus two acoustic bonds must

be made.  Bonding is accamplished by placing a very small drop

of paraffin between each surface and with a slight pressure and

circular motion, the liquid paraffin is caused to form a very

thin layer between the surfaces.  Once the excess paraffin has

been squeezed out, the sample is allowed to cool to room tempera-

ture until the paraffin hardens.  The completed sample and sample

holder are shown in Fig. 20.  It should be noted that a co-

axially plated transducer could have been used which would have

eliminated the need for the aluminum foil contact.  However,

these transducers do not have as large an acoustically active

area and the longitudinal wave they generate is not as pure

due to mixing in of traces of transverse modes.

Experimental Results

The KI sample was placed in the magnetic field so that the

acoustic axis was perpendicular to the applied field for maximum

signal of the  Am-+2 transition, Eq. 56.  It is only the Am=t2

transition that is of interest since this transition cannot be
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produced by stray electromagnetic fields. ·Only Am=fl is allowed

with electromagnetic radiation.  The magnetic field was sinusoidi-

ally modulated at 280Hz.  The output of the Pound box was fed

into a lock-in amplifier (E.M. C. Model RJB) and phase detected.

The output of the phase detector then went to a R-C filter net-

work to average out random noise.  The signal was then recorded

on a Varian strip chart recorder (Model G-14).

127In searching for the ANMR of I in the KI single crystal,

the magnetic field was swept at the rate of lgauss/min.  The

Pound box frequency was locked-in to the 10.1MHz acoustic cavity

resonance.  During the search for the Am=+2 transitions, the

magnetic field must be one half the value it would normally be

for the NMR of Am=fl transitions.  Therefore, the magnetic field

was set at 5.9kilogauss.  After running various samples, all of

which gave no resonance, the signal was finally observed, Fig. 21.

The peak to peak width of the signal, the derivative of the

absorption curve, was found to be 3.4 t.4gauss.  The signal is

presumably broadened due to straining which may be present.

The large amplitude of the field modulation which was of the

order of lgauss would also broaden the resonance.  The large

modulation was necessary, however, to bring the signal out of

the background noise.

The crystals that did not exhibit ANMR were investigated

using the conventional Varian·NMR spectrometer, described else-

where in the text.  It was found that the normal NMR signals
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Fig. 21  ANMR recorded signal of I in KI. The derivative of the

power absorption curve.is shown.  Frequency is 10.1MHz, at
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were less intense than usual. The decrease in intensity was

due to random straining of the samples, presumably due to

manufacturing.  This straining causes the satellite transitions,

the only ones observed in ANMR, to be smeared out and therefore

not detectable.  In order to relieve the straining, annealing had

to be performed.  After lapping and final polishing, the samples

were placed in an oven (Blue M. Model M-15A-lA) and the temperature

after five hours came to equilibrium at 460'C.  The oven was then

shut off and allowed to cool down to room temperature overnight,

about 12 hours.  When these samples were run again in the conven-

tional NMR spectrometer, their intensity had increased.  At this

point it was noticed that if the samples were rotated about

their cylindrical axes which were perpendicular  to the applied

external field, the intensity of the resonance would vary.  This

variation of intensity with angl  indicated that oriented dis-

locations  ere present which had not been annealed out.  The sam-48

ples were then oriented and marked at the position which gave

maximum intensity.  These samples were run again using ANMR and

in all cases, the resonances were observed.

Conclusion                          -

The intensity of the ANMR line is extremely sensitive

to slight straining and hence, the ability to observe the

resonance depends greatly upon how strain free and perfect the

crystal is.  Perhaps this explains why certain researchers have
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not been able to detect ANMR in alkali halides.  The technique of

ANMR applied to the study of single crystal metals has not been

50
very successful.  To date only tantalum has been observed with

a reasonable signal-to-noise ratio.  ANMR has been detected in a

51
single crystal of copper but the resolution of the signal

leaves much to be desired.  It is assumed that because very

pure metallic single crystals are relatively soft they are very

likely strained to the point that the ANMR signal is so broadened

by nuclear quadrupole interaction that it is undetectable.  The

problem of broadening the resonance signal is compounded by

requiring that the nucleus have a large electric quadrupole mo-

ment in order to couple the acoustic power to the nucleus.  If

these ANMR lines are broad, then a large amplitude of field

modulation is required to resolve them.  In an attempt to detect

ANMR in single crystal metals, vacuum annealed samples of copper,

aluminum and niobium were investigated but no resonance could

be detected.  It is presumed that residual straining and possibly

impurities may have broadened these resonances to the point

where they could not be detected.

A single crystal of gold is to be tried in the hope that the

large electric quadrupole moment of this nucleus will couple

acoustic power into the nuclear spin system sufficiently such

that the ANMR may be observed.

Finally, since the Pound box is sensitive to small losses

.,
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of acoustic power, other phenomena may be observed, for example,

acoustic absorption due to de Haas-van Alphen oscillations that

52occur in single metallic crystals at low temperature  .  An

aluminum single crystal was investigated at a temperature of

approximately   1.2'K  and   at ·an oscillator frequency  of   9.5MHz.

The direction of propagation of,a transverse acoustic wave

and the magnetic field were along a [100] direction.  The

resulting spectrum given in Fig. 22 is then obtained by sweeping

the magnetic field while using a high magnetic field modulation

amplitude the order of 50gauss.  Investigation of the spectrum

reveals two oscillations, one fast due to electrons on the belly

of the Fermi surface and one slow due to electrons on the neck

of the Fermi surface.  It can be seen in Fig. 22 that the signal-

to-noise ratio is quite good even though the oscillations were

detected at a relatively small applied magnetic field where

these oscillations should be relatively weak.  Thus this type

of acoustic spectrometer is shown to be very sensitive.
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Nuclear Magnetic Resonance Study
of the Crystalline Phases of NbNx and NbBex

and Supplement on Acoustic Nuclear Magnetic Resonance

Nuclear magnetic resonance (NMR) has been employed to study

the environment of niobium in the systems, NbNx and NbBex.  The

beryllium resonance was also detected.  The y, 6 and c phases

93
of the NbNx systems were identified by   Nb NMR spectra through an

examination of six NbNx Powdered samples containing varying amounts

of the phases mixed together.  The crystalline environment of nio-

bium atoms has been identified by the quadrupolar broadening

and splittings of the NMR lines obtained for niobium at different

sites in the phases present.  No appreciable Knight shifts were

observed in the NbNx samples.  The quadrupole coupling constants

and Knight shifts in several NbBex compounds have been obtained

and   employed to describe the local' electronic environment   at   the

Nb and Be sites.  Multipie Nb sites in some of the NbBex com-

pounds are clearly identified by different quadrupole coupling

constants and Knight shifts.
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In the supplemental pages, a description of an acoustic

nuclear magnetic resonance (ANMR) spectrometer is given.  The

127
ANMR of I in KI was observed.  Preparation of the single

crystal KI sample is described.


