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Knight shifts, Kv, of the V51 isotope have been measured in binary alloys of V with Ti, Cr, and Tc. The 
shifts, KTC, of the Tc" nucleus have been measured over the whole composition range in the V-Tc system 
together with corresponding magnetic susceptibilities. The results on these bcc alloys indicate that the rigid 
band approximation is valid and nearly all electrons outside the closed 3p or 4/> shell form a common con­
duction band with admixtures of s and non-5 electronic states. Furthermore, these data augmented by 
electronic specific-heat measurements indicate that the proportion of electrons having s and non-s character 
changes with electron concentration within this common conduction band. 

INTRODUCTION 

THE relatively large changes in the Knight shifts 
that occur upon alloying have been the subject 

of several investigations,1-5 and it is generally found that 
the solvent shift is a linear function of the solute concen­
tration through the whole terminal solid solution phase. 
This is particularly well established in AgCd alloys and 
is at least approximately true in other simple systems 
studied to date which contain no transition metal atoms. 
Knight shifts in some dilute solid solutions of Cr, Mn, 
Fe, Co, and Ni in vanadium have been investigated by 
Drain6 and concentrated bcc solutions of the V-Cr 
system have recently been investigated by Barnes and 
Graham.7 The results indicate that the solvent shift 
is not a linear function of the solute concentration in 
the whole solid solution region. Due to the unfavorable 
nuclear properties of some of the solute elements previ­
ously studied, Knight shifts of the solutes have not been 
measured with accuracy in concentrated solid solutions 
of transition metal alloys. In this investigation, Knight 
shifts of V61 in V-Ti, V-Cr, and V-Tc binary alloy sys­
tems have been measured in the complete bcc solid 
solution region. Knight shifts of Tc" and magnetic sus­
ceptibilities in the complete V-Tc binary system have 
also been investigated. 

EXPERIMENTAL METHOD 

The alloys were prepared by arc melting requisite 
amounts of electrolytic vanadium,8 technetium metal, 
iodide titanium, and commercial high-purity chromium 
in an argon atmosphere. The alloy compositions reported 
here are those of the weighed charges before melting, 
since the loss of weight upon melting was less than 0.1% 
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for 10-g specimens. Each specimen was homogenized 
at 1050°C for 3 days. The V-Tc alloys were then heat 
treated at 700°C for one week while the Ti-V and V-Cr 
alloys were heat treated at 900°C for the same time 
period. All of the heat treatments were in vacuum and 
the specimens were subsequently water quenched. The 
crystal structures and lattice parameters were deter­
mined by x-ray diffraction on powdered specimens. 

At high temperatures, Ti and V form a continuous 
series of bcc solid solutions, while Ti-rich alloys trans­
form to a hep structure at lower temperatures. The trans­
formation temperature, which is about 880°C for pure 
Ti, is lowered almost linearly by the addition of V. V 
and Cr form a continuous bcc solid solution across the 
whole binary system. In the V-Tc system, stable bcc 
solid solutions of V with Tc exist up to 60 at.% Tc 
and approximately 10 at.% V can be dissolved in hep 
Tc. The two solid solutions exist in a two-phase field 
between 60 and 90 at.% Tc. A CsCl ordered bcc struc­
ture exists at the equi-atomic composition in this 
system. 

Magnetic susceptibility measurements on bulk and 
powdered specimens were made by the Faraday method 
using an automatic weighing and recording microbal-
ance. The estimate accuracy is ±1.5% relative to the 
susceptibility of Ta (0.85 X10~6 emu/g) as standard. 
Each reported room-temperature susceptibility is an 
average of several measurements. A limited number of 
Tc alloys in the bcc region were measured at liquid 
nitrogen temperature. All measurements were performed 
under vacuum. Temperatures were measured with a 
copper-constantan thermocouple calibrated with a 
platinum thermometer. Ferromagnetic impurity cor­
rections were applied as necessary. 

Knight shift measurements were performed with a 
Varian NMR spectrometer. Most of the measurements 
were made in the V mode: however, for better signal-to-
noise ratio for Tc" in the reference solution, the U mode 
was employed. The resultant Af-shaped curves had 
nearly equal peaks and the resonance field was taken 
to be that corresponding to the minimum in the 
curve. Each reported shift is an average of several 
measurements. 

The specimens were either crushed or filed, depending 
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TABLE I. Knight shifts, magnetic susceptibilities, and crystal structures of V alloys currently investigated. 

Alloy 
(at.%) 

V-100% (Ames) 
V-100% 

(Bureau of mines) 
V-100% 

(Union Carbide) 
V-10% Tia 

V-20% Ti 
V-30% Ti 
V-40% Ti 
V-50% Ti 
V-60% Ti 
V-70% Ti 
V-80% Ti 
V-84% Ti 
V-20% Cra 

V-30% Cr 
V-50% Cr 
V-60% Cr 
V-70% Cr 
V-80% Cr 
V-10% Tcb 

V-25% Tc 
V-30% Tc 
V-40% Tc 
V-50% Tc 
V-60% Tc 
V-75% Tc 
V-95% Tc 
Tc 

Crystal 
structure 

bcc 
bcc 

bcc 

bcc 
bcc 
bcc 
bcc 
bcc 
bcc 
bcc 
bcc 
bcc 
bcc 
bcc 
bcc 
bcc 
bcc 
bcc 
bcc 
bcc 
bcc 
bcc 

CsCl 
bcc 

bcc+hep 
hep 
hep 

Kv (%) 

0.564±0.006 
0.565±0.006 

0.567±0.006 

0.558±0.01 
0.547±0.013 
0.530±0.013 
0.518±0.013 
0.491 ±0.013 
0.482±0.015 
0.470±0.015 
0.472±0.016 
0.487±0.019 
0.600:4=0.005 
0.619±0.004 
0.663±0.003 
0.688=b0.003 
0.671±0.003 
0.631 ±0.003 
0.590±0.015 
0.650±0.015 
0.660d=0.015 
0.610±0.015 
0.570±0.015 
0.520±0.015 

#Tc (%) 

0.879±0.015 
0.930±0.015 
0.854=fc0.010 
0.736±0.015 
0.640±0.015 
0.365±0.02 

0.610±0.010 

x(10~ 6 emu/g) 
at 297°K 

Solid 

5.48 

4.37 

2.20 
1.68 

1.37 
1.20 
1.16 
1.22 

Powder 

5.85 

5.05 
3.10 

1.95 
1.67 
1.55 

1.48 
1.58 

Lattice 
parameters 

(1) 

ao=3.029 

ao = 3.036 

ao=3.046 

0o=3.157 

0o=3.218 
0o=3.251 

0o = 3.O28 

0o=3.O26 

0o = 3.O24 

0o=3.O26 

0o=3.O24 
0o=3.O23 
0o=3.O34 

0o = 2.743c 

c0 = 4.400 
c/a= 1.604 

a Alloys made from Bureau of Mines V. 
b Alloys made from Union Carbide V. 
° D. J. Lam, J. B. Darby, Jr., J. W. Downey, and L. J. Norton, Nature 192, 744 (1961). 

on their brittleness, to 325 mesh or finer. All of the V-Ti 
samples were annealed in vacuum at 900°C for 1/2 h 
in order to reduce strains and then placed in oil to 
prevent oxidation. The V-Tc alloys are brittle and x-ray 
analysis showed little or no residual strain. The reported 
values of Knight shifts in this system and in the V-Cr 
system are all in the as-filed condition. Two V-Cr 
alloys were measured both in the as-filed condition and 
after annealing. Samples run in the latter condition 
showed a slight narrowing of the linewidth but the 
Knight shift was not affected. 

RESULTS 

The Knight shift of V61 is relative to V dissolved in 
nitric acid and that of T c " is relative to a 35 mg/ml 
solution of NH4TCO4. No chemical shifts were observed 
for Tc between the NH4TCO4 solution and a 350-/xg/ml 
solution of CsTcC>4 and for V in different nitrate con­
centrations. Typical resonance line shapes and widths 
of T c " and V51 in the V-Tc alloys have been previously 
reported.9 

The Knight shifts of V51 and Tc", the crystal struc­
ture and room-temperature magnetic susceptibility of 
the alloys are given in Table I. The Knight shifts of V51 

in the Ti-V binary system show a slight minimum in the 
vicinity of 30 at .% of V in Ti (Fig. 1), whereas a broad 
maximum appears both in the V-Cr and V-Tc system 
(Figs. 2 and 3). Figure 3 shows that there is also a maxi­
mum in the shifts of T c " in the V-Tc system occurring 
on the V-rich side. 

Magnetic susceptibility measurements on bulk and 
powdered samples of V-Tc alloys have been made across 
the whole binary system. The powdered specimens 
consistently show a higher value than that of the bulk 
samples. The susceptibilities decrease from pure V to 
the 50 at .% Tc alloy and then remain relatively inde-

KM 

9 D. O. Van Ostenburg, H. Trapp, and D. J. Lam, Phys. Rev. 
126, 938 (1962). FIG. 1. Knight shift of V61 in Ti-V alloys. 
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FIG. 2. Knight shift of V51 in V-Cr alloys. 

pendent of composition to pure Tc. Preliminary low-
temperature results indicate that the magnetic suscepti­
bilities of these alloys in the bcc region are relatively 
temperature independent down to 77°K. 

The electron: atom ratio, e/a, used in the subsequent 
plots, is determined from the number of electrons out­
side the 3p or 4^ shells. The similarity of the dependence 
of the room-temperature magnetic susceptibility and 
the Knight shifts of V51 upon electron concentration in 
both the V-Cr binary system and the bcc region of the 
V-Tc system up to 50 at .% Tc can be seen in Fig. 4. 
Magnetic susceptibility data of the V-Cr binary system 
are obtained from the investigations of Childs et al.10 

DISCUSSION 

The Knight shift presented in its simplest form is 
given as follows: 

K= (tor/3)pn(EF)Q(\f(kfl) |2)av. 

P is the Bohr magneton, n(EF) the density of states 
evaluated at the Fermi level, ^(k,0) is the value at the 
nucleus of the wave function of momentum k normalized 
over the atomic volume 0, and ( |^(k,0) | 2 ) a v is the 
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FIG. 3. Knight shifts of V51 and Tc" and magnetic 
susceptibilities in the V-Tc system. 

average of the square of the function ^(k,0) taken over 
all electronic states on the Fermi surface. In order to 
extract as much information from the current data as 
possible, the electron concentration dependency of each 
quantity in the above equation has to be examined 
individually. 

Variations in n(EF) vs e/a can be obtained from low-
temperature specific-heat and magnetic-susceptibility 
measurements, the former being the more accurate. 
The electronic specific-heat measurements of Cheng 
et al.11 may be used to construct an n(EF) curve for the 
V-Cr and V-Ti systems. Childs et al. have proposed that 
their susceptibility data on V-Cr (which is essentially 
temperature independent) can also be explained in 
terms of a density of states curve. Both approaches 
lead to similar constructions for n(EF) vs e/a. The fact 
that the susceptibilities in the V-Tc system are almost 
temperature independent suggests that they may be 
used to construct a density of states curve (Fig. 3). 
Unfortunately, there are no low-temperature specific-
heat data to corroborate this. 

The similarity of the density-of-states curve for V-Tc 
obtained solely from susceptibility measurements to 
that of the V-Cr system obtained from both suscepti­
bility and electronic specific-heat measurements sug­
gests that the rigid band model may be applied to these 
two systems containing components from both the first 
and second long periods. A similar conclusion can be 
drawn from low-temperature specific heat12 and super­
conductive transition temperature measurements13 in 
bcc alloys of other first and second long-period transi­
tion elements. 

The atomic volume is proportional to the cube of the 
lattice parameter. From Table I it can be seen that for 
each system within a given phase the lattice parameter 
changes monotonically, and thus the atomic volume is a 
smooth function of electron concentration. V-Tc alloys 
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FIG. 4. Magnetic susceptibilities and Knight shifts of V51 in both 
the V-Cr and V-Tc system as a function of e/a. 
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provide a unique experimental opportunity to observe 
the resonance of both components in a transition metal 
binary system. The similarity between the Knight shifts 
of V51 and T c " in the bcc region, as shown in Fig. 3, 
indicates that the increase in the number of d electrons 
on adding Tc to V affects both nuclear species in the 
same manner. That is, the electronic density reponsible 
for the Knight shifts varies in approximately the same 
proportions in the vicinity of both Tc and V nuclei. This 
seens to rule out any localization of d electrons as well 
as s-d exchange polarization interactions which favor 
specific nuclei. 

In the simple rigid band theory, the alloying of ele­
ments which are neighbors in the periodic table simply 
increases or decreases the number of electrons in the 
band without having any appreciable effect on the form 
of the band. The appropriateness of this point of view is 
supported by the close similarity between the results of 
the susceptibility and Knight shifts of V51 in the V-Cr 
and V-Tc alloys. The susceptibilities and Knight shifts 
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atomic volume, and the Knight shift of V51 in the V-Ti and V-Cr 
system as a function of electron concentration. (The electronic 
specific heat data were obtained from reference 11.) 

at. % Tc 
FIG. 6. Magnetic susceptibilities, lattice parameter (#0), and 

Kv in the bcc region of the V-Tc system as a function of electron 
concentration. 

of these alloys appear to depend only on the electron: 
atom ratio and not on the alloying element Tc. The 
results in these two systems also suggest that Ky is 
not controlled by n(E) alone since the e/a dependence 
of the susceptibility and Knight shifts do not have the 
same form. 

The solvent shift in the three systems investigated 
is not a linear function of the solute concentration 
through the whole terminal solid solution region as in 
the case of nontransition metal alloy systems previously 
investigated. The three factors upon which the Knight 
shift depends must be considered in order to interpret 
the results. Figure 5(a) shows the product of the elec­
tronic specific heat coefficient (<* the density of states 
at the Fermi surface) and the atomic volume as a func­
tion of electron concentration for both the V-Ti and 
V-Cr binary systems. Figure 5(b) shows the Knight 
shifts of V51 in the same systems. The fact that the e/a 
dependence of yti for the various systems is entirely un­
like the dependence of Ky vs e/a strongly suggests the t 
\p2 controls Ky. The fact that only 5 electrons predomi­
nantly contribute to |^(k ,0) | 2 suggests that the pro­
portionality of ^-electron wave functions with mo­
mentum at the Fermi surface changes with e/a. At the 
Ti-rich end, the relative number of electrons at the Fermi 
surface having s character is apparently small. As the 
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electron concentration increases the proportion of the 
electrons having s character increases and reaches a 
maximum between V and Cr. Further increase of the 
electron concentration appears to cause a considerable 
admixture of s and non-5 states, reducing the Kv 
values. A similar analysis can be applied to the change 
of proportionality of s and non-s wave functions in the 
bcc region of the V-Tc system, see Fig. 6. 

An alternative view that one may put forth is that 
\f/2 remains essentially independent of e/a and that 
ns(E), the density of states of the s electrons, changes 
in accord with Ky. Resistivity measurements in these 
alloy systems would aid in determining the validity of 
this argument. The high resistivity in transition metals 
is generally thought of as due to the scattering of con­
duction electrons from 5 to d states where the probability 
of such processes is proportional to the high density of 
states in the d band. The view adopted in this investiga­
tion is that the conduction electron wave function is 
composed of an admixture of s and d states with the elec­
trons resonating between them. Thus, the resistivity 
should reach a maximum where the relative proportion 
of d states predominates and a minimum where the 

I. INTRODUCTION 

THE experiments reported here provide additional 
verification of the hypothesis that spin systems in 

large rf fields can, at equilibrium, be characterized by a 

* This work was supported by grants from the National Science 
Foundation and the U. S. Army Research Office (Durham). 
Preliminary reports of this earlier work appear in Bull. Am. Phys. 
Soc. 6, 444 (1961); 7, 295 (1962). 

relative proportion of s states predominates. Recently, 
Taylor and Llewellyn Smith14 have measured the re­
sistivity in alloys of the V-Cr system and find a minimum 
very nearly in the vicinity where the current analysis 
postulates a maximum in s character. This strongly 
supports the view that it is \p2 which determines the Ky 
variation and not nH(E). 

Information on the number of 5 electrons in pure V 
can be obtained from the nuclear magnetic relaxation 
measurements of Butterworth.15 He finds that the pro­
portion of the electrons at the Fermi surface having s 
character is very low, roughly 0.17. The present meas­
urements indicate that this value decreases on alloying 
V with Ti and increases on alloying V with Tc or Cr. 
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spin temperature in a frame of reference rotating with 
the frequency of the perturbing rf field. This important 
assumption was advanced by Redfield1,2 and has, in 
recent years, been both tested and exploited in many 
experiments. We also report experiments that measure 

1 Alfred G. Redfield, Phys. Rev. 98, 1787 (1955). 
2 A. Abragam, The Principles of Nuclear Magnetism (Oxford 

University Press, New York, 1961). 
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Nuclear magnetic resonance experiments were performed which further verify Redfield's assumption 
that, for large rf fields Hi{v), a nuclear spin system is properly described by a spin temperature in a reference 
frame rotating about the Zeeman field with frequency v. As with similar experiments recently performed by 
Slichter and Holton, the interpretation of our results does not require any assumption about the spin-lattice 
relaxation mechanism. The measurements were made on the Na23 spins in NaCl and the F19 spins in CaF2. 
In both materials the agreement between experiment and theory was very good. From the sodium chloride 
results it is concluded that quadrupole interactions, caused by strains and imperfections, produce an unob-
servably small increase in the local field Hi, in the crystals used. 

Also studied was the rate at which the Na23 spin system in NaCl approaches thermal equilibrium in the 
rotating frame. In these experiments the magnetization Mz was measured as a function of the duration of a 
saturating pulse of amplitude 2Hi{v). The measurements were made over a time interval which was much 
shorter than the spin-lattice relaxation time. Our results provide quantitative verification of a recent calcula­
tion by Provotorov, who has shown that when Hi<KHi, Mz{ra) approaches its equilibrium value (in the 
rotating frame) at a rate determined by a master equation. The master equation derived by Provotorov is 
in disagreement with the predictions of elementary perturbation theory except when the frequency of the 
rf field is equal to the Larmor frequency (or when ra is very short). 


